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Abstract  This  research  paper  comparison  of  the  use  of  biological  templates  obtained  from
steviol glycosides  and  glucose  (monosaccharide)  directed  toward  the  synthesis  of  metal  oxides.
The results  obtained  shown  the  synthesis  of  aluminum  oxides  in  an  aqueous  medium,  using
different  green  porogenic  agents.  The  influences  of  the  aging  period  and  its  impact  on  the  alu-
mina’s porosity  and  phase  transition  were  evaluated.  The  FTIR  studies  provided  evidence  of  the
surface modification  of  the  aluminum  oxide  by  carboxylate  groups  generated  in  the  hydrolysis
of diterpenic  glycosides.  The  application  of  prolonged  aging  periods  favored  the  production  of
�-alumina vs  �-alumina  in  the  synthesis  in  which  Stevia  rebaudiana  was  used.  The  materials
were characterized,  using  XRD,  TGA,  N2 physical  adsorption,  FE-SEM,  NMR,  FTIR  and  TPD-NH3.
The TGA  profiles  indicate  appreciable  differences  as  to  the  yields  achieved  between  samples

prepared  with  the  two  biological  templates  (alumina---stevia  up  to  62%,  alumina---glucose  yields
of 30%).  The  acidity  obtained  for  the  different  aluminas  synthesized  by  the  use  of  biologi-
cal templates  showed  a  trend  toward:  glucose  >  stevia  >  sol---gel  method/stevia,  in  the  range  of
0.994---0.485  mmol/g.
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Relevant  aspects  of  the  biosynthesis  of  porous  aluminas  

Introduction

During  the  last  two  decades,  the  biosynthesis  of  nanomate-
rials  has  received  considerable  attention  due  to  the  growing
need  to  develop  environmentally  sociable  technologies  in
material  synthesis  (Akhtar,  Panwar,  &  Yun,  2013;  Golinska
et  al.,  2014).  Among  these,  biosynthesis  of  nanoparticles
from  plants  seems  to  be  a  very  effective  method  in  devel-
oping  a  rapid,  clean  and  eco-friendly  technology.  Stevia
rebaudiana  Bertoni,  commonly  known  as  stevia,  is  a plant
that  synthesized  in  the  leaves  several  compounds  sweet-
ening  of  high  power  and  low  caloric  power.  It  is  known
that  these  sweeteners  are  diterpenic  glycosides  whose  func-
tional  and  sensory  properties  are  superior  to  those  of  other
high  potency  sweeteners,  such  as  aspartame  (Langle  et  al.,
2015;  Sadeghi,  Mohammadzadeh,  &  Babakhani,  2015).  Due
to  its  characteristics  and  potential  applications,  stevia  has
been  a  very  studied  plant  since  the  early  twentieth  century,
and  both  its  production  and  its  trade  have  been  increased
with  the  improvement  of  the  extraction  and  refining  pro-
cesses  of  its  glycosides  (Bujak  et  al.,  2015;  Kroyer,  2010;
Langle  et  al.,  2015;  Sadeghi  et  al.,  2015;  Prakash  et  al.,
2017;  Upreti,  Dubois,  &  Prakash,  2012).  The  research  car-
ried  out  to  improve  the  performance  in  the  processes  of
obtaining  such  glycosides  has  led  to  the  optimization  of
aqueous  extractions,  now  being  simpler  and  cheaper  than
extractions  with  other  solvents  (Bujak  et  al.,  2015;  Kroyer,
2010;  Langle  et  al.,  2015;  Sadeghi  et  al.,  2015;  Prakash
et  al.,  2017;  Upreti  et  al.,  2012).  This  makes  it  particu-
larly  interesting  when  it  comes  to  applications  in  the  area
of  biosynthesis  of  nanomaterials.  The  development  of  sim-
ple  procedures  in  aqueous  phase  is  facilitated,  being  the
well-known  stevioside.  Rebaudioside  A  (reb  A)  and  stevioside
(Fig.  1)  are  sweet  ent-kaurene-type  diterpenoid  glycosides
found  in  high  concentration  levels  in  the  leaves  of  Stevia

rebaudiana.  The  majority  compounds  of  the  organic  extract,
have  been  demonstrated  to  intervene  as  a  biological  tem-
plate  to  generate  porous  nanostructures  in  the  presence  of

Figure  1  Main  constituents  of  the  aqueous  extract  of  Stevia
rebaudiana.
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n  inorganic  precursor  (Rodríguez,  Sifontes,  Méndez,  Díaz,
t  al.,  2013;  Rodríguez,  Sifontes,  Méndez,  Cañizalez,  et  al.,
013;  Sifontes  et  al.,  2013,  2015).

Structurally,  stevioside  (13-[2-Oˇ-d-glucopyranosyl-
-glucopyranosyl)oxy]kaur-16-en-19-oic-acid-ˇ-d-
lucopyranosyl  ester)  is  a  glycoside  with  a  glucosyl
nd  a  sophorosyl  residue  attached  to  the  aglycone  steviol,
hich  has  a  cyclopentanonhydrophenanthrene  skeleton

Bujak  et  al.,  2015;  Kroyer,  2010;  Langle  et  al.,  2015;
rakash  et  al.,  2017;  Sadeghi  et  al.,  2015;  Upreti  et  al.,
012).  In  aqueous  solution  stevioside  is  remarkable  stable
ver  a  wide  range  of  pH  and  temperature  particularly,  in
he  presence  of  different  organic  acids  such  as:  acetic  acid,
itric  acid,  tartaric  acid  and  phosphoric  acid  (Kroyer,  2010).
hese  characteristics  favor  its  use  in  the  synthesis  of  nano-
etric  metal  oxides  with  a  wide  spectrum  of  applications

n  different  scientific  and  industrial  areas.  Particularly  alu-
inum  oxide  is  highlighted  (ceramic  aluminas),  materials

hat  are  frequently  used  as  abrasives,  thermal  insulators,
efractories,  catalytic  supports,  and  biomedical  materials
prosthesis  and  implants)  (Kim,  Kim,  Kim,  &  Yi,  2005;  Martín

 Weaver,  1993;  Niesz,  Yang,  &  Somorjai,  2005;  Xiao  et  al.,
006).  In  the  majority  of  countries  alumina  production
metallurgical  grade),  is  carried  out  through  the  Bayer
rocess  (Burkin,  1987;  Toro  et  al.,  2001)  for  obtaining
etallic  aluminum.  Another  small  part  of  the  alumina  is

reated  for  purification,  through  a  chemical  process  and  a
ubsequent  heat  treatment  (calcination)  where  generated
ifferent  types,  which  can  be  employed  depending  on
he  degree  of  purity  and  the  particle  size  in  the  ceramic
ndustry  (Burkin,  1987;  Toro  et  al.,  2001).  However,  all
hese  processes  involve  high  production  costs,  especially
hose  associated  with  the  removal  of  the  sodium  content
hich  appears  in  the  form  of  oxide  as  Na2O.  It  adversely
ffects  the  electrical  performance  of  ceramic  aluminas.
lso,  during  cooking  beta  alumina  (Na2O·11Al2O3)  can  be
ormed,  which  reduces  the  mechanical  strength,  density
nd  chemical  resistance  of  the  formed  product  (Burkin,
987;  Toro  et  al.,  2001;  Zyl  et  al.,  1993).

Several  studies  have  shown  that  ceramic  grade  alumina
an  be  produced  through  different  methods  using  analytical
rade  precursors  (frequently  aluminum  alkoxides,  aluminum
onohydroxides  (AlOOH),  among  others)  but  this  is  gener-

lly  quite  expensive.
Recently,  the  synthesis  of  aluminas  by  the  sol---gel  method

f  the  alkoxides,  has  been  developed  for  the  preparation  of
imple  and  mixed  oxides,  being  indicated  as  a  technique  that
llows  to  improve  the  control  of  the  textural  properties  of
hese  materials  and  in  particular,  they  are  obtained  solids
ith  high  surface  area,  an  important  attribute  in  materials
ith  catalytic  applications  and  adsorbents  (Brinke  &  Scherer,
990;  Livage,  Henry,  &  Sanchez,  1988;  Park,  Tadd,  Zubris,  &
annenbaum,  2005).

However,  its  use  has  as  limitations  the  requirement  of  a
trict  control  of  the  conditions  of  synthesis  and  the  appli-
ation  of  complex  post-preparation  treatments  (Brinke  &
cherer,  1990;  Livage  et  al.,  1988;  Park  et  al.,  2005).  In  addi-
ion,  this  method  of  synthesis  has  presented  as  the  main

rawback  the  rapid  hydrolysis  of  aluminum  precursors  in
queous  medium,  which  tend  to  form  lamellar  hydrated
ydroxides  in  the  presence  of  surfactant  molecules  (Kim
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t  al.,  2005;  Márquez  et  al.,  2005;  Toro  et  al.,  2001;  Xiao
t  al.,  2006;  Yoldas,  1975).  Preventing  the  formation  of
amellar  aluminas  is  currently  a  challenge  in  the  preparation
hemistry  of  high  surface  area  transition  aluminas,  particu-
arly  mesoporous  aluminas  (Kim  et  al.,  2005;  Márquez  et  al.,
005;  Toro  et  al.,  2001;  Xiao  et  al.,  2006;  Yoldas,  1975).
his  tendency  is  even  more  evident  when  conventional
reparative  methodologies  are  used,  probably  due  to  the
tabilization,  in  the  course  of  the  process,  of  anisotropic  par-
icles  that  are  precursors  of  phases  analogous  to  boehmite
Kim  et  al.,  2005;  Xiao  et  al.,  2006;  Yoldas,  1975).  Aluminum
lkoxide  is  obtained  from  a  reaction  between  metallic  alu-
inum  and  alcohol  groups.
Hydrolysis  of  aluminum  alkoxides  will  produce  aluminum

ydroxide,  which  can  be  transformed  after  heat  treatment
nto  Al2O3 powder  (Márquez  et  al.,  2005;  Park  et  al.,  2005;
oldas,  1975).  The  following  equations  (1---3)  show  the  reac-
ions  of  this  method,  where  R  is  hydrocarbon  radical.

l  +  3ROH  →  Al(OR)3 +  3/2  H2 (alkoxide  formation)  (Ec.1)

l(OR)3 +  3H2O  →  Al(OH)3 +  3ROH  (hydrolysis  process)(Ec.2)

Al(OH)3(s) →  Al2O3(s) +  3H2O(g) (thermal  process)  (Ec.3)

Currently,  aluminum  alkoxides  are  used  as  clean  precur-
ors  in  sol---gel  processes  for  obtaining  their  oxides  (Márquez
t  al.,  2005;  Park  et  al.,  2005;  Yoldas,  1975).  The  complex
eactions  that  occur  involve  hydrolysis  and  condensation  to
olymeric  species.  It  is  known  that  the  alkoxides  present  a
reat  instability  in  aqueous  media,  frequently  requiring  the
se  of  complexes  with  bidentate  binders  (acetates,  acety-
acetonate,  etc.)  to  eliminate  these  problems  (Brian,  1965;
innavaia,  Zhang,  &  Hick,  2003;  Toro  et  al.,  2001).  The
unctional  groups  of  these  complexes,  promote  greater  sta-
ility  to  the  hydrolysis  and  condensation  reactions.  However,
ighly  drastic  acid  conditions  are  necessary  to  favor  the  rup-
ure  of  the  such  complexes.  drastically  acid  conditions  are
hose  that  will  not  allow  further  hydrolysis  and  condensa-
ion  of  the  metallic  ion  or  an  incomplete  hydrolysis  that
ould  lead  to  materials  with  a  high  organic  matter  content.

hese  could  cause  difficulties  for  the  formation  of  a  con-
inuous  network  of  metal  oxide  (Burkin,  1987;  Park  et  al.,
005;  Pinnavaia  et  al.,  2003).  In  recent  years  alternatives
ave  been  sought  for  the  establishment  of  a  simpler  method
or  the  control  of  the  hydrolysis  and  condensation  speeds
n  these  processes  with  greater  simplicity.  Alternatives  are
lso  seeked  for  the  possibility  of  the  use  of  less  polluting
roducts,  and  reduction  of  cost  and  production  time  of  the
anomaterial.  An  example  of  this  possibility  has  been  the
se  of  carboxylic  acids  (HCA)----citric  (from  fruits),  tartaric
present  in  plants  and  grapes)  and  lactic  (generated  dur-
ng  fermentation  processes)----as pore-forming  agents  in  the
reparation  of  aluminas  (Barron,  2014;  Liu,  Wang,  Wang,  &
hang,  2006).  These  studies  reached  the  conclusion  that  the
ynthesized  materials  had  porous  structures  with  a narrow
ore-size  distribution  and  surface  areas  that  did  not  exceed
81  m2/g.  Depending  on  the  carboxylic  acid  used,  variations
n  morphology  and  textural  characteristics  were  observed.  It

s  important  to  mention  that  these  acids  are  small  molecules
hat  cannot  form  micellar  structures,  but  they  could  inter-
ct  with  the  metal  hydroxide  (boehmite),  and  coordinate
ith  it  in  a  similar  way  to  the  formation  of  the  complexes  of

S
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Á.B.  Sifontes  et  al.

luminum  ions  in  solution  as  shown  in  equation  E.4  (Barron,
014;  Schilling  et  al.,  2002).

Al-OH2
+ +  H2-L− ↔  ≡  Al-LH2 +  H2O  (Ec.4)

 indicates  ion  HCA.
By  this  procedure,  it  has  been  shown  that  high  surface

rea  aluminas  can  be  obtained,  using  simple,  economical
nd  less  polluting  synthesis  routes,  using  organic  agents
f  natural  origin,  and  eliminating  the  use  of  surfactant
olecules.  In  the  development  of  these  new  synthesis

outes,  and  consistent  with  principles  of  green  chemistry,
t  has  also  been  shown  that  glucose  can  be  used  as  an
xcellent  organic  adjuvant  agent  in  the  formation  of  porous
tructures.  Xiao  et  al.  (2006)  extended  this  methodology
o  alumina  systems;  managed  to  obtain  mesoporous  and
morphous  aluminas  with  high  surface  area  with  a  narrow
ore-size  distribution  and  an  excellent  thermal  stability  by
he  use  of  an  aluminum  alkoxide  precursor.  The  preparation
rocess  and  the  properties  of  the  aluminas  synthesized  by
his  procedure  illustrates  the  combined  use  of  glucose  as

 porogenic  agent  and  an  aqueous  medium,  using  a  simple
ynthesis  route.

In  general,  "the  organic  compound  used  can  act  by
ontrolling  the  hydrolysis  of  the  aluminum  alkoxide,  if  it
ontains  in  its  structure  active  hydrogen  atoms,  hydroxyl
roups,  carboxyl,  amide  acids,  imides,  sulfonic  acids,  phe-
olics  or  ketoenol  groups"  (Davidson,  1965;  Schilling  et  al.,
002;  Toro  et  al.,  2001).  Examples  of  such  substances  are
ribromoethanol,  tri-chloro-tertbutanol,  methyl  pentynol,
enzyl  alcohol,  glycerol,  ethanolamine,  salicylic  acid  and
ts  esters,  ascorbic  acid,  oligosaccharides  such  as  sucrose,
actose,  maltose  and  glucose.  ‘‘The  compound  obtained
n  the  synthesis  would  be  present  under  the  formulation’’
Davidson,  1965):

X2AlO)(AlOX)p(AlX2)  (Ec.5)

where  "p  =  0  and  X  could  be  a hydroxyl  group  or  a  residue
f  the  controlling  substance  of  the  hydrolysis"  (Davidson,
965).  Subsequently,  if  an  excess  of  water  is  added,  it  will
roduce  a  value  of  p  >  1  and  facilitate  the  condensation  of
he  aluminum-oxygen  compound  (Davidson,  1965;  Schilling
t  al.,  2002;  Toro  et  al.,  2001).

Recently,  the  aqueous  extract  of  Stevia  Rebaudiana
ertoni  for  the  synthesis  of  porous  metal  oxides  has
een  published  (Rodríguez,  Sifontes,  Méndez,  Díaz,  et  al.,
013;  Rodríguez,  Sifontes,  Méndez,  Cañizalez,  et  al.,  2013;
ifontes  et  al.,  2013,  2015).  Steviol  glycosides,  the  main
onstituents  of  S.  rebaudiana, have  demonstrated  to  be  an
uthentic  biological  template  in  the  synthesis  of  nanometer-
cale  materials.  Observations  on  the  structural  formula
f  the  glycosides  present  in  the  aqueous  extract  of  S.
ebaudiana  indicate  that  the  hydrophilic  region  of  the
olecule  possesses  dimensions  that  are  comparable  with

he  tetracyclic  hydrophobic  fragments.  These  molecules
ave  the  particularity  of  interaction  of  their  hydrophilic
ortions  with  their  hydrophobic  fragments,  and  to  achieve
rue  supramolecular  structures.  these  structures  have  the
apability  of  assembling  with  inorganic  species  (Rodríguez,

ifontes,  Méndez,  Díaz,  et  al.,  2013;  Rodríguez,  Sifontes,
éndez,  Cañizalez,  et  al.,  2013;  Sifontes  et  al.,  2013,
015).  These  glycosides  therefore  have  the  possibility  of
referentially  interacting  and  forming  laminar  structures
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Figure  2  Schematic  procedure  for  the  synthesis  o

with  alternating  layers,  composed  of  both  types  of  frag-
ments.  On  the  other  hand,  under  these  reaction  conditions,
in  an  aqueous  system  and  the  presence  of  isopropanol,
the  diterpenic  glycoside  molecules  can  be  solvated.  The
glycoside  residues  and  the  tetracyclic  molecular  struc-
ture  could  be  placed  one  on  top  of  the  other  forming  an
intramolecular  cavity  (Rodríguez,  Sifontes,  Méndez,  Díaz,
et  al.,  2013;  Rodríguez,  Sifontes,  Méndez,  Cañizalez,  et  al.,
2013;  Sifontes  et  al.,  2013,  2015),  which  could  facilitate
the  formation  of  the  porous  structure.  Subsequently,  the
interaction  of  the  formed  structure  with  the  inorganic  pre-
cursor  will  allow  the  formation  of  a  hybrid  compound.  The
obtention  of  the  solid  is  finally  completed  by  eliminating
the  organic  fraction  or  ‘‘template’’  through  a  heat  treat-
ment:  drying  at  100 ◦C  and  subsequent  calcination  at  high
temperatures.

This  experimental  study  is  based  on  comparison  of  the
use  of  biological  templates  obtained  from  steviol  glycosides
and  glucose  (monosaccharide)  directed  toward  the  synthesis
of  metal  oxides.  Particularly,  results  are  shown  regarding  the
synthesis  of  aluminum  oxides  in  an  aqueous  medium,  using
different  green  porogenic  agents.  Many  unanswered  ques-
tions  related  to  the  mechanisms  involved  and  obtaining  the
final  product  are  discussed.  From  the  technological  point  of
view,  the  discussion  of  these  items  is  of  interest  as  related  to
the  development  of  materials  with  catalytic  applications.  In
this  sense,  the  acidic  properties  of  the  aluminas  was  studied.

On  the  other  hand,  although  it  is  true,  that  the  synthesis
of  mesoporous  aluminas  using  the  extract  of  Stevia  Rebau-
diana  has  been  evaluated,  the  possible  modification  of  the
metal  oxide  surfaces  by  this  organic  environment  has  not
been  extensively  studied,  neither  the  effect  of  the  variation
of  synthesis  parameters,  particularly  the  aging  period  and  its
impact  on  the  alumina’s  porosity  and  phase  transition.

Materials and methods

Aluminas  were  prepared  according  to  procedure  reported

by  Rodríguez.  It  was  modified  extending  the  aging  period  to
48  h  (Rodriguez  et  al.,  2013).  In  this  methodology,  aluminum
isopropoxide,  Al(OC3H7)3 (Sigma-Aldrich)  was  hydrolyzed  by
adding  it  into  excess  deionized  water  (75  mole  water/1  mole

(
E
o
(

mina  using  stevia  template  in  an  aqueous  system.

l3+) under  continuous  stirring  for  2  h  (Scheme,  Fig.  2).  In  a
econd  step,  S.  rebaudiana  extract  was  added  and  stirred
n  the  precursor  solution.  After  standing  for  48  h  (18  h  and

 h  were  also  evaluated),  the  synthesized  solids  were  sub-
ected  to  a  thermal  treatment  to  evaluate  the  effect  of
emperature  on  their  crystallinity,  textural  properties  and
orphology.  The  mixtures  were  heated  at  80 ◦C  in  open  air

o  remove  water  and  all  other  volatiles.  The  dry  solids  were
alcined  at  600  for  6  h  and  1000 ◦C  for  6  h  to  remove  the
emplate  employing  heating  and  a  cooling  rate  of  5 ◦C/min.
wo  samples  were  prepared  by  the  sol---gel  method,  employ-
ng  the  extract  of  S.  rebaudiana  and  a  reference  wuth
o  molecules  of  estevioside  (Scheme,  Fig.  3).  The  sol---gel
eaction  consisted  of  the  transformation  of  the  aluminum
xy-hydroxide----AlO(OH)----particles  into  the  aluminum  oxide
etwork  by  a  dehydration  process  (Raybaud  et  al.,  2001;
rretavizcaya,  Cavalieri,  Porto,  &  Sanz,  1998).  The  alumina
uspensions  were  then  dried  in  an  oven  at  80 ◦C  and  calcined
t  600 ◦C  employing  heating  and  a  cooling  rate  of  5 ◦C/min.

The  Al2O3 materials  were  prepared  using  glucose  as  the
iotemplate  according  the  following  procedure  (Xiao  et  al.,
006):  ‘‘4.2  g  of  aluminum  i-propoxide  and  3.6  g  of  glucose
ere  dissolved  in  54  mL  of  distilled  water;  the  resultant

olution  was  stirred  at  room  temperature  for  30  min.  The
olar  ratio  of  Al3+:glucose:H2O  in  the  solution  was  1:1:75.

 diluted  aqueous  nitric  acid  (10  wt.%)  solution  was  sub-
equently  added  dropwise  to  adjust  the  pH  to  5′′. After
tanding  for  5  h,  the  mixture  was  heated  at  100 ◦C  in  open  air,
o  remove  water  and  all  other  volatiles.  The  resulted  solid
as  then  calcined  at  600 ◦C  for  6  h,  to  remove  the  template.

Table  1  shows  the  identification  of  synthesized  solids,
he  biological  template  used,  and  the  respective  conditions
f  temperature  and  aging  time.  The  prepared  solids  were
haracterized  using  a  Siemens  D-5000  X-ray  diffractometer
XRD),  using  CuK� radiation  in  the  2�  range  between  5◦ and
0◦ in  order  to  examine  their  possible  crystalline  structure.
he  surface  area  was  determined  by  nitrogen  adsorp-
ion  at  −196 ◦C,  in  a  Micromeritics  ASAP  2010  equipment
nd  was  calculated  following  the  Brunauer---Emmett---Teller

BET)  (Brunauer  et  al.,  1938;  De  Boer,  1958;  Tilley  &
ggleton,  1996)  method.  The  pore  size  distribution  was
btained  according  to  the  Barret---Joyner---Halenda  method
BJH).  Observations  by  scanning  electron  microscopy  with
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Figure  3  Schematic  procedure  for  the  synthesis  of  alumina  by  the  stevia-sol  gel  process.

Table  1  Samples  identification.

Precursor  Sample  No  Temperature ◦C  Aging  time  (h)

Isopropoxide
aluminum/stevia

AS-1  600  48
AS-2 1000  48

Boehmite gel/stevia  ABS-600  600  48
Boehmite AB-600  600  48
Isopropoxide  aluminum/stevia  AS-3  600  18
Isopropoxide  aluminum/stevia  AS-4  600  6
Isopropoxide  aluminum/glucose  AG-1  600  48
Isopropoxide  aluminum/glucose  AG-2  600  18
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Figure  4  XRD  patterns  for  aluminas  synthesized  employing
s
a

Isopropoxide  aluminum/glucose  AG-3  

eld  emission  (FE-SEM)  were  performed  on  a  Quanta  250
EG  instrument  with  an  accelerating  voltage  of  30  kV.
he  infrared  spectra  with  Fourier  Transform  (FTIR)  were
btained  using  a  Perkin  Elmer  Spectrum  RX1  equipment.

Thermal  analysis  were  carried  out  in  the  temperature
ange  ambient  −1000 ◦C  at  a  heating  rate  of  10 ◦C/min
nd  under  air  flow  using  a  simultaneous  thermal  analyzer
GA/DSC,  model  Stare  System,  by  Mettler  Toledo,  to  trace
hanges  in  physical  and  chemical  properties  of  the  synthe-
ized  materials,  as  a  function  of  increasing  temperature.
hermal  analysis  is  of  primary  importance  for  the  under-
tanding  of  the  ways  in  which  the  modification  of  alumina
urface  is  related  to  aging  time,  temperature  changes  and
he  changes  in  the  stevia  glucose  biological  template.

27Al  MAS-NMR  (magic  angle  spinning-nuclear  magnetic
esonance)  spectra  were  recorded  in  a  Bruker  Avance
00  MHz  spectrometer  at  78.172  MHz  (7.0463  T  magnetic
eld).

Quantitative  determination  of  the  acid  sites  of  �-alumina
as  performed  by  the  temperature-programmed  desorption
f  ammonia  (NH3-TPD)  using  an  Autochem  II  Chemisorption
nalyzer  Micromeritics,  with  the  Autochem  II  2920  V3.02
OFTWARE.

esults and discussions
he  crystalline  phase  of  calcined  alumina  for  solid  obtained
uring  a  48-h  period  was  confirmed  by  XRD.  In  principle,

 study  was  carried  out  by  XRD  for  the  identification  of  the
ynthesized  solids.  Figs.  4  and  5,  shows  the  diffractograms  of

t
m
a
t

tevia as  biological  template:  (a)  AS-1,  (b)  AS-2,  (c)  AB-600,
nd (d)  ABS-600.
he  materials  calcined  where  the  characteristic  peaks  of  alu-
inum  oxide  are  observed.  The  reflections  at  2�  of  38◦,  45◦

nd  67◦,  were  attributed  to  the  d3 1 1,  d4 0 0 and  d4 4 0 planes  of
he  gamma  alumina  phase  (Barron,  2014;  Martín  &  Weaver,
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Figure  5  XRD  patterns  for  alumina  synthesized  employing  glu-
cose as  the  biological  template.

Figure  6  TGA  and  DTGA  profiles  of  as-synthesized  alumina
prepared  with  the  stevia  template:  (a)  aging  6  h,  (b)18  h,  and
(c) 48  h.

Figure  7  TGA  and  DTGA  profiles  of  as-synthesized  alumina
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and  half  of  the  octahedral  interstices  are  occupied  by  the
prepared  with  glucose  template:  (a)  aging  6  h,  (b)18  h,  and  (c)
48 h.

1993;  Márquez  et  al.,  2005;  Maciver,  Tobin,  &  Barth,  1963;
Maciver,  Wilmot,  &  Bridges,  1964;  Niesz  et  al.,  2005;  Park
et  al.,  2005;  Zhou  &  Snyder,  1991;).  The  widening  of  the
Bragg  peaks  in  the  diffractograms  can  be  attributed  to  the
small  particle  size  of  the  obtained  solids.

The  thermal  stability  and  the  influence  of  the  aging
period  in  obtaining  the  final  product  was  studied  by  ther-

mal  gravimetric  analysis  (TGA)  from  ambient  up  930 ◦C.
Figs.  6  and  7  illustrates  thermal  gravimetric  profiles  of
synthesized  aluminas  whith  stevia  and  glucose,  applying

c
t
2

27

ging  periods  of  6,  18  and  48  h.  The  first  weight  loss  cor-
esponds  to  physically  adsorbed  water  and  alcohol.  The
econd  weight  loss  is  attributed  to  the  starting  point
f  phase  transformation  from  aluminum  hydroxide,  dehy-
ration/dehydroxylation  to  an  active  alumina  phase  by
ondensation  of  adjacent  surface  or  internal  hydroxyl  groups
220---600 ◦C),  and  the  elimination  of  organic  molecules.  The
hase  transformation  from  aluminum  hydroxide  to  active
lumina  began  at  240 ◦C,  and  the  active  alumina  phase  was
etained  up  to  550 ◦C  for  both  biological  templates.  The
luminas  prepared  using  the  stevia  extract  present  consider-
ble  differences  when  long  periods  of  aging  are  established
until  the  reach  48  of  hours).  Probably,  some  steviosides  or
ther  diterpenic  glycosides  are  coordinated  with  aluminum
ydroxide.  However,  other  alumina  particles  are  assembled
n  to  large  aggregates  and  crystallized  in  the  composite
uring  drying.  These  large  aggregates  might  result  in  the
ormation  of  additional  large  mesopores  in  the  calcined  sam-
le.  On  the  other  hand,  one  can  infer  that  some  of  these
rganic  groups  could  be  strongly  retained  on  the  surface  of
he  alumina,  up  to  temperatures  above  550 ◦C.  The  possi-
le  differences  between  the  existing  interactions  between
he  biological  template  and  the  inorganic  precursors  are
eflected  in  the  total  mass  loss  of  both  materials,  being  of
0%  in  the  case  of  glucose  and  38%  for  aluminas  prepared
ith  stevia.  This  fact  has  a  strong  impact  for  future  tech-
ological  applications  because  the  low  yield  in  the  synthesis
imits  its  feasibility  for  industrial  production.  Comparing  it
ith  the  aqueous  system,  a  significant  decrease  in  yield

17%)  is  observed  with  the  material  obtained  through  the
ol---gel  method  (Fig.  8).

The  coordination  of  Al  atoms  to  the  active  alumina
s  dependent  on  preparation  conditions  was  investigated
y 27Al  MAS  NMR.  The 27A1  MAS-NMR  spectra  of  the  AS-
(template  stevia)  and  AG-1  (template  glucose)  samples  are
iven  in  Fig.  9.  The  spectra  are  formed  by  two  components  at
5  and  65  ppm,  which  correspond  to  octa-  and  tetrahedral-
l,  and  their  satellite  spinning  sidebands  spaced  at  ∼40-ppm

ntervals  (spinning  rate  of  the  sample  expressed  as  ppm)
John  et  al.,  1983;  Meinhold  et  al.,  1993;  Mizushima  et  al.,
993).  As  shown  in  Fig.  9,  the  ratio  of  AlVI to  AlIV for  cal-
inated  samples  of  alumina  AS-1  and  AG-1  is  1.6  and  2.9
espectively.  In  the  literature,  percentage  of  ---coordinated
l  present  is  reported  to  be  (75  ±  4)  %  AlVI in  �-alumina  and
65  ±  4)  %  AlVI in  �-alumina  (John  et  al.,  1983;  Meinhold
t  al.,  1993;  Mizushima  et  al.,  1993).  Namely,  the  AlVI/AlIV

alue  is  2.4---3.8  in  �-alumina  and  1.6---2.3  in  �-alumina.  For
G-1  the  chemical  shift  values  of  tetra-  and  octahedral  com-
onents  are  similar  to  those  reported  by  Muller  et  al.  (1986)
nd  Komarneni  et  al.  (1985),  respectively,  for  a  commercial
ample  and  for  a  �-Al2O3 obtained  from  boehmite.  �-  and  �-
l2O3 structures  are  frequently  obtained  with  X-ray  powder
iffraction  patterns,  and  show  broad  reflections  that  cor-
espond  to  cation-defective  spinels  (Bendig  &  Scamehorn,
978;  Souza,  Souza,  &  Toledo,  2000).  This  is  concordant  with
esults  shown  in  Fig.  4.  The  structure  of  �-A12O3 and  �-A12O3

an  be  derived  from  a  cubic  closest  packing  (CCP)  array  of
xygens  in  which  one-eighth  of  the  tetrahedral  interstices
ation.  All  spinels  contain  two  differing  cations  or  at  least
wo  different  valences  of  the  same  cations  in  the  ratio  of
:1  (Bendig  &  Scamehorn,  1978;  Maciver  et  al.,  1963;  Souza
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Figure  8  TGA  and  DTGA  profiles  of  as-synthesized  alumina  prepared  with  the  stevia  template:  (a)  aqueous  system  and  (b)
sol---gel.

Figure  9 27Al  MAS  NMR  spectra  corresponding  to  alumina  synthesized  with  (a)  glucose  and  (b)  stevia.
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Figure  10  Thermal  decomposition  pathways  of  gi

t  al.,  2000;  Pecharromán,  Sobrados,  Iglesias,  Gonzalez,
 Sanz,  1999).  This  is  a  consequence  of  the  dehydroxyla-

ion  reactions  where  the  skeleton  of  the  parent  material
s  preserved  while  OH---  groups  are  eliminated.  If  the  oxy-
en  network  of  the  precursor  is  close  to  a  face-centered
ubic  (fcc)  structure  (boehmite  and  bayerite),  heating  treat-
ents  produce  spinel-like  materials  (Maciver  et  al.,  1963).
he  ideal  structure  of  these  phases  belongs  to  space  group
d3m,  but  their  real  structure  seems  to  be  tetragonally  dis-
orted.  Distortions  are  different  in  both  phases  (�-  and  �-)
nd  they  have  been  associated  with  differences  in  cation
rdering.  On  these  bases,  tetrahedral  Al  fractions  (frAl-tet)
n  �-Al2O3 will  be  0.25,  which  is  experimentally  confirmed
Fig.  9A).  From  this  fact,  the  �-Al2O3 can  be  considered  as

 defect  spinel  in  which  cation  vacancies  are  considerably
rdered  (Yoldas,  1973).  In  alumina  synthesized  with  the  ste-
ia  extract,  the  frAl-Tet  values  was  0.39,  probably  indicating
 higher  degree  of  disorder  in  the  cation  vacancy  disposition.
The  aluminas  synthesized  using  the  same  methodol-

gy  and  different  biological  template  show  different  phase

(
1
(

e,  and  boehmite  adapted  from  Shirai  et  al.  (2009).

ransitions.  ‘‘The  formation  of  �-alumina  was  attributed  to
he  extension  of  the  aging  to  48  hours.  At  room  tempera-
ure,  hydrolysis  of  aluminum  alkoxides  followed  by  a  period
f  aging,  as  demonstrated  in  the  results  of  the  experiences
ade  by  Yoldas’’  (Shirai  et  al.,  2009;  Yoldas,  1973),  the
ayerite  (precursor  of  the  �-alumina)  can  be  present.  It
s  well  known  that  the  formation  of  transition  aluminas  as
ell  as  part  of  their  structural  properties  depend  on  the

ype  of  the  starting  aluminum  hydroxide  (Fig.  10).  When
he  hydrolysis  of  aluminum  alkoxides  is  performed  by  cold
ater  the  resultant  monohydroxide  is  largely  amorphous  and
onverts  to  trihydroxide  (bayerite)  in  its  mother  liquor  at
oom  temperature  (Ec.6).  The  conversion  to  bayerite  occurs
hrough  a  dissolution---recrystallisation  process  of  the  amor-
hous  phase.  Differently,  hydrolysis  of  aluminum  alkoxides
ith  hot  water  results  in  the  formation  of  crystalline  mono-
ydroxide,  boehmite,  which  is  relatively  unaffected  by  aging

Maciver  et  al.,  1963,  1964;  Yoldas,  1973;  Zhou  &  Snyder,
991).  In  general,  �-Al2O3 may  be  produced  from  two  routes:
i)  from  bayerite;  (ii)  from  gelatinous  boehmite.  Gelatinous
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Figure  11  Oxidation  of

boehmite  is  a  synonymous  of  pseudoboehmite;  it  is  consti-
tuted  by  a  linear  polymer  of  the  ---  (Al00H)  ---  group  (Bendig
&  Scamehorn,  1978;  Digne,  Sautet,  Raybaud,  Toulhoat,  &
Artacho,  2002;  Maciver  et  al.,  1963,  1964;  Mishra  et  al.,
2000;  Lippens  &  Boer,  1964):

alkoxide  +  H2O  →  amorphous  alumina  →  (aging  h)

→  pseudoboehmite  →  (aging  h)  →  bayerite  +  alcohols

(Ec.6)

Consecutively,  bayerite  decomposition  to  the  �-phase
is  produced,  involving  elimination  of  OH  groups  [2
Al(OH)3 →  �A12O3 +  3H2O].  It  is  important  to  mention  that
thermal  transformations  �-�-�  alumina  are  not  detected  by
TGA.  In  these  transformations,  a  small  amount  of  energy
is  involved  and  no  weight  loss  is  produced.  Under  synthe-
sis  conditions  bayerite  is  thus  formed  by  the  dissolution  of
the  pseudoboehmite  and  recrystallization  in  the  presence
of  a  large  molar  excess  of  water.  It  is  to  expect  that  a  small
amount  of  bayerite  present  during  synthesis  is  converted
to  boehmite.  A  competition  between  a  partial  dehydration
of  bayerite  into  boehmite  and  a  total  dehydration  into  �-
alumina  could  occurs  at  higher  temperature.  A  quantitative
experimental  study  of  this  phenomena  can  be  found  in  the
work  of  Zhou  and  Snyder  (Maciver  et  al.,  1963).  Starting
from  pure  bayerite,  they  follow  the  calcination  process  by
XRD  and  DTA.  At  about  540  K,  they  observed  a  mixture  of
bayerite  and  boehmite,  leading  at  about  590  K,  to  a  mixture
of  �-alumina  and  boehmite.  On  the  other  hand,  ‘‘Lippens
and  de  Boer  have  also  mentioned  that  it  is  impossible  to
obtain  pure  �-alumina  from  bayerite’’  (Digne  et  al.,  2002).
Indeed,  at  the  early  stage  of  the  calcination,  a  small  amount
of  bayerite  is  converted  into  boehmite  (Tonkovic  &  Bilinski,
1994).

The  TGA  profiles  reveal  appreciable  differences  for  the
sample  prepared  with  glucose,  obtaining  a  different  phase
transition  despite  the  employment  of  a  long  period  of  aging.
In  this  regard,  it  is  concluded  that  the  protection  of  the  pre-
cursor  particles  by  molecules  that  arise  from  the  organic
environment  and  which  are  anchored  strongly  on  their  sur-
face  prevent  structural  changes  in  the  precursor,  aluminum
hydroxide,  generated  as  a  product  of  the  alcohol  hydrol-
ysis.  The  use  of  glucose  in  the  synthesis  is  attributed  to
the  main  chemical  characteristic  of  carbohydrates:  the  pres-
ence  of  a  functional  group  of  the  carbonyl  type  (aldehyde  or

ketone)  and  several  hydroxyl  groups.  It  is  important  to  note
that  aldoses  (with  aldehydes  as  a  functional  group)  can  be
oxidized  in  dilute  acid  medium  (Fig.  11,  synthesis  medium)
(Donald,  2000;  Haworth  &  Jones,  1944;  Sabari  et  al.,  2004;

o
t
a
b

ose  in  dilute  nitric  acid.

tanek,  Kocourek,  &  Pacak,  1963)  to  give  derivatives  of  car-
oxylic  acids.

The  procedure  proposed  by  Xiao  et  al.  (2006),  a  car-
oxylic  acid  (HCA)  is  certainly  formed  under  synthesis
onditions,  acting  as  an  organic  agent  and  generates  coor-
ination  interaction  between  boehmite  colloids  and  HCA
olecules.  It  is  known  that  HCA  are  good  complexing  agents

or  aluminum  in  aqueous  solution  with  two  possible  coordi-
ation  modes:  monodentate  or  bridging  bidentate  (Barron,
014).

A  FTIR  study  was  carried  on  synthesized  samples  using
ifferent  calcination  temperatures  (Fig.  12(a)  and  (b)),
ethods  of  treatment  (Fig.  12(c)  and  (d));  and  different
iological  templates  at  different  times  of  aging  (Fig.  13(I
nd  II)).  These  spectra  were  characterized  by  the  pres-
nce  of  a  broad  band  between  900  and  400  cm−1,  which  is
ttributed  to  the  vibrations  of  the  link  Al  O  (Kim  et  al.,
005;  Khaleel  &  Klabunde,  2002;  Morterra  et  al.,  1977;
anasyuk  et  al.,  2011).  These  results  are  consistent  with  XRD
nalysis,  where  the  aluminum  oxide  was  identified  (Fig.  4).
or  the  sample  AS-2  additional  vibrations  are  observed
round  824  and  660  cm−1, possibly  associated  with  the  pres-
nce  of  octahedral  AlO6 structures,  which  may  indicate  the
eginning  of  a  phase  transition  to  �-alumina  (Kim  et  al.,
005;  Khaleel  &  Klabunde,  2002;  Morterra  et  al.,  1977;
anasyuk  et  al.,  2011).  It  is  important  to  note  that  in  the
alcined  samples  AS-1  (Fig.  12(a))  and  AS-2  (Fig.  12(b)),
everal  signals  are  observed  in  the  region  of  1737,  1637,
400  and  1381  cm−1,  which  seem  to  indicate  that  the  sur-
ace  of  alumina  could  also  be  covered  with  carboxylate
roups  (Kim  et  al.,  2005;  Khaleel  &  Klabunde,  2002;  Morterra
t  al.,  1977;  Panasyuk  et  al.,  2011).  These  signals  or  peaks
re  attributed  to  the  chemical  species  (carboxylate  groups)
hat  are  generated  from  the  acid  hydrolysis  of  the  stevio-
ides  (diterpene  glycosides),  steviol  and  isosteviol.  These
pecies  could  interact  with  intermediaries  of  the  reaction
f  the  alkoxides,  the  metallic  monohydroxide  or  trihydrox-
de,  and  coordinate  with  aluminum  species  in  solution.
n  Fig.  13, it  can  be  seen  that  these  carboxylate  groups
revail  at  1000 ◦C.  They  protect  the  inorganic  structure
nd  avoid  its  aggregation  or  sintering,  and  prevent  sub-
equent  phase  changes  and  the  substantial  modification
f  textural  properties  and  morphology  of  the  structure.
oncurrently,  different  types  of  carbonate  formation  (mon-
dentate,  bidentate  and  bridged)  can  occur  on  metal  oxide
urface,  depending  upon  the  geometry  of  the  coordination
f  aluminum.  Alumina  is  an  amphoteric  oxide  and  it,  not

nly  possesses  acidic  sites,  but  also  basic  sites.  CO2 adsorp-
ion  on  basic  sites  usually  forms  carbonate  species,  and
lternatively,  CO2 adsorption  on  acidic  sites  forms  bicar-
onate  species.  The  CO2 adsorption  on  metal  oxide  surfaces
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Figure  12  FTIR  analysis  of  the  samples:  (a)  AS-1  (600 ◦C),  (b)  AS-2  (1000 ◦C),  (c)  AB-600,  and  (d)  ABS-600.

Figure  13  Comparative  FTIR  analysis  of  samples  prepared  at  1000 ◦C  during  aging  periods  of  (a)  6,  (b)  18  and  48  h,  employing  as
biological template,  (I)  stevia  extract  and  (II)  glucose.

Table  2  Comparative  experimental  vibrational  frequencies  for  synthesized  aluminas  AS-1,  AS-2  and  ABS-600

Adsorbed  species  Vibrational  mode  As-1(cm−1)  SamplesAs-2(cm−1)  Bs-600  (cm−1)  References

Bicarbonate
�2(O---C---O)  1636  1641  1640.65  1620---1670
�3(O---C---O)s  1443  ---  1463,  1429,  1500  1396---1500
�4(O---C---O)  ---  ---  ---  1220---1270

Carbonate
Monodentate

�1(C---O)s  1071  ---  1063  1010---1070
�3(O---C---O)s  1381  1384  1384  1360---1390
�3(O---C---O)a  1400,  1500  ---  1463,  1429,  1500  1400---1590

Bidentate
�1(C---O)s  1020
�3(O---C---O)s ---  ---  1162,  1325  1140---1360
�3(O---C---O)a 1636  1641  1660,  1634  1530---1670

Bridged
�1(C---O)s  ---  ---  ---  1035
�3(O---C---O)s  ---  ---  ---  1230---1200
�3(O---C---O)a  ---  ---  1660  1650---1710
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Relevant  aspects  of  the  biosynthesis  of  porous  aluminas  

under  dry  condition,  results  in  the  formation  of  adsorbed
carbonates,  bicarbonates,  and  formates  as  well  as  bent
CO2 species.  In  Fig.  13,  the  presence  of  intense  bands  is
observed  at  1642,  1443,  and  1226  cm−1,  which  could  be
attributed  to  bicarbonate  species  formation  [60---66].  It  is
important  to  note  that  vibrational  bands  situated  below
830  cm−1 are  associated  to  Al  O  vibrations,  could  also  cor-
respond  to  the  vibrations  of  �(CO2),  �(OCO),  �(OC-(OH))  and
�(H  torsion)  bicarbonate  species  (Baltrusaitis  et  al.,  2006;
Galhotra,  2010;  Hoggan  et  al.,  1994;  Iordan  et  al.,  2004;
Ramis  et  al.,  1991;  Shek  et  al.,  1997;  Yúnes,  2000).  For  the
purpose  of  illustration  literature  references  on  the  vibra-
tional  frequencies  for  carbonate/bicarbonate  formation  in
different  aluminum  materials  are  shown  in  Table  2.  The
possible  bicarbonate  species  observed  could  be  generated
between  CO2 pre-adsorbed  on  the  surface  of  the  metal-oxide
and  the  intermolecular  proton  transfer  by  the  neighboring
hydroxyl  groups  of  aluminum  sites.  The  underlying  peaks  at
1132,  1384  and  1508  cm−1 are  respectively  associated  with
the  monodentate  form  of  carbonate,  for  the  �(O---C---O)a,
�(O---C---O)s  and  �(C---O)s  modes  (Baltrusaitis  et  al.,  2006;
Galhotra,  2010;  Hoggan  et  al.,  1994;  Iordan  et  al.,  2004;
Ramis  et  al.,  1991;  Shek  et  al.,  1997;  Yúnes,  2000).  They
could  also  be  shown  in  spectra  of  samples  as  of  Fig.  13.  Peaks
associated  to  the  modes  corresponding  to  bidentate  carbon-
ate  and  bridged  carbonate  formation  were  not  observed.
It  is  interesting  to  mention  that,  differences  in  the  surface
chemistry  of  the  transition  aluminas  as  well  as  the  Al3+ coor-
dination  of  metal  oxide,  determines  the  presence  or  absence
of  these  chemical  species.  For  example,  Al3+ coordination
in  octahedral  coordination  preferentially  locates  basic  O2−

ions  toward  the  surface  which  leads  to  carbonate  formation.
The  same  considerations  are  established  for  sample  (d),

ABS,  where  the  identification  of  some  bands  at  1633,  1587,
1470,  1418,  1345  and  1340  cm−1,  corresponds  to  carboxylate
groups.  The  spectra  corresponding  to  the  standard  alumina,
synthesized  without  the  organic  agent,  prepared  through

t
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Figure  14  Adsorption  isotherms  (A1  and  B1)  and  pore  size  distribut
AS-2 respectively.
31

he  thermal  treatment  of  boehmite,  show  two  bands  of
trong  intensity  at  1640  and  1400  cm−1,  They  are  attributed
o  bicarbonate  species  (Baltrusaitis  et  al.,  2006;  Galhotra,
010;  Hoggan  et  al.,  1994;  Iordan  et  al.,  2004;  Kim  et  al.,
008;  Ramis  et  al.,  1991;  Shek  et  al.,  1997;  Yúnes,  2000).
onversely,  peaks  associated  to  the  modes  corresponding  to
identate  carbonate  and  bridged  carbonate  formation  the
eaks  were  not  observed.

For  both  biological  templates,  a  comparative  analysis
t  different  aging  times  show  the  possible  modification  of
he  alumina  surface  by  carboxylate  groups  which  become
vident  at  temperatures  of  1000 ◦C.  This  can  provide  an
ffective  barrier  that  avoids  sinterization  and  the  decrease
f  their  surface  area  and  also  increasing  their  thermal  sta-
ility.  The  presence  of  functional  groups  on  alumina  surfaces
ay  significantly  expand  applications  of  these  materials,
articularly  applications  in  the  medical  field.  The  presence
f  carboxyl  groups  on  the  surface  of  aluminas  alters  its  sur-
ace  charge,  and  this  charge  affects  surface  bioactivity.

Isotherms  of  nitrogen  adsorption  at  liquid  nitrogen
emperature  (77.3  K)  on  the  (a)AS-1,  (b)  AS-2,  (c)ABS-600,
d)  BS-600  samples  are  shown  in  Figs.  14---16.  The  pore  size
istributions  were  obtained  from  the  adsorption  branch
f  the  N2 isotherm  by  means  of  a  BJH  treatment.  From
his  analysis,  it  can  be  noted  that  the  AS-1  and  AS-2  were
haracterized  by  a  pore  size  with  about  95%  of  the  pore
olume  being  in  pores  of  2---21  nm  radius.  Eta-alumina,
n  the  other  hand,  exhibited  a  somewhat  bimodal  pore
istribution  with  56%  of  the  pore  volume  in  pores  less  than

 nm  radius.  These  two  types  of  pore-size  distributions
ppear  to  be  typical  of  the  respective  aluminas  and  have
een  noted  and  discussed  by  Lippins  (Maciver  et  al.,  1963).
s  can  be  seen  in  Fig.  14, the  isotherm  A1  corresponding

o  the  sample  calcined  at  600 ◦C  presented  a  concordant
ehavior  with  a  type  IV  isotherm  (IUPAC  classification)  (De
oer,  1958;  Galhotra,  2010;  Harkins  &  Jura,  1943;  Gregg  &
ing,  1991;  Shana  et  al.,  2003;  Yúnes,  2000),  corresponding

ions  (A2  and  B2)  for  calcined  solids  at  600 ◦C  and  1000 ◦C,  AS-1;
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Figure  15  Adsorption  isotherms  (C1  and  D1)  and  pore  size  distributions  (C2  and  D2)  for  calcined  solids  B-600,  ABS-600,
respectively.

Figure  16  Adsorption  isotherms  (E1)  and  pore  size  distributions  (E2)  for  calcined  AG-1.

Table  3  Textural  properties  of  calcined  solids.

Precursor  Sample  No  Temperature ◦C  SBET (m2/g)  Dp  (nm)

Isopropoxide
aluminum/stevia

AS-1  600  183  6.2
AS-2 1000  148  6.8

Boehmite gel/stevia  ABS-600  600  147  9.4
Boehmite AB-600  600  118  7.0
Glucose AG-1  600  314  5.5
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o  mesoporous  solids.  Appreciate  additionally,  an  H2-type
ysteresis,  suggesting  the  presence  of  a  pore  structure
ith  interconnected  channels  (De  Boer,  1958;  Gregg  &  Sing,
991;  Harkins  &  Jura,  1943;  Tilley  &  Eggleton,  1996;  Shana
t  al.,  2003).  The  isotherm  B1,  corresponding  to  the  solid
reated  at  1000 ◦C,  showed  a  similar  pattern  of  behavior
ut  with  a  major  modification  of  its  hysteresis  opening  and
 displacement  at  high  pressures.  This  is  attributed  to  the
ollapse  of  the  porous  structure  by  the  temperature  effect.
n  the  other  hand,  Table  3  shows  the  observed  changes  in
he  surface  area  attributed  to  the  sintering  effects,  as  a

w
a
e
o

esult  of  the  applied  heat  treatment.  It  should  be  noted
hat  despite  this  decrease  of  only  41%  obtained,  it  is  of
reat  significance  for  industrial  applications  in  the  area
f  catalysis.  Similarly,  In  Fig.  16,  corresponding  to  the
ynthesized  sample  with  glucose  template,  the  isotherm
escribed  behavior  type  IV  (IUPAC  classification),  evidenced
he  formation  of  mesoporosity  and  monomodal  distribution

ith  narrow  mesopore  size  centered  around  5.2  nm  (d
ccording  to  the  BJH  model).  Comparatively,  notable  differ-
nces  are  observed  with  respect  to  the  bi-modal  character
btained  for  the  sample  synthesized  with  the  extracts
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Figure  17  Micrographs  (FE-SEM)  of  synthesized  aluminas  at  600 ◦C  (A1  and  B1)  and  1000 ◦C  (A2  and  B2);  micrographs  (FE-SEM)  of
synthesized alumina  in  absence  of  biological  template,  calcinated  at  600 ◦C  (C  and  D);  micrographs  (FE-SEM)  of  synthesized  alumina
using sol---gel  method  and  Stevia  rebaudiana  as  a  biological  template,  calcinated  at  600 ◦C  (E1  and  E2);  micrographs  (FE-SEM)  of
synthesized aluminas  with  glucose  as  template  (600 ◦C)  (F1  and  F2).
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Figure  18  NH3-TPD  of  aluminas  obtained  from  isopropox-
ide aluminum/glucose  (*(a),  Isopropoxide  aluminum/glucose
18 h  (*(b),  Isopropoxide  aluminum/glucose  48  h  (*(c),  Isopropox-
ide aluminum/stevia  6  h  ((d),  Isopropoxide  aluminum/stevia
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4  

repared  from  dried  Stevia  rebaudiana  leaves.  This  can
learly  be  attributed  to  the  large  structural  differences  of
oth  biological  templates,  glycosides  and  monosaccharides.
he  glycosides,  molecules  which  contains  a  carbohydrate

inked  to  another  compound  (a  carbohydrate  or  an  aglycon)
ia  a  glycosidic  bond,  are  obtained  when  monosaccharide
eacts  with  an  alcohol  in  the  presence  of  an  acid  catalyst.
n  general,  the  glycosides  may  be  hydrolyzed  back  to  their
lcohol  and  sugar  components  by  aqueous  acid  (synthe-
is  extract)  (Rodríguez,  Sifontes,  Méndez,  Díaz,  et  al.,
013).  However,  the  stability  of  steviol  glycosides  under
H  conditions  ranging  from  2  to  10  and  at  temperatures
f  up  to  120 ◦C,  favoring  the  performance  and  use  as  a
iological  template.  On  the  other  hand,  competitively,  the
ugar  acids,  such  as  d-gluconic,  polyhydroxy  dicarboxylic
cids  HO2C(CHOH)nCO2H,  that  are  formally  produced  by
xidation  of  aldoses  (glucose),  are  a  mild  organic  acid
ith  good  chelation  properties,  what  would  happen  to

he  formation  of  a  hybrid  compound  (organic---inorganic),
ntermediate  precursor  to  achieve  the  final  product,  the
luminum  oxide  (Calderón  &  Fragachán,  2007) In  Fig.  17(A1,
1;  A2,  B2),  The  micrographs  (FE-SEM)  of  calcined  aluminas
S1  and  AS2  are  presented.  In  Figures  A1  and  B1,  the  grains
f  the  solid  obtained  at  600 ◦C  present  a  tubular  morphol-
gy,  as  nanorods  and  with  dimensions  that  are  located  in
he  nanometric  scale  (40---120  nm).  The  micrographs  A2
nd  B2  of  Fig.  17,  corresponding  to  the  calcined  solid  at
000 ◦C,  show  that  there  were  no  significant  changes  in  the
orphology  of  the  synthesized  material,  but  the  presence

f  aggregates  of  nanoparticles  whose  order  of  magnitude
eaches  180---260  nm  may  be  clearly  noticed.

Differently,  in  micrographs  17C  and  17D,  corresponding
o  a  synthesized  solid  in  the  absence  of  the  biological  tem-
late,  particles  of  irregular  morphology  and  a  wide  range  of
article  sizes  were  observed.  In  Fig.  17(E1  and  E2),  micro-
raphs  corresponding  to  the  alumina  synthesized  using  a
ol  gel  method,  the  obtaining  of  particles  of  large  sizes
>50  �m)  can  be  appreciated,  characteristic  which  make  it
nsuitable  for  use  as  a  catalytic  support.  The  17F1  and  17F2
icrographs  correspond  to  the  synthesized  aluminas  using

he  glucose  template  can  be  observed  that  all  the  powder
ractions  have  irregular  morphology  and  different  particle

izes  in  the  size  range  of  1---200  �m.  Differently,  aggregate
ormation  were  not  detected.

Aluminas  synthesized  with  the  different  biological  tem-
lates  at  different  aging  times  are  further  characterized
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Table  4  Summary  of  acidic  sites  measured  by  NH3-TPD  on  calcin

Precursor  Sample  Te

Boehmite  sol---gel/stevia
Isopropoxide  aluminum/stevia

ABS-600  60
AS-4 60

Isopropoxide aluminum/stevia  AS-3  60
Isopropoxide aluminum/stevia  AS-1  60
Isopropoxide aluminum/glucose  AG-3  60
Isopropoxide aluminum/glucose AG-2  60
Isopropoxide aluminum/glucose  AG-1  60
8 h  ((e),  Isopropoxide  aluminum/stevia  48  h  ((f),  boehmite
el/stevia,  aging  48  h  (g).

y  NH3-TPD.  Fig.  18,  shows  the  NH3-TPD  profiles  of  alu-
ina  powders;  quantitative  results  obtained  for  the  same

re  summarized  in  Table  4. It  is  evident  from  Table  4
hat  the  amount  of  ammonia  desorbed  from  the  alumina
owders  is  higher  (∼0.994  mmol/g)  when  the  sample  is  syn-
hesized  with  glucose  at  short  periods  of  aging,  than  that  of
.786  mmol/g  observed  from  aluminas  obtained  with  stevia.
his  amount  gradually  decreases  with  the  increase  in  aging
ime,  due  possibly  to  increasing  organic  groups  present  at
he  surface.  However,  the  �-alumina  powder  derived  from
he  boehmite  sample,  gave  a  lower  value  for  the  desorbed
mmonia,  ∼0.485  mmol/g.

Usually,  desorption  peaks  at  120---250 ◦C,  250---350 ◦C  and
50---450 ◦C  should  be  attributed  to  the  weak,  medium
nd  strong  acidic  centers  respectively  (Chen  et  al.,  1992).
ence,  it  can  be  inferred  that  the  acidic  sites  in  all  alu-
inas  are  weak---strong  ones.  The  alumina  powders  showed

wo  intense  peaks  in  the  range  of  100---500 ◦C.  The  first  peak
I)  corresponds  to  acidic  sites  attributable  to  the  removal  of
dsorbed  NH3 on  the  solid  surface.  The  second  peak  (II)  is
ue  to  the  slow  dehydroxylation  process  (Chen  et  al.,  1992)
f  surface  hydroxyl  groups  on  Al2O3.  The  intensity  of  the
eaks  is  found  to  increase  significantly  by  decreasing  of  the

ging  period  during  preparation.  From  these  results,  is  also
oncluded  that  the  alumina  powder  reported  in  the  present
tudy  possesses  more  surface  acidic  sites  as  compared  to
he  alumina  powder  obtained  with  the  sol---gel  method.  The

ed  aluminas  versus  aging  times.

mperature ◦C  aging  time  (h)  Acidic  sites
(mmol/g)

0  48  0.485
0  6  0.786
0  18  0.722
0  48  0.664
0  6  0.994
0  18  0.768
0  48  0.702
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acidities  obtained  through  the  use  of  the  biological  tem-
plates  glucose  and  stevia  presents  differences,  which  are
more  notories  to  short  periods  of  aging  (see  Table  4).  Alu-
minas  prepared  with  glucose  always  shown  trend  at  greater
acidity.

Conclusions

The  richness  of  many  molecular  structures  presents  in  the
plant  extracts  of  the  Stevia  rebaudiana  open  a  great  per-
spective  for  their  extraction  and  their  applications  to  the
industrial  sector,  a  most  favorable  application  is  their  use  in
the  synthesis  of  porous  aluminas,  by  making  likely  the  devel-
opment  of  a  simple  preparation  method  through  an  aqueous
system.

Similar  results  reported  for  aluminas  prepared  with  glu-
cose  were  obtained  using  the  glycosides  of  steviol  through
the  application  of  different  conditions  of  temperature,  time
of  aging  and  procedure  types.  They  show  thermal  stability
(600---1000 ◦C)  and  high  surface  areas  (183---148  m2/g),  which
are  required  properties  for  their  application  in  heteroge-
neous  catalysis.

Studies  by  FE-SEM  demonstrated  that  the  synthesized
materials  with  stevia  have  aggregate  grains  with  sizes  in
the  order  of  40---120  nm  for  the  calcined  solid  at  600 ◦C  and
180---260  nm  for  those  obtained  at  1000 ◦C.  Aggregates  or
clusters  of  nanoparticles  ranging  from  0.5  to  10  �m  were
identified.

SEM  measurements  confirmed  an  average  particle  size
in  the  range  from  1  to  200  �m  for  aluminas  prepared  with
glucose,  aggregates  were  not  detected.

FTIR  studies  furnished  evidence  for  the  superficial  modi-
fication  of  aluminum  oxide  by  carboxylate  groups  produced
by  hydrolysis  of  diterpenic  glycosides.

The  TGA  profiles  indicated  appreciable  differences
between  samples  prepared  with  the  two  biological  tem-
plates.  Samples  synthesized  with  stevia  reached  yields  of
up  to  62%,  while  those  for  with  glucose  reached  yields  of
30%.  The  application  of  the  sol---gel  method  for  the  biosyn-
thesis  with  stevia  does  not  favor  the  production  of  nanoscale
aluminas.

Additionally,  we  conclude  that  the  alumina  powders
reported  in  the  present  study  have  higher  surface  acidic
sites.

The  acidity  obtained  for  the  different  aluminas  syn-
thesized  by  the  use  of  biological  templates  follow  the
trend:  glucose  >  stevia  >  sol---gel  method/stevia,  in  the  range
0.994---0.485  mmol/g.  These  differences  are  more  notorious
to  short  periods  of  aging.

The  applications  of  prolonged  aging  periods  favor  the  pro-
duction  of  �-alumina  vs  �-alumina  in  the  systems  in  which
estevia  is  used,  while  aluminas  prepared  with  glucose  are
not  affected  by  the  increase  of  the  aging  period.

All  materials  prepared  by  the  proposed  synthesis  meth-
ods  shows  potential  applications  as  supports  in  the  field  of
heterogeneous  catalysis.
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