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NiFeCO3 hydrotalcites with Ni/Fe molar ratio of 3 were synthesized by co-precipitation method at constant
pH, followed by hydrothermal treatment at various temperatures 85–180 ◦C for 3–360 h. The obtained
materials were characterized by XRD analysis, FT-IR spectroscopy, SEM and TEM microscopy, TGA and
BET techniques. The resulting materials were found to be similar to the hydrotalcite with a well-defined
hexagonal morphology of crystallites. The hydrothermal treatment and aging time increases the platelet
sizes and decreases the surface area. XRD analysis showed the formation of sharper and intense peaks,
nionic clays
ydrothermal treatment
rystallinity
extile dye
dsorption

which might indicate the larger crystallites size of LDH as well as higher crystallinity. Furthermore, textural
studies revealed influence of aging time and temperature on the properties of the crystalline phase. The
prolonged time tends to form additional products, identified as NiFe2O4 spinel and NiO nickel oxide.

The effect of hydrothermal treatment temperature on the kinetics of dye removal has been explored. It
was found that the percentage color removal increases with increasing hydrothermal treatment temper-
ature up to 140 ◦C and aging time up to 4 days. Furthermore, the color removal decreases with increasing
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. Introduction

Hydrotalcite (HT) belongs to the class of anionic clay minerals,
nown as layered double hydroxides (LDHs). These LDHs repre-
ent one of the most technologically promising materials because
f their relative ease of preparation and broad use as adsorbents,
nion exchangers [1–3], catalysts [4] and catalyst supports [5,6].
lthough for application in medicine [7] environmental protec-

ion [8], pharmaceutical applications [9] and cosmetic [10] LDH
ontaining Mg2+ and Al3+ are usually preferred because of their
ack of toxicity, those with transition metal cations are gener-
lly used as catalysts [4–6]. They can be described as layered
ompounds of brucite-like structure (Mg(OH)2). The general for-

ula:
[
M2+

1−xM3+
x (OH)2

]x+[
An−

x/n
· mH2O

]x−
, where M2+ and M3+

an be any divalent and trivalent cation in the octahedral posi-
ions within the hydroxide layers: M2+ = Mg2+, Zn2+, Ni2+, etc.,

nd the metal ratio x = M3+/(M2+ + M3+) variable (0.2 < x < 0.33).
heir structure consists of positively charged brucite-like layers,
M2+

1−xM3+
x (OH)2

]x+
, alternating with negatively charged inter lay-

∗ Corresponding author. Tel.: +213 790540163; fax: +213 41560188.
E-mail address: f boukraa2003@yahoo.fr (F.B.D. Saiah).
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rature up to 140–180 ◦C and prolonged aging time.
© 2009 Published by Elsevier B.V.

rs containing anions and water molecules
[

An−
x/n

· mH2O
]x−

[11,12]

Fig. 1). There is no limitation on the nature of the anion provided it
oes not form a complex with the cations [1]. The wide range of syn-
hetic materials of this type shows an extensive range of properties.
n increasing attention has been drawn to these compounds owing

o the diverse applications. However, the nature of applications is
nfluenced by optimum physicochemical properties in particular
y crystallinity, surface, texture and particle size. Various methods
ave been reported as salt oxide method [13], co-precipitation [14],

nduced hydrolysis [15], reconstruction [16] and anion-exchange
17] to synthesize these compounds with altered physicochem-
cal characteristics. However, co-precipitation at fixed pH is the

ost commonly used materials. Therefore, studies of the crystal
hemistry of hydrotalcite-like compounds have mainly focused on
he influence of their composition on lattice parameters and on
hysical properties [18]. Although there is still profuse interest in
he ability to increase particle size. Layer crystals are better for
haracterization. However, bigger crystals have been produced by

pplying a temperature gradient to allow the rate of growth to be
ontrolled [19]. Hydrothermal treatment generally increases crys-
allinity, depending mainly on temperature, although pressure and
ime are also important parameters. Miyata found, by hydrother-

ally treating an Mg/Al hydrotalcite, that the temperature had a

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:f_boukraa2003@yahoo.fr
dx.doi.org/10.1016/j.jhazmat.2008.09.125
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from Aldrich and used as received. The chemical structure of EB
is shown in Fig. 2. It is an acid dye of the diazo series. The calibra-
tion curve for the dye was prepared by recording the absorbance
values for a range of known concentrations of dye solutions at the
wavelength of maximum absorbance (� = 605 nm).
ig. 1. The hydrotalcite structure. Grey octahedral: brucite-type layers, black dots:
nterlayer water and carbonate.

ramatic effect on crystallite size, such that size increased up to
80 ◦C but decreased above 200 ◦C [20]. A more recent study by
-ray diffraction and infrared spectroscopy, investigates the effect
f varying time at constant temperature [21] and found that, the
rder in the inter layer region and the crystallinity in the hydrox-
de layer increased with time. Furthermore, transmission electron

icroscopy shows that the average size of the lamellar hexagonal
articles increased with aging time [21].

Of particular importance to potential application is a repro-
ucible control of the microstructure and composition of the
aterial, we have studied the structural characteristics of some of

ickel–iron samples which have been synthesized and hydrother-
ally treated at different temperature at various aging time. It

s expected that different physical and chemical characteristics
epend on the hydrothermal treatment route used, in particular,
rystallinity, surface area, porosity, and purity can all vary. Such
ariables will influence the potential application and catalytic prop-
rties of the final materials.

Among the different pollutant of aquatic ecosystems, dyes are
arge and important groups of industrial chemicals [22]. Most of
his were used in the textile industry and the dyes used include

any different compounds which their environmental behavior is
ainly unknown [23]. Interest in the environmental behavior of

yes is prompted primarily by concern over their possible toxicity
nd carcinogenicity, heightened by the fact that many dyes for-
erly were made of known carcinogens such as benzidine, which
ay be reformed. As a result of metabolism [22,23]. Disperse dyes

ave been shown to have high partition coefficients and solubil-
ty, suggesting significant potential for bioconcentration [24]. Most
yestuffs are designed to the resistant to environmental condi-

ions like sunlight, effects of pH and microbial attack [25]. Hence,
heir presence in waste water is unwarranted, and it is desirable
o remove coloring material from effluents, before their discharge
o the environment. This is important to regions where water
esources might be scarcer or sensitive.
s Materials 165 (2009) 206–217 207

The purpose of this work is to study the effect of hydrothermal
reatment conditions on structural and textural properties of syn-
hetic Ni/Fe-CO3 LDH. This effect is also investigated on the removal
fficiency and adsorption capacity of dye onto Ni/Fe-CO3 LDH.

Ni/Fe-CO3 LDH with molar ratio of 3 was synthesized using a co-
recipitation method at constant pH. The samples were examined
n the basis of purity, crystallinity and textural properties. However,
e tried to optimize the conditions of the hydrothermal treatment

n order to obtain a pure and well crystallized hydrotalcite phase.
ydrothermal treatment conditions is applied to improve the crys-

allinity [26] and the removal efficiency of a commercial dye Evan’s
lue (Blue direct 53) on NiFeCO3 LDH.

. Experimental

.1. Preparation

All reactants used in this work have high purity degree and
ere from Aldrich. A co-precipitation method was used to prepare
iFeCO3 LDHs with a molar ratio Ni/Fe = 3 and the materials has

ubmitted different hydrothermal treatment conditions. In a typ-
cal synthesis, the samples were obtained by dropwise adding, at
oom temperature, a solution containing 1.5 mol NiCl2·6H2O and
.5 mol FeCl3·6H2O dissolved in 250 ml of distilled water to a vigor-
usly stirred solution (250 ml) containing NaOH (1 M) and Na2CO3
2 M) at constant pH = 11. The suspension obtained (yellow brown
recipitate) was stirred mechanically for a further 1 h at room
emperature during which time the pH value was still maintained
onstant. The suspension was then divided into several equal por-
ions, to undergo different hydrothermal treatment. The content
as then transferred into the teflon coated stainless steel auto-

lave in order to obtain better crystallized materials [15]. These
ortions denoted HT-85 and HT-180 were aged at 85 ◦C to 180 ◦C
or 3 h to 15 days. After the hydrothermal treatment, the precipitate
ormed was filtered and washed several time with distilled water to
emove excess soluble ions, until the filtrate pH was 7. The washed
recipitate was dried in an oven at 60 ◦C overnight and the prod-
ct obtained has different colors, from green to the green-brown
ccording to the hydrothermal treatment conditions.

.2. Sorption of Evan’s Blue (EB)

.2.1. Analytical technique
Evan’s Blue (denoted EB) C34H24N6Na4S4O14, 99% purity was
Fig. 2. Chemical structure of Evan’s Blue (EB) dye.



2 ardous Materials 165 (2009) 206–217

2

w
s
r
d
c
t
E
a
t
d
d
p

2

w
(
I
s
r
s
o
a
n
u
d
d
m
p
s
t
T
S
u
b
n
h
t
i
1
1
r

3

c
t
t
p

3

h
i
t
s
m
t
o
i
(

Table 1
PXRD results for NiFeCO3 hydrotalcite (Å).

NiFe4d85 NiFe7d140 NiFe15d160 Ref. [29] Ascription (hkl)

7.727 7.755 7.857 7.717 003 H
4.806 111 S

4.611 001 NH
3.834 3.857 3.894 3.845 006 H

2.969 2.956 220 S
2.709 100 NH

2.677 2.688 2.682 2.661 101 H
2.609 2.598 2.617 2.587 012 H

2.532 2.525 311 S
2.412 222 S

2.329 2.338 2.335 2.321 015 H
2.103 2.090 400 S

1.949 1.936 1.948 1.920 018 H
1.710 1010 H, 422 S

1.743 400 S
1.612 1.608 1011 H, 511 S 333 S
1.561 110 NH

1.544 1.549 1.547 1.541 110 H
1.518 1.518 1.516 1.511 113 H

1.477 1.476 1013 H, 440 S
110 O

1.434 1.437 1.438 1.430 116 H
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be ascribed to the hydrotalcite structure and, from comparison of
the data with those reported in the JCPDS tables for hydrotalcite and
the calcined samples, it was concluded that they correspond to a
NiFe2O4 spinel phase and to NiO phase. Three strongest reflections
lines, for which the maxima of peaks are recorded at 2� = 19.28◦ due

Table 2
Experimental spacing (Å) for diffraction lines (0 0 3) of the samples, their ascription,
and lattice parameters a and c (Å).
08 F.B.D. Saiah et al. / Journal of Haz

.2.2. Effect of contact time
A sorption kinetic study of Evans Blue (EB) on nickel–iron LDH

as carried out by adding 250 mg of NiFeCO3 LDH into 100 ml of EB
olution at concentration about 50 mg/l. The mixture was stirred at
oom temperature. An approximately 5 ml of the solution was with-
rawn at a desired time intervals, ranging from 2 to 70 min, and then
entrifuged at 6500 rpm for 10 min, and diluted to 50 ml. Aliquots of
he supernatant were also centrifuged at 6500 rpm for 10 min then
B equilibrium concentration was determined by employing the
bsorbance calibration curve using a Perkin–Elmer UV–Vis spec-
rometer at �max = 605 nm and the results were recorded as percent
ye removal versus time. These conditions hold for all materials
isplayed above. So, the effects of hydrothermal treatment tem-
erature on EB sorption were also investigated.

.3. Characterization

Powder X-ray diffraction patterns (XRD) of synthesized LDHs
ere recorded using Philips PW1820 with Cu K� radiation

� = 1.5418 Å at a scan speed of 0.02◦ s) over a 2� range of 4–70◦.
dentifications of the crystalline phases were done by compari-
on with the JCPDS files [27]. FT-infrared spectra of materials were
ecorded using KBr pellets technique in a PerkinElmer FT-IR 2000
pectrometer in the range of 4000–400 cm−1. Specific surface area
f Ni/Fe LDH samples at different hydrothermal treatment temper-
tures and time was measured in a Micromeritics Tristar 3000 by
itrogen adsorption N2 (77 K) after degassing the sample in a vac-
um by flowing nitrogen overnight at 100 ◦C. The surface areas were
etermined by applying BET method in the nitrogen adsorption
ata. The pore diameter and the pore size distribution were deter-
ined by the BJH method [28]. The morphology of the obtained

hases was studied using Philips XL-20 scanning electron micro-
cope (SEM) at 20 keV. Electron micrographs of the samples were
aken by the transmission electron microscopy (TEM) on Philips
ECNAI-10 instrument at 80 keV. Thermogravimetric/Differential
canning Calorimetry (TG/DSC) of these materials was carried out
sing Seteram TG-DSC111 equipment, in the temperature range
etween 20 and 650 ◦C at a heating rate of 5 ◦C min−1 under a
itrogen atmosphere. Hereafter, the samples are indicated by the
ydrothermal treatment time followed by hydrothermal treatment
emperature, for example, NiFe4d120 indicates the treatment time
s 4 days prepared under hydrothermal treatment temperature of
20 ◦C respectively, or NiFe12h160 indicates the treatment time is
2 h prepared under hydrothermal treatment temperature of 160 ◦C
espectively.

. Results and discussion

After drying, the color of the material should show a signifi-
ant graduation of color intensity depending on the hydrothermal
reatment temperature and time. The samples color was green up
o 140 ◦C treated for 7 days, and the samples treated at higher tem-
erature and time are rather green-brown.

.1. XRD analysis

Powder X-ray diffraction patterns of NiFeCO3 LDH at different
ydrothermal treatment temperatures for various times are shown

n Fig. 3. The patterns of all samples showed the diffraction lines
ypical for hydrotalcite structure with interlayer carbonate [24]. All
amples demonstrate its layered structure. However, the hydrother-

al treatment conditions have proved to be very limited to lead

o pure materials, it is probably due to the particular mechanism
f formation of LDH according to the treatment conditions. So
t has been shown that NiFe(8-12h)180 (Fig. 3A), NiFe(1-15d)160
Fig. 3B) and NiFe15d140 (Fig. 3C) presented co-forming of addi-

S

N
N
N

1.410 531 S

: hydrotalcite; S: NiFe2O4 spinel; NH: Ni(OH)2 nickel hydroxide; O: NiO nickel
xide. Positions of lines are given in (Å).

ional amorphous phases, which the diffraction lines increase with
ncreasing the hydrothermal temperature and time. Then this effect
s important for high treatment temperature, becoming more evi-
ent when the hydrothermal treatment is prolonged. As shown in
ig. 3, the XRD patterns of LDH samples consists of both sharp and
ymmetrical peaks with some asymmetrical peaks at high angle,
ndicating good crystallinity [25,26]. The sharpness of the narrow
eaks increase, as the hydrothermal treatment increase at high
emperature, indicating an improved crystallinity and a larger crys-
allite size.

The XRD patterns give two or three sharp peaks which show
ome common features of layered materials such as narrow and
ymmetric, strong peaks at low 2� values, corresponding to the
asal spacing and higher order diffractions, and weaker less sym-
etric lines at high 2� values. Positions (in Å) of the maxima and the

scription to the corresponding (h k l) planes are given (Table 1) for
he samples NiFe4d85, NiFe7d140 and NiFe15d160. del Arco et al.
29] have reported XRD results of sample NiFeCO3 hydrothermally
reated at 100 ◦C for 6 days, as in Table 1. The positions and relative
ntensities of the maxima for our samples are coincident with those
eported in the literature for Ni0.75Fe0.25(CO3)0.125(OH)20.38H2O
JCPDS file 40-0215) [30]. The cell constant “c” is commonly
alculated as c = 3d(0 0 3), assuming a 3R polytipism for the hydro-
alcite [31,32], while the value of cell constant “a” is calculated as
= 2d(1 1 0) [33] and the values calculated are given in Table 2. How-
ver, in the PXRD diagram of sample NiFe15d160, some lines cannot
amples a c d (0 0 3)

iFe4d85 3.088 23.18 7.727
iFe7d140 3.098 23.26 7.755
iFe15d160 3.094 23.57 7.857
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ig. 3. X-ray diffraction patterns of NiFeCO3 LDHs at different hydrothermal treatm
a) at 85 and (b) at 100 ◦C for various times.

o plane (0 0 1), at 2� = 33.12◦ due to plane (1 0 0), and at 2� = 38.61◦

ue to plane (1 0 1) correspond to Ni(OH)2 nickel hydroxide (JCPDS
le 14-0117) (Fig. 3A and B). Weak reflections showed a trace of
ickel hydroxide phase in the sample NiFe15d140 (Fig. 3A). In addi-
ion, these peaks are completely absent or reduced in their intensity
s the hydrothermal treatment time decreased as in Fig. 3A and B.
he values for parameter “a” are nearly constant for all samples as in
able 2. This parameter corresponds to the minimum cation–cation

istance in the brucite-like layers and is related to position of the
eak due to planes (1 1 0). On the other hand, it is observed that
he d-spacing values increased between the temperatures 85 and
60 ◦C, giving rises to increasing parameter “c” as the hydrothermal
emperature and time increased. It has been explained by a struc-

3

N
a

mperature and times: (A) at 180 ◦C, (B) at 160 ◦C, (C) at 140 ◦C, (D) at 120 ◦C and (E):

ural rearrangement and probably a better packing of the layers
ntroduced by the hydrothermal treatment conditions. It is impor-
ant to note that the variation of the basal spacing can be changed
y means of hydrothermal treatment conditions. This means a con-
equence that we would be able to design materials with desirable
ore sizes in the mesopore region, which is valuable in reaction
atalysis and in adsorption [34].
.2. Infrared analysis

The infrared absorption spectrum of the hydrotalcite samples of
i/Fe at different hydrothermal treatment temperature and time
re shown in Fig. 4A and B. For the infrared analysis of these layer



210 F.B.D. Saiah et al. / Journal of Hazardous Materials 165 (2009) 206–217

H: (A

h
o
t
l
4
b
t
c
t
s
f
T
c
p
i
a
�
m
f
m
a
s
b
d
T
c
h
m
t
s
b
c
e
l
i
t
o
O
N
a
o
o
1
t
m
s

t
i
s
t
i
l
b
d
r
m
b
a
9
[
t
l
t
t
[
v
3
o
l
s
t
a
f
N
t
T
t
t
w
3
t
g
e
m
r
d
a

Fig. 4. FT-IR spectra of NiFeCO3 LD

ydroxides, vibrations can be approximately separated into those
f the constituents units, i.e., vibrations of the interlayer anions,
he hydroxyl groups (molecular vibrations) and the octahedral
ayers (lattice vibrations) [35]. It showed a broad band between
000 and 3000 cm−1 (Fig. 4A and B), three broad and intense
ands are observed, which are attributed to the twisting vibra-
ions of physisorbed water, vibrations of the structural OH− groups,
haracteristic valency vibrations of OH· · ·OH, and/or characteris-
ic stretching vibrations of M–OH in hydroxycarbonates. The FT-IR
pectra of all NiFeCO3 samples were quite similar though some dif-
erences were noticed in the intensity and broadness of the bands.
he band centred around 3600 and 3500 cm−1 is assigned to a
omplex of overlapping stretching modes of the hydroxyl groups
resent, both those in the brucite-type layer (Ni/Fe–OH) and the

nterparticle and interlayer water molecules. The bands at 2937
nd 3441 cm−1 are assigned to the CO3–H2O bridging mode and
OH mode of free and hydrogen-bonded hydroxyl groups and water
olecule, respectively [36], whose bending mode is responsible

or the medium-intensity band at 1630 cm−1. The split bands with
axima at 1428 and 1366 cm−1 (Fig. 4B) should be ascribed to the

ntisymmetric stretching mode of CO3
2− species, recorded as a

ingle band at 1450 cm−1 for free CO3
2− species, but which split

ecause of the lower symmetry in the interlayer space, probably
ue to hydrogen bonding with OH groups and/or H2O molecules.
he values found here for the position of this split bands are very
lose to those reported by Hernandez-Moreno et al. [37] for Al–Li
ydrotalcite materials and Labajos et al. [15] for Mg–Al hydrotalcite
aterials. Such a symmetry lowering also gives rise to activation of

he IR-forbidden �1 mode of CO3
2− species, thus accounting for the

houlder absorption band 1062 and 1050 cm−1 (Fig. 4A and B). This
and is even weaker and hardly recorded in the other hydrotal-
ite samples, probably due to their better crystallization and the
nhancement in the ordering of the carbonate anion in the inter-
ayer. As it observed in Fig. 4A, the vibration mode of CO3

2− species
s recorded as a single band because it preserve its D3h symme-
ry, but should split upon deformation, usually by bonding through
ne or two of its oxygen atoms, then decreasing the symmetry.
ur results show that such splitting is highly evident for sample
iFe15d160, where absorption bands at 1370 and 1350 cm−1, with
shoulder at 1428 cm−1, are recorded, thus indicating a high degree
f disorder in the interlayer space of this sample. It has been also

bserved that such splitting is present in other samples treated at
60◦ but it was less pronounced at 20 h. This probably be explained
hat at this time the NiFe LDH sample treated at 160 ◦C obtain a

ore order rearrangement. However, all the other samples show a
ingle band centred generally at around 1360 cm−1, indicating that

a
n
t
t
w

) NiFe4d140 and (B) NiFe15d160.

he CO3
2− species have attained a highly symmetric geometry. For

ron(III) hydroxides carbonates and some carbonate complexes, a
plitting of doubly degenerate asymmetric valence vibration �3 of
he carbonate group, due to coordination with the metal cations,
s observed and a new band at 1500–1650 cm−1 appears [38]. The
owering of the carbonate group symmetry can be interpreted as
eing due to the partial destruction of the anionics layers and
irect coordination with metal cations. The bands at low frequency
egion (below 1000 cm−1) are related with Fe–O, Ni–O and and
etal–oxygen–metal vibrational modes in brucite-type layer. The

and (out-of-plane deformation) of interlayer carbonate species
re also recorded at 840 cm−1 (Fig. 4B). The shoulders at 963 and
60 cm−1 has been ascribed to the presence of hydroxyl groups
37], while other bands in the 800–400 cm−1 range are due to lat-
ice vibrations, mainly involving translational of oxygen ions in the
ayers. The bands at 730 and 740 cm−1 are assigned to the M–OH
ranslation while the bands at 525 and 553 cm−1 are assigned to the
ranslation modes of hydroxyl groups, influenced by trivalent cation
39]. The band found around 450–490 cm−1 correspond to �(NiO)
ibrations [40]. With regard for the �OH mode ranging of 4000 and
000 cm−1, some differences can be also observed in the behavior
f different samples. The position of the maximum shifts towards
arger wave-numbers as the sample is hydrothermally treated at the
ame temperature for prolonged time, from 3439 for NiFe4d100
o 3449 cm−1 for NiFe7d100, and towards lower wave-numbers
s the sample is hydrothermally treated at the lower temperature
or the same time (3429 cm−1 for NiFe4d85). But for the samples
iFe15d100 and the others treated at high temperature for various

ime, the spectrum clearly shows a split band around 3500 cm−1.
he position of this absorption band at 3500 cm−1 should be con-
rolled by cation to which the hydroxyl group is bonded, and if
he different types of M–OH moieties exist, the band should be
ider or should split [15]. The development of this band around

500 cm−1 upon hydrothermal treatment at high temperature and
ime should be ascribed to a better defined structure of the OH
roups because of the improved crystallinity of the materials. Nev-
rtheless, for the sample treated at 160 ◦C for 15 days (NiFe15d160),
ore impurities was observed, which decrease crystallinity. The

esults depicted in Fig. 4B show that such splitting is highly evi-
ent for sample NiFe15d160, where an absorption bands at 3634
nd 3568 cm−1, a weak band at 3447 cm−1 and two weaker bands

t 3245 and 2930 cm−1 are recorded. The shift towards lower wave
umber in our materials should be due to a lower electron density of
he O–H bond in hydroxyl groups bonded to Fe3+ cations, because of
he larger polarizing effect of the trivalent cation [41]. This feature
as shown in the spectrum for pure Al(OH)3 [41]. The presence
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Fig. 5. TG/DTG profiles of NiFeCO3 LDH at different hydrothermal treatmen

f the band around 3634 cm−1 is an indication of the presence of
ree OH group (Fig. 4B).

The band at 2937 cm−1 has been ascribed to water molecule
ydrogen-bonded to carbonate ions in the interlayer [6,15,42]
Fig. 4A). It has been noted that this band shift towards higher
ave number upon hydrothermal treatment at high temperature

nd time, indicating that the formation of water-carbonate linkages
s evident in the materials where the CO3

2− moiety seems to attain
more symmetric structure, thus accounting for the single band

t 1360 cm−1. On the contrary for sample NiFe15d160, where the
mpurity phase increase gives rise to a more disordered structure,
iving rise to CO3

2− species in low symmetry, thus accounting for
he split vibration mode at 1428 and 1350 cm−1[43], the interac-
ion with water molecules being non-specific, and thus accounting
or the badly resolved and low absorption at 2930 cm−1 (Fig. 4B).
hus it has been conclude that the high intensity of this band
Fig. 4A) supposes an important hydration of this compound than
iFe15d160 sample (Fig. 4B). The bands at low frequency region

below 1000 cm−1) are due to other modes of carbonate species
nd to vibrations implying M–O, M–O–M and O–M–O bonds in
rucite-type layer.

.3. Thermal analysis

Fig. 5 shows a DTA/TG thermogram of the NiFeCO3 materials
ydrothermally treated at various temperature and time. All the

amples behaved similarly during the thermal study. Two promi-
ent endothermic peaks (at 210 and at 310 ◦C) are seen in the
TA curve and they were both assigned to the elimination of
ater and CO2, respectively. Two weight loss stages were observed

or NiFeCO3 in the TG curve, coinciding with two endothermic

W
c
t
m
i

peratures and times: (A) NiFe15d120, (B) NiFe15d160 and (C) NiFe12d180.

eaks in the DTA profiles. The first weight loss at 210 ◦C was
scribed to the loss of physically absorbed and interlayer water
nd the second weight loss in the temperature range from 240
o 600 ◦C could be attributed to removal of CO2 from the inter-
ayer carbonate anions and water molecules from condensation
f hydroxyl groups from the brucite-like layers [33,44], thus lead-
ng to the destruction of hydrotalcite structure and the formation
f mixed MII

xMIII
yOz oxides. Then the material becomes an amor-

hous metastable mixed solid oxide. The total weight loss of the
ure samples in the temperature range up to 600 ◦C is approx-

mately 35% (Fig. 5A), which corresponds to the sum of water
nd carbonate contents. On the other hand, the total weight loss
f the samples NiFe15d160 and NiFe12h180 are approximately
6 and 31% respectively (Fig. 5B and C). The position of the first
eak coincides with the first weight loss recorded in the TG dia-
ram between 20 and 232 ◦C, which represents 14% for NiFe15d120
ample (Fig. 5A) but for samples NiFe15d160 and NiFe12h180 the
rst peak coincides with the first weight loss recorded in the TG
iagram between 20–227 and 20–235 ◦C, which represent 8 and
2% respectively (Fig. 5B and C). The second DTA peak should
e ascribed to the weight loss recorded between 227 ◦C up to
00 ◦C, which represent 20–22% for NiFe15d120 pure hydrotalcite
nd 18–19% for samples treated at 160 and 180 ◦C for prolonged
imes. All the products give the same DTA/TG profile, which indi-
ates that the peak locations are insensitive to the variations in the
rystallinity during the hydrothermal treatment conditions [45].
hen, comparing all samples and the three samples (Fig. 5), it
an be observed that while the second endothermic effect seems
o be about the same in all cases, the first endothermic effect is

uch sharper for sample NiFe15d120 (Fig. 5A), (the same case
s observed for NiFe-100 and NiFe-120 at different times), than
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slight changes in the hysteresis loops were observed due to the
hydrothermal treatment temperature, these changes are related
to the shape and homogeneity of the pore size (Fig. 6A). For the
samples synthesized at hydrothermal temperature 85 ◦C, the loops
closed around 0.7 relative pressure (P/P0) with a small plateau at

Table 3
Textural properties of the LDHs precursors and NiFe320 mixed oxides.

Samples LDH Samples LDH

SBET
a Vp

b Dp
c SBET

a Vp
b Dp

c

NiFe4d85 72 0.49 137 NiFe12h160 33 0.22 132
NiFe4d100 47 0.46 198 NiFe15h160 32 0.19 121
NiFe7d100 50 0.50 201 NiFe20h160 22 0.15 144
NiFe15d100 38 0.40 208 NiFe1d160 32 0.17 110
NiFe4d120 31 0.24 159 NiFe2d160 28 0.18 130
NiFe7d120 27 0.18 268 NiFe4d160 26 0.17 131
NiFe15d120 26 0.22 173 NiFe7d160 25 0.15 123
NiFe4d140 26 0.19 145 NiFe15d160 20 0.13 131
NiFe7d140 25 0.15 122 NiFe3h180 35 0.21 120
NiFe15d140 22 0.20 176 NiFe6h180 23 0.16 136
ig. 6. N2 adsorption–desorption isotherms (A and C) and pore size distribution (
40 ◦C; for 15 days (C and D) at 160 ◦C.

or samples treated at 160 and 180 ◦C for prolonged time (Fig. 5B
nd C). These latter present the weak reduction in intensity in the
rst endothermic effect. It is probably due to the larger amount
f the amorphous phase and to the decrease of the relative con-
entration of NiFeCO3 LDH with the time of the treatment in the
nalyzed product. So we can probably ascribe this endothermic
ffect to change in the LDH structure. The same effect is also
bserved in the decrease in the total weight loss which is more
arked for the sample NiFe15d160 (26%) as well as the decrease of

he temperature range of the first endothermic effect (20–227 ◦C),
robably, due that at higher hydrothermal temperature and time
he amorphous phases have led to decrease crystallinity and purity
f the samples, thus decreasing the temperature range for water
emoval. It is also noted that the marked decrease in the weight
oss of water in the interlayer (8%) of the sample NiFe15d160
han the other compounds (around 14–15%) is attributed to a less
mount of water in this solid. Likewise, the IR spectra (Fig. 4)
how the band corresponding (3700–3500 cm−1), and a bend-
ng vibrations (around 1630 cm−1) of the interlayer water are

ore intense in the other samples than NiFe15d160, thus indi-
ating the occurrence of lower amount of interlayer water in this
ample.

.4. Surface area measurements
The effect of hydrothermal treatment temperature and time on
he surface area of hydrotalcite samples of Ni/Fe were studied in the
ange of 85–180 ◦C. Nitrogen adsorption–desorption isotherms of
aterials measured at −196 ◦C are shown in Fig. 6A and the results

f surface area measurements are included in Table 3. The shape of

N
N

D) of [NiFeCO3] LDH treated: for 4 days (A and B) at :(a) 85 ◦C, (b) 100 ◦C and (c)

ll isotherms are type II according to the IUPAC classification [46]
nd this behavior can be also explained by the existence of spaces
etween particles of nanometric size thus forming an interparticle
orosity. Desorption started immediately after completion of the
dsorption (Fig. 6A), which show a narrow hysteresis loop, corre-
ponding to type H3, ascribed to mesopores open at both ends. The
iFe3h160 44 0.35 161 NiFe8h180 28 0.17 120
iFe6h160 38 0.25 133 NiFe12h180 29 0.16 108

a Specific surface area (m2/g).
b Cumulative pore volume (cm3/g).
c Pore diameter (Å).
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Fig. 7. SEM micrographs of sample [NiFeCO3] hydrother

igh P/P0, which attributes to the mesoporous nature of these sam-
les. As the treatment temperature increases, the hysteresis loop
losed at P/P0 around 0.85 and 0.9 for treatment temperature of
00 and 140 ◦C, respectively. These results indicated that NiFe4d85
ad smaller mesopores than NiFe4d100, NiFe4d120 and NiFe4d140.
he hysteresis loops (type H3) which exhibit no limiting adsorption
t high pressure, are almost vertical and parallel over an apprecia-
le range of relative pressure and such shape of the loops suggests
o nonuniform size with aggregates of plate-like particles leading
o slit-shaped pores of the hydrotalcite material [47]. The value of
verage pore volume and surface area for samples treated at 85,
00 and 140 ◦C are given in Table 3. It can be seen that the sur-
ace area was decreased with increasing treatment temperature
nd time, and thus a much lower adsorption capacity for sample
iFe4d140 is observed, and also in this same sense decreases the
idth of the hysteresis loop. The pore-size distribution curves of

NiFeCO3] LDH were calculated according to the Barrett, Joyner and
alenda method [28]. It has been shown that the size of the parti-
les is affected by the hydrothermal treatment temperature (Fig. 6B)
how a bimodal pore size distribution with an average pore radius
entred at 13.4 Å. The pore-size distribution profile of HT-85 and
T-100 samples show a wide distribution with additional pores
ith a radius of 20 up to 600 Å [Fig. 6B(a) and (b)]. In contrary,
T-140 sample show a monomodal pore size distribution, which

s attributed to crystallites growth and aggregation, leading to the
isappearance of the voids between crystallites occurred after high
reatment temperature. This type of the crystallite growth and
ggregation is responsible for the lower specific surface area of the
aterial at higher hydrothermal treatment temperature (Table 3).

his feature of pore size distribution is observed starting from the
eated temperature of 140 ◦C. It has been shown that the isotherm

eature for sample treated at 160 ◦C for 15 days (Fig. 6C), and 4–7
ays (figure not shown) is different. The hysteresis loop closed at
/P0 around 0.45 with increasing the width of the hysteresis loop
eads to formation of small intraparticle pores. This feature is prob-
bly due to the presence of other amorphous phases in addition
o hydrotalcite-like sample. It is observed that the pore diameter
epends strongly on the heating time (Table 3). Two main tenden-
ies can be drawn from Table 3. First, for a given temperature, in
articular for 85 up to 120 ◦C, the pore diameter increases. Second,
t high temperature and prolonged time, in particular for heating
emperature 160 ◦C, the pore diameter decreases first between 3
nd 15 h, and increase sharply at 20 h and finally decrease for high
uration times. Thus, it can be explained that between 3–15 h and
–15 days these samples exhibited slightly different intercrystal-

ites packing caused by hydrothermal treatment conditions than

he sample treated at 20 h, which presented an abrupt increase in
ore diameter. In the same sense, this sample presented an abrupt

ncrease in the diffraction lines intensity (Fig. 3B). After that, for pro-
onged time the pore diameter and the diffraction lines intensity are
aried. It is probably due to the disappearance of the amorphous

a
r
e
s
k

treated for 4 days at: (a) 85 ◦C, (b) 100 ◦C and (c) 140 ◦C.

hase at 20 h indicated by best crystallinity. Then we can conclude
hat 20 h is the suitable treatment time at 160◦ for NiFeCO3 at our
ynthesis conditions.

.5. Scanning electron microscopy

Scanning electron micrographs of materials hydrothermally
reated showed very well crystallized Ni/Fe hydrotalcite-like mate-
ials (Fig. 7) emphasize the difference in lateral platelet sizes due
o the treatment conditions. It can be observed aggregates of small
articles for sample treated at 85 ◦C (Fig. 7a), by comparison with
gglomerated thin spherical-to-hexagonal flat crystals in a lay-
red structure, which is more marked for sample treated at 140 ◦C
Fig. 7c). SEM images revealed that the hydrothermal treatment
emperature and time of the precipitate led to a highly crystalline

aterial having hexagonal platelets. Furthermore, fine granular
morphous phase like agglomerates are dispersed with the NiFe
DL samples treated at 140, 160 and 180 ◦C for high duration time.

t has been observed that the amount of this formed co-product
ncreases with 160 ◦C for 4–15 days, like demonstrate at above by
revious analysis. By comparison with the XRD patterns of sam-
les treated at 160 ◦C for 1–2 days and at 180 ◦C for 8–12 h, the
morphous phases are not detected in SEM image. This is due to
heir lower amount (lower diffraction lines intensity). In addition,
he SEM images of the samples treated at 160 ◦C for 4–15 days and
t 180 ◦C showed agglomeration of primary particles in aggregates
Fig. 8b, d, e, f). These aggregates are formed by strong edge-surface
latelet interactions in a so-called “sand rose morphology”, which

eads to low surface areas [48]. It is probably result from disordered
taking of the particles and the aggregates due to the high treatment
emperature and time.

.6. Transmission electron microscopy

The TEM micrographs show the morphology of regular hexag-
nal plates, with a thin and wide nature, more or less even, of
he Ni/Fe hydroxyl carbonate as shown in (Fig. 9), characteristic
f these materials. The size of the particles is affected by the
ydrothermal treatment temperature and it was shown that the
verage size of the lamellar thin hexagonal particles increased
ith increasing treatment temperature (Fig. 9). The crystallite

ize varied from 20–150 nm for NiFe4d85 (Fig. 9a) to 200–500 nm
or NiFe4d140 (Fig. 9c). TEM images show that at low treatment
emperature and time we can see a greater amount of smaller
rystallites, which decrease with prolonged time (Fig. 10). This
eans that with hydrothermal treatment at high temperature
nd time, predominant growth occurs on the edges resulting in
elatively thin, hexagonal plat shaped crystals [12,49]. It can be
xplained that, the bigger crystallites growing at the expense of
maller one, due to the dissolution, and this process is commonly
nown as Ostwald ripening. The same observations were found
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Fig. 8. SEM micrographs of sample [NiFeCO3] hydrothermally treated: (a) 4 days 160 ◦C; (b) 7 days 160 ◦C; (c), (d) and (e) 15 days 160 ◦C, (f) 12 h 180 ◦C, (g) 8 h 180 ◦C and (h)
15 days 140 ◦C. The amorphous phases are surrounded in images (d) and (h).

Fig. 9. TEM micrographs of sample [NiFeCO3] hydrothermally treated for 4 days at: (a) 85 ◦C, (b) 100 ◦C and (c) 140 ◦C.

Fig. 10. TEM micrographs of sample [NiFeCO3] hydrothermally treated at 160 ◦C: (a) 3 h, (b) 12 h and (c) 20 h.
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Fig. 11. TEM micrographs of sample [NiFeCO3]; hydrothermally tr

ith the MgAl hydrotalcite [36]. This process is more pronounced
ith prolonged time (Fig. 10). No amorphous phase was noticed in

EM micrographs for sample treated at 85 up to 140 ◦C indicating
he formation of single phase corresponding to hydrotalcite, except
or sample treated at 140 ◦C for 15 days, which was detected at
ow amount. Furthermore, at hydrothermal treatment at high
emperature (160 and 180 ◦C) and time (1–15 days) were detected
n amorphous phases NiO and Ni/Fe oxide (by XRD), which are dis-
ersed and/or agglomerated in fine granular materials in addition
o the corresponding hydrotalcite sample, indicating the thermal
nstability of this material under these conditions (Fig. 11). These
hases disappeared at treatment time 20 h, results which entirely
onfirm by the XRD, IR, and SEM analysis.

.7. Removal dye performance
The experiments were carried out in order to test the per-
ormance of removal Evans Blue dye by adsorption on NiFe LDH
ccording to hydrothermal treatment conditions. Effect of sorption
ime on EB removal by [NiFeCO3] LDH was examinated at different
ydrothermal treatments (Fig. 12). Eq. (1) was used to calculate the

ig. 12. Effect of hydrothermal treatment on the efficiency of color removal from
olution with concentration of the dye = 50 mg/l, of sample [NiFeCO3] treated for 4
ays at: (a) 85 ◦C, (b) 100 ◦C and (c) 140 ◦C.
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at 160 ◦C for (a) 15 days, (b) 7 days, (c) 4 days, and (d) 20 h 160 ◦C.

olor removal efficiency in the treatment experiment:

(%) =
[

C0 − C

C0

]
× 100 (1)

here C0 and C were the initial and present concentrations of
he dye in solution (mg/L), respectively. The results of percent EB
dsorption with increasing contact time are presented (Fig. 12), it
as found that the EB removal percent increased with increasing

ontact time. The curves indicate a high dye adsorption rate dur-
ng the first 2 min and a lower uptake rate there after. Above the
0, 50 and 20% of EB adsorption occurred respectively in the first
min for NiFe4d140, NiFe4d100 and NiFe4d85, respectively. There-
fter, the rate of EB adsorption on [NiFeCO3] was found to be slow
fter 30 min and the equilibrium time was found to be at 45 min.
he results showed that the uptake of dye is higher for NiFe4d140
ample, about 95% at the first 15 min than 78 and 40% for those
reated at 100 and 85 ◦C, respectively. So, NiFe4d140 LDH was con-
iderably more efficiency. It is probably due of the sensitive effect
f the hydrothermally treatment at high temperature on the struc-
ural properties of this adsorbent (see DRX analysis). Fig. 13A also
howed that more efficiency adsorption dye was found for sample
ydrothermally treated at high temperature for the same time. The
urves indicate a high dye adsorption rate during the first 2 min.
bove the 72, 66 and 46% of EB adsorption occurred respectively in

he first 2 min for NiFe15d160, NiFe15d140 and NiFe15d120, respec-
ively. This feature is probably due to the increase of the particle
ize with the increase of treatment temperature. Fig. 13B displays
hat the EB adsorption decrease for NiFe15d160 with very slowly
ate than those treated for 4 and 7 days for the same tempera-
ure. It can be explained by the presence of more impurities in
he first samples (see above) that can influence their adsorption

ite. The same feature is also shown for samples treated at 180 ◦C
Fig. 13C). It has been shown that the sample NiFe8h180 has a less
ye adsorption and slowly rate adsorption (Fig. 13C(c)) than those
reated for 3 and 6 h. However, the contact time required for maxi-

um EB adsorption onto NiFe hydrotalcite was found to be nearly
0 min.
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ig. 13. Effect of hydrothermal treatment on the efficiency of color removal from
ays at: (a) 120 ◦C, (b) 140 ◦C and (c) 160 ◦C; (B) at 160 ◦C for : (a) 4 days, (b) 7 days a

. Conclusion

In the present study a hydrotalcite-like material NiFeCO3 with
molar ratio of 3 has been obtained by co-precipitation. The effect
f hydrothermal conditions on structural and textural properties
as studied in the temperature range 85–180 ◦C for 3 h–15 days.
ydrothermal treatment leads to a different evolution in the nature
f the phases existing in the samples. It should be noted that
he materials display the hydrotalcite-type structure. The crys-
allinity of the samples was observed to increase on increasing the
ydrothermal treatment temperature and prolonged time, which
ives rise to the decrease of the specific surface area from 74
o 20 m2/g. Furthermore, amorphous materials are obtained at
ydrothermal conditions 140 ◦C (15 days), 160 ◦C (1–15 days) and
80 ◦C (8–12 h), identified by PXRD as the NiO nickel oxide, Ni(OH)2
ickel hydroxide and NiFe2O4 spinel and by SEM and TEM analysis.

nfrared spectra showed a more disordered structure when impu-
ity phases increased. This feature is pronounced for NiFe15d160
ample. Thermal decomposition takes place in two steps: the elim-
nation of water molecules from the interlayer space which occurs
round 210 ◦C, while the second step is due to removal of carbonate
nions and hydroxyl groups around 310 ◦C. The low weight loss per-
ent of water molecules of NiFe15d160 revealed that contain lower
mount of interlayer water in this sample and this is in agreement
ith the infrared results. SEM and TEM results showed an appar-

nt growth of the particles with increasing treatment conditions. A

ell developed layered and platelet structure of the NiFe hydro-

alcite was observed in the SEM image. The average adsorption
nd desorption pore diameter were observed to be increased on
ncreasing the hydrothermal time. TEM images revealed the regular
exagonal plate’s morphology. Our results noticed that the samples
n with concentration of the dye = 50 mg/l, of sample [NiFeCO3] treated (A) for 15
) 15 days; (C) at 180 ◦C for : (a) 3 h, (b) 6 h and (c) 8 h.

reated at 160 and 180 ◦C tended to yield pure and more crystalline
ompounds at treatment time 20 and 6 h, respectively.

In an attempt to improve the dye adsorption performance on
ur materials, we have studied the adsorption capacity accord-
ng to hydrothermal treatment conditions. It can be seen that the
iFe LDH can be used effectively for the removal of Evans Blue dye

rom aqueous solutions and the percentage eliminated was found
o depend on the hydrothermal treatment conditions of the adsor-
ent and the contact time. The NiFe LDH was able to remove 45 up
o 90% of dye from solutions concentration of 50 mg/l at the first
min, according to hydrothermal treatment conditions.
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