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Introduction	
  
Inorganic	
  polymers	
   (IP)	
  possess	
  excellent	
  mechanical	
  properties	
  as	
  well	
   as	
   superior	
  
fire	
  and	
  chemical	
  resistance.1	
  They	
  are	
  typically	
  formed	
  at	
  room	
  or	
  slightly	
  elevated	
  
temperatures	
  by	
  reaction	
  of	
  silica-­‐	
  and	
  alumina-­‐rich	
  precursors	
  with	
  an	
  alkali	
  solution	
  
(usually	
  based	
  on	
  K	
  or	
  Na).2	
  However,	
  some	
  recent	
  studies	
  have	
  shown	
  that	
  IP	
  may	
  
also	
   be	
   formed	
   from	
   an	
   iron-­‐aluminosilicate	
   precursor.	
   In	
   such	
   a	
   case,	
   the	
   iron	
  
becomes	
  a	
  part	
  of	
  the	
  amorphous	
  IP	
  binder.3,	
  4	
  Regarding	
  porous	
  IP,	
  Bell	
  and	
  Kriven5	
  
used	
  H2O2	
   and	
  Al	
   powder	
   as	
   foaming	
   agents.	
   Al	
   as	
   a	
   foaming	
   agent	
   has	
   also	
   been	
  
used	
   in	
   the	
   work	
   of	
   Vaou	
   and	
   Panias6,	
   where	
   foamed	
   IP	
   from	
   perlite	
   were	
  
synthesised.	
  	
  
	
  
In	
   this	
  paper,	
  porous	
   IP	
   from	
  FeO-­‐SiO2	
   rich	
  slag	
  were	
  synthesised	
  and	
   the	
  effect	
  of	
  
various	
  amounts	
  of	
  Al	
  addition	
  on	
  the	
  properties	
  were	
  investigated.	
  
	
  

Materials	
  and	
  methods	
  	
  
The	
   as-­‐received	
   slag	
   was	
   crushed	
   using	
   a	
   disc	
   mill	
   (FRITSCH,	
   pulverisette	
   13)	
   and	
  
milled	
   in	
   a	
   ball	
   mill	
   (Retsch	
   PM4)	
   for	
   2	
   hours	
   at	
   200	
  rpm	
   using	
   5	
  mm	
   diameter	
  
stainless	
  steel	
  milling	
  balls.	
  The	
  coarse	
  fraction	
  was	
  removed	
  by	
  sieving	
  the	
  slag	
  using	
  
an	
   80	
  μm	
   sieve.	
   Chemical	
   composition	
   was	
   determined	
   by	
   means	
   of	
   X-­‐ray	
  
fluorescence	
   spectroscopy	
   (XRF,	
   Philips	
   PW	
   2400).	
   The	
   slag	
   mineralogy	
   was	
  
determined	
  by	
  X-­‐ray	
  diffraction	
  analysis	
  (XRD,	
  PW	
  1830	
  Philips)	
  using	
  CuKα	
  radiation	
  
of	
  45	
  kV	
  and	
  30	
  mA.	
  The	
  X-­‐ray	
  patterns	
  were	
  collected	
  with	
  a	
  step	
  size	
  of	
  0.02°	
  and	
  
step	
  time	
  of	
  2	
  s.	
  ZnO	
  powder	
  was	
  used	
  as	
  an	
  internal	
  standard.	
  	
  
	
  
Porous	
  inorganic	
  polymers	
  were	
  prepared	
  by	
  mixing	
  the	
  slag	
  with	
  activating	
  solution	
  
(SiO2/Na2O	
   =	
   1.14)	
   of	
   solid/liquid	
   ratio	
   equal	
   to	
   3.7	
   in	
   a	
   Hobart	
   mixer	
   for	
   2	
  min.	
  
Subsequently,	
   a	
   suspension	
   of	
   2	
  ml	
   distilled	
  water	
   and	
   various	
   amounts	
   of	
   fine	
   Al	
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powder	
  (0.05,	
  0.07,	
  0.1	
  and	
  0.15	
  wt.%	
  of	
  solid	
  fraction)	
  were	
  added	
  and	
  the	
  mixing	
  
continued	
  for	
  20	
  s.	
  Samples	
  were	
  cast	
  in	
  polystyrene	
  moulds	
  with	
  dimensions	
  of	
  100	
  
×	
  100	
  ×	
  100	
  mm3	
  and	
  cured	
  at	
  room	
  temperature.	
  
	
  
Thermal	
   conductivity	
   measurements	
   were	
   performed	
   using	
   the	
   guarded	
   hot	
   plate	
  
method.	
   For	
   this	
   purpose,	
   the	
   casted	
   samples	
   were	
  machined	
   and	
  measurements	
  
were	
   conducted	
   on	
   samples	
   100	
   x	
   100	
   x	
   40	
   mm3.	
   Compressive	
   strength	
   was	
  
measured	
  on	
  40	
  ×	
  40	
  ×	
  40	
  mm3	
  samples	
  by	
  means	
  of	
  a	
  Schenck-­‐RM100	
  compression	
  
testing	
  machine.	
  Three	
  samples	
  per	
  composition	
  developed	
  were	
  measured	
  and	
  the	
  
average	
  values	
  are	
  reported.	
  	
  
	
  

Results	
  and	
  discussion	
  
The	
  slag	
  was	
  received	
  in	
  a	
  form	
  of	
  small	
  granules	
  of	
  glassy	
  black	
  appearance.	
  The	
  XRF	
  
chemical	
  analysis,	
  Table	
  1,	
  revealed	
  that	
  the	
  main	
  slag	
  components,	
  FeO,	
  SiO2,	
  ZnO	
  
and	
   Al2O3	
   comprise	
  more	
   than	
   93	
  wt.%.	
   Regarding	
   the	
  mineralogy,	
   an	
   amorphous	
  
phase	
  (64	
  wt.%)	
  and	
  fayalite	
  (Fe2SiO4,	
  26	
  wt.%)	
  were	
  identified	
  as	
  main	
  phases,	
  while	
  
wüstite	
  and	
  spinel	
  were	
  also	
  present	
  in	
  small	
  quantities.	
  
	
  

Table	
  1:	
  Chemical	
  composition	
  of	
  as-­‐received	
  secondary	
  copper	
  slag	
  
	
  
	
   FeO	
   SiO2	
   ZnO	
   Al2O3	
   CaO	
   PbO	
   MgO	
   Na2O	
   Cr2O3	
   others	
  

wt.%	
   57.4	
   26.4	
   6.2	
   3.4	
   2.3	
   0.7	
   0.7	
   1.0	
   0.7	
   1.2	
  
	
  	
  
The	
  formation	
  of	
  IP	
  from	
  various	
  FeO-­‐SiO2	
  slags	
  after	
  activation	
  with	
  Na-­‐based	
  alkali	
  
solution	
  has	
  been	
  demonstrated	
  by	
  several	
  authors	
  already,3,	
  7	
  and	
  will	
  therefore	
  not	
  
be	
  discussed	
  further.	
  The	
  foaming	
  of	
  the	
  material	
  was	
  achieved	
  by	
  the	
  production	
  of	
  
H2	
  gas	
  during	
  the	
  oxidation	
  of	
  aluminium	
  in	
  a	
  basic	
  environment,	
  eq.	
  (1).	
  
	
  
	
  2	
  NaOH	
  +	
  2	
  Al	
  +	
  6	
  H2O	
  =>	
  2	
  NaAl(OH)4	
  +	
  3	
  H2	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (1)	
  

	
  
Macrographs	
  of	
   the	
   synthesised	
   foamed	
   IP	
  are	
  presented	
   in	
   Figure	
  1.	
  One	
   can	
   see	
  
that	
   the	
   amount	
   of	
   added	
   Al	
   powder	
   had	
   a	
   significant	
   effect	
   on	
   the	
   final	
   pore	
  
structure.	
  While	
  the	
  pores	
  are	
  fine	
  and	
  homogeneously	
  distributed	
  when	
  0.05	
  wt.%	
  
of	
   Al	
   was	
   added,	
   they	
   become	
   progressively	
   coarser	
   with	
   increasing	
   amounts	
   of	
  
added	
  Al.	
  In	
  the	
  case	
  where	
  0.15	
  wt.%	
  of	
  Al	
  was	
  used,	
  the	
  formed	
  pores	
  are	
  coarse	
  
and	
  non-­‐homogeneously	
  distributed.	
  This	
  may	
  be	
  caused	
  by	
  insufficient	
  mixing,	
  but	
  
more	
  probably	
  the	
  inhomogeneity	
  in	
  the	
  pore	
  structure	
  is	
  caused	
  by	
  the	
  coalescence	
  
of	
  formed	
  H2	
  bubbles.	
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Figure	
  1:	
  Macrographs	
  of	
  foamed	
  inorganic	
  polymer	
  samples	
  	
  
a)	
  0.05	
  wt.%	
  Al,	
  b)	
  0.07	
  wt.%	
  Al,	
  c)	
  0.1	
  wt.%	
  Al	
  and	
  d)	
  0.15	
  wt.%	
  Al	
  

	
  
	
  
In	
   view	
   of	
   the	
   different	
   pore	
   structure	
   obtained	
   as	
   a	
   function	
   of	
   Al	
   addition,	
   the	
  
physical	
  and	
  mechanical	
  properties	
  of	
  the	
  foamed	
  IP	
  were	
  also	
  different,	
  Table	
  2.	
  The	
  
density	
   of	
   the	
   samples	
   decreased	
   from	
   1.45	
  g/cm3	
   for	
   0.05	
  wt.%	
   Al	
   down	
   to	
  
0.76	
  g/cm3	
  for	
  0.15	
  wt.%	
  Al,	
  while	
  the	
  highest	
  density	
  was	
  found	
  for	
  samples	
  foamed	
  
with	
   0.05	
   and	
   0.07	
  wt.%	
  of	
  Al.	
   It	
   is	
  worthwhile	
  mentioning	
   that	
   the	
   slag	
   density	
   is	
  
approximately	
   3.6	
  g/cm3,	
   thus	
   in	
   all	
   cases	
   the	
   foaming	
   resulted	
   in	
   highly	
   porous	
  
microstructures.	
  
	
  
In	
   line	
   with	
   the	
   decrease	
   in	
   density,	
   a	
   decrease	
   in	
   thermal	
   conductivity	
   was	
   also	
  
observed,	
   from	
   about	
   0.35	
  W/m.K	
   to	
   0.16	
  W/m.K	
   when	
   the	
   Al	
   addition	
   increased	
  
from	
  0.05	
  to	
  0.15	
  wt.%,	
  Table	
  2.	
  
	
  
Regarding	
  the	
  mechanical	
  strength,	
  this	
  was	
  measured	
  on	
  samples	
  cured	
  for	
  at	
  least	
  
90	
  days	
   at	
   room	
   temperature.	
   The	
   compressive	
   strength	
  decreased	
  gradually	
   from	
  
15	
  to	
  1.5	
  MPa	
  as	
  the	
  Al	
  powder	
  content	
  increased	
  from	
  0.05	
  to	
  0.15	
  wt.%.	
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Table	
  2:	
  Physical	
  and	
  mechanical	
  properties	
  of	
  foamed	
  inorganic	
  polymers	
  

	
  

	
  
Al	
  content	
  (wt.%)	
  
0.05	
   0.07	
   0.1	
   0.15	
  

compressive	
  strength	
  
[MPa]	
  

15.4	
  ±	
  1.9	
   5.3	
  ±	
  1.2	
   3.1	
  ±	
  0.5	
   1.5	
  ±	
  0.5	
  

density	
  [g/cm3]	
   1.45	
  ±	
  0.04	
   1.00	
  ±	
  0.02	
   0.82	
  ±	
  0.01	
   0.76	
  ±	
  0.02	
  
λ	
  [W/m.K]	
  at	
  RT	
   0.348	
   0.215	
   0.186	
   0.156	
  

	
  

Conclusions	
  
Porous	
   inorganic	
   polymers	
  were	
   synthesised	
   by	
   alkali	
   activation	
   of	
   FeO-­‐SiO2	
   based	
  
slag	
  and	
  various	
  amounts	
  of	
  fine	
  Al	
  powder.	
  The	
  oxidation	
  of	
  Al	
  in	
  alkali	
  environment	
  
caused	
  formation	
  of	
  H2	
  gas	
  and	
  resulted	
  in	
  in-­‐situ	
  foaming.	
  The	
  amount	
  of	
  added	
  Al	
  
had	
   a	
   significant	
   impact	
   on	
   the	
   physical	
   and	
   the	
   mechanical	
   properties,	
   such	
   as	
  
compressive	
  strength,	
  density	
  and	
  thermal	
  conductivity.	
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