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Abstract

Inorganic sulfate- and organic dodecylbenzenesulfonate (DBS)-intercalated zinc–iron layered double hydroxides (LDHs) materials

were prepared by one-step coprecipitation method from a mixed salt solutions containing Zn(II), Fe(II) and Fe(III) salts. The as-

prepared samples have been characterized by X-ray powder diffraction (XRD), Fourier-transform infrared spectroscopy (FT-IR), low-

temperature nitrogen adsorption, scanning electron microscopy (SEM), inductively coupled plasma emission spectroscopy (ICP), and

Mössbauer spectroscopy (MS). The XRD analyses demonstrate the typical LDH-like layered structural characteristics of both products.

The room temperature MS results reveal the characteristics of both the Fe(II) and Fe(III) species for SO4
2�-containing product, while

only the Fe(III) characteristic for DBS-containing one. The combination characterization results and Rietveld analysis illustrate that the

SO4
2�-containing product possesses the Green Rust two (GR2)-like crystal structure with an approximate chemical composition of

[Zn0.435 �Fe
II
0.094 �Fe

III
0.470 � (OH)2] � (SO4

2�)0.235 � 1.0H2O, while the DBS-containing one exhibits the common LDH compound-like

structure. The contact angle measurement indicates the evident hydrophobic properties of DBS-containing nanocomposite, compared

with SO4
2�-containing product, due to the modification of the internal and external surface of LDHs by the organic hydrophobic chain of

DBS.

r 2007 Elsevier Inc. All rights reserved.

Keywords: Layered double hydroxides; ZnFe(II)Fe(III) GR2(SO4
2�); Dodecylbenzene-sulfonate-ZnFe-LDHs; Coprecipitation; Rietveld analysis
1. Introduction

Typical FeII–FeIII-containing layered double hydroxides
(LDH), also known as Green Rust (GR) compounds,
have the normalized chemical formula [FeII1�xFe

III
x

(OH)2]
x+[(x/n)An�

� (mx/n)H2O]x�, where positively
charged hydroxide layers [FeII1�xFe

III
x(OH)2]

x+ alternate
with negatively charged interlayers of anions An� and with
m water molecules per anion [1–4]. Two types of X-ray
diffraction (XRD) patterns exist; Green Rust one (GR1)
incorporates planar anions and Green Rust two (GR2)
incorporates 3-dimensional anions [5–7]. Particularly, the
e front matter r 2007 Elsevier Inc. All rights reserved.
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structure and stability of FeII–FeIII GR compound
incorporated with 3-dimensional sulfate anions, belong to
the GR2 type, have been widely investigated by Genin et al.
[6,7]. This type of LDH compounds are chemically reactive
due to the presence of iron(II) species. For instance, the
synthetic GR, [FeII4 Fe

III
2 (OH)2]

2+
� [SO4

2�
�mH2O]2�, gen-

erally by aerial oxidation of Fe(II) hydroxide suspensions,
was demonstrated to be able to reduce in abiotic conditions
polluting species such as nitrate, Cr(VI) and Se(VI) ions
[2,6,8–10]. Nevertheless, a few papers reported the partial
substitution of Fe2+ by other divalent cation such as
Mg2+, Ni2+, and Co2+, for instance, a promising method
for preparing high quality spinel compounds from a series
of MIIFeIIFeIII-LDHs (M ¼Mg, Ni, Co) layered precur-
sors developed by Li et al. [11] and an intermediate
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structure between the GR and the pyroaurite-type com-
pounds for Fe(II)Mg(II)Fe(III)-CO3-LDH revealed by
Refait et al. [12]. The introduction of the second bivalent
cation in GR compounds may lead to obvious structure
and property changes and consequently holds promise in
application aspects of the resultant LDHs compounds.

However, to the best of our knowledge, it is rare to focus
on the synthesis and structure studies on incorporation of
Zn2+ into Green Rust compounds and intercalation of
organic anions, such as anionic surfactant, into Zn–Fe-
containing LDHs compounds. Upon the fact that the
hydrophilic nature of the LDHs intercalated with small
inorganic anions can be modified into hydrophobic one
with long alkyl chain-containing anionic surfactants
substituting the interlayer inorganic anions [13–19], the
organic-incorporating resultants are promising adsorbents
for the removal of hydrophobic organic contaminants from
wasting water.

In present work, we synthesize a novel ZnFeIIFeIII

hydroxylsulfate GR compounds and a novel organic
surfactant dodecylbenzenesulfonate (DBS)-intercalated
zinc–iron LDHs by simple coprecipitation method for the
first time. The structure and physico-chemical properties of
as-prepared precipitates were characterized by powder
X-ray diffraction (XRD), low-temperature N2-adsorption,
Fourier transform infrared (FT-IR), Mössbauer spectro-
scopy (MS), scanning electron microscopy (SEM), thermo-
gravimetric and differential thermal analysis (TG-DTA),
and contact angle determinations. The layer structure and
chemical composition of sulfate-containing product have
been proposed on the basis of Rietveld analysis and
combinational spectroscopy characterizations including
inductively coupled plasma (ICP) emission spectroscopy
data.

2. Materials and methods

2.1. Materials

All the chemicals used in this work were of analytical
grade and used without further purification. Decarbonated
and deionized water was used and N2 was bubbled
throughout the preparation process to minimize soluble
CO2 concentration.

2.2. Synthesis

Sulfate intercalated LDH was synthesized by adding
dropwise NaOH aqueous solution (1mol/L) into a 100mL
mixed aqueous solution of ZnSO4 � 7H2O (0.0192mol),
FeSO4 � 7H2O (0.01mol) and Fe2(SO4)3 � 7H2O (0.01mol)
(Fe2+/Fe3+ ¼ 1/2) under vigorous stirring and N2 atmo-
sphere at room temperature till the final pHC7.0. The
resulting mixtures were aged at 40 1C for 15 h, followed by
filtration and washing several times and then dried in
vacuum. The precipitate is denoted SO4-LDHs, and it is
gray-green in color.
DBS-intercalated LDH was prepared by adding NaOH
aqueous solution (1mol/L) into a 100mL mixed aqueous
solution containing ZnCl2 (0.0192mol), FeCl2 � 4H2O
(0.01mol), FeCl3 � 6H2O (0.01mol) (Fe2+/Fe3+ ¼ 1/1)
and sodium dodecylbenzenesulfonate (0.01mol) under
vigorous stirring and N2 atmosphere at room temperature
till the pHC7.0. Here iron chloride was used because of the
selectivity that LDHs and related compounds exhibit with
respect to different anions, implying in particular that
divalent anions are always preferred to monovalent ones
[13,19]. The resulting mixture was aged at 60 1C for 40 h,
followed by filtration and washing several times and then
dried in vacuum. The precipitate is denoted DBS-LDHs,
and it is brown-yellow in color.

2.3. Characterization techniques

Powder X-ray diffraction (XRD) data were collected at
room temperature on a Rigaku D/max-2000 diffractometer
with Cu Ka radiation and graphite monochromator.
Sample SO4-LDHs was sealed by mylar film for avoiding
the degradation of the GR sample, which is sensitive to the
air. The measurement was operated at conditions of 40 kV
and 100mA. The scans were taken in steps of 0.021 and the
remaining time of each step was 1 s. The data for SO4-
LDHs were over the range of 2y from 51 to 1001. For DBS-
LDHs, the data were collected in two sections—the first
section was from 11 to 121 using slits 1/6 (divergence), 1/6
(anti-scattering) and 0.15 (receiving) and the second section
was from 41 to 1001 using slits 1/2(divergence), 1/2(anti-
scattering) and 0.30 (receiving). The data of the first section
were normalized according to the intensity ratio of the
crossing part in the two sections and combined to the
second section to get the wide spectra of 1–1001. The X-ray
diffraction data were processed with program TOPAS [20].
The structure model of SO4-LDHs was taken from GR
II(SO4) [6] and the Rietveld refinement was performed. For
DBS-LDHs, only profile fitting over the range of 4–1001
was done.
Analysis of metal element and sulfur was performed by

using ICP emission spectroscopy on a Shimadzu ICPS-
7500 instrument. The amount of Fe(II) was determined by
both oxidation–reduction titration method [21] and MS
technique. Carbon and hydrogen analyses were carried out
using an Elementarvario elemental analysis instrument.
Mössbauer spectra were recorded on an Oxford MS-500

instrument at 298K. A radiation source of 57Co in an Rh
matrix was used. The isomer shifts are reported relative to
sodium nitroprusside.
Low-temperature N2-adsorption measurement for the

sample was recorded using a Quantachrome Autosorb-1
system. Samples pretreated by heating at 353K under
vacuum for 2 h was used to determine the surface areas at
77K using N2 as the adsorbate and He as the carrier gas.
Specific surface area was calculated by the BET equation.
Fourier transform infrared (FT-IR) spectra were re-

corded on a Brucker Vector 22 spectrophotometer in the
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range 400–4000 cm�1 with 2 cm�1 resolution. The standard
KBr disk method (1mg of sample in 100mg of KBr) was
used.

The transmission electron micrograph (TEM) was
recorded on a HITACHI-800 transmission electron micro-
scope (200 kV). SEM photomicrographs were obtained
using a Cambridge S-250 MK3 scanning electron micro-
scope.

Contact angle was measured through the Sessile Drop
method using JC2000A contact angle/interface tensile
measurer (made in Shanghai). Deionized water drops were
used in the measurement, and three measurements were
obtained for each sample.
Fig. 1. X-ray powder diffraction patterns
Thermogravimetric analyses (TG) were performed on a
locally made PCT-IA at heating rate of 10 1Cmin�1 in
airflow.

3. Results and discussion

3.1. Crystal structure, morphology, and surface property

The X-ray powder diffraction patterns of SO4-LDHs
and DBS-LDHs are depicted in Fig. 1(a) and (b), which
illustrate the well-organized layered structure of the
prepared compounds, respectively, and the basal spacing
and lattice parameters are summarized in Table 1.
of SO4-LDHs (a) and DBS-LDHs (b).
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Table 1

Indexing of XRD patterns of SO4-LDHs and DBS-LDHs

dhkl
1 d001/nm d002/nm d003/nm d110/nm Lattice parameter a/nm Lattice parameter c/nm

SO4-LDHs 1.1039 0.552 0.368 0.2722 0.54443 1.10396
GR22 1.1011 0.548 0.365 0.2762 0.55524 1.10116
dhkl

3 d003/nm d006/nm d009/nm d110/nm Lattice parameter a/nm Lattice parameter c/nm

DBS-LDHs 3.036 1.518 1.012 0.1549 0.3098 9.109

1Originally indexed by Bernal et al. (1959) on a hexagonal cell.
2Data from Simon et al. (2003) for GR2(SO4

2�).
3Indices based on a hexagonal cell.
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The kinds of interlamellar anion strongly influence the
interlayer anionic disposition of Fe(II)–Fe(III)-containing
compounds of LDHs [1,2,6,12]. As expected, all main lines
found in XRD pattern for SO4-LDHs (Fig. 1(a)) can be
assigned to typical of GR(SO4

2�) compound, and the
d-spacings are identical to those found by Bernal et al. [22]
and Gehin et al. [6,7]. As commonly recognized in the case
of GR(SO4

2�) [1,6,7,22], the diffraction data of the
prepared SO4-LDHs are indexed to a hexagonal lattice
with parameters a ¼ 0.5444 nm and c ¼ 1.104 nm (see
Table 1) from the dh k l distances observed in the XRD
patterns. It should also be noted that the peak at about 2y
26.21 is due to the use of Mylar film, and the line marked
with � in Fig. 1(a) are also due to the GR(SO4

2�)
compounds [1,6,22].

The TEM images of SO4-LDHs shown in Fig. 2(a) and
(b) obviously show the thin, approximately hexagonal,
plate-like crystals, as commonly observed for typical
inorganic anionic intercalated LDH compounds [19], with
diameter between 160 and 360 nm. The SEM image
(Fig. 2(c)) further demonstrates the approximately hex-
agonal platy crystallites of SO4-LDHs with sharp particle
edge and similar particle size. The BET measurement
shows the specific surface area of 45m2/g for SO4-LDHs,
as in the case of most inorganic anions-intercalated LDHs
compounds [19].

However, quite differently, all main lines found in the
XRD pattern of DBS-LDHs (Fig. 1(b)) are typical of
organo-LDHs composite [13], and the d-spacings are
similar to those found for DBS intercalated Cu–Al–Fe
LDHs [23] and Zn–Cr LDHs [24]. The sharp and intense
(003) reflection and a series clear modulation of high-order
reflections demonstrate a well-crystallized DBS-interca-
lated LDHs compound. The basal spacing d003 of 3.036 nm
is quite larger than that of SO4-LDHs (Fig. 1(a)),
indicating the greatly expanded interlayer spacing due to
intercalation of the larger organic DBS anions between
the LDH layers. As in the case of DBS-intercalated
Zn–Cr LDHs [24], the diffraction data of the DBS-LDHs
can be indexed to a hexagonal lattice with parameters
a ¼ 0.3098 nm and c ¼ 9.109 nm from the dhkl distances
observed in the XRD pattern. It should be also noted that
several weak but clearly identifiable peaks at 2y 30–651 (�
in Fig. 1(b)) were carefully assigned to zinc ferrite phase
(JCPDS 79–1150).
The TEM (Fig. 2(d) and (e)) and SEM (Fig. 2(f)) images
of DBS-LDHs indicate that the DBS-LDHs particle edge is
not as sharp as SO4-LDHs, though the ill-shaped thin
plate-like crystals with diameter between 200 and 400 nm
are observed. In fact, the DBS-LDHs particles are
agglomerated and interconnected with each other as
compact and non-porous stacking morphology, and the
surfaces are more diffuse, suggesting that there might be
some DBS draped over the external surface of the
intercalate particles, as observed previously by other
authors [17]. The BET measurement shows the very small
specific surface area of 1.28m2 g�1, consistent with above
observation.
The FT-IR spectra of SO4-LDHs and DBS-LDHs

shown in Fig. 3 provide the host–guest interaction
information of the LDHs intercalates. The common IR
features of the LDH structure can be found for both
intercalates with an intense broadband centered at
3443 cm�1 due to the OH stretch of hydroxide layers and
interlayer water molecules [19,24–26] and a band at
1628 cm�1 due to the bending mode of the interlayer
structure water [19]. It should be noted that above both
bands related to interlayer water molecules of SO4-LDHs
are relatively narrower and stronger than those of DBS-
LDHs, suggesting the higher interlayer order of water
molecules in the former than in the latter. It is well known
that IR spectroscopy is very sensitive to the presence of
carbonate anions in LDHs (n3 at 1370 cm

�1) and the very
weak band here enables us to assume that the prepared
samples are carbonate free. In particular, the strong band
n3(SO4

2�) for the synthesized SO4-LDHs (Fig. 3(a)) is split
into two peaks, at 1196 and 1109 cm�1, implying a lowering
of site symmetry from Td as in the case of SO4-containing
LDHs compounds [27]. The strong band at 613 cm�1 is
ascribed to the n4, and the weak band at 985 cm�1 to the n1,
whose observation is because the intercalation of SO4

2�

between the LDHs layers results in activation of the IR
inactive n1 [25]. The n2 mode is not observed as a separate
band due to strong overlap with other lattice vibrations.
These data are in accordance with the previously reported
unsuitable geometry of 3-dimensional anion SO4

2� anions
for the common three-layer repeat stackings of LDHs
compound [6,28,29]. Strong hydrogen bond between water
molecules and layer hydroxyl groups and interlayer sulfate
anions are involved, in addition to the obvious electrostatic
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Fig. 2. Electron microscope images for SO4-LDHs (a–c) and DBS-LDHs (d–f). (a), (b), (d) and (e) represent TEM images with bar scale of 200, 100, 200,

100 nm, respectively. (c) and (f) represent SEM images.

Fig. 3. FT-IR spectra of LDHs (a) SO4-LDHs, (b) DBS-LDHs and

(c) DBS.
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attractions between ZnFeIIFeIII-OH brucite-like layer and
the interlayer sulfate anion.
As for DBS-LDHs (Fig. 3(b)), the positions and relative

intensities of the bands due to typical C–H stretch (nas
(CH3) at 2957 cm

�1, nas (CH2) at 2924 cm
�1 and ns (CH2) at

2853 cm�1), C–H aromatic in-plane bend (1127 and
1010 cm�1) and out-of-plane bend (831 cm�1), and C–C
aromatic stretch (1604, 1502 and 1410 cm�1), closely
resemble those for SDBS and the literature values [26,30].
However, the four bands associated with aromatic
sulfonate anions, including nas (S ¼ O) at 1175 cm�1 and
ns (S ¼ O) at 1038 cm�1, and CH3 symmetrical bending
(sharp) at 1365 cm�1 and CH2 scissoring (sharp) at
1456 cm�1, which overlapped with CH3 asymmetrica1-
bending (weak shoulder), are obviously shifted to lower
frequencies compared with those for SDBS upon inter-
calation [25]. These information further illustrate the
formation of hydrogen bond of benzenesulfonate with
the OH group of the layers as well as with the interlayer
water via the path S ¼ OyyH–O–M (M present Fe or
Zn) in addition to the electrostatic attraction and the
possible hydrophobic interactions between the interlayer
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DBS anions [14]. In addition, the bands at ca. 542 and
580 cm�1 are attributed to the O–M–O, M–O–M and
M–OH lattice vibrations [19,26].

Contact angle measurements indicate that the inorganic-
containing LDHs SO4-LDHs with strong hydrophilic
surface property revealed by the contact angle of 01 for
water (Fig. 4(a)) similar to previously reported for CO3-
LDHs [14]. While for DBS-LDHs composite, the contact
angle for water is 1041 (Fig. 4(b)), which is quite larger than
that for pure SDBS (�301), indicating considerable
hydrophobic property upon the intercalation of DBS
anions with organic hydrophobic chain between the layers,
in good agreement with literature reported [31,32]. There-
fore, certain agglomerates or curvature occur due to the
hydrophobic modification of LDHs surface by DBS
anions, and this affords to its less sharp morphology as
previous SEM photo and literature observed [17,31,32].

3.2. Chemical composition, Rietveld analysis, and

host–guest interaction

The elemental analysis of dried SO4-LDHs shows the
contents of Zn, Fe and S (in wt%) as 19.88%, 22.46% and
7.3%, respectively. The presence of small amount of Na
(0.67%) can be neglected. Taking into account the presence
of iron species, especially Fe(II) cation, Mössbauer spectra
were recorded. Hyperfine parameters D1, D3 and D4
obtained from computer fitting with Lorentzian-shape lines
are given in Table 2. The Mössbauer spectrum of SO4-
LDHs (Fig. 5(a)) displays three doublets D1, D3 and D4.
According to the values of isomer shift (d) and quadrupole
Fig. 4. Effect of intercalation of DBS between the LDH layers. (Left) SO4-

diameter) fails to wet the DBS-LDHs.

Table 2

Mössbauer parameters measured at room temperature for SO4-LDHs and

D(mm s�1): quadrupole splitting; RA (%): relative intensity of peak areas

Samples D (mm s�1)

SO4-LDHs D1 (Fe2+) 1.007

D3 (Fe3+(I)) 0.175

D4 (Fe3+(II)) 0.180

DBS-LDHs D3 (Fe3+(I)) 0.188

D4 (Fe3+(II)) 0.167
splitting (D) in Table 2, only one hyperfine parameter D1
with D ¼ 2.425mm s�1 and d ¼ 1.007mm s�1 corresponds
to high spin Fe2+ ions in octahedral sites, being consistent
with the unique Fe2+ characteristic for GR mineral
holding SO4

2� as the intercalated anion [6,7,12]. D3 and
D4 with D ¼ 0.916 and 0.508mm s�1 and d ¼ 0.175 and
1.180mm s�1 correspond to high spin Fe3+ ions in
octahedral sites [3,12]. Here, the existence of a second
Fe3+ doublet D4 is unusual, since such a doublet does not
appear on the spectra of Fe2+–Fe3+ hydoroxysalts [6,7].
Therefore, it can be attributed to the presence of Zn2+ ions
as next nearest neighbors. The abundance ratio [Fe2+]/
Fe3+] is found equal to ca. 0.21 by computing the ratio of
the doublet intensities D1/(D3+D4), which is lower than
the initial input value of 1/2, suggesting that the input Fe2+

species are partially oxidized into Fe3+ during the synthesis
process, though the N2 atmosphere is employed, consistent
with the metastable characteristics of GR-type LDHs
compounds [1,6]. Fortunately, the chemical analysis for
Fe(II) cation (3.6wt%) is in good agreement with the
Mössbauer spectra data. Combining the TG results for
water content (in Section 3.3) and ICP data of S, an
approximately derived chemical formula is [Zn0.435 Fe

II
0.094

FeIII0.470 (OH)2] � (SO4
2�)0.235 � 1.0H2O, where the Fe3+/S

molar ratio is 2.0, (Zn+FeII)/FeIII molar ratio is 1.13,
and the calculated Zn, Fe and S contents of 20.9%, 23.5%
and 5.6% are in good agreement with the experimental
dada.
Considering the high similarity of the diffraction

patterns between the prepared SO4-LDHs and GR2(SO4
2�)

[6], we take the structure model of GR2(SO4
2�) for SO4-
LDHs wetted on contact with water. (Right) Water drop (ca. 12mm in

DBS-LDHs. d(mm s�1): isomer shift relative to sodium nitroprusside;

D (mms�1) FWHM (mms�1) RA(%)

2.425 0.368 17

0.916 0.35 29

0.508 0.315 54

0.731 0.447 33

0.448 0.355 67
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Fig. 5. Mössbauer spectra of (a) SO4-LDHs and (b) DBS-LDHs.
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LDHs structure refinement. In space group P-31m, the
refinement yielded a ¼ 0.5444 nm and c ¼ 1.104 nm. The
slight shrinking of lattice parameter a, compared with
GR2(SO4

2�) (see Table 1), is due to the substitution of
smaller Zn2+ for Fe2+. According to the derived chemical
formula, Fe3+ was arranged at 1a (0, 0, 0) position, while
all Zn2+ were in 2c position with occupancy 0.645, and the
left part of 2c positions were taken by Fe2+/Fe3+. The
occupancies of Fe2+ and Fe3+ at 2c position were deduced
from the chemical formula. Rietveld refinement results are
shown in Fig. 6. The positional and thermal parameters for
SO4-LDHs are reported in Table 3. The results confirm
that SO4-LDHs is isostructural with GR2(SO4

2�). The
peaks at 2y 20.81, 29.31 and 35.21 are from some
anonymous scatterings of the sample. The peaks at 2y
33.01, 58.71, 59.61 and 61.41, corresponding to the indices
(110), (030), (031) and (032), reveal the scattering of LDH-
layer along (hk0), (0k0)/(0kl). Therefore, the structure of
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Table 3

Positional and thermal parameters for SO4-LDHs

Name Site x y z Atom Occupancy B (nm2)

Zn 2c 0.66667 0.33333 0.0 Zn 0.645 0.0088

Fe1 2c 0.66667 0.33333 0.0 Fe 0.355 0.0088

Fe2 1a 0.0 0.0 0.0 Fe 0.9131 0.0088

OH 6k 0.32219 0.0 0.06813 1 0.0119

S 2e 0.0 0.0 0.64100 S 0.349 0.0147

OA 2e 0.0 0.0 0.778 O2� 0.349 0.0147

OB 6k 0.25600 0.0 0.59600 O2� 0.349 0.0147

O(H2O) 121 �0.23600 0.61900 0.66300 O2� 0.3686 0.08

Fig. 6. Rietveld refinement plot of SO4-LDHs. The upper curves correspond to the experimental diffraction and the calculated one. The lower curve shows

the difference between calculated and experimental data.
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Zn-containing GR2(SO4
2�) consists of positively charged

hydroxide layers [Zn0.435 �Fe
II
0.094 �Fe

III
0.470 � (OH)2]

0.470+ se-
parated by about 1.104 nm; the Zn2+, Fe2+ and Fe3+

cations have regular octahedral hydroxyl-coordination (see
Fig. 7(a)). The negatively charged groups [(SO4

2�)0.235 �
1.0H2O]0.470� are alternatively close to one of the two
adjacent layers, with water molecules on the opposite side.
SO4

2� anions are inserted in register directed by their apical
atoms O of sulfate functional group towards the Fe3+

cations, quite similar to those in GR2(SO4
2�) [6]. Fig. 7(b)

presents a tentative supramolecular structural model for
SO4-LDHs.

The elemental analysis for DBS-LDHs shows the
contents of Zn, Fe, S, C and H as (in wt%) 18.7%,
16.14%, 5.84%, 26.11% and 4.95%, respectively. The
results confirm the Zn/Fe ratio equal to 1.00, which is quite
close to the Zn/Fe input value 0.96, indicating that the
coprecipitation process was rather complete. A well-
defined LDH-like phase was present in the dried product
and small amount of zinc ferrite was also detected in the
powder XRD pattern. However, the input Fe2+ cations
were almost completely oxidized to Fe3+ cations during
the coprecipitation process as the chemical analysis
indicated (ca. 0.43% Fe2+ in DBS-LDHs).
The Mössbauer spectrum of DBS-LDHs (Fig. 5(b))

displays only two asymmetrical doublets D3 and D4, which
is quite similar to the room temperature MS characteristics
of CO3-containing Zn–Fe(III) [3] and Mg–Fe(III) LDHs
material [33]. According to the values of d and D in Table 2,
iron atoms are in oxidation state of +3 in DBS-LDHs
[34,35], indicating that the initially input Fe2+ was
substantially oxidized into Fe3+ state during the copreci-
pitation process. The detectable zinc ferrite phase in
precipitate probably originates from the catalytic functions
of the input Fe2+ [35]. D4 with small D ¼ 0.355mm/s
representing 63% of the total area corresponds to
randomly distributed Fe3+ in symmetric octahedral sites
with many Zn2+ neighbors of the hydroxide layers
[12,36,37]. D3 with large D ¼ 0.731mm/s (37%) may
correspond to Fe3+ in asymmetric octahedral sites with
Fe3+ in the neighboring cation positions, indicating a
comparatively strong tendency for cation segregation
[3,12].
In spite of the broadening peak (Fig. 1(b)), the

diffraction patterns were modeled in a first approximation
by using Rietveld refining method (Fig. 8) to obtain the
unit cell parameters. Since the Rietveld refining method is a
full pattern analysis, the obtained lattice parameter c is
more reliable than one derived from only the (003)
reflection. In Fig. 8, we show the profile fitting result of
DBS-LDHs, in which the range 1–41 was excluded.
Although a single intercalated LDH phase with space
group R-3m and lattice parameters a ¼ 3.05 nm and
c ¼ 90.00 nm can fit the profile well, introducing an
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Fig. 7. The distribution of metal cation in LDH layer (a) and supramolecular structure model (b) of SO4-LDHs.

Fig. 8. The profile fitting of DBS-LDHs. The upper curves correspond to the experimental pattern and the calculated one. The lower curve shows the

difference between calculated and experimental data.
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Fig. 9. TG-DTA profiles for (a) SO4-LDHs and (b) DBS-LDHs.
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additional spinel phase (zinc ferrite) ensures the refinement
more reasonable, and more details and more deep
explanation are still needed on this aspect.

Regarding the interactions between the benzenesulfonate
group and the hydroxyl layer, some previous work should
be mentioned [38–40]. Meyn et al. [38] have reported that
the smaller equivalent area caused the long alkyl chain
anionic surfactants to lay vertical to the LDH interlamellar
surfaces, resulting in monomolecular films. Takagi et al.
[39] has suggested convincingly that the actual orientation
in such cases consists of two interpenetrating half-mono-
layers, similar to the assumption for dodecylsulfate-
containing LDHs [40]. So, a three-point attachment of
the sulfonate group to the LDHs layer is recommended and
that the rigid phenyl ring thereby is forced to vertical to
this layer. Subtracting the thickness of brucite-like layer
from d003 value, the interlayer space of DBS-LDHs is
2.56 nm, which is larger than the molecular size of DBS
along its main alkyl axis. Therefore, a possible interlayer
disposition of DBS anions in prepared DBS-LDHs is
probably an interpenetrating anti-parallel bilayers mode in
which the alkyl chain is tilted at an angle ca. 56.91 with its
long alkyl chain to the hydroxyl layer surface.

It can be clearly deduced that the intercalation of
3-dimensional anion SO4

2� anion into the ZnFeIIFeIII-
contaning LDHs leads to the formation of Zn–FeIIFeIII

GR2-type compounds, while the intercalation of DBS
anion with long alkyl chain into the ZnFeIIFeIII-contaning
LDHs leads to the formation of common pyroaurite-like
compound DBS-Zn–FeIII-LDHs.

3.3. Thermal characterization

In the literature, there is only one little paper on the
thermal behavior of GRs-type compounds [6]. The TG-
DTA curves of the SO4-LDHs and DBS-LDHs are
depicted in Fig. 9. In the case of the SO4-LDHs
(Fig. 9(a)), there are three endothermic peaks before
250 1C corresponding to departures of slightly bonded
water molecules. The DTA curve shows one strong
endothermic peak at 93 1C and two weak and broad
endothermic ones at 128 and 214 1C, indicating that there
are three-types differently bonded water molecules released
during the heating process [19]. The first one is assigned to
the vaporization of large amount of slightly bonded water
molecules, which may characterize the even ordered
interlayer structure water involving hydrogen bonding
with the hydroxide layer and/or interlayer balancing
SO4

2� anion as FT-IR indicated. The following two
endothermic peaks can mainly be attributed to the
dehydroxylation of the hydroxyl groups bonded with
different layer cations [6]. In particular, as bond strength
of Zn–O (284 kJ/mol) much lower than that of Fe–O
(409 kJ/mol), the former may be related to the Zn2+

cations and the latter to the Fe2+ and Fe3+ cations, where
different iron cation valence give rise to asymmetric and
even broadening of the endothermic peak at 214 1C. Simon
et al. have reported [6] that the Fe2+–Fe3+ GR2(SO4
2�)

exhibited the first strong DSC endothermic peak at 117 1C
to be due to the vaporization of slightly bonded interlayer
water molecules and the following one at 153 1C, due to the
dehydroxylation of the hydroxide layers. It can be drawn
that the present SO4-LDHs compound exhibits slightly
lower thermal stability compared to Fe2+–Fe3+ �
GR2(SO4

2�) owing to the introduction of lower electro-
negativity Zn2+ cation into the LDHs layer, though they
actually possess the similar interlayer disposition as
indicated by XRD, FT-IR and Rietveld analyses.
The following slow mass loss event accompanying a

weak exothermal peak at 338 1C is mainly due to the
removal of small amount of interlayer SO4

2� anions. The
mass loss event at very high temperature and the
corresponding weak unconnected exothermal effects at
ca. 590 and 740 1C are assigned to the decomposition and
combustion of SO4

2� under airflow. Upon TG analysis in
Fig. 9(a), it is obtained that the mass loss in the region
223–900 1C of SO4-LDHs is ca. 17.0%, which is in
good agreement with an estimated value 17.1% of SO4

2�

from chemical formula [Zn0.435 �Fe
II
0.094 �Fe

III
0.470 � (OH)2] �

(SO4
2�)0.235 � 1.0H2O.

With regard to the thermal behavior of surfactant
anions-containing LDHs, Crepaldi et al. [24] reported the
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thermal decomposition of DBS-intercalated Zn–Cr LDHs.
In the present case of zinc–iron-containing DBS-LDHs
(Fig. 9(b)), the TG curves clearly show two slow weight
loss events in the temperature region 25–215 1C and a rapid
one between 270 and 510 1C. The corresponding DTA plots
show two weak endothermic peaks at ca. 132 and 200 1C
due to the removal of interlayer structure water [2,36]. The
latter endothermic peak temperature is obviously higher
than that of SO4-LDHs (128 1C), demonstrating that the
limited interlayer water molecules in DBS-LDHs are
mainly localized hydrogen bonding region and more
strongly attached to the hydroxide layers and interlayer
benzenesulfonate groups via hydrogen bonding as FT-IR
indicated. More differently, a strong exothermic peak
with a low-temperature shoulder at 333 1C is ascribed
to the combination effect resulting from the dehydroxyla-
tion of the LDH layer, and the melt and decomposition
accompanying slight combustion of the interlayer
organic species DBS anions. The intimately followed
remarkably strong exothermic peak around 403 1C is
mainly attributed to the combustion of the intercalated
DBS anions under air atmosphere [24] and trace to the
continued dehydroxylation of the LDHs layer, together
with the formation of mixed zinc iron oxide [1,2,24]. The
mass loss between 300 and 700 1C of 58.5% for DBS-LDHs
is close to the DBS content of 59.4% upon the ICP data for
elemental S.
4. Conclusions

The novel Zn2+-containing GR2 structure compounds
sulfate-intercalated ZnFeIIFeIII-LDHs and organic anion
DBS-intercalated Zn–Fe LDHs materials have been
synthesized by simple coprecipitation method. The MS
measurement confirms the presence of both the Fe2+ and
Fe3+ characteristics on the layers for SO4-LDHs inter-
calate. While DBS-LDHs composite only shows the Fe3+

characteristics similar to the pyroaurite-type compounds,
the SO4-LDHs compound possesses chemical composition
[Zn0.435Fe

II
0.094Fe

III
0.470(OH)2] (SO4

2�)0.235 � 1.0H2O. A supra-
molecular structure model is proposed for SO4-LDHs
based on combinational spectroscopy and Rietveld
analyses. The sulfate groups alternatively close to one of
two layers, interlayer water molecules dispose on the
opposite side resulting in a basal spacing of 1.104 nm. For
DBS-LDHs, the common pyroaurite-type structure
was revealed and the DBS loading is ca. 59.4%.
TG/DTA analyses indicate that the SO4

2�-intercalated
Zn–FeIIFeIII compound possesses slightly lower thermal
stability than typical GR2(SO4

2�) compound. The contact
angle measurement demonstrates the remarkable hydro-
phobic property of the DBS-intercalated zinc–iron LDHs
composite. Comparative investigations on the adsorption
behavior of as-synthesized materials aimed at environ-
mental organic pollutants remedies are in progress in our
Laboratory.
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