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a  b s  t  r  a  c  t

In  this  study,  Mg/Fe  and  Ni/Fe  layered  double  hydroxides  (LDHs)  with  molar  ratio  (M2+/Fe3+)

of  3 and  intercalated  with  carbonate  ions  were  synthesized  by  co-precipitation  method.

The  as-synthesized  materials  and  their  calcined  products  (CLDHs)  were  characterized  by

X-ray  diffraction  (XRD), Fourier  transform  infrared  spectroscopy  (FT-IR),  thermo-gravimetric

and  differential  thermal  analyses  (TGA…DTA), transmission  electron  microscopy  coupled

with  energy  dispersive  X-ray  spectroscopy  (TEM-EDX),  inductively  coupled  plasma  (ICP) and

elemental  chemical  analysis  CHNSO.  The  materials  were  used  as  adsorbents  for  the  removal

availability  of  textile  dyes  from  aqueous  solution.  Methylene  blue  (MB)  and  malachite  green

(MG), representative  of  cationic  dyes,  and  methyl  orange  (MO)  representative  of  anionic  dyes

were  used  as  model  molecules.  Adsorption  experiments  were  carried  out  under  different

parameters  such  as  contact  time,  temperature,  initial  dyes  concentration  and  solution  pH.

Experimental  results  indicate  that  CLDHs  had  much  higher  adsorption  capacities  compared

to  LDHs.  Adsorption  kinetic  data  “tted  well  the  pseudo-second  order  kinetic  model.  The

process  was  spontaneous,  endothermic  for  cationic  dyes  and  exothermic  for  the  anionic

dye.  Equilibrium  sorption  data  “tted  the  Langmuir  model  instead  of  Freundlich  model.
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1.  Introduction

The  rapid  economic  growth  has  caused  environmental  dis-
order  with  huge  pollution  problems.  The  demand  for  water
has  increased  tremendously  in  agricultural,  industrial  and
domestic  sectors.  This  has  resulted  in  the  generation  of  large
amounts  of  wastewater  containing  a  high  number  of  contam-
inants.  Many  industries,  such  as  textiles,  paper  and  plastic,
use  dyes  tuffs  in  order  to  colour  their  products  and  they  also
consume  substantial  volumes  of  water  [1,2].

Water  polluted  by  organic  dyes  has  attracted  a  global  con-
cern  because  of  its  harmful  impact  on  public  health  [3,4]. Dyes
usually  have  a  synthetic  origin  and  complex  aromatic  molec-
ular  structures  which  make  them  more  stable  and  dif“cult  to
biodegrade  [5]. The  removal  of  organic  dye  stuffs  from  indus-
trial  polluted  water  has  always  been  a  dif“cult  issue  in  the
“eld  of  environmental  remediation  and  pollution  control.

Among  various  physical  and  chemical  processes,  the
adsorption  technique  is  the  most  widely  used  for  being  of  low
cost,  simple  and  ef“cient  for  dyes  removal  [6].  Several  types
of  porous  materials  such  as  natural  phosphate  [7],  hydroxy-
apatite  [8], natural  clays  [9],  lignite  [10],  chitosan  [11], silica
[12], kaolinite  [13], sepiolite  [14],  Fe3O4 nanoparticles  [15]  and
some  natural  biosorbents  have  been  reported  [16,17].  However,
studies  in  this  “eld  have  not  produced  materials  which  meet
all  demands  of  adsorption  activity.

Layered  double  hydroxides  (LDHs)  have  received  con-
siderable  attention  due  to  their  potential  applications  in
catalysis,  photochemistry,  electrochemistry,  polymerization,
magnetization,  biomedical  science  and  environmental  appli-
cations.  They  are  easy  and  inexpensive  to  synthesize  in
laboratory  and  industrial  scales  [18,19].  LDHs  have  many  phys-
ical  and  chemical  properties  that  are  surprisingly  similar
to  those  of  cationic  clay  minerals.  Their  layered  structure,
wide  chemical  composition  (due  to  variable  isomorphous
substitution  of  metal  cations),  variable  layer  charge  density,
ion-exchange  properties,  reactive  interlayer  space,  swelling
in  water,  rheological  and  colloidal  properties  have  made  LDH
clay-mineral-like  [20].  The  general  chemical  composition  of
LDH  is  [M 2+

1ŠxM3+
x(OH)2]x+(AnŠ )x/n·mH2O, where  M2+ and  M3+

are  divalent  and  typically  trivalent  metal  cations,  respec-
tively,  on  the  layer;  x  is  the  molar  ratio  of  the  trivalent  cation
[M 3+/(M 2+ +  M3+)];  AnŠ is  the  interlayer  anions  with  the  charge
n  and  m  is  the  amount  of  interlayer  water  [21].

Many  researches  have  shown  that  LDHs  can  adsorb  some
inorganic  or  organic  pollutants  through  exchange  with  inter-
layer  anions.  However,  CO3

2Š is  preferentially  attached  and
readily  replaceable  by  other  anions  [22]. By  heating  LDHs,  they
are  converted  into  mixed  metal  oxides  which  can  easily  recon-
struct  the  original  layered  structure  in  an  aquatic  environment
[23]. Used  as  sorbents,  calcined  LDHs  receive  more  and  more
interests  in  the  environmental  studies.

The  main  objective  of  this  study  was  to  examine  the  feasi-
bility  of  using  Mg/Fe  and  Ni/Fe  layered  double  hydroxides  and
their  calcined  products  for  the  removal  of  dyes  from  aque-
ous  solution.  We  chose  in  this  study  methylene  blue  (MB)  as
a  reference  dye  because  its  strong  adsorption  study  on  solids
and  its  use  in  characterizing  adsorptive  materials  [24]  and  to
determine  speci“c  surface  area  [25].  Two  textile  dyes  were  also

used,  malachite  green  (MG) and  methyl  orange  (MO),  represen-
tative  of  the  two  families  of  textile  dyes  (cationic  and  anionic
dyes).  The  effect  of  different  parameters  including  solution
pH,  dye  concentration,  temperature  and  contact  time  were
studied  to  optimize  the  sorption  process.  Equilibrium,  kinetic
and  thermodynamic  parameters  were  explored  to  describe  the
adsorption  process.

2.  Experimental

2.1.  Materials

Chemicals  including  Mg(NO 3)2·6H2O, Ni(NO 3)2·6H2O,
FeCl3·6H2O, Na2CO3,  methyl  orange  (MO),  methylene  blue  (MB)
and  malachite  green  (MG) were  purchased  from  Sigma…Aldrich
(Germany).  NaOH  was  purchased  from  Merck  (Germany),  and
HNO3 from  Scharlau  (Spain).  All  solutions  were  prepared
using  distilled  water.  The  molecular  structures  and  some
physicochemical  characteristics  of  used  dyes  are  shown  in
Table  1.

2.2.  Preparation  of  LDHs  and  CLDHs

Layered  double  hydroxides  were  synthesized  by  co-
precipitation  method  at  room  temperature.  A  solution
containing  0.75 M  of  Mg(NO 3)2·6H2O or  Ni(NO 3)2·6H2O and
0.25 M  of  FeCl3·6H2O was  added  at  a  rate  of  1.0 mL/min,  under
vigorous  stirring,  to  a  solution  of  NaOH  (2 M)  and  Na2CO3

(0.2 M).  The  resulting  slurry  was  hydrothermally  treated  at
80 � C for  24 h  and  then  “ltered  and  washed  with  deionized
water  until  the  pH  of  supernatant  was  7.0. After  that,  the
solids  obtained  were  dried  at  80 � C for  24 h.  The  samples
are  hereafter  referred  to  Ni-LDH  and  Mg-LDH.  The  Ni-CLDH
and  Mg-CLDH  were  obtained  by  heating  for  three  hours
Ni-LDH  and  Mg-LDH  in  a  tubular  furnace  at  400 and  500 � C,
respectively.  These  temperatures  were  determined  by  the
TGA/DTA  analysis  (see below).  Both  the  calcined  and  uncal-
cined  products  were  ground  and  passed  through  a  100-mesh
sieve  prior  to  analysis  or  use  in  adsorption  experiments.

2.3.  Characterization

Powder  X-ray  diffraction  (XRD) patterns  were  recorded  from
2�  =  5…70� using  a  Bruker-axs  D2-phaser  advance  diffractome-
ter  operating  at  30 kV  and  10 mA  with  Cu  K�  radiations.  The
surface  morphology  of  the  samples  was  observed  by  trans-
mission  electron  microscopy  (TEM)  at  accelerating  voltage
of  120 kV  using  a  Tecnai  G2/FEI instrument.  FTIR spectra
were  collected  on  a  Nicolet  Avatar  330 Fourier  transform  IR
spectrophotometer.  Samples  were  mixed  with  KBr  at  a  mass
ratio  of  1:100 and  “nely  powdered  to  prepare  pellets.  The
spectra  were  recorded  with  2 cm Š1 resolution  in  the  range
of  4000…400 cm Š1.  Simultaneous  thermogravimetric  differen-
tial  thermal  curves  (TGA…DTA) were  recorded  on  a  Setaram
(SENSYSevo) instrument  under  argon  atmosphere  in  the  tem-
perature  range  of  30…700� C at  a  heating  rate  of  10 � C/min.
The  metal  composition  of  the  synthesized  materials  was
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Table  1  … Physicochemical  characteristics  of  used  dyes.

Name  Molecular  structure  Nature  MW  (g/mol)  � max (nm)

Methylene  blue  (basic  blue  9) Cationic  319.8 661

Malachite  green  (basic  green  4) Cationic  329.5 621

Methyl  orange  (acid  orange  52) Anionic  327.3 461

determined  by  Optima  2100DV  inductively  coupled  plasma
optical  emission  spectrometry  (ICP-OES) after  dissolving  the
samples  in  concentrated  nitric  acid.  C, H  and  O content  was
determined  by  elemental  chemical  analysis  using  a  CHNSO
Thermo  Scienti“c  Flash  2000 EA 1112 analyzer.

2.4.  Adsorption  experiments

Stock  solutions  of  1 g/L  of  MB,  MG  or  MO  were  prepared
by  dissolving  the  appropriate  amount  of  each  dye  in  dis-
tilled  water  and  the  used  concentrations  were  obtained  by
dilution.  The  adsorption  experiments  were  carried  out  at
a  constant  agitation  speed  of  500 rpm  by  varying  the  ini-
tial  solution  pH  from  2 to  12, the  contact  time  from  20  to
480 min,  the  initial  dyes  concentration  from  20 to  200 mg/L
and  the  temperature  from  10 to  50 � C. The  temperature  was
controlled  using  a  thermostatically  controlled  incubator.  The
pH  was  adjusted  to  a  given  value  by  addition  of  HNO3 (1 N)
and/or  NaOH  (1 N)  and  was  measured  using  an  EZODO
pH-Meter.

After  each  adsorption  experiment  completed,  samples
were  centrifuged  at  3000 rpm  for  10  min  to  separate  the  solid
phase  from  the  liquid  phase.  The  supernatants  were  analyzed
for  residual  dye  concentration  using  a  Tomos  V-1100  UV/Vis
spectrophotometer.

The  adsorbed  quantity  was  calculated  using  the  following
equation:

q =
(C0 Š  C)

R
(1)

where,  q (mg/g)  is  the  quantity  of  dye  adsorbed  per  unit  mass  of
adsorbent,  C0 (mg/L)  is  the  initial  dye  concentration,  C (mg/L)  is
the  dye  concentration  after  adsorption  and  R (g/L)  is  the  mass
of  adsorbent  per  litter  of  aqueous  solution.
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(009)
(015) (018)

(110) (113)
Mg-LDH

Ni-LDH

Mg-CLDH

Ni-CLDH

13 21 29 37 45

2�  ( °)
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Fig.  1  … XRD  patterns  of  LDHs  and  CLDHs  samples.

3.  Results  and  discussion

3.1.  Characterization  of  the  adsorbents

3.1.1.  XRD
Fig.  1, shows  the  XRD patterns  of  LDHs  and  CLDHs.  The
diffractograms  for  both  Ni-LDH  and  Mg-LDH  indicate  a  high
degree  of  crystallinity.  All  the  diffraction  peaks  can  be  indexed
on  a  hexagonal  structure  with  a  space  group  R3m. Thus
revealing  that  the  LDHs  are  crystallized  in  a  rhombohedral
structure  [26]. It  can  be  found  that  the  patterns  show  diffrac-
tion  peaks  corresponding  to  (003), (006), (012), (015), (018),
(110) and  (113) diffraction  plans.  The  cell  parameter  •cŽ is
commonly  calculated  as  c =  3d(003), assuming  a  3R polytipism
for  the  hydrotalcite  [27], while  the  value  of  cell  parameter
•aŽ is  calculated  as  a =  2d(110) [28]. The  calculated  parameters
were  found  to  be  2.322 and  2.333 nm  for  •cŽ parameter;  0.308
and  0.311 nm  for  •aŽ parameter,  respectively,  for  Ni-LDH  and
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Table  2  … Crystallite  size  in  a  and  c directions  calculated
by  Scherrer  equation  for  LDHs.

LDHs  Mg-LDH  Ni-LDH

Crystallite  size  in  a direction  (nm)  24.19 19.36
Crystallite  size  in  c direction  (nm)  18.88 12.42
Aspect  ratio  (a/c) d110 (nm)  1.28 1.56

Mg-LDH.  Since  the  difference  in  the  basal  spacing  can  be  rea-
sonably  attributed  to  the  amount  of  the  interlayer  (CO3

2Š )
anion,  as  con“rmed  by  CHO  and  TGA…DTA analyze  (see below).
The  difference  in  the  lattice  parameter  a  can  be  explained  by
the  higher  ionic  radius  of  Mg2+ (0.150 nm)  compared  to  ionic
radius  of  Ni 2+ (0.135 nm).

The  crystallite  size  of  LDH  samples  is  calculated  by  the
Scherrer  equation:

Dhkl =  R
�

�  cos  �
(2)

where  R is  the  Scherrer  number  (0.89), �  is  incident  ray  wave-
length  (0.1542 nm),  �  is  peak  width  at  half  height  (rad),  �  is  Brag
angle

The  crystallite  sizes  in  the  a/c direction  calculated  by  Scher-
rer  equation,  which  is  appropriate  for  the  crystal  size  range
from  3 to  200 nm  [29], are  shown  in  Table  2.  The  widening  of

peaks  ([110]  and  [003]  planes)  implies  that  the  crystal  sizes  are
reduced  in  both  (a) and  (c) directions.  The  crystallite  size  in  the
c direction  is  indicative  of  stacking  thickness  of  LDH  sheets.

Chemical  composition  of  the  samples  obtained  by  ICP and
CHO  analyses  is  given  in  Table  3. The  amount  of  interlayer
water  determined  by  TGA  analysis  is  also  given  in  the  table.
It  is  clear  that  the  obtained  values  for  M2+/Fe3+ molar  ratio
are  in  good  agreement  with  the  theoretical  value  of  3 used
in  the  preparation.  The  table  also  indicates  that,  C, H  and
content  are  greater  in  Mg-LDH  than  in  Ni-LDH.  This  result
is  in  good  agreement  with  TGA  analysis,  which  indicates  a
mass  loses  for  Mg-LDH  greater  than  that  of  Ni-LDH.  From  the
above  cited  results,  the  molecular  formula  of  the  two  samples
could  be  expressed  as  [Ni 0.75Fe0.25(OH)2]·(CO3)1.68·1.12H2O and
[Mg 0.73Fe0.27(OH)2]·(CO3)2.17·1.62H2O, respectively,  for  Ni-LDH
and  Mg-LDH.

Remarkable  changes  are  observed  for  CLDHs.  The  well-
de“ned  diffraction  peaks  of  the  parent  samples  were  replaced
by  broad  peaks,  thus  indicating  a  poor  long-range  ordered
phase.  These  broad  peaks  suggest  a  nanocrystalline  mate-
rial  with  very  small  nanoparticles  or  even  an  amorphous
phase  [30]. Layered  structure  of  the  original  samples  is  com-
pletely  destroyed  and  replaced  only  by  MgO  and  NiO  peaks  at
2�  =  43.06� and  62.48� for  Mg-CLDH  and  at  2�  =  36.97� ,  43.26�

and  62.8� for  Ni-CLDH  [31]. There  are  no  peaks  present
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Fig.  2  … TGA…DTA curves  of  Ni-LDH  (a), Mg-LDH  (b), Ni-CLDH  (c), Mg-CLDH  (d).
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Table  3  … Chemical  composition  of  the  samples.

Sample  Mg  (%) Ni  (%) Fe (%) C (%) H  (%) O (%) H2O (%) M2+/Fe3+ ratio

Mg-LDH  0.73 … 0.27 2.17 3.81 37.75 1.62 2.70
Ni-LDH  … 0.75 0.25 1.68 2.84 35.41 1.12 3.00

Ni-LDH

Mg-LDH

Ni-CLDH

Mg-CLDH

4000 3600 3200 2800 2400

Wavenumber (cm-1)

 2000 1600 1200 800 400

Fig.  3  … FT-IR  spectra  of  LDHs  and  CLDHs  samples.

relating  to  any  iron  oxide  species  such  as  spinel  (MgFe2O4

and  NiFe2O4), as  they  do  not  crystallize  at  the  relatively  low
temperatures  at  which  the  calcination  was  carried  out.

3.1.2.  TGA…DTA analyses
TGA…DTA analyses  were  applied  to  determine  the  thermal  sta-
bility  of  the  prepared  samples.  As  shown  in  Fig.  2,  endothermic
effects  are  recorded  at  213 � C for  Ni-LDH  and  at  216 � C for  Mg-
LDH,  which  should  correspond  to  removal  of  the  interlayer
water.  Effects  recorded  at  ca.  312, 340 and  386 � C are  related
to  the  decomposition  of  the  brucite-like  layer  along  with  the
loss  of  interlayer  CO3

2Š ions  [32].  The  total  weight  losses  of
the  samples  in  the  temperature  range  up  to  600 � C are  approx-
imately  20.94 and  44.76% for  Ni-LDH  and  Mg-LDH,  respectively.
The  difference  of  mass  loss  between  the  samples  is  justi-
“ed  by  the  amount  of  intercalated  and  water,  as  con“rmed
by  CHO  analysis.  After  calcinations,  the  hydrotalcite  struc-
ture  is  destroyed  and  amorphous  metastable  mixed  oxides
M II

xM III
yOz are  formed  [33].  The  total  weight  losses  of  the

samples  in  the  temperature  range  up  to  600 � C were  approxi-
mately  2.22 and  6.71% for  Ni-CLDH  and  Mg-CLDH,  respectively.
These  weight  losses  should  correspond  to  the  removal  of  water
physisorbed  during  storage.

3.1.3.  FTIR
Fig.  3 displays  the  infrared  spectra  of  the  samples  between
4000 and  400 cm Š1.  It  resembles  to  that  of  other  hydrotalcite-
like  phases  with  CO3

2Š as  the  counter  anions  [34].  A  strong
and  broad  absorption  band  at  3500…3600 cm Š1, which  was
associated  with  a  superposition  of  hydroxyl  stretching  band
� (OHstr ) arising  from  metal-hydroxyl  groups  in  the  layers  and
hydrogen-bonded  interlayer  water  molecules.  The  peaks  at

693 and  670 cm Š1 are  the  out-of-plane  deformation  stretching
vibration  and  in-plane  bending  vibration  of  CO3

2Š ions  [35,36],
respectively.  Usually,  the  later  position  is  interpreted  as  the
crystal  lattice  stretching  vibration  of  M-O  bond  and  the  anti-
symmetric  v4 vibration  of  CO3

2Š anions.  Such  result  proposes
that  the  hydroxyl  groups  in  the  brucite  layer  and  interlayer  are
associated  and  restrained  under  the  in”uence  of  electrostatic
interaction.  Another  absorption  band  at  1640 cm Š1 correspond
the  water  deformation,  š(H2O). The  bands  at  low  frequency
region  (below  1000 cm Š1 except  carbonate)  are  related  with
metal…oxygen  and  metal…oxygen…metal  vibrational  modes  in
brucite-type  layer  [34].  The  absorption  band  observed  around
1390 cm Š1 was  the  � 3 (asymmetric  stretching)  of  the  CO3

2Š ion
in  the  interlayer  [37].  The  FT-IR  spectrum  of  calcined  prod-
ucts,  shows  three  major  differences;  “rst,  the  O…H stretching
at  3500…3600 cm Š1 band  observed  in  spectra  of  Ni-LDH  and
Mg-LDH  is  slightly  narrowed  after  calcinations.  The  decrease
in  the  intensity  of  the  O-H  stretching  is  elucidated  after  calci-
nations  in  which  the  layered  structure  of  LDH  collapses  owing
to  the  thermal  dehydroxylation  of  the  double  hydroxide,  sec-
ondly,  the  sharp  band  at  1640 cm Š1 disappears,  and  in  thirdly,
the  band  at  around  1390 cm Š1 of  the  CO3

2Š ion  in  the  interlayer
disappears,

3.1.4.  Morphological  characterization  (TEM-EDX)
TEM  micrographs  of  Mg-LDH  and  Ni-LDH  are  presented  in
Fig.  4(a, c).  The  “gure  indicates  that,  LDHs  have  hexagonal
platelet  morphology,  having  some  small  cracks  at  the  edge  of
hexagonal  sheets  and  part  of  sheets  presenting  vertical  cross-
ing  at  hexagonal  sides.  From  the  micrographs,  the  crystallite
size  varied  from  15 to  88 nm.  The  crystal  size  of  stacked-disc-
shaped  observed  in  the  Mg-LDH  was  larger  than  that  in  the
Ni-LDH.  This  result  is  in  good  agreement  with  XRD analy-
sis.  The  micrographs  of  calcined  products  shown  in  Fig.  4(e,
g) indicate  a  very  rough  surface  while  their  sheet/disc-like
shape  remains  unchanged,  there  are  numerous  pores  in  the
structure,  originating  from  the  interparticle  voids.

The  EDX spectrum  shown  in  Fig.  4(b,  d,  f,  h)  clearly  indicate
the  presence  of  magnesium,  iron  and  nickel  within  walls.  The
molar  ratios  of  Mg/Fe  and  Ni/Fe  were  found  to  be  2.81 and  2.93
respectively,  which  is  in  good  agreement  with  the  ratio  of  3
used  in  the  preparation  and  con“rmed  by  ICP analysis.  The
analysis  also  con“rmed  the  presence  of  carbon.

3.2.  Dyes removal  performance

3.2.1.  Effect of solution  pH
pH  of  the  solution  is  an  essential  parameter  for  the  control  of
the  adsorption  process,  given  that  it  may  affect  at  the  same
time  the  surface  charge  of  the  adsorbents  and  the  ionization
behaviour  of  the  dyes  [38]. Figs.  5…7 shows  the  effect  of  solu-
tion  pH  on  the  adsorption  of  MB,  MG  and  MO  by  LDHs  and
CLDHs.  For  Ni-LDH  and  Mg-LDH,  with  the  increase  of  solution
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Fig.  4  … TEM  images  and  EDX  analysis  of  Mg-LDH  (a,  b),  Ni-LDH  (c, d),  Mg-CLDH  (e, f)  and  Ni-CLDH  (g,  h).

pH,  the  removal  of  MO  decreased  gradually.  The  high  adsorp-
tion  was  obtained  at  the  pH  of  4.0, and  the  least  removal  was
observed  at  pH  of  10. At  the  lower  solution  pH,  more  hydrogen
ions  were  in  the  solution  making  the  surface  of  the  adsorbent
with  more  positive  charges,  which  promoted  the  electrostatic
attraction  between  the  negatively  charged  dye  molecules  and

the  surface  of  the  adsorbent  [39]. Hence,  the  weak  acid  or  neu-
tral  is  the  ideal  condition  for  MO  adsorption.  The  MB  and  MG
adsorption  capacities,  present  a  signi“cant  increasing  trend
with  the  increase  of  pH  values.  For  Ni-LDH  and  Mg-LDH,  the
removal  ef“ciencies  can  reach  up  to  35 mg/g  and  10 mg/g  for
MB,  90 mg/g  and  100 mg/g  for  MG  respectively,  when  the  pH  of
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Fig.  5  … Effect  of  solution  pH  on  MO  adsorption  onto  LDHs
and  CLDHs  (C0 =  20  mg/L,  temperature  25 � C, adsorbent
dosage  =  0.16  g/L  for  LDHs,  and  0.08  g/L  for  CLDHs).
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Fig.  6  … Effect  of  solution  pH  on  MB  adsorption  onto  LDHs
and  CLDHs  (C0 =  20  mg/L,  temperature  25 � C, adsorbent
dosage  =  0.16  g/L  for  LDHs,  and  0.08  g/L  for  CLDHs).
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Fig.  7  … Effect  of  solution  pH  on  MG  adsorption  onto  LDHs
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Fig.  8  … Kinetics  of  MO  adsorption  by  LDHs  and  CLDHs
(C0 =  20  mg/L,  T  =  25 � C, adsorbent  dosage  =  0.16  g/L  for  LDHs,
and  0.08  g/L  for  CLDHs).

solution  is  10. Lower  adsorption  capacities  of  these  dyes  are
registered  at  low  pH  values.

Theoretically,  at  pH  <  point  of  zero  charge  (PZC) of
the  adsorbent,  the  surface  gets  positively  charged,  which
enhances  the  adsorption  of  the  negatively  charged  dyes
through  electrostatic  forces  of  attraction.  At  pH  >  PZC, the  sur-
face  of  particles  gets  negatively  charged,  which  favours  the
adsorption  of  cationic  dyes  [40].  The  point  of  zero  charge  (PZC)
of  Ni-LDH,  Mg-LDH,  Ni-CLDH  and  Mg-CLDH,  were  8.16, 9.0,
8.9 and  9.6 respectively.  Furthermore,  the  structure  of  layered
materials  with  hydroxide  sheets  will  be  destroyed  when  pH
was  below  4 [41].

For  the  calcined  products,  by  varying  the  pH  from  4.0 to  11.0,
the  removal  ef“ciency  can  reach  up  to  55  and  25 mg/g  for  MB,
125 and  175 mg/g  for  MG,  100 and  140 mg/g  for  MO,  respectively
for  Ni-CLDH  and  Mg-CLDH.  Generally,  the  adsorbed  amounts
of  MB  and  MG  were  lower  than  of  MO.  Also,  the  removal  ef“-
ciency  was  higher  than  that  of  the  LDHs.  The  probable  reason
was  due  to  the  reconstruction  of  the  LDH  structure  with  the
intercalation  of  dyes  into  the  CLDH  in  aqueous  solutions  [42].
It  suggests  that  CLDH  can  be  a  high  ef“ciency  adsorbent  for
the  adsorption  of  MB  and  MG  in  basic  solutions  [43].

3.3.  Adsorption  kinetics

Figs.  8…10 show  the  adsorption  kinetics  of  dyes  by  LDHs  and
CLDHs.  It  is  evident  that  the  adsorbed  amount  of  MB,  MG
and  MO  increased  rapidly  in  the  initial  60 min.  Thereafter,  it
becomes  slower  and  almost  unchanged  after  240 min,  indi-
cating  that  equilibrium  has  been  achieved.  Dyes  sorption  by
CLDHs  was  higher  than  by  LDHs.  The  difference  between
equilibrium  times  obtained  with  LDHs  and  CLDHs  can  be
explained  by  the  fact  that  dyes  adsorption  on  LDHs  may  occur
via  exchange  mechanism.  But  on  CLDH,  it  occurs  probably
by  both  surface  and  by  reconstruction  phenomena  (memory
effect)  [42].  This  property  is  typical  to  LDHs  make  them  able
to  recover  the  original  lamellar  structuring  after  calcination
induced  complete  loss  of  its  original  layered  organization.

Kinetic  modelling  of  the  adsorption  process  provides  a
prediction  of  adsorption  rates,  and  allows  the  determination
of  “tting  rate  expressions  characteristic  for  possible  reaction
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Fig.  9  … Kinetics  of  MB  adsorption  by  LDHs  and  CLDHs
(C0 =  20  mg/L,  T  =  25 � C, adsorbent  dosage  =  0.16  g/L  for  LDHs,
and  0.08  g/L  for  CLDHs).
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Fig.  10  … Kinetics  of  MG  adsorption  by  LDHs  and  CLDHs
(C0 =  20  mg/L,  T  =  25 � C, adsorbent  dosage  =  0.16  g/L  for  LDHs,
and  0.08  g/L  for  CLDHs).

mechanisms.  The  most  frequently  used  models  are  the
pseudo-“rst-order  [43]  and  the  pseudo-second-order  [44].

The  pseudo-“rst-order  rate  expression  of  Lagergren  based
on  solid  capacity  is  generally  expressed  as  follows.

q  =  qe(1 Š  eŠk1t ) (3)

where  qe and  q (both  in  mg/g)  are  respectively  the  amounts  of
dye  adsorbed  at  equilibrium  and  at  any  time  •t•, and  k1 (1/min)
is  the  rate  constant.

The  pseudo-second-order  model  proposed  by  Ho  and
Mckay  [44]  is  based  on  the  assumption  that  the  adsorp-
tion  follows  second  order  chemisorption.  This  model  can  be
expressed  as:

q =
k2q2

et
(1 +  k2qet )

(4)

where  k2 (g/mg  min)  is  the  rate  constant  of  pseudo-second
order  adsorption.

Parameters  of  the  pseudo-“rst-order  and  pseudo-second-
order  kinetic  models  were  estimated  with  the  aid  of  the
non-linear  regression.  The  obtained  values  and  correlation
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Fig.  11  … Isotherms  of  MO  adsorption  by  LDHs  and  CLDHs
(pH  =  8,  T  =  25 � C, adsorbent  dosage  0.16  g/L  for  LDHs  and
0.08  g/L  for  CLDHs).

coef“cients  are  presented  in  Table  4. It  is  obvious  that  the
determined  coef“cient  r2 for  the  pseudo-second-order  kinetic
model  are  higher  than  those  for  the  pseudo-“rst-order  kinetic
model,  and  the  calculated  qe  values  are  closer  with  the  exper-
imental  values  compared  to  the  pseudo-“rst-order  kinetic
models.  The  results  mentioned  above  indicated  that  the
adsorption  of  MB,  MG  and  MO  onto  LDHs  and  CLDHs  followed
pseudo-second-order  kinetics,  suggesting  that  a  chemsorp-
tion  may  be  the  rate-limiting  step  in  the  adsorption  process
[45].  The  low  values  obtained  for  dyes  removed  by  LDHs,
can  be  explained  by  the  strong  carbonate  af“nity  for  LDHs
compounds.  However,  on  CLDHs  it  is  much  higher,  because
the  adsorption  occurs  probably  by  both  surface  adsorption
and  reconstruction  mechanism  [39].  The  pseudo-second  order
model  is  also  presented  as  the  best  model  to  describe  dyes
adsorption  by  other  adsorbents  like  hydrotalcite-iron  oxide
magnetic  [46],  clays  [9], uncalcined  and  calcined  MgNiAl  lay-
ered  double  hydroxide  [47], and  native  zeolite  [48].

3.4.  Adsorption  isotherm

To  analyze  the  characteristics  of  the  adsorption  equilib-
rium,  the  adsorption  isotherms  were  studied,  as  this  provides
information  about  the  surface  properties  of  adsorbent,  the
adsorption  behaviour  and  the  design  of  adsorption  systems.
Adsorption  equilibrium  is  a  dynamic  concept  achieved  as
the  rate  of  dye  adsorption  is  equal  to  the  desorption  rate
[49].  Several  models  including,  Langmuir,  Freundlich  and
Dubinin…Radushkevich  have  been  used  to  analyze  the  equi-
librium  adsorption  data.

The  Langmuir  adsorption  model  [49]  is  established  on  the
following  hypotheses:  (1) uniformly  energetic  adsorption  sites,
(2) monolayer  coverage,  and  (3) no  lateral  interaction  between
adsorbed  molecules.  Therefore,  at  equilibrium,  a  saturation
point  is  reached  where  no  further  adsorption  can  occur.  A
basic  assumption  is  that  sorption  takes  place  at  speci“c  homo-
geneous  sites  within  the  adsorbent.  Once  a  dye  molecule
occupies  a  site,  no  further  adsorption  can  take  place  at  that
site.

The  Freundlich  isotherm  [50]  endorses  the  heterogeneity
of  the  surface  and  assumes  that  the  adsorption  occurs  at  sites

Document downloaded from http://www.elsevier.es, day 18/10/2017. This copy is for personal use. Any transmission of this document by any media or format is strictly prohibited.Document downloaded from http://www.elsevier.es, day 18/10/2017. This copy is for personal use. Any transmission of this document by any media or format is strictly prohibited.



j  m a  t  e r  r  e s  t  e c  h  n  o  l  .  2  0 1 7;6(3):271…283 279

Table  4  … Kinetics  parameters  of  values  for  the  models  rate  constants.

Dye  Adsorbent  qexp (mg/g)  Pseudo-“rst-order  Pseudo-second-order

qe (mg/g)  k1 (1/min)  r2 qe (mg/g)  k2 (g/mg.min)  r2

MO Ni-LDH  95.60 91.41 0.07551 0.971 95.10 0.00143 0.998
Ni-CLDH  113.38  110.76 0.01271 0.982 128.80  0.00012 0.994
Mg-LDH  62.28 62.28 0.07551 0.994 67.09 0.00069 0.993
Mg-CLDH  82.84 77.26 0.02312 0.946 85.14 0.00039 0.984

MB Ni-LDH  31.70 29.51 0.01158 0.979 35.10 0.00039 0.995
Ni-CLDH  53.57 53.03 0.03903 0.979 56.43 0.00114 0.992
Mg-LDH  18.54 17.10 0.02547 0.959 18.98 0.00179 0.982
Mg-CLDH  46.22 45.10 0.01049 0.966 53.42 0.00024 0.982

MG Ni-LDH  61.41 59.05 0.06801 0.974 61.73 0.00192 0.993
Ni-CLDH  73.12 68.12 0.03818 0.884 73.93 0.00072 0.945
Mg-LDH  108.39  104.37 0.02126 0.944 114.97  0.00028 0.989
Mg-CLDH  116.29  113.22 0.07845 0.989 117.02  0.00138 0.998

Table  5  … Isotherm  constants  and  correlation  coef“cients  for  the  adsorption  of  the  three  dyes.

Dye  Adsorbent  Langmuir  Freundlich  Dubinin…Radushkevich

qm (mg/g)  qm (mg/g)  KL r2 KF n  r2 qm (mg/g)  B (mol/J)  r2

MO Ni-LDH  783.65  788.59 0.126 0.985 226.65  3.84 0.981 648.59  0.000003 0.688
Ni-CLDH  859.47  889.28 0.110 0.993 229.57  3.53 0.974 719.78  0.000003 0.770
Mg-LDH  576.00  710.78 0.033 0.996 86.52  2.54 0.956 523.15  0.00003 0.891
Mg-CLDH  717.73  850.21 0.044 0.995 126.96  2.73 0.946 646.31  0.00002 0.904

MB Ni-LDH  23.39 26.56 0.179 0.963 15.34  9.76 0.912 25.14 0.00009 0.913
Ni-CLDH  32.48 35.37 0.364 0.980 26.75  19.37 0.959 34.46 0.00005 0.865
Mg-LDH  13.64 16.01 0.110 0.938 4.75 4.48 0.853 14.05 0.00003 0.957
Mg-CLDH  20.79 22.73 0.125 0.898 11.27  7.74 0.829 21.41 0.00002 0.877

MG Ni-LDH  320.03 403.65 0.050 0.894 66.02  2.88 0.780 331.20  0.00002 0.984
Ni-CLDH  438.85  530.24 0.101 0.907 176.46  4.73 0.796 477.70  0.00001 0.969
Mg-LDH  383.40  453.05 0.171 0.873 158.35  4.65 0.959 415.04  0.00003 0.923
Mg-CLDH  619.46  656.88 0.186 0.952 244.18  4.85 0.881 596.64  0.00003 0.931
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Fig.  12  … Isotherms  of  MB  adsorption  by  LDHs  and  CLDHs
(pH  =  8,  T  =  25 � C, adsorbent  dosage  0.16  g/L  for  LDHs  and
0.08  g/L  for  CLDHs).

with  different  energy  of  adsorption.  The  energy  of  adsorption
varies  as  a  function  of  surface  coverage.

The  Dubinin…Radushkevich  (D…R) isotherm  model  [51]  does
not  assumes  a  homogenous  surface  or  constant  sorption
potential  as  other  models.  It  can  be  noted  that  the  (D…R)
isotherm  is  more  general  that  the  Langmuir  “t.

The  adsorption  isotherms  of  MB,  MG  and  MO  onto  LDHs
and  CLDHs  are  shown  in  Figs.  11…13. It  was  found  that  the
CLDHs  showed  much  higher  adsorption  capacities  than  that
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Fig.  13  … Isotherms  of  MG  adsorption  by  LDHs  and  CLDHs
(pH  =  8,  T  =  25 � C, adsorbent  dosage  0.16  g/L  for  LDHs  and
0.08  g/L  for  CLDHs).

of  LDHs.  The  adsorption  isotherm  of  LDHs  was  more  scattered
than  that  of  the  CLDHs.  The  possible  reason  was  associated
to  the  complexity  of  intercalated  ions  after  adsorption  on
the  LDHs  materials.  For  the  CLDHs,  the  reconstructed  layered
structure  after  adsorption  of  MB,  MG  and  MO  did  not  contain
carbonate  anions  in  the  interlayer  [39].

The  experimental  adsorption  isotherms  obtained  were
compared  with  the  adsorption  isotherm  models  and  the
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Table  6  … Thermodynamic  parameters  calculated  for  the  adsorption  of  dyes.

Adsorbent  T (� C) MO  MB  MG

qe (mg/g)  KD � G� (J/mol)  � H� (kJ/mol)  � S� (J/K mol)  qe (mg/g)  KD � G� (J/mol)  � H� (kJ/mol)  � S� (J/K mol)  qe (mg/g)  KD � G� (J/mol)  � H� (kJ/mol)  � S� (J/K mol)

Ni-LDH 10  83.10 12.56 Š5953.64 Š27.10  74.60 7.68 0.41 2122.95  38.34 128.58  33.10 2.23  Š1881.77 16.85 66.14
20 73.07 8.89 Š5321.67 14.38 0.83 449.90  41.85 3.11  Š2761.04
30 60.11 5.84 Š4444.67 20.96 1.29 Š641.69  40.06 2.91  Š2691.79
40 50.46 4.26 Š3772.78 30.53 2.07 Š1898.96 53.82 4.66  Š4002.36
50 40.82 3.05 Š2994.67 41.30 3.18 Š3104.95 59.20 5.53  Š4594.15

Ni-CLDH 10 107.15 9.45 Š5283.96 Š22.23  60.22 30.73 1.74 Š1296.69 36.31 129.45  54.37 3.44  Š2904.80 18.41 75.10
20 79.57 5.87 Š4312.62 56.19 3.59 Š3110.23 65.76 4.41  Š3615.27
30 73.26 5.21 Š4159.57  65.76 4.41 Š3738.66 72.94 5.09  Š4098.52
40 57.71 3.77 Š3455.16 90.88 7.05 Š5080.67 95.67 7.64  Š5292.57
50 44.65 2.73 Š2699.26 104.04  8.78 Š5834.68 104.04  8.78  Š5834.68

Mg-LDH 10 71.91 8.55 Š5050.13 Š36.53  111.17 3.55 0.18 4022.98  38.82 124.24  44.92 3.46  Š2920.25 23.92 95.61
20 59.88 5.80 Š4280.41 7.76  0.41 2171.36  62.19 6.08  Š4398.96
30 36.63 2.61 Š2413.43 11.35 0.62 1210.58  68.17 7.36  Š5028.07
40 28.85 1.89 Š1651.39 16.73  0.96 115.46  78.93 10.47  Š6110.96
50 22.33 1.37 Š837.86 24.51 1.51 Š1103.74 84.32 12.62  Š6809.04

Mg-CLDH 10 138.11 15.58 Š6460.76 Š22.65  55.99 18.91 1.01 Š31.98  29.95 111.41  86.29 6.50  Š4405.51 10.51 52.62
20 137.08 15.32 Š6648.40 40.64 2.40 Š2135.02 98.06 7.96  Š5052.09
30 113.75 10.52 Š5928.15 51.41  3.20 Š2931.43 95.67 7.64  Š5123.48
40 85.88 6.58 Š4904.34 69.35 4.74 Š4050.91 111.22  9.87  Š5956.91
50 74.14 5.30 Š4479.70 96.86 7.80  Š5515.64 121.98  11.72  Š6608.77
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constants  appearing  in  each  equation  of  those  models  were
determined  by  nonlinear  regression  analysis.  The  results  of
this  analysis  are  tabulated  in  Table  5.  The  square  of  the  corre-
lation  coef“cient  (r2) are  also  shown  in  this  table.

The  methyl  orange  isotherms  show  an  important  adsorp-
tion  with  almost  weak  concentration  in  the  solution.  It  is
an  isotherm  of  the  type  L in  Giles  classi“cation  [52].  This
occurs  when  the  interactions  between  the  adsorbed  molecules
and  the  solid  surface  are  very  strong.  A  chemical  adsorp-
tion  of  negatively  charged  functional  groups  of  MO  on  the
positively  charged  surface  groups  of  the  LDHs  and  CLDHs
is  proposed.  The  best  “t  of  experimental  data  in  the  case
of  MO  was  obtained  with  the  Langmuir  model.  This  result
suggests  that  the  adsorption  process  of  MO  by  the  LDHs
and  CLDHs  was  monolayer  adsorption,  and  the  maximum
monolayer  adsorption  capacities  were  found  to  be  783.65,
859.47, 576.00, and  717.73 mg/g,  respectively,  for  Ni-LDH,  Ni-
CLDH,  Mg-LDH  and  Mg-CLDH.  The  adsorption  isotherm  forms
of  methylene  blue  and  malachite  green  are  type  L  in  Giles
classi“cation.  The  forces  of  attraction  between  the  adsorbed
molecules  are  low.  This  is  due  to  the  fact  that  methylene
blue  and  malachite  was  a  cationic  molecule  that  has  the
same  charge  of  LDHs  surface.  Therefore,  low  adsorption  af“n-
ity  is  observed.  A  physisorption  assured  by  van  der  Waals
interactions  is  suggested.  The  best  “t  of  experimental  data
in  the  case  of  MB  was  obtained  with  the  Langmuir  model,
with  maximum  adsorption  capacities  of  23.39, 32.48, 13.64
and  20.79 mg/g,  respectively,  for  Ni-LDH,  Ni-CLDH,  Mg-LDH
and  Mg-CLDH.  For  MG,  the  experimental  result  was  good  “t-
ted  with  both  Langmuir  and  Dubinin…Radushkevich  isotherm
models.  The  Langmuir  adsorption  capacities  were  found  to
be  320.03, 438.85, 383.40 and  619.46 mg/g,  respectively,  for  Ni-
LDH,  Ni-CLDH,  Mg-LDH  and  Mg-CLDH.

3.5.  Effect of  temperature  on  the  adsorption

Temperature  is  a  highly  signi“cant  parameter  in  the  adsorp-
tion  process.  To  assess  the  capacity  of  LDHs  and  CLDHs  in
the  removal  of  dyes  in  the  case  of  different  types  of  ef”u-
ents,  experiments  were  done  at  different  temperatures  in  the
range  of  30…50� C. The  quantities  of  MB,  MG  and  MO  adsorbed
as  function  of  solution  temperature  are  shown  in  Table  6.
The  Table  indicates  that  the  increase  in  solution  temperature
increases  the  adsorbed  quantities  of  MB  and  MG.  However,  the
adsorbed  quantity  of  MO  decreases  with  the  increase  in  tem-
perature.  From  these  results,  the  experimental  data  obtained
for  MB,  MG  and  MO  adsorption  on  LDHs  and  CLDHs  adsor-
bents  at  different  temperatures  were  used  for  calculation  of
thermodynamic  parameters,  such  as  Gibbs  free  energy  (� G� ),
enthalpy  variation  (� H� ) and  entropy  variation  (� S� ). by  using
the  following  equations.

For  such  equilibrium  reactions,  KD , the  distribution  con-
stant,  can  be  expressed  as:

KD =
qe

Ce
(5)

The  Gibbs  free  energy  is:

�G � =  ŠRT ln( KD) (6)

where  R is  the  universal  gas  constant  (8.314 J mol/K)  and  T is
solution  temperature  in  K.  The  enthalpy  (� H� ) and  entropy
(� S� ) of  adsorption  were  estimated  from  the  slope  and  inter-
cept  of  the  plot  of  ln  KD versus  1/T  yields,  respectively.

ln  KD =  Š
�G �

RT
=  Š

�H �

RT
+

�S �

R
(7)

The  thermodynamic  parameters  calculated  from  the  val-
ues  of  the  slopes  and  intercepts  are  reported  in  Table  6. For
the  anionic  dye  the  experimental  results  indicated  that  the
amount  adsorbed  increased  with  decreasing  temperature.  The
physical  bonding  between  the  MO  molecules  and  the  active
sites  of  the  LDHs  and  CLDHs  is  probably  reduced  with  increas-
ing  temperature.  The  negative  values  of  � G� and  the  negative
value  of  � H� indicate  that  the  adsorption  of  the  dye  was  spon-
taneous  and  exothermic.  For  the  cationic  dyes  the  amount
adsorbed  increased  with  increasing  temperature.  The  nega-
tive  values  of  � G� and  positive  values  of  � H� indicate  that
adsorption  of  MB,  MG  on  both  LDHs  and  CLDHs  are  sponta-
neous  and  endothermic  process.  The  low  values  of  enthalpy
indicated  that  the  dyes  are  adsorbed  via  physical  interactions.
Entropy  has  been  de“ned  as  the  degree  of  chaos  of  a  system.
The  positive  values  of  � S� indicate  an  increasing  randomness
at  solid…solution  interface  during  adsorption  process.  From  all
this  results,  it  could  be  concluded  that  adsorption  of  MO  was
more  in”uenced  by  the  change  in  solution  temperature,  and
the  negative  values  of  � G� con“rm  the  feasibility  of  the  pro-
cess  and  the  spontaneous  nature  of  adsorption  with  a  high
preference  of  MO  by  LDHs  and  CLDHs.

4.  Conclusions

In  this  study,  adsorption  experiments  for  the  removal  of
methylene  blue  (MB),  malachite  green  (MG), and  methyl
orange  (MO)  from  aqueous  solutions  have  been  carried  out
using  Mg/Fe  and  Ni/Fe  layered  double  hydroxides  (LDH)  with
molar  ratio  (M2+/Fe3+) of  3 and  intercalated  with  carbonate
ions  (Ni-LDH,  Mg-LDH),  and  their  calcined  products  (Ni-CLDH,
Mg-CLDH).  The  obtained  results  show  that  the  materials  were
found  to  be  excellent  adsorbents  for  the  used  dyes.  The
adsorption  system  reaches  equilibrium  in  240 minutes.  The  pH
experiments  showed  that  signi“cant  adsorption  takes  place  at
pH  of  4  for  MO  and  pH  of  8  for  MB  and  MG.  The  equilibrium
uptake  was  increased  with  increasing  the  initial  concentration
of  dye  in  solution.  Experimental  data  were  better  described
by  pseudo-second-order  model  with  initial  adsorption  rate  on
CLDHs  higher  than  that  on  LDHs.  The  adsorption  isotherm
could  be  well  “tted  by  the  Langmuir  equation.  The  sorption
capacity  decreases  for  MO  and  increases  for  MB  and  MG  with
an  increase  in  solution  temperature  up  to  50 � C. The  values  of
the  thermodynamic  parameters  obtained  indicated  that  the
MO  sorption  was  spontaneous  and  endothermic  in  nature.
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