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Effect of Hydrothermal Conditions on Structural and Textural Properties of
Synthetic Hydrotalcites of Varying Mg/Al Ratio
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The synthetic hydrotalcites with Mg/Al molar ratios of 2.8.5 were synthesized by coprecipitation method

at low supersaturation conditions followed by hydrothermal treatment under autogenous water vapor pressure
at 70-140°C. These synthesized samples were characterized by powder X-ray diffraction (P-XRD), Fourier
transform infrared spectroscopy (FT-IR), thermogravimetric analysis (TGA), scanning electron microscopy
(SEM), and surface area measurements. The hydrothermal treatment at increasing temperature and longer
aging time increased the crystallinity and crystallite size of the hydrotalcite significantly. The crystallinity
and crystallite size of the hydrotalcite were observed to decrease on increasing the Mg/Al ratio. The surface
area of hydrotalcite was observed to increase on increasing the Mg/Al molar ratio from 2.0 to 3.5. From the
kinetic data for crystallization of hydrotalcite at different temperatures, the values of rate constants and activation
energy were calculated. The Avranttrofeev model (nucleation-growth model) was used for fitting the
crystallization data.

Introduction of the aging time on crystallinity of hydrotalcite at constant
hydrothermal treatment temperature was studied by Rives and
HydrOta'Citeé have received much attention in view of their co-workers?® The effect of hydrotherma| treatment on the
potential applications as adsorbents, as anion exchangers, irtrystallinity of synthetic hydrotalcite at a Mg/Al molar ratio of
nucleophilic halide exchange, and, more importantly, in het- 2 was studied by Kovanda et al. in the £2800°C temperature
erogeneous catalysis as catalysts and catalyst support for gange?¢ The literature is largely confined to the study of the
variety of organic transformations such as aldol condensation, effect of hydrothermal treatment on structural properties like
Claisen-Schmidt condensation, Knovengel condensation, isomer- crystallinity, crystallite size, and particle size of hydrotalcite at
ization, alkylation of diketones, and epOXidation of activated a Mg/A| molar ratio of 2.0 or 3.0. The literature is sparse on
olefins with hydrogen peroxid&:'> The most commonly used  the study of the effect of varying Mg/Al molar ratios of
method for the synthesis of hydrotalcite involves coprecipitation hydrotalcite on the crystallization, kinetics of crystallization,
of metal salt solutions at low SUpersatUration and constant pH and textural properties under Varying hydrotherma| treatment
ranging from 7 to 10 in the temperature range of-80 °C.! conditions.
The important parameters determining the applications of  The aim of the present investigation is to study the effect of
hydrotalcites are degree of crystallinity and textural properties. pygrothermal treatment temperature and crystallization kinetics

These properties are influenced by various parameters such agn structural and textural properties of synthetic hydrotalcites
the nature of the bivalent and trivalent cations and their ratio, of varying Mg/Al molar ratios (2.0, 2.5, 3.0, and 3.5).

the nature of the anions, the concentrations of metal salt solution
and alkali solution, the rate of addition of metals and alkali
solutions, the reaction pH, the aging temperature and time, and
the drying temperature of the obtained precipitate. The specific  Materials. Magnesium nitrate, Mg(N€)+6H,0, 99.99%, and
surface area, morphology, and particle-size distribution of the gluminum nitrate, AI(NQ)s*9H,0, 99.99%, sodium carbonate
hydrotalcite also depend on the synthesis me#fiddlimerous (NaCOs, 99.99%), and sodium hydroxide (NaOH, 99.99%)
studies on the physicochemical properties, the applications of were purchased from s.d. Fine Chemicals, India, for the synthesis
hydrotalcite, and the thermal stability of various hydrotalcites of hydrotalcite. The double-distilled millipore deionized water
are reported/~??but limited literature is available on the control  was used during the synthesis.
of structural and textural properties of hydrotalcite, which play  gynthesis of Hydrotalcites by Coprecipitation Method.The
an important role for catalytic as well as material applicatién&. magnesiurr-aluminum hydrotalcite samples having a Mg/Al
For example, Miyata reportédthe effect of hydrothermal  mojar ratio from 2.0 to 3.5 were synthesized by coprecipitation
treatment temperature on crystallite size of the hydrotalcite. The ethod at constant pH under low supersaturation conditions.
crystal size of the hydrotalcite was reported to increase up 10 Typijcally, for the synthesis of hydrotalcite sample with a Mg/
180 °C hydrothermal treatment temperature followed by a A| molar ratio = 2.5, an aqueous solution of Mg(Nf26H,0
decrease above 20C. Hickey et al. confirmed the formation (9 22 mol) and AI(NG)3-9H,0 (0.088 mol) in 200 mL double-
of the hexagonal plate-shaped crystals of the hydrotalcite undergistiled deionized water and aqueous solution (200 mL)
hydrothermal treatment conditions using transmission electron containing NaOH (0.72 mol) and NaOs (0.21 mol) were added
microscopy (TEM) at different aging temperatu?é3he effect slowly (in around 2 h)@ a 1 L round-bottom flask under
vigorous stirring at room temperature. The contents of the flask
*To whom correspondance should be addressed. E-mail: were then transferred into the Teflon coated stainless steel
rviasra@csmcri.org. Tel.4-91 278 2471793. Fax:-91 278 2567562. autoclave for hydrothermal treatment at predefined temperature
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as a 100% crystalline sample. A similar procedure has been
followed in the literaturé’28The crystallite size of hydrotalcite
was calculated using the FWHM values of the (003) diffraction
peaks (2 = 11.2), according to Scherrer’s formula,
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where K = shape factor (0.9 for hydrotalcitey, = the
wavelength of Cu K radiation (0.15405 nm)¢ = Bragg
diffraction angle, and is the difference in the integral profile
width of the standard and experimental samples. Silicon was
used as a standard sample.

Fourier Transform Infrared (FT-IR) Spectra. The FT-

0 . . ‘ . . infrared spectra of the hydrotalcite samples were recorded using

5 15 95 35 15 55 65 75 a Perkin-Elmer Spectrum GX Fourier transform infrared

20 spectrophotometer (FT-IR) system in the region of 48000
cmt using KBr pellets.

Thermogravimetric Analysis (TGA). Thermogravimetric
analysis (TGA) was carried out using Mettler TGA/SDTA 851e
instrument in flowing nitrogen or argon (flow rate 50 mL/
min), at a heating rate of 1C/min, and the data were processed
using Stat software.

Scanning Electron Microscopy (SEM) Analysis Scanning
electron microscopy (SEM) images of the hydrotalcite samples
were taken on a microscope (Leo Series VP1430, Germany)
having silicon detector equipped with energy-dispersive X-ray
(EDX) facility (Oxford instruments). The samples were coated
with gold using sputter coating to avoid charging. Analysis was
carried out at an accelerating voltage of 15 kV.

Surface Area Measurements.The surface area of hydro-
talcite samples was determined from the &ésorption data
measured at 77 K using Micromeritics, ASAP 2010 USA. The
samples were activated at 8C for 4 h under vacuum (5
mmHg) prior to N adsorption measurements. The specific
) surface area of the samples was calculated from the N
and time under autogenous water vapor pressure. After theagsorption isotherms according to the Brunauer, Emmett, Teller
hydrothermal treatment, the precipitate formed was filtered and (BET) method. The pore-size distribution of hydrotalcite

washed thoroughly with hot distilled water until the pH of the  samples was calculated from desorption branch using the Barrett,
filtrate was 7. The washed precipitate was dried in an oven at Joyner, and Halenda methaY.

80 °C for 12 h.

2000 -

Counts/s

S

1000

(b)

| Mg/Al=2.0
Mg/Al = 3.0
Mg/Al = 3.5

Mg/Al =2.5
80
60 |
0
20 f
0

Figure 1. (a) Powder X-ray diffraction patterns of hydrotalcite of varying
Mg/Al molar ratios synthesized at 14€ hydrothermal treatment temper-
ature and 11 h aging time. (b) Effect of the Mg/Al molar ratio of hydrotalcite
on crystallinity at 140°C and 11 h aging time.

% Crystallinity

Powder X-ray Diffraction (P-XRD). Powder X-ray diffrac-

tion patterns of the hydrotalcites were recorded using Phillips
X'Pert MPD system equipped with XRK 900 reaction chamber,

using Ni-filtered Cu Kx radiation § = 1.54050 &) over a @
range of 6-70°. The full width in half-maxima (FWHM) of
the (003) (& = 11.2) and (006) (2 = 22.5’) planes were

Results and Discussion

Powder X-ray Diffraction (P-XRD). The P-XRD patterns
of the hydrotalcite samples having varying Mg/Al ratios (2.0,
2.5, 3.0, and 3.5) synthesized at I4Dhydrothermal treatment
temperatures and 11 h aging time are shown in Figure 1a. The

calculated to compare the crystallite size of hydrothermally presence of C&~ anions in the interlayer gallery of hydrotalcite

treated (76-140°C) hydrotalcite samples (Mg/Al molar ratios

is confirmed by the characteristic basal spadpg = 7.65A°.

of 2.0—3.5) prepared at different times. The percentage crystal- The sharp and symmetric basal reflections of the (003) and (006)
linity of the samples after hydrothermal treatment was compared planes at low 2 values (1%+23°) and broad, asymmetric

to the commercially available hydrotalcite (Pural MG70, sup- reflections at higher 2 values (34-66°) were observed in the
plied by SASOL, Germany) at a Mg/Al molar ratio of 2.3. The P-XRD patterns:3°Other crystalline phases were not identified
higher crystallinity of the hydrothermally treated samples at 140 in the P-XRD patterns of all hydrotalcite samples synthesized
°C and 11 h aging time was observed in the present study asunder the studied hydrothermal treatment conditions (Figure 1a).
compared to the commercially available sample (Figure 1; The crystallization of hydrotalcite of varying Mg/Al molar ratios
Supporting Information). It is well-known that the crystallinity  was significantly affected by hydrothermal treatment temperature
of the hydrotalcite is significantly affected by the synthesis and time. Poor crystallinity of hydrotalcite samples was observed
procedure and other factors such as aging time and temperatureprior to subjecting the precipitate for hydrothermal treatment.
To minimize the error in results observed in the present study However, the crystallinity of samples increased significantly
because of the synthesis procedure and other factors, theafter hydrothermal treatment. These observations were supported
percentage crystallinity of hydrotalcite at different hydrothermal by percentage crystallinity data for each sample (Figure 2).
treatment temperatures and crystallization times were calculated The effect of hydrothermal treatment temperature (70, 110,
by comparing the summation of integral intensities of the (003) and 140 °C) and time (6-11 h) on the crystallinity of
and (006) planes, and the sample having maximum intensitieshydrotalcite samples of different Mg/Al molar ratio is shown
of the (003) and (006) planes in the present study was consideredn Figure 2. The crystallinity of hydrotalcite was observed to
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Figure 2. Effect of hydrothermal treatment temperatures and aging time on the crystallinity of hydrotalcite with Mg/Al molar ratios 8f52.0

of 2.0 (Figure 2). The crystallinity of hydrotalcite at a Mg/Al
ratio of 3.5 was observed to be 36% at 70, and then it
increased up to 53% at 14C and 11 h crystallization time. A
similar effect of temperature on crystallinity of hydrotalcite
samples having Mg/Al molar ratios of 2.5 and 3.0 were
observed. The maximum crystallinity was observed at 420
for all samples. The aging time of the hydrotalcite decreased

g
é Mg/AI=2.0
£ 51l significantly with the increase in temperature. The maximum
E Mg/AI£2.5 crystallinity of hydrotalcite (Mg/Al molar ratio of 2.0) was
£ Mg/Al calculated as 56% at 7%C and 11 h aging time; however,
© similar crystallinity was achieved by increasing the hydrothermal
Mg/AIZ 3.5 treatment temperature to 14C€ within 1 h aging time. The
15 increase in crystallinity of hydrotalcite with temperature could
60 % 120 150 be explained in terms of the rate of crystal growth that is directly

Aging Temperature, °C propprtional tp the hy.d.rothermal treatmgnt temperature qnder
Figure 3. Effect of the Mg/Al molar ratio of hydrotalcite on crystallite identical reaCtl-on Cond!tlonS' Th-erefore' It.IS e>_<pected that hlgher
size at different hydrothermal treatment temperatures and 11 h aging time.ts?;g_)erature will result in crystalline material with larger particles
The crystallization curves shown in Figure 2 exhibit the
increase slowly upa 1 h aging time followed by a sharp typical characteristic of a crystallization curve with the first stage
increase in the time range of-5 h. After 6 h, the time corresponding to a nucleation or induction period followed by
dependence of crystallinity was less evident, whereas temper-crystal growth in the second stage. Initially, formation of nuclei
ature seemed to be a crucial parameter affecting the hydrothertakes place on the addition of metal salts solution into the anionic
mal crystallization. For example, initially, crystallinity of the solution at constant pH, which is simultaneously followed by
hydrotalcite was calculated to be 20%, and then it increased upthe crystal growth during the addition process. The conventional
to 56% at 70°C, 82% at 110C, and 100% at 140C after 11 nucleation period could be divided into two separate regions:
h crystallization time for the hydrotalcite at a Mg/Al molar ratio  one is the induction period, in which no crystal growth occurs,
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0.5 T T T nm at 110°C, and 36 nm {1 nm) at 140°C after 11 h. The
0.0p22 0.0024 0.0026 0.0028 0.4o3 crystallite size of hydrotalcite samples was observed to decrease
07T Mg/AI=2T on increasing the Mg/Al molar ratio. At a Mg/Al molar ratio
of 3.5 and 70°C, the crystallite size of hydrotalcite was observed
091 to be 18 nm and increased up to 24 nm at ¥@0and 29 nm
= Mg/Al =3.5 at 140°C. These results show that the hydrothermal treatment
£ of hydrotalcite samples at higher temperature gives a larger
3 R =0.9896 crystal size in a shorter crystallization time. The effect of
‘ temperature on the rate of crystal growth could be exprésged
15t byeq 1
17 R=0 9988 % = C[1 — expRT)] (1)
TK' _
Figure 4. Arrhenius plot. whereC = constantL = crystal size, and” = hydrothermal

treatment temperature.
According to eq 1, higher temperature results in larger crystal

and the other is transition period, in which slow crystal growth Size and the rate of crystal growth is proportional to the
is observed. The formation of the nuclei during the induction hydrothermal treatment temperature under identical synthesis
period is an energetica”y activated procé%and genera”y, a conditions. The CryStaIIite size of the hydrotaICite is also affected
small number of nuclei are responsible for the large crystallite by the total number of nuclei produced during the crystallization
size of the hydrotalcite. A shorter nucleation period favors Process and the length of the nucleation period. The crystallite-
narrow crystal-size distributiof$:32The higher rate of nucleation ~ Size distribution in a wide range is also observed at different
as compared to the rate of crystal growth could be responsiblehydrothermal treatment temperatures and increasing aging time.
for poor crystallinity observed at lower hydrothermal treatment The effect of the Mg/Al ratio on the crystallite size of
temperature ahO h aging timée- Therefore, a high hydrothermal ~ hydrotalcite could be explained in terms of the presence of
treatment temperature and slow addition process favors thecations. The presence of a larger number of trivalent cations
adsorption of added metal ions on the preformed crystal particles (Al**) in the layers enhances the rate of stacking of the layers.
rather than the formation of the new nudiei. Kinetics of Crystallization. The Avrami—-Erofeev modéep-36

The effect of the Mg/Al molar ratio on the crystallinity of ~ Provides a correlation between crystalline volume fractih (
hydrotalcite samples was studied at 140 hydrothermal ~ and crystallization timet] (eq 2) and was applied for fitting
treatment temperature and 11 h aging time (Figure 1b) The the observed CryStaIIization data. The Avrarirofeev model
peaks in P-XRD patterns of hydrotalcite became sharper and(nucleation-growth model) assumes that the progress of the
more intense on decreasing the Mg/Al molar ratio of hydrotal- Crystallization process follows the nucleation and growth
cite. This shows that the crystallinity of hydrotalcite samples Mechanism by considering the coalescence and ingestion of
decreased with an increase in the Mg/Al molar ratio under Other nuclei as the new phase grows. If the samples are divided
hydrothermal treatment conditions. The crystallinity of hydro- into small equal volumes, then random nucleation is assumed
talcites samples was calculated as 100% for a Mg/Al molar ratio With uniform nucleus formation in equal volumes with respect
of 2.0, 84% for a Mg/Al molar ratio of 2.5, 73% for a Mg/Al to time. This model also assumed a limited number of potential
molar ratio of 3.0, and 53% for a Mg/Al molar ratio of 3.5 at sites for nucleation. The kinetic data of the crystallization
140 °C and 11 h crystallization time. The decrease in the Process for the synthesis of hydrotalcite at Mg/Al molar
crystallinity on increasing the Mg/Al molar ratio of hydrotalcite ratios from 2.0 to 3.5 at 78140 °C temperature were fitted
samples is due to the increase in the amount of divalent cationsinto eq 2.
(Mg?"), which have ionic radii of 0.65 A that favor the
formation of brucite by replacing the smaller ionic radii trivalent oo =1— exp[— (ki) 2)
cations (AF+).33 The increase in Mg/Al molar ratio of hydro-
talcite also results in a decrease in charge density on layers du
to the decrease in Coulombic attractive force between the
negatively charged interlayer anions and positively charged
brucite-like layers. IN[—In(L — )] =nint+nink 3)

The effect of hydrothermal treatment temperatures on crys-
tallite size of hydrotalcite samples of different Mg/Al molar The values ok andn were calculated from a plot of Ir{
ratios at 11 h is shown in Figure 3. The crystallite size of In(1 — a)] vsInt (Sharp-Hancock plot), which gives a straight
hydrotalcite samples increased on the increase in hydrothermalline of slopen and intercept In k. The calculated Avramt
treatment temperature and crystallization time. For a Mg/Al Erofeev parameter&@ndn) at 70, 110, and 146C treatment
molar ratio of 2.0 and 70°C, the crystallite size of the temperatures are given in Table 1. The valu& wfas observed
hydrotalcite was observed to be 28 nm, which increased to 30to increase with an increase in the temperature. AtG@nd a

whereo. = degree of crystallinityk = rate constant, = aging
e[ime, andn = Avrami exponent.
To solve eq 2, one must take logarithms twice as follows:

Table 1. Avrami—Erofeev Equation Parameters for Kinetics of Crystallization of Hydrotalcite at Different Temperatures

T=70°C T=110°C T=140°C
Mg/Al molar ratio k, h~1 n R? k, h™1 n R2 k,h™1 n R? activation energy, kJ/ mol
2.0 0.18 0.5 0.90 0.26 0.7 0.92 0.55 0.5 0.99 16.1
25 0.25 0.7 0.99 0.36 0.6 0.99 0.50 0.6 0.98 115
3.0 0.26 0.5 0.98 0.31 0.5 0.98 0.42 0.6 0.98 10.5

35 0.20 05 0.97 0.27 05 0.98 0.40 05 0.97 116
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Figure 5. FT-IR spectra of hydrotalcite with Mg/Al molar ratios of 2:8.5 at 140°C and 11 h aging time.
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Figure 6. Thermogravimetric analysis (TGA) of hydrotalcite at a Mg/Al molar ratio of 2.0 at different temperatures and 11 h aging time.

Mg/Al molar ratio of hydrotalcite of 2.0k was found to be increases, which results in faster crystallization in a short time.
0.18 1, which increased to 0.267h at 110°C and to 0.55 The Avrami exponent contains information regarding the
h=1 at 140°C. However, no significant change was observed mechanism of the crystallization process. The observed value
in the value ofn, which was found to be in the range of 8:5 of nin the range of 0.50.7 is a clear indication of random
0.7. The increase irk values on increasing hydrothermal nuclei formation and two-dimensional nuclei growthThe
treatment temperature indicates the faster crystallization processsalue ofn in the range of 0.50.7 suggests that the overall rate
at higher temperature in a short crystallization time. The rate of crystallization does not depend on the rate of formation of
constantk) is a strong function of temperature; as temperature nucleation sites for crystal growth on the surface of crystallite.
increases, the rate of the formation of nucleation sites also However, the overall rate of crystallization depends on the rate
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Figure 7. Scanning electron microscopy (SEM) images of hydrotalcite at a Mg/Al molar ratio of 2.0 at different aging times &@l 110

of diffusion of reactive species through the solution to crystallite shoulder present around 3000 chis attributed to hydrogen
site or dissolution of starting materigfThe activation energy ~ bonding between 0 and interlayer Ce¥~ anions. The intensity
for the crystallization process was calculated from the slope of of this shoulder increases with the crystallinity of hydrotalcite,
plots of Ink vs 1/T (Arrhenius plot, Figure 4). The activation indicating stronger layefinterlayer interactions and a well-
energy was found to be 16.1, 11.5, 10.5, and 11.6 kJ/mol for ordered interlayer regio#f.The hydrogen stretching and bending
the hydrotalcite samples with Mg/Al molar ratios of 2.0, 2.5, frequencies were found to increase with an increase in the Mg/
3.0, and 3.5, respectively. The difference between the valuesAl ratio of hydrotalcite from 2.0 to 3.5. The appearance of a
of activation energy at varying Mg/Al molar ratios suggests that shoulder at 1640 cmi is characteristic bands of;8. The sharp,
only homogeneous nucleation takes place at early stages ofintense vibrational band of carbonates (antisymmetric stretching,
transition state and that the number of nuclei remains constantvs) that appears at 1370 crhcould be assigned to interlayer
thereafter. The energy required for the formation of the nuclei carbonates (chelating or bridging bidentate). However, for the
during the induction period can be calculated from the difference samples with a lower degree of crystallinity, an asymmetric or
between the values of activation energy. split vz vibrational band of carbonates was observed. The
FT-infrared (FT-IR) Spectra. The FT-IR spectra of the intensity of the band at 1370 crhalso decreased in the poor
hydrotalcite samples with Mg/Al molar ratios of 2:3.5 at crystalline samples. The bands at 950 ¢rior the deformation
140 °C and 11 h are shown in Figure 5. The FT-IR spectra of AlI—OH and at 760 cm! for the Al-OH translation were
obtained for all samples are in good agreement, with only slight also observed. The peak at about 650 &ifv,) is assigned to
variations in the peak positions as compared to the data availablethe in-plane carbonate bending. On increase in the Mg/Al molar
in the literature. The broad peak at around 3500 chis ratio of hydrotalcite, the broadening of the peak at about 650
attributed to the H-bonding stretching and bending vibrations cm~! was observed. The band at 554 ¢nis assigned to the
of the OH group in the brucite-like layer. The increase in the translation modes of hydroxyl groups, influenced by*Adations
Mg/Al molar ratio of hydrotalcite resulted in slight shifting of  (Mg/Al—OH translation}®
the OH-stretching bands (3500 cihtoward higher frequencies Thermogravimetric Analysis (TGA). Thermogravimetric
due to the major role of the MgOH stretching modé32 The (TG) curves of hydrotalcite samples with a Mg/Al molar ratio
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Figure 8. N, adsorption-desorption isotherms at 77 K for hydrotalcite at a MgfAI3.5 at 70°C and different aging times.

Table 2. BET Surface Area Sger) and Pore-Size Distribution for Hydrotalcite at a Mg/Al Molar Ratio of 3.5 at 70 °C

aging time, h surface are&ger), M2 g1 pore volume ¥p), cm? g™t pore diameter, nm
3 85 0.41 9.3
4 78 0.44 9.8
5 76 0.43 9.6
7 75 0.44 11.5

2.0at 70, 110, and 14T hydrothermal treatment temperatures hydrotalcite at higher hydrothermal treatment temperature, which
are shown in Figure 6. Three-stage weight losses were observeds related to the enhanced crystallinity and stacking of the layers.
in the TG pattern of hydrotalcite treated at 70. The weight Scanning Electron Microscopy (SEM) AnalysisThe SEM

loss (15% of initial amount) in the first stage observed at around images of hydrotalcite samples at a Mg/Al molar ratio of 2.0
220 °C was attributed to the removal of loosely bound water were recorded to observe the effect of aging time on the
molecules from the hydrotalcite pores. The second weight loss morphology of the material. The micrographs at different aging

(38%) was observed in the temperature range of-38D °C times are shown in Figure 7. From the micrographs of
by the removal of OH groups from the interlayer, which is  hydrotalcite, a well-developed layered and platelet structure of
bonded mostly with Mg~ [Mg—(OH)—Mg] and [Al—(OH)— the hydrotalcite was observed. However, a spongy type structure

Mg]. In the third-stage weight loss (44%), decarbonation of is exhibited due to overlapping of such platelets. The SEM
carbonate anion present in the interlayer space was observed inmages of the hydrotalcite showed a gradual crystallization
the temperature range of 40650°C. After removal of CG*~ during the hydrothermal treatment conditions. The crystallinity
anions from the interlayer space, the material becomes amor-of the hydrotalcite was observed to be very pobfd aging
phous metastable mixed solid oxid€s he weight loss in two time and 110°C hydrothermal treatment temperature; however,
steps was observed in TG curves of the samples treated at 11@&s aging time increases from 0 to 10 h, the crystallinity of the
and 140 °C temperatures. The samples treated at higher hydrotalcite also increased. The observations from the SEM
temperature show a lower weight loss in TGA as compared to images were in good agreement with P-XRD patterns and
the samples treated at 7Q, indicating higher stability of the  surface area measurements. These results confirmed an increase
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Figure 10. Effect of the Mg/Al molar ratio of hydrotalcite on the surface

Figure 9. Effect of hydrothermal treatment temperature and time on the area at different hydrothermal treatment temperatures and 11 h.

surface area of hydrotalcite at a Mg/Al molar ratio of 3.5.

in the crystallinity of the hydrotalcite samples at Mg/Al ratios  ©f the samples decreased sharply. A slow decrease in the surface
of 2.0-3.5 under hydrothermal treatment conditions. area of hydrotalcite was observed during®h, and after 9 h,
Surface Area MeasurementsNitrogen adsorptiordesorp- no S|gn|f|cant effect of time was observed on the surface area
tion isotherms of the hydrotalcite at a Mg/Al molar ratio of 3.5 Of hydrotalcite.
with respect to time measured at liquid nitrogen temperature  The effect of the Mg/Al molar ratio of hydrotalcite on the
(77 K) are shown in Figure 8. The shapes of all of the isotherms surface area at different hydrothermal treatment temperatures
are type IV according to the IUPAC classification and represent and 11 h aging time is shown in Figure 10. The surface area of
a mesoporous adsorbent with strong adsorbedsorbate hydrotalcite increased from 62 to 73gn! on the increase in
interaction’? Figure 8 shows that the desorption started im- the Mg/Al molar ratio from 2.0 to 3.5 at 70C and 11 h aging
mediately after completion of adsorption (H1 hysteresis). The time. Similar trends in the variation of the surface area of
hysteresis is associated with capillary condensation in the hydrotalcite samples were observed at 110 and X&0The
mesostructures. The slight changes in the hysteresis loops weréncrease in the surface area on increasing Mg/Al molar ratio is
observed due to the synthesis methodology and hydrothermalattributed to the observed decrease in the calculated crystallinity
treatment conditions related to the shape and homogeneity ofand crystallite sizes of hydrotalcite from P-XRD patterns.
the pore size. A3 h aging time, the loop closes at around 0.5 Generally, smaller crystallite sizes of hydrotalcites yield larger
relative pressureR(P,) with a small plateau at high/P,, which surface areas.
attributes to the mesoporous nature of these samples. As the The hydrothermal treatment conditions have influenced the
aging time increases, the relative pressure for the loop closingsurface area of hydrotalcite significantly, since these textural
also increases toward the higher value (Figure 8). The hysteresigproperties are directly related to the agglomeration of the
loops are almost vertical and parallel over an appreciable rangeparticles and particle siZ€.The decrease in the surface area of
of relative pressure and such shape of the loops suggestghe hydrotalcite on increasing the aging time and temperature
aggregates of platelike particles leading to slit-shaped pores ofcould be corelated to the simultaneous nucleation, which
the hydrotalcite!2 enhanced the crystallinity of material and larger crystallite size,
Average pore-size distribution and surface areas for the which is in good agreement with the observed P-XRD data.
hydrotalcite samples having a Mg/Al molar ratio of 3.5 The other reason for the lower surface area is face-to-face or
synthesized at 70C with 3—7 h aging time are given in Table  card-house type aggregation of crystallites, which is responsible
2. The pore diameter was observed to increase on increasingor the lower specific surface area of hydrotalcite at higher
time. For example, pore diameter was observed to increase fromhydrothermal treatment temperature and crystallization ffte.
9.3 to 11.5 nm on increasing the aging time from 3 to 7 h. The It is assumed that the rapid enhancement in the crystallinity
increase in pore diameter could be attributed to the difference leads to lower probability for face-to-face aggregates formation,
in the nature of aggregation of primary particles (constituent which results in the increasing specific surface area of hydro-
crystallites) during the crystallization process. As the crystal- talcite during short aging time and low hydrothermal treatment
lization time increased, the primary particles of hydrotalcite temperaturé®
grew, resulting in larger pore diameters. However, significant
changes were not observed in the pore _volume of hydr_otalcite Conclusions
samples at a Mg/Al molar ratio of 3.5 with respect to time at
70 °C. The crystallization of hydrotalcite (Mg/Al molar ratie 2.0—
Surface areaSser) of the hydrotalcite samples was observed 3.5) was significantly affected by the hydrothermal treatment
to decrease with an increase in aging time and hydrothermaltemperature (79140 °C) and time (6-11 h). The crystallite
treatment temperature (Figure 9). The surface area of thesize of hydrotalcite samples was observed to decrease on
hydrotalcite without any hydrothermal treatment was found to increasing the Mg/Al molar ratio. At a Mg/Al molar ratio of
be 87 nig~1. However, the surface area decreased from 87 to 3.5 and 70°C, the crystallite size of hydrotalcite was observed
73, 66, and 63 Ay~! at 70, 110, and 140C hydrothermal to be 18 nm, which increased up to 24 nm at 20and 29
treatment temperatures, respectively. Initially, a@Bth aging nm at 140°C. From the kinetic data, the activation energy for
time at all hydrothermal treatment temperatures, the surface areahe crystallization of hydrotalcite was found to be 16.1, 11.5,
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10.5, and 11.6 kJ/mol for the hydrotalcite samples with Mg/Al

(16) Yun, S. K.; Pinnavaia, T. J. Water content and particle texture of

molar ratios of 2.0, 2.5, 3.0, and 3.5, respectively. The surface synthetic hydrotalcite-like layered double hydroxid€sem. Mater1995

area Gget) of the hydrotalcite samples was observed to decrease

7, 348-354.
(17) Allada, R. K.; Pless, J. D.; Nenoff, T. M.; Navorotsky, A.

with an increase in aging time and hydrothermal treatment thermochemistry of hydrotalcite-like phases intercalated withCaNOs -,
temperature. Surface area values decreased from 87 to 73, 66¢I-, I, and ReQ . Chem. Mater2005 17, 2455-2459.

and 63 Mg at 70, 110, and 148C, respectively. The surface
area of hydrotalcite increased from 62 to 73gm on the
increase in the Mg/Al molar ratio from 2.0 to 3.5 at 70 and

(18) Bravo-Suarez, J. J.; Paez-Mozo, E. A.; Oyama, S. T. Microtextural
properties of layered double hydroxides: a theoretical and structural model.
Microporous Mesoporous Mate2004 67, 1-17.

(19) Othman, M. R.; Rasid, N. M.; Fernando, W. J. N. Effects of thermal

11 h aging time. The pore diameters were observed to inCreas&reatment on the micro-structures of co-precipitated anelgel synthesized

on increasing the aging time.
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