SIAN JOUR

10 J U IN]

35%an Jouma of ChemiSZ

y T U..

r CUEMICTDY

ulllul .“.u \

Surface Characterization of Ni-Mg-Al and Co-Mg-Al Hydrotalcites by Inverse Gas Chromatography
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INTRODUCTION

Layered double hydroxides (LDHs), also known as
hydrotalcite-like compounds or anion clays, which are well
known for their applications in the filed of catalysts, sorbents,
composite additives, ion-exchangers, efc. [1,2]. Metal hydroxide
with divalent and trivalent metal ions, with adjustable degener-
ation, can form hydrotalcite with catalytic activity by introducing
with transition metal ions, such as Cu*", Ni**, Co*, etc. [3.4].

Recently, the study of Co®* and Ni** hydrotalcites are
generally focussed in catalysis and adsorption techniques. Zhao
et al. [5] synthesized carbon nanotubes by using the calcined
product of ternary magnesium nickel aluminum LDHs. The
results showed that the catalytic properties is related to the
content of nickel. Liu et al. [6] found that with the increase of
cobalt content in LDHSs, the catalytic activity of isopropanol
increased and the catalytic product selectivity was also associated
with the surface properties of hydrotalcite. Zhao [7] had researched
benzaldehyde oxidation reaction by grafting Ni-Al-LDHs on
carbon nanotubes as catalyst. The results showed that Ni-Al-
LDHs had good catalytic performance and the main reason
for the higher catalytic efficiency was the improvement of the
catalyst dispersion. It's obvious that the surface properties of
materials play a decisive role in catalysis and adsorption, which
have important reference value for practical application.

Accepted: 17 August 2017;

Published online: 29 September 2017, AJC-18554

Carbonate pillared hydrotalcite-like compounds (NixMgs<Al-LDHs and CoMg;..Al-LDHs) with different molar ratios were synthesized |
through co-precipitation and the samples were characterized by XRD, FTIR and inverse gas chromatography (IGC) techniques. The |
surface properties were compared and verified by computer simulation. The results indicated that with the increasing content of Ni** in
NixMgs.(Al-LDHs, the surface adsorption free energy and dispersive component of the surface energy decreased, while the stability |
increased gradually, which was contrary to Co** in Co,Mgs.Al-LDHs. Besides, the surface free energy of Ni-Mg-Al hydrotalcites was |
smaller than Co-Mg-Al hydrotalicites when they were in the same molar ratio and the stability of the former was found to be stronger than |
|
|
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Considering the research on the surface properties of layered
double hydroxides with catalytic activity is still very scarce,
it's very meaningful to explore the surface properties of Ni-
Mg-Al-LDHs and Co-Mg-Al-LDHs.

Inverse gas chromatography (IGC) is one of the most
sensitive, reliable and convenient methods to study the surface
properties [8]. This method was used to study the interaction
between polymer and probe molecules and the compatibility
between the polymers. In recent years, some researchers
applied this technology in researching the surface properties
of kaolin [9], montmorillonite [ 10] and other inorganic materials
and modified materials.

By using this method, previous group [11,12] had studied
the difference between the surface properties of Mg-Al-LDHs
and its modified products, including Cu-Mg-Al-LDHs' surface
properties. In this paper, we applied inverse gas chromato-
graphy (IGC) method to investigate the surface properties of
Ni-Mg-Al-LDHs and Co-Mg-Al-LDHs. Simultaneously, the
conclusion was validated by studying the stability and Jahn-
Teller effect of the two systems with computer simulation [13].

EXPERIMENTAL

Sample preparation: Ni,Mg; ,Al-LDHs (x = 0-3) were
synthesized by a modified coprecipitation method [14]. An
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aqueous solution (100 mL) named A was prepared with NaOH
(0.2 mol) and Na,COs3 (0.025 mol), another aqueous solution
(100 mL) named B was prepared with Ni(NOs),-6H,O (0.025
mol), Mg(NO:;),-6H>O (0.05 mol) and AI(NO;);-9H,0O (0.025
mol), after that both A and B were added dropwise to a three
neck round bottom flask with vigorous stirring, maintaining
the pH of 9 to 10, then keep stirring for 1h. After the reaction,
the resulting precipitate was crystallized at 50 °C for 18 h, and
then centrifuged and washed with distilled water for several
times and was finally dried in vacuo at 65 °C for 12 h, giving
the product NiMg,Al-LDHs.

NiMgAl-LDHs, NizAl-LDHs, Mg;Al-LDHs, CosAl-LDHs,
Co,MgAIl-LDHs and CoMg,Al-LDHs were prepared by changing
the mole ratio of Ni, Al and Mg according to the above described
methods.

Inverse gas chromatography (IGC) analysis: A GC7890(II)
gas chromatograph equipped with thermal conductivity
detector, with high purity nitrogen (99.99 % pure) as the carrier
gas at a flow rate of 50 mL/min, which was measured at the
detector outlet with soap bubble flowmeter. Both the detector
temperature and gasification chamber temperature were set at
453 K, and the column temperature was conditioned by heating
at 403-433 K. Retention times were recorded on an N-2000
integrator. The probes used were n-pentane, n-hexane, n-heptane
and n-octane, all reagents were obtained in the higher purity
grade possibly and directly used as received.

X-ray diffraction (XRD) was carried out using a Shimadzu
XRD-6000 diffractometer, with Cu-Ko radiation (A = 0.1542
nm) at a scan speed of 5°/min. Bruker Vector 22 FT-IR spectra
in the range 4000 - 400 cm™ was used to analyze the structure
of the sample (the mass ratio of sample to KBr was 1/100).

Preparation of chromatographic column: A stainless
steel column with a length of 15 cm and an internal diameter
of 0.2 cm. Clean it with acetone, leave to dry completely and
then filled with the prepared LDHs materials respectively, after
that all the columns were aged at 443 K under a constant
nitrogen flow (30mL/min) for 1 h.

RESULTS AND DISCUSSION

Surface adsorption free energy: In this study, Cs-Cs
straight-chain alkanes as probe molecules, the intermolecular
interaction force between molecules is neglected in the infinite
dilution region. The relationship between adsorption free
energy (AG®) and retention volume (Vy) is described as follows
[15,16]:

AG®=-RTInV, +C )
T

VN = (tR - tm ).Fa T_dJ (2)
3 (pi/pn)z_l

J=2| —/——5— (3)
2\ (p;/p,) —1

where R is ideal gas constant, C is constant relative to the
stationary phase, tg and t,, are the retention time and dead times,
T is the column temperature, F, is the flow rate at the end of
column at room temperature T,, J is the James-Martin factor
for the correction of gas compressibility, p. is the outlet pressure
and p; is the inlet pressure.

The retention volume (Vy) was obtained by testing a series
of probe molecules on the hydrotalcite-like compounds, and
the corresponding surface free energy (AG®) of adsorption were
calculated and summarized in Table-1. As shown in Table-1,
the surface adsorption free energy of all LDHs were below
zero, indicating that the reaction of n-alkanes adsorbing on
the solid surface could be carried out at room temperature
spontaneously.

TABLE-1
AG® (KJ mol") VALUES OF Ni Mg, ,Al-LDHs
AND CoMg, AI-LDHs (x = 0-3) AT 423 K

System n-Pentane n-Hexane n-Heptane n-Octane
Ni;Al-LDHs 10.76 7.49 - =
MgNi,Al-LDHs 14.82 11.22 8.78 7.27
Mg,NiAl-LDHs 16.12 12.96 11.11 8.53
Mg;Al-LDHs 18.34 15.58 13.54 12.47
Mg,CoAl-LDHs 10.97 7.80 5.35 5.35
MgCo,Al-LDHs 16.56 13.88 12.12 10.64
Co;Al-LDHs 16.61 14.29 — -

According to the probe arrangements from the above list,
n-alkane with more carbon atoms tends to have less surface
adsorption free energy, this is due to the increasing of carbon
atoms, the alkanes are getting more and more difficult to enter
into the LDHs molecule structure or adsorb on it [12].

As we found in NixMg;<Al-LDHs system, the surface free
energy decreased with the increase of Ni** and this may be
due to the introduction of Ni** that formed a more stable
octahedron, which reduced the adsorption energy. While, as
the content of Co** in Co/Mg/Al- LDHs systems increasing, a
certain degree of distortion may occur in layer board structure,
so the surface adsorption free energy increased.

By comparing the surface adsorption free energy of
Ni,Mgs.«Al-LDHs and CoMgs «Al-LDHs, it is found that the
adsorption capacity of Co/Mg/Al-LDHs was larger than Ni/
Mg/Al-LDHs if the x are equal, suggesting that LDHs with
Co?" possess more powerful surface activities.

Dispersive component of surface energy:

Y= 1 ( AGCH2 ]2

’ YCH2 2'N'OCCH2 @
where N is Avogadro's number, YCH, is the surface energy of
a hypothetical substance that contain only methylene groups
and alCHj is the cross-sectional area of a methylene group (<
0.06 nm?). Thus, at constant temperature, for a series of alkane
probes, a plot of RTIn Vy versus number of carbon atoms
should give a straight line, and then obtained AGcu, from the
linear slope.

As shown in Figs.1 and 2, RTIn Vy of the material show a
good linear relationship with the number of carbon number
(the linear slope reflects the increment of the adsorption free
energy), indicating that AGc, is reliable and could be used to
calculate y.” at a high confidence level.

According to Dorris and Gray theory, with temperature
423 K, the surface energy dispersive component of solid surface
could be calculated by eqn 4 and the results are listed in Table-2.

The y.” can be used to assess the activity of solid surface
[17]. Table-2 suggests that with the increasing of Ni** in
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Fig. 1. Plot of RTIn Vy values versus carbon number for Ni,Mg;,Al-LDHs
(x = 0-2) to determine Y.
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Fig. 2. Plot of RTIn Vy values versus carbon number for CoMgs..Al-LDHs
(x = 0-2) to determine ,°

TABLE-2
vs” VALUES OF Ni, Mg, ,Al-LDHs AND Co,Mg, ,Al-LDHs (x = 0-3)
LDHs Mg;Al Mg,NiAl MgNi,Al Ni;Al
¥s> (mJ m?) 48.02 36.49 26.31 13.58
LDHs Mg;Al Mg,CoAl  MgCo,Al Co;Al
Ys" (mJ m?) 48.02 53.77 52.65 66.24

Ni,Mg; ,Al-LDHs, v,° showed a decreasing trend and the
surface activity decreased, while the stability generally
enhanced. On the other side, with the increasing of Co™ in
CoMg; .Al-LDHs, v.” showed a increasing trend, the surface
activity increased, while the stability reduced.

This phenomenon was presumably due to the reason that
Mg* was generally replaced by Co** through isomorphous
substitution to form Co-O, octahedron, which increased the
distortion degree of the system, leading the hydrogen bonding
and electrostatic force between the subject and object decrease
gradually, and the absolute value of the binding energy
decreased, so the system stability decreased.

Analyzing the dispersive component of surface energy
between Ni\Mgs cAl-LDHs and Co,Mgs(Al-LDHs, it is found
that the former were smaller. This may be due to the substi-
tution of Ni**, the electron was transferred from the layer to
the guest anion, which led to the enhancement of supramole-
cular interaction and the binding energy of the system, resulted
in Ni,Mgs (Al-LDHs appear more stable. The above conclusions
were consistent with the results of relevant literature [13] and
theoretical results.

XRD analysis: As shown in Fig. 3, the crystal sharp of
the hydrotalcites were relatively single and the characteristic
diffraction peaks were close to each other, judging that the
layer spacing was similar. The ionic radius of Ni** and Co**
are 0.0690 nm and 0.0745 nm, respectively which are similar
to Mg®* (0.0720 nm), having little effect on the structure of
hydrotalcite, but still presented certain regularity. Compared
with Ni** and Co®* samples' layer spacing, it is found that with
the increasing of the incoming element on the plate, layer
spacing changed slightly. In CoMgs<Al-LDHs system, with
more and more Co** supersede Mg”* by isomorphous substi-
tution, layer spacing decreased to a certain extent, one each
for 0.7887 nm, 0.7813 nm and 0.7708 nm. While spacing
changes in NixMgs <Al-LDHs showed the similar trends, which
was consistent with the trend of lattice constants a and c.

Intensity
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Fig. 3. XRD patterns of a-NizAl-LDHs, b-MgNi,Al-LDHs, c-Mg,NiAl-LDHs,
d-Mgs;Al-LDHs, e-Mg,CoAl-LDHs, f-MgCo,Al-LDHs, g-CosAl-LDHs

The theoretical simulation results showed that with the
introduction of Ni**, the valence electron configuration of metal
ions changed, while the plate structure did not cause serious
distortion and each M-O bond length decreased gradually. The
average bond length gradually reduced from 0.2045 nm
(Mg;Al-LDHs) to 0.1986 nm (Ni.Mgs..Al-LDHs). According
to crystal field theory, the interaction between the central ion
and ligand was called electrostatic effect, for the valence electron
of the central metal atom passed out, led to the decreasing of
the electron repulsion between the central ion and ligand.
Therefore, the coordination bond would be stronger, resulting
in a more stable octahedron, so the metal ion distance between
the plate reduced gradually. The same theoretical simulation
method was also suitable for Co,Mg;.«Al-LDHs, the conclusion



2382 Sun et al.

of the two systems were consistent with the results obtained
from the IGC test.

FT-IR analysis: The FTIR spectra of seven samples at
absorption peak of 3496-3443 ¢cm ' are shown in Fig. 4. They
were mainly composed by the stretching vibrations between
the layer board hydroxyl and interlayer water molecules,
compared with hydroxyl free radical (3600 cm™), the peaks
moved to low wavenumber, indicating that strong hydrogen
bonding existed between interlayer water and layer board
hydroxyl or carbonate. The vibration peaks of Fig. 4 are listed
in Table-3.

Transmittance (a.u.)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cmq)

Fig. 4. FTIR spectra of a-Ni;Al-LDHs, b-MgNi,Al-LDHs, c-Mg,NiAl-LDHs,

d-Mg;Al-LDHs, e-Mg,CoAl-LDHs, f-MgCo,Al-LDHs, g-CosAl-LDHs

TABLE-3
FTIR DATA OF Ni,Mg, ,Al-LDHs AND Co,Mg; ,Al-LDHs (x = 0-3)
System a b c d
Ni;Al-LDHs 3478 1640 1380 415
MgNi,Al-LDHs 3485 1633 1367 422
Mg,NiAl-LDHs 3478 1631 1367 436
Mg;Al-LDHs 3451 1629 1382 441
Mg,CoAl-LDHs 3489 1636 1373 422
MgCo,Al-LDHs 3496 1642 1373 428
Co,Al-LDHs 3481 1650 1373 436

a. Stretching vibrations between layer board hydroxyl and interlayer
water, b. H,O bending vibration, c. CO,> Symmetric vibration,
d. M-O-M vibration.

As a certain amount of water inserted into the surface
adsorbed water and interlayer space of hydrotalcite, a bending
vibration peak of crystalline water rise in 1650-1629 cm™ region
Compared the vibration of interlayer CO;* position at 1382-
1367 cm™ with the free state COs* (1430 cm™), the former
moved to low wave number, demonstrating that hydrogen bonding
existed in interlayer CO;> and interlayer water molecules. With
the increasing of Ni** and Co*, interlayer COs> remains subs-
tantially unchanged, meaning that the chemical environment
in which it existed still unchanged significantly.

Combining the FTIR data (Table-3) and Mulliken bond
population analysis (Table-4), it is found that with increase of
Ni** in Ni,Mg; ,Al-LDHs, metal oxygen bond vibration peak
moved to low wave number slightly. It was due to the increasing
of Ni** in Ni,Mg; ;Al-LDHs changed the M-O bond in laminate

Asian J. Chem.
TABLE-4
MULLIKEN BOND POPULATION (e) OF Ni,Mg; ,Al-LDHs (n=0-3)

System Al-O Mg-O Ni-O H-O

I 0.398 -0.723 - 0.575

I 0.370 -0.784 0.275 0.570

I 0.351 -0.857 0.242 0.578

v 0.318 — 0.203 0.575

from covalent to ionic gradually, indicating the covalent bonds
decreased in the isomorphous substitution process, while the
ionic bonds increased. Thus, the whole system changed from
the covalent crystals to the ionic crystal gradually and electro-
static interaction increase.

Combined the data in Table-3 and Table-5, with increasing
Co?" in Co,Mg; .Al-LDHs, metal oxygen bond vibration peak
moved to high wavenumber slightly, because the theoretical
charge population of Al was 1.370-1.660 e, while Mg was
1.680-2.010 e and Co was 0.586-0.860 e. It was evident that
the electrostatic force between metal cations and other anions
was in order of Mg”** > Al** > Co®". Thus, the energy of sample
decreased with the increasing Co*, and finally moved to high
wavenumber.

TABLE-5
MULLIKEN ATOMIC POPULATION (e)
OF Co,Mg, ,AI-LDHs (n = 0-3)

System Al Mg Co Layer
I 1.420 1.668 - 0.64
il 1.510 1.810 0.586 0.67
1T 1.580 1.970 0.705 0.69
v 1.700 - 0.860 0.72
Conclusion

In summary, Ni,Mgs«Al-LDHs and Co,Mgs(Al-LDHs (x
= 0-3) with catalytic activity were synthesized through a co-
precipitation method. All the hydrotalcites were characterized
by inverse gas chromatography, X-ray diffraction and FT-IR.
It is found that with the increase of Ni** in Ni;Mg; <Al-LDHs,
the surface free energy decreased and the stability increased,
which were consistent with the computer simulated results.
While, with the increase of Co™, the surface energy dispersive
component increased and the stability decreased. The adsorption
capacity of Co.MgsAl-LDHs were larger than Ni,MgsAl-
LDHs if the x were equal. The ¥.” values of Co,Mg;s ,Al-LDHs
were larger than Ni,Mgs (Al-LDHs, indicating that LDHs with
Co™ possess more powerful surface activities and LDHs with
Ni** showed higher stability than CoMg;Al-LDHs and
Mg;Al-LDHs.
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