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The Mg;/Al; and Mg, M, /Al; (M = Mn, Co, Ni, Cu, Zn) layered double hydroxides (LDHs) were synthesized
using sol-gel synthesis technique. The intercalation with different organic anions (formate (HCOO~), acetate
(CH;CO0"), oxalate (C,0,%7), tartrate (C4H¢0,2") and citrate (C4Hg0,°7)) using ion exchange approach was
investigated. The influence of ultrasound and cation substitution on the intercalation of organic anions to the
Mg, /Al, LDH has been investigated. The obtained results indicated that ultrasound has a positive effect in some
cases for the intercalation of organic anions into the Mg;/Al; LDH system. On the other hand, the substitution

of magnesium by transition metals has negligible effect on the intercalation process. The synthesized and in-
tercalated LDHs were characterized by X-ray diffraction (XRD) analysis, infrared (FTIR) spectroscopy, Raman
spectroscopy, thermal (TG-DTG-DCS) analysis and scanning electron microscopy (SEM).

List of abbrevations
LDH Layered Double Hydroxide

MMO Mixed Metal Oxides

XRD X ray diffraction

TGA Thermogravimetric analysis

DSC Differential scanning calorimetry

DTA Differential Thermal Analysis
SEM Scaning Electron Microscopy
FTIR Fourier Transform Infrared

1. Introduction

Intercalation of layered double hydroxides (LDHs) with different an-
ions is very attractive and important area, since the anion-exchange ca-
pacity can mostly be used to change chemical and physical properties of
LDHs, such as the ion-exchange equilibrium (Miyata, 1983), ability to
store and deliver biologically active materials (Khan and O’Hare, 2002),
anion exchange kinetics (Nie, 2020) or anion exchange behaviour
(Zhao et al., 2020). It was demonstrated that the combination of the
lanthanide elements in the layers of LDHs, the luminescent materials
with luminescence of cerium (IV) (Smalenskaite et al., 2017), europium
(III) (Smalenskaite et al., 2018) or europium (II/III) (Sonoyama et al.,
2020) could be obtained. Lanthanide doped LDH materials could be
useful in many fields such as medicine (Sousa et al., 2006), fun-
damental investigations (Ferreira et al., 2012), catalysis (Jia et al.,
2014), photochemistry (Fu et al., 2016), photomagnetoelectric devices
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(Wang et al., 2017) and biotechnological applications (Andrade et al.,
2020). However, in many cases these LDHs are limited by the low emis-
sion intensity arising from the direct coordination of water molecules
and hydroxyl groups to the lanthanide element centre in the layer. It
was shown that intercalation of lanthanide-doped LDH materials with
sensitizing anions (4-biphenylacetate (Gunawan and Xu, 2009), specific
organic sensitizer (Liu et al., 2014), terephthalate (Smalenskaite et al.,
2018, Smalenskaite et al., 2018)) allows to solve partially this problem.
An efficient energy transfer between host and guest organic anions in the
interlayer galleries influences the luminescence properties significantly.

Previously, Tran et al. (Tran et al., 2018, Lin et al., 2018) have in-
tercalated LDHs with anions from amino, ethylenediaminetetraacetic,
diethylenetriaminepentaacetic, citric, malic acids and other organic an-
ions. They showed that these LDHs could be used as adsorbents to
remove toxic metal cations and anions from aqueous media. More-
over, LDHs intercalated with anions from succinic acid and lauric acid
were used as lubricant additives (Li et al., 2015). Dodecyl-sulfate-
intercalated Mg/Al LDH nanosheets showed a high adsorption capa-
bility for the efficient and rapid removal of dyes (Lei et al., 2020).
The intercalation of ciprofloxacin, a bactericidal antibiotic, into the
interlayer space of LDHs was also performed (Cherif et al., 2020).
Different release rates were observed depending on the intercalated
structure, which were also influenced by the morphological charac-
teristics. LDHs intercalated with anion containing nitrogen and sul-
phur (triazine-sulphonate) showed highly efficient flame retardant per-
formance for polypropylene (Xu et al., 2020). The hexacyanoferrate-
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Fig. 1. XRD patterns of Mg;/Al; LDHs with different intercalated anions and prepared without and with sonication (us).

intercalated LDHs were used for the detection of early-stage corrosion
of steel (Wilhelm et al., 2020). LDHs with intercalated permanganate
and peroxydisulphate anions were applied for the removal of chlori-
nated organic solvents from the contaminated water (Dietmann et al.,
2020). The hypothesis that oxidising agents keep their properties af-
ter intercalation was confirmed. Besides, the applications of the LDHs
in the context of new technologies of energy and nutrient recovery
for the environment protection are also widely documented. Hybrid
materials based on LDHs exhibit great potential in energy generation
(Taviot-Gueho et al., 2018, Wang et al., 2020). Due to their unique
physicochemical properties, transition metal-based LDHs are increas-
ingly popular in the field of photo(electro)chemical water splitting
for efficient and stable electrocatalysis for oxygen evolution reaction
(Gao et al., 2021, Zheng et al., 2021, Bian et al., 2021). The LDHs
composites with TiO, were also developed as adsorption-photocatalysis
composite materials for water treatment (Suh et al., 2019). Addition-
ally, the LDHs can be used for agricultural purposes after phosphate
remediation applications (Buates and Imai, 2021, Zohar and Forano,
2021).

Recently, we investigated the influence of the origin of organic
anion (oxalate, laurate, malonate, succinate, tartrate, benzoate, 1,3,5-
benzentricarboxylate, 4-methylbenzoate, 4-dimethylaminobenzoate
and 4-biphenylacetonate on the evolution of the chemical composi-
tion of the inorganic—organic LDHs system and on the luminescence
properties of the Eu3* doped LDHs containing these organic anions
(Smalenskaite et al., 2019). The X-ray diffraction analysis results
showed that the positions of diffraction peaks (003) of LDHs interca-
lated with anions were shifted to lower 20 angle values in the XRD

patterns. It is interesting to note, that the peaks of the diffractions of
intercalated with different organic anions of Eu3*-substituted LDHs was
less pronounced in comparison with the samples without europium.
Finally, it was concluded that depending on the size these anions
could have specific vertical or horizontal orientations in the LDH
structure. Moreover, intercalation chemistry of LDH materials and
the advantages, disadvantages, and application possibilities of anion
intercalated LDHs have been briefly summarized in (Ogino et al., 2020,
Mallakpour et al., 2020). Recently our study on the transition metal
substitution effects in Mg M,/Al; (M = Mn, Co, Ni, Cu, Zn) LDHs
synthesized using the same sol-gel chemistry approach has been pub-
lished (Valeikiene et al., 2019). In the current investigation the results
of further research exploring the ion exchange peculiarities in Mg;/Al;
and Mg;,M,/Al; (M = Mn, Co, Ni, Cu, Zn) LDHs are presented. In
this study the influence of ultrasound and cation substitution (Mn, Co,
Ni, Cu, Zn) on the intercalation of organic anions (formate (HCOO™),
acetate (CH;COO™), oxalate (C,0,4%7), tartrate (C,Hg042") and citrate
(C6H5073‘)) to the Mg3/Al; LDH structure for the first time has been
investigated.

2. Experimental

Aluminium nitrate nonahydrate (Al(NO3)3+9H,0, 98,5%, Chempur),
magnesium nitrate hexahydrate (Mg(NO3),+6H,0), 99,0%, Chempur),
manganese nitrate tetrahydrate (Mn(NO3),+4H,0, 98,0%, Chempur),
cobalt nitrate hexahydrate (Co(NO3),*6H,0, 99%, Chempur), nickel ni-
trate hexahydrate (Ni(NO3),*6H,0, 98,0%, Chempur), copper nitrate
trihydrate (Cu(NO3),+3H,0, 99,0%, Chempur) and zinc nitrate hexahy-
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Fig. 2. XRD patterns of Mg, Mn,/Al; (top) and
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drate (Zn(NOj3),*6H,0, 99,0%, Chempur) were used as starting ma-
terials in the preparation of Mg;/Al; and transition metal substituted
Mg M, /Al; (M = Mn, Co, Ni, Cu, Zn) LDHs. Citric acid monohydrate
(C¢HgO7°H,0, 99,5%, Chempur) and 1,2-ethanediol (C,HgO, 99,8%,
Chempur) were used as complexing agents in the sol-gel processing.
Sodium chloride (NaCl, 99,5%, Chempur), hydrochloric acid (HCl, 37%,

50

60 70

Sigma-Aldrich), sodium formate (HCO,Na), 98,0%, Alfa Aesar), ammo-
nium oxalate monohydrate (NH4),C504+H,0, 99,8% Chempur), sodium
acetate trihydrate (CH3COONa«3H,0), 99,0%, Chempur), potassium
sodium tartrate tetrahydrate (C;H,KNaOg+4H,0, 99,0%, Chempur) and
sodium citrate dihydrate (C4H50;Na3+2H,0, 99,0%, Chempur) were
used for the intercalation of anions.
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Fig. 3. FT-IR spectra of Mg;/Al; Mg;/Al;-Cl,
Mg, /Al -formate, Mg;/Al,-oxalate LDHs and
appropriate organic compounds used in ion ex-
change method.

Fig. 4. FT-IR spectra of Mg, .M, /Al; (M = Mn,
Co, Ni, Cu and Zn) LDHs intercalated with ox-
alate using sonication (us) and appropriate or-
ganic compound used in ion exchange method.
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Fig. 5. FT-IR spectra of Mg, ,Cu,/Al; LDHs in-
tercalated with oxalate, tartrate, citrate with-
out and using sonication (us) and appropri-
ate organic compounds used in ion exchange
method.
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For the synthesis of Mg3/Al; and Mg; M, /Al; (M = Mn, Co, Ni, Cu,
Zn) layered double hydroxides the stoichiometric amounts of starting
materials were dissolved in distilled water under continuous stirring.
Citric acid was added to the above solution and the obtained mixture
was stirred for 1 h at 80°C. The 2 ml of 1,2-ethanediol was then added
to the resulting solution with continuous stirring at 150°C until evapo-
ration of the solvent. The obtained precursor gels were dried at 105 °C
for 24 h. The mixed metal oxides (MMO) were synthesized by heating
gels at 650 °C for 4 h. The Mg;/Al; and Mg ,M,/Al; (M = Mn, Co, Ni,
Cu, Zn) LDHs were produced by reconstruction of LDH from MMO in
deionized water at 50°C for 6 h under stirring.

Mgs/Al; and Mgs M,/Al; (M = Mn, Co, Ni, Cu, Zn) -formate,
-oxalate, -acetate, -tartrate and -citrate LDHs were synthesized us-
ing ion exchange method. Since the LDHs containing chloride an-
ion are the most suitable precursors for the anion-exchange process
(Smalenskaite et al., 2019, Gomez et al., 2020), the intercalation of
organic anions formate, oxalate, acetate, tartrate and citrate in the
Mgs/Al; LDHs was performed from chloride containing LDHs. 0.5 g of
Mg, /Al (or Mg M, /Al; (M = Mn, Co, Ni, Cu, Zn)) LDH was added into
500 mL of a 1 M NaCl solution containing 3.3 mM of HCl. The resul-
tant mixture was stirred for 24 h at room temperature. The suspension
was filtered, the resultant solid washed with decarbonated water and
acetone for several times and dried at 40°C for 24h. At the next step, 2
mmol of Mg;Al; (or Mg M, /Al; (M = Mn, Co, Ni, Cu, Zn)) was added
in the solution of organic anions listed above taking 1.5 molar excess
in comparison to LDHs. The reaction was carried out under two differ-
ent methods: (a) the mixture was mixed at room temperature for 24 h;
and (b) the mixture was sonicated at room temperature for 30 min. The
suspension was filtered, the resultant solid washed with decarbonated
water, acetone for several times and dried at 40°C for 24h.

For the characterization of phase purity of synthesized materials
the X-ray diffraction (XRD) analysis was performed using a MiniFlex

|
1500
Wave number (cm™)

| |
1000 500

II diffractometer (Rigaku) (Cu Ka; radiation) in the 26 range from 10 to
70° (step size of 0.02°) with the exposition time of 2 min per step. The
lattice parameters of synthesized LDHs samples were also calculated ac-
cording to the formula ¢ = 3/2[d(003) + 2d(006)], a = 2d(110); here d
is the basal spacing. Fourier transform infrared (FTIR) and Raman scat-
tering spectra were recorded to explore the effect of ion exchange on the
vibrational bands of pristine Mg;/Al; and Mg ,M, /Al; (M = Mn, Co, Ni,
Cu, Zn) LDHs. The Fourier transform infrared (FT-IR) spectra were col-
lected using an Alpha (Bruker, Inc., Germany) spectrometer. All spectra
were recorded at ambient temperature in the range of 3750-480 cm™.
Raman scattering spectra were measured with combined Raman and
SNOM microscope Alpha 300 RS (WiTec, Germany) with 532 nm exci-
tation laser source and 20x objective.The morphology of particles was
investigated using a scanning electron microscope (SEM) Hitachi SU-70.
The thermal decomposition of the synthesized materials was analyzed
through thermogravimetric analysis and differential scanning calorime-
try (TGA/DSC) using a simultaneous thermal analyzer 6000 (Perkin-
Elmer) in air atmosphere at scan rate of 5°C/min and the temperature
range from 30°C up to 700°C.

3. Results and discussion

The XRD patterns of the LDH phases obtained by the anion ex-
change reactions without or with usage of ultrasound (us) are shown in
Fig. 1. As seen, the diffraction peaks for Mg;/Al;-Cl, Mg;/Al, -oxalate-
us, Mgy/Al; -tartrate-us and Mgs/Al, -citrate-us are shifted to the lower
values of 260 angle indicating a considerable increase in the basal spacing
c values as compared with the respective values for the main Mg;/Al;
LDH. These results clearly show that the treatment with ultrasound pro-
motes the anion-exchange reactions significantly. This might be associ-
ated with increased reaction rate at such conditions (Sokol et al., 2019).
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On the other hand, the positions of diffraction peaks (003) of Mgs/Al;-
formate-us and Mg3/Al, -acetate-us LDHs are not shifted.

The lattice parameters of synthesized LDHs samples are summarized
in Table 1. It is known that the lattice parameter ¢ depends on the size,
charge and orientation of the intercalated species. Thus, the results pre-
sented in Table 1 clearly shows that intercalation of chloride and ox-
alate, tartrate, citrate anion performed under ultrasound effect evidently

occurs. Therefore, investigating the influence of nature of substituting
transition metals on the character of anion-exchange reactions these four
anions have been mostly applied.

The different manganese and cobalt substitution effects on the inter-
calation of above mentioned anions in Mgs ,Mn, /Al, and Mgs_,Co, /Al;
LDHs could be observed in Fig. 2 and Tables 2 and 3. As seen from
these results, the manganese has no influence on the intercalation
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Fig. 7. Raman spectra of Mg;/Al, and Mg,/Al, LDHs intercalated with
formate (top), acetate (bottom) anions without and under sonication (us)
and appropriate organic compounds used in ion exchange method.
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process. The shift of diffraction peaks attributable only to the soni-
cated Mgs ,Mn, /Al -anion-us LDH samples is visible. However, the dif-
ferent situation is happening in the case of cobalt substitution. The
XRD results confirm that cobalt promotes intercalation of oxalate and
tartrate to the interlayer of Mgs,Co,/Al; LDHs without additional
sonication.

It is interesting to note, that if ultrasound is not used the oxalate
does not enter the interlayer of Mgs ,Ni,/Al; LDHs, but could be in-
tercalated to the structure of Mg, Cu,/Al; LDHs (XRD results are pre-
sented in Fig. S1 and Tables 4-5). The behaviour of tartrate in these two
nickel and copper substituted LDHs is completely opposite. The tartrate
participates in the anion exchange reaction in Mgs_,Cu, /Al; LDHs, and
does not enter the structure of Mgz ,Ni,/Al; LDHs. The similar shift of

diffraction peaks as in Mg ,Mn,/Al; was observed and in Mgs ,Zn,/Al;
LDHs confirming that these anions could be intercalated to the zinc-
substituted LDHs only under sonication (XRD results of Mgs_.Zn,/Al;
LDHs are presented in Fig. S1 and Table 6). The origin of different
behaviour of transition metals during the anion exchange reactions in
LDHs is not clear yet. On the other hand, the used cations have different
stable valence states. For example, the Mn, and Co may have several
stable valence states, while the main valence state for Ni, Cu and Zn
is +2. Thus, during the aliovalent substitution of divalent Mg in LDHs,
the formation of oxygen vacancies to achieve neutrality should be also
taking into account. Despite the substitution of magnesium by transi-
tion metals had only negligible effect on the intercalation process, these
issues should be answered in the separate study.
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Table 1
Lattice parameters of Mg;/Al; LDHs intercalated with different anions.
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Fig. 8. The schematic representation of possible
interaction of Mg;/Al, LDHs with organic anions.

Citrate

Table 3
Lattice parameters of Mg, ,Co,/Al; LDHs intercalated with different anions.

d(003), d(006), d(110), Lattice parameters (A) d (003), d(006), d(110), Lattice parameters (A)

Sample A A A - Sample A A A -
a c a c

Mg, /Al 7.802 3.906 1.530 3.060(2) 23.422(4) Co 10 mol% 7.790 3.895 1.529 3.059(1) 23.371(3)
Mg;/Al;-Cl 8.009 3.993 1.535 3.071(3) 23.995(2) Co 10 mol% - Cl 7.916 3.965 1.534 3.068(2) 23.772(2)
Mgs;/Al, -Formate 7.842 3.920 1.533 3.066(2) 23.524(4) Co 10 mol% - Oxalate 7.920 3.943 1.534 3.069(2) 23.712(4)
Mg, /Al -Formate-us 7.842 3.913 1.533 3.066(1) 23.503(3) Co 10 mol% - Oxalate us  8.062 3.986 1.537 3.075(1) 24.052(4)
Mg;/Al; -Acetate 7.901 3.925 1.536 3.072(2) 23.627(2) Co 10 mol% - Tartrate 7.898 3.919 1.533 3.066(2) 23.607(4)
Mgs;/Al, -Acetate-us 7.900 3.928 1.533 3.066(2) 23.635(3) Co 10 mol% - Tartrate us  7.956 3.929 1.533 3.067(3) 23.721(2)
Mg, /Al -Oxalate 7.844 3.926 1.532 3.065(3) 23.546(1) Co 10 mol% - Citrate 7.685 3.885 1.526 3.052(3) 23.185(3)
Mgs;/Al, -Oxalate-us 8.097 3.997 1.541 3.082(3) 24.139(4) Co 10 mol% - Citrate us 7.810 3.884 1.529 3.059(2) 23.370(2)
Mg,/Al, -Tartrate 7.875 3.928 1.532 3.065(1) 23.599(2)
Mg, /Al -Tartrate-us 7.934 3.951 1.534 3.068(2) 23.756(3)
Mg, /Al, -Citrate 7.913 3.928 1.532 3.065(2)  23.655(3) Table 4
Mg;/Al, -Citrate-us 8.153 3.969 1.541 3.081(3)  24.137(1) Lattice parameters of Mg, Ni, /Al; LDHs intercalated with different anions.

Table 2
Lattice parameters of Mg, Mn,/Al; LDHs intercalated with different anions.

d (003), d(006), d(110), Lattice parameters (A)

Sample A A A S —
a c

Mn 10 mol% 7.875 3.908 1.532 3.064(1) 23.539(2)
Mn 10 mol% - Cl 7.926 3.926 1.532 3.065(1) 23.668(2)
Mn 10 mol% - Oxalate 7.816 3.903 1.530 3.061(3) 23.434(2)
Mn 10 mol% - Oxalate us ~ 7.970 3.945 1.537 3.075(2) 23.791(4)
Mn 10 mol% - Tartrate 7.694 3.859 1.525 3.051(1) 23.120(2)
Mn 10 mol% - Tartrate us  8.037 3.941 1.534 3.069(2) 23.881(3)
Mn 10 mol% - Citrate 7.793 3.905 1.529 3.059(3) 23.408(4)
Mn 10 mol% - Citrate us 8.011 3.981 1.538 3.077(3) 23.962(3)

The FT-IR spectra recorded for all LDH samples are very similar
to each other with negligible differences. The FT-IR results in some of
the cases confirmed the obtained XRD results concerning the anion ex-
change processes Fig. 3. shows FT-IR spectra of Mg;/Al;-oxalate and
Mg, /Al -formate LDHs along with appropriate organic salts. As seen,
FT-IR spectra of Mg3/Al; and Mgs/Al, -Cl LDH samples in the region of

d (003), d(006), d(110), Lattice parameters (A)

Sample A A A _—
a c

Ni 5 mol% 7.865 3.923 1.533 3.066(2) 23.567(2)
Ni 5 mol% - Cl 7.763 3.858 1.526 3.053(1) 23.221(2)
Ni 5 mol% - Oxalate 7.792 3.915 1.529 3.059(2) 23.435(4)
Ni 5 mol% - Oxalate us ~ 8.140 3.993 1.539 3.079(1) 24.192(2)
Ni 5 mol% - Tartrate 7.961 3.966 1.533 3.067(2) 23.840(3)
Ni 5 mol% - Tartrate us ~ 8.042 3.949 1.535 3.071(3) 23.913(3)
Ni 5 mol% - Citrate 7.897 3.900 1.530 3.061(2) 23.546(3)
Ni 5 mol% - Citrate us 7.960 3.945 1.534 3.068(2) 23.777(1)

3750-480 cm™! contain the absorption bands at about 3600-3100 cm™!
and weaker bands at 1655-1640 cm~! which could be attributed to
the stretch vibration in (-OH) groups originated from the hydroxyl
layers and from intercalated water molecules (Smalenskaite et al.,
2017, Smalenskaite et al., 2019, Gomez et al., 2020, Liu et al., 2014,
Sokol et al., 2018). The strong absorption bands visible at 1360 cm™!
are attributed to the asymmetric vibration modes of ionic carbonate
(CO427), which still exists in the interlayer of LDHs. The FT-IR spectra of
Mgs/Al; -formate and Mg5/Al, -formate-us LDHs qualitatively cannot be
distinguished from the spectrum of Mg;/Al; LDH. Moreover, no specific
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Fig. 9. TG-DTG-DCS curves of Mg;Al, (bottom) and Mg;Al, LDHs intercalated with citrate under sonication (top).

absorption bands attributable to the sodium formate are seen in these
FT-IR spectra. However, the FT-IR spectra of Mg;/Al; LDHs intercalated
with oxalate ion contain the strong absorption band at 1315 cm~! which
is assigned as symmetric (-COO™) vibration in the oxalate groups.
FT-IR spectra of Mg;,M,/Al; (M = Mn, Co, Ni, Cu and Zn) LDHs
intercalated with oxalate using sonication are shown in Fig. 4. All spec-
tra independent on the used transition metal for substitution confirms
intercalation of oxalate to the structure of LDHs as was determined
by XRD analysis. On the other hand, the FT-IR spectroscopy results
do not support fully the conclusion that the tartrate anion participates
in the anion exchange reaction in Mgs,Cu,/Al; LDHs (see Fig. 5).

Only few characteristic absorption bands of tartrate were observed in
the FT-IR spectra of Mg3 , Cu, /Al -tartrate and Mg;_, Cu, /Al, -tartrate-us
LDHs.

The Raman spectroscopy provides molecular level information
on short range structure or local symmetry which is difficult
to acquire by other structure-sensitive techniques (Malakauskaite-
Petruleviciene et al., 2015, Blasiak et al., 2017) Fig. 6. compares Raman
spectra of oxalate, citrate, Mgs/Al; and Mg;/Al; LDHs intercalated with
oxalate and citrate anions and obtained without and under sonification
conditions. The strong high frequency features located at about 1500
cm™! for oxalate (symmetry D) (Peterson and Pullman, 2016) are vis-
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Fig. 10. SEM micrographs of Mg;Al, LDHs intercalated with formate
without (A) and under sonication (B).

Table 5
Lattice parameters of Mgs ,Cu,/Al; LDHs intercalated with different anions.

d (003), d(006), d(110), Lattice parameters (A)

Sample A A A S —
a c

Cu 5 mol% 7.785 3.903 1.531 3.062(3) 23.387(3)
Cu 5 mol% - Cl 7.842 3.909 1.531 3.062(3) 23.490(3)
Cu 5 mol% - Oxalate 7.994 3.950 1.537 3.074(2) 23.843(3)
Cu 5 mol% - Oxalate us  8.054 3.959 1.537 3.074(1) 23.959(4)
Cu 5 mol% - Tartrate 7.701 3.860 1.527 3.054(2) 23.134(2)
Cu 5 mol% - Tartrate us  7.977 3.960 1.536 3.073(2) 23.849(2)
Cu 5 mol% - Citrate 7.838 3.910 1.532 3.064(1) 23.489(1)
Cu 5 mol% - Citrate us 7.934 3.916 1.534 3.069(1) 23.652(4)

Table 6
Lattice parameters of Mg, Zn, /Al; LDHs intercalated with different anions.

d (003), d(006), d(110), Lattice parameters (A)

Sample A A A e —
a c

Zn 10 mol% 7.734 3.849 1529 3.057(3) 23.147(4)
Zn 10 mol% - Cl 7.764 3.842 1.527 3.054(2) 23.173(3)
Zn 10 mol% - Oxalate 7.635 3.816 1.526 3.051(3) 22.902(2)
Zn 10 mol% - Oxalate us  7.788 3.886 1.529 3.059(2) 23.341(2)
Zn 10 mol% - Tartrate 7.704 3.853 1.531 3.062(2) 23.116(1)
Zn 10 mol% - Tartrate us  7.835 3.879 1.532 3.063(2) 23.389(4)
Zn 10 mol% - Citrate 7.854 3.908 1.533 3.066(1) 23.507(2)
Zn 10 mol% - Citrate us 7.892 3.894 1.532 3.065(1) 23.522(3)
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ible in the Raman spectra of Mg;/Al;-oxalate and Mgs/Al, -oxalate-us
LDHs. The well-defined characteristic bands of citrate (Tada et al., 2004)
could be determined only in sonicated Mgs/Al, -citrate-us. These results
are in a good agreement with previously discussed XRD and FT-IR re-
sults.

Different spectral patterns were observed for Mg3/Al; LDHs interca-
lated with formate and acetate anions (Fig. 7). Interestingly, the main
peak position observed for the formate (Su et al., 2005) could be de-
tected also in the Raman spectra of Mg3/Al; LDHs intercalated with
formate. However, this feature was not confirmed by specific shift of
the diffraction peaks in the XRD patterns of this compounds. On the
other hand, it is clearly seen that Raman spectra of Mgs/Al;-acetate
LDHs do not contain any specific absorption bands attributable to ac-
etate (Noma et al., 1991).

Therefore it can be concluded that formate contrary oxalate and tar-
trate and citrate is only adsorbed on the surface of LDHs but does not
enter the interlayer space (Fig. 8).

Moreover, the representative Raman spectra shown in Fig. S2 con-
firm that transition metal substitution in Mg3/Al; LDHs supports inter-
calation of anions.

The TG-DTG-DCS curves of Mgs/Al; and Mgs/Al; LDHs intercalated
with citrate under sonication are shown in Fig. 9. The initial mass loss
observed in the temperature range of 30-210°C is associated with evolu-
tion of moisture and adsorbed water. The main decomposition of LDHs
occurs via continuous mass loss step in the temperature range of 210-
600°C. These thermal behaviour results from the loss of the coordinated
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Fig. 11. SEM micrographs of Mg;Al, LDHs intercalated with tar-
trate without (A) and under sonication (B).

water and the intercalated anions and dehydroxylation of the layers fol-
lowed by collapse of the layered structure in the higher temperature
range. It could be easily observed that the total mass loss for the Mg3/Al;
LDH sample is about 42.5%. The increased total loss (about 48.9%) ob-
served for the Mg, /Al -citrate-us LDHs confirms once again that organic
anion is intercalated in the layered structure of LDH or/and adsorbed
on the surface of synthesized material. The analogous TG results were
observed for the Mg;Al; LDHs intercalated with formate, tartrate and
oxalate.

The morphology of the synthesized LDHs were examined using
scanning electron microscopy. The characteristic feature of synthesized
LDHs is the formation of plate-like particles with hexagonal shape
(Xu and Braterman, 2010). It is interesting to note that the SEM im-
ages of sol-gel derived LDH samples were almost identical independent
on the nature of anion used for the intercalation, on the selected tran-
sition metal for substitution and on the used intercalation procedure.
The representative SEM micrographs for the Mgs;/Al; LDHs interca-
lated with formate without and under sonication are depicted in Fig. 10.
As seen, the solids are composed of differently agglomerated plate-like
particles with the size about of 500 nm. The agglomerates are slightly
larger in the case of sonicated LDH-formate sample. The XRD, TG and
Raman results of characterization of Mg;/Al, -formate LDHs supported
the conclusion that formate anion is mostly adsorbed on the surface of
LDHs.
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The representative SEM micrographs of LDHs intercalated with tar-
trate anion which participated in anion exchange reaction are shown in
Fig. 11. The surface microstructure still represents the characteristic fea-
tures of LDHs without changes in the particle shape or size. Evidently,
the surface microstructure of these LDH samples is mostly defined by
the used sol-gel preparation technique.

4. Conclusions

The Mg;/Al; and Mg; M, /Al; (M = Mn, Co, Ni, Cu, Zn) layered
double hydroxides (LDHs) were synthesized using sol-gel synthesis tech-
nique and intercalated with different organic anions (formate (HCOO™),
acetate (CH;COO™), oxalate (C,0,%7), tartrate (C,Hg042") and citrate
(C¢H50,°7)) using ion exchange approach. The influence of ultrasound
(us) and cation substitution on the intercalation of organic anions to the
Mgs/Al; LDH has been investigated. The XRD analysis results showed
that the diffraction peaks for Mg, /Al; -Cl, Mg3/Al, -oxalate-us, Mg, /Al -
tartrate-us and Mgs/Al, -citrate-us were shifted to the lower values of
26 angle indicating a considerable increase in the basal spacing c val-
ues as compared with the respective values for the main Mg;/Al; LDH.
These results confirmed that the treatment with ultrasound promotes the
anion-exchange reactions. On the other hand, the positions of diffraction
peaks (003) of Mg;/Al; -formate-us and Mgs/Al, -acetate-us LDHs were
not shifted. From the Raman spectroscopy results it was concluded that
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formate anion contrary oxalate, tartrate and citrate was only adsorbed
on the surface of LDHs but did not participated in ion exchange reaction.
The SEM images of sol-gel derived LDH samples were almost identical
independent on the nature of anion used for the intercalation, on the
selected transition metal for substitution and on the used intercalation
procedure. Thus, the surface microstructure of these LDH samples was
mostly defined by the used sol-gel preparation technique. Finally, the
results indicated summarized in this study let us to conclude that ultra-
sound had a positive effect in some cases for the intercalation of organic
anions into the Mgs/Al; LDH system. On the other hand, the substitu-
tion of magnesium by transition metals had only negligible effect on the
intercalation process.
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