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The effects of various hydrothermal treatments
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Mg/Al hydrotalcites were synthesised by coprecipitation followed by hydrothermal
treatment. The materials were characterised by XRD, infrared and Raman spectroscopy,
electron microscopy and thermal analysis. The XRD pattern obtained was typical of a
hydrotalcite, where the interlayer anion is CO§‘, with a basal distance of ~23.5 A. All
possible CO;~ modes were observed in the infrared and Raman spectra, at 1068 cm~",
844 cm~', ~1380 cm~"', and ~680 cm~". XRD, Infrared and Raman spectroscopy
complimented each other by showing that with treatment the degree of order increased
regardless of the type of treatment. Furthermore, it was shown that aging at increased
temperature and pressure increased crystallinity and that treatment in water rather than in
the mother liquid resulted in a more crystalline material. TEM showed that crystal size
increased with aging, such that growth occurred on the edges resulting in the formation of
hexagonal plate shaped hydrotalcite crystals. Thermal analysis showed 3 major weight
losses corresponding to the loss of interparticle water, interlayer water, and
dehydroxylation of the hydroxide layers and decarbonation of the interlayer region.
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1. Introduction Mg?* ion is octahedrally surrounded by six OHbns
Clays are an important group of minerals that are heav(Fig. 1a). The hydrotalcite structure is obtained when
ily relied on by industry. They are commonly found some of the M§" ions, in the brucite layer, are replaced
in nature and can be used to produce a range of vepy trivalent cations with a similar radius (Fig. 1b) [2].
satile materials. The term “clay” encompasses twadThe higher charge of the cation imposes an overall pos-
broad groups: cationic clays that are wide spread intive charge in the brucite-type layer. These layers are
nature, such as smectites, and anionic clays which aneaintained electrically neutral by the interlayer anions
rarer in nature but relatively simple and inexpensive(Fig. 2). There is essentially no limitation on the nature
to synthesise [1]. Cationic clays consist of negativelyof the anion provided it doesn’t form a complex with
charged alumino-silicate layers with cations in the in-the cations [1]. The wide range of synthetic materials
terlayer space to balance the charge [1]. Anionic claysof this type appeases an extensive range of properties.
also known as layered double hydroxides (LDH), pos-The application, of the LDH materials depend on the
sess a structure electrically opposite to that exhibiteghature of the cation, existing in the brucite—type layers,
by cationic clays. Anionic clays further differ from others depend on the nature of the interlayer anion, and
cationic clays in their particle size, such that anionicin some cases the material is partially or totally decom-
clays are generally much larger. The most common typ@osed to yield new ones with specific properties [3].
of LDH s the hydrotalcite-type (HT) group of minerals, These applications include for example catalysts and

which have a general formula: catalyst precursors, ion exchangers and adsorbers, an-
- ion scavengers and stabilisers, etc [1, 2, 4-6]. There-
[MIE, M (OH):] ™ [A]7,]-mH-0, fore, studies of the crystal chemistry of hydrotalcite-like

compounds have mainly focussed on the influence of
where M+ and M** are the divalent and trivalent cation their composition on lattice parameters and on physical
in the octahedral positions within the hydroxide layersproperties [7].
with x normally between 0.17 and 0.33"Ais an in- Although generally anion clay particles are larger
terlayer anion with a negative charggeb is the charge than their counterparts, the cationic clays, there is
of the layer andn is the number of water molecules. still profuse interest in the ability to increase parti-
The hydrotalcite-type anionic clays have a struc-cle size. Larger crystals are better for characterisation
ture similar to that of brucite, Mg(OH) where each as they contain more interpretable information. Under
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(a) are varied. Samples were treated as a suspension in their
own mother liquid or in water, either in a hydrothermal

g g g o reactorunder autogenous water vapour pressure, orin a
water bath at 1atm. A comparison of the untreated and
\ / \ / \ / \ / treated samples was expected to show different degrees
/Mg\ /Mg\ /Mg\ /Mg\ of crystallinity and patrticle sizes.
o (o} o 0
H H H H 2. Experimental

2.1. Preparation
Hydrotalcites with a composition of Mél2(OH)e
H H H H (C0O3)-4H,O were synthesised by the coprecipitation
0 method [10-12]. Two solutions were prepared, solu-
/ \ \ tion 1 containd 2 M NaOH and 0.125 M NzCO;,
solution 2 contained 0.75 M Mg [Mg(NO3),-6H,0]
along with 0.25 M AP+ [AI(NO 3)3-9H,0]. Solution 2
\ / \ / \ was addedto solution 1, using a peristaltic pump atarate
0 of 40 ml/min, under vigorous stirring while maintaining
H H H H  pH 10. When the addition was complete, the mixture
was stirred for a further 1.5 hours, during which time
the pH was still maintained at 10. The suspension was
(COs"); . K0 then divided into 5 equal portions to undergo different
Figure 1 Two-dimensional representation of the structure of the hy- hydrothermal treatments. Two pOFtIO!’]S, Sajmple 1A a_nd
droxide layers in: (a) brucite—Mg(OHt) (b) hydrotalcite-MgAl, 1B, were not washed and remained in their mother lig-
(OH)16(CO%") - 4H,0. uid. The remaining portions, samples 2A, 2B and 2C,
were thoroughly washed in deionised water. Sample 2A
was then dried and underwent no hydrothermal treat-
ment; samples 2B and 2C were resuspended in water
o before hydrothermal treatment. Sample 1A was placed
d-spacing iy g hot water bath at 7€ for 7 days. Sample 1B
~23A and 2B were subjected to hydrothermal treatment at
Interlayer . o autogenous water vapour pressure at°Ch0and at
region (anions T 70°C for sample 2C in teflon lined stainless steel Parr
and water) o e fiee hydroxide sheet Bombs for 7 days. After aging all hydrothermal samples

were washed in deionised water and oven dried &€60
Figure 2 Schematic representation of the hydrotalcite-type anionic clayfor 1 hr.
structure.

2.2. Characterisation

laboratory conditions it is difficult, almost impossible, 2.2.1. Powder X-ray diffraction
to synthesise so called “giant crystals” [8], howeverPowder XRD (XRD) diagrams were recorded on a
crystals of considerable size have been created. Biggéthillips wide angle PW 1050/25 vertical goniometer
crystals, eg. zeolites, have been produced by slowlgquipped with a graphic diffracted beam monochro-
cooling and by applying a temperature gradient to alinator. Thed-values and intensity measurements were
low the rate of growth to be controlled [8]. improved by application of an in-house developed com-

Hydrothermal treatment generally increases crysputer aided divergence slit system enabling constant
tallinity, depending mainly on the temperature al-sampling area irradiation (20 mm long) at any angle
though pressure and time also are important paramesf incidence. The radiation applied was Cy-fom a
ters. Miyata found, by hydrothermally treating a Mg/Al long fine-focus Cu tube operating at 35 kV and 40 mA.
hydrotalcite, that the temperature of treatment had &he samples were measured in the stepscan mode from
dramatic effect on crystallite size, such that size in-2 to 7526 with steps of 0.020 and a counting time
creased up to 18C but decreased above 2@D[9]. A  of 2 seconds. Jade software package (Materials Data,
more recent study investigated the effect of varying timdnc.) was used to analyse the data, identification of the
but maintaining a constant temperature [3]. This studyexisting crystalline phases being concluded from the
found by X-ray diffraction and infrared spectroscopy comparison with pre-existing JCPDS diffraction data
that the order in the interlayer region and the crys-iles. Spectra manipulation and interpretation was per-
tallinity in the hydroxide layer increased with time. Fur- formed using TracesV4 (Diffraction Technology Pty.
thermore by using transmission electron microscopy, it.td.) and Microsoft EXCEL.
was shown that the average size of the lamellar hexag-
onal particles increased with time [3].

The aim of the present work is to obtain insight into 2.2.2. Thermal analysis
the nature of hydrotalcite-type materials when the exDifferential thermal analysis (DTA) and Thermal gravi-
perimental conditions during hydrothermal treatmentmetric analysis (TG) of the samples were recorded on
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a Setaram 2000 (1992) unit. The data were recorde
from 30°C to 500C at heating rate of 2per minute.
Data manipulation and interpretation was carried ou
using Microsoft EXCEL.

(003)

2.2.3. Fourier transform infrared and

Raman spectroscopy
Fourier-transform infrared (FTIR) spectra were rec-
orded using the KBr technique (2 wt% sample) on a
Perkin Elmer FT-IR 1000 spectrometer; 64 scans wert
taken to improve the signal to noise ratio in the range
of 400-4000 cm?, the normal resolution was 4 crh
The Raman spectra were obtained using a Renisha
1000 Raman Microscope System, which includes ¢
monochromator, a filter system and a charged-couple
device (CCD) as the detector. Raman spectra wer
excited on a Spectra-Physics model 127 He/Ne lase
(633 nm) and recorded in the range of 400-1800tm
and 2800—4000 cnt. Data manipulation, such as base-
line adjustment, smoothing and normalising as well 2A
as interpretation, was performed using the Spectracal
software package GRAMS (Galactic Industries Corpo- , . . i '
ration, NH, USA) and Microsoft EXCEL. Band compo- s 15 25 35 45 55 65
nent analysis was undertaken using the Jandel “Peakfi %29
software package which enabled the type of fitting func-

tion to be selected and allows specific parameters to bEgure 3 XRD pattern of the hydrothermally treated Mg-Al samples
: ; ; d to the untreated sample: 2A—untreated, 1A, 2C, 1B, 2B. Where
fixed or varied accordingly. compare 1A, 26, 13,

n represents the NBO3 peaks.

2.2.4. _Electron microscopy . treated sample, 2B. Furthermore, the peak becomes
Scanning electron microscopy (SEM) images of the

sh , wh he width f f
samples were taken on a JOEL JSM 35CF electron m|s arper, where the width decreases from 22 for

) e sample 2A to 0.520 in sample 2B. Thus 2B shows a
croscope at 15 kV at different magnifications. ElectronIarger crystallite size than 2A. For samples 1B, 2C and
micrographs of the samples were taken by the tran :

T : SIA the relative intensities, of the (003) reflection, are
mission electron microscopy method (TEM) at 80 kV higher than for 2A but lower than (for 2)B. These sam-
with a JEOL JEX 1200X instrument. ples are more crystalline than the untreated sample but
less than sample 2B. Meaning that generally with aging
crystallinity increases with increasing temperature and
3. Results and discussion pressure. In addition, aging from a suspension in water
3.1. Powder X-ray diffraction (XRD) appears to yield the most crystalline samples. Note, all
The XRD patterns of the synthesis materials before andamples shows signs, although in some cases minimal,
after various hydrothermal treatments are very simi-of nitrate still being present, even after the second round
lar. Identification of the crystalline components in the of thorough washing.
samples showed one major component, hydrotalcite The samples treated in the hydrothermal reactors
MgeAl2(OH)16(C0O3)-4H,0, accompanied by a trace were more crystalline than the water bath sample; this
amount of sodium nitrate, NaNQOThe nitrate is per- is due to the higher temperature and pressure reached in
sistently present even after thorough washing of thehe bomb. Pressure also has a marked effect, such that
sample (Fig. 3). The (003) reflection is observed atsample 2C compared to sample 1A shows that crys-
~7.84A, corresponding to a hydrotalcite basal spacingtallinity is increased when pressure is applied at the
of ~23.5A. The XRD patterns obtained shows good same temperature. When treated in water, instead of
agreement with the results obtained by Fernadtes,  the mother liquid, a more highly crystallised compound
Kloprogge and Frost and by Thorez [5, 10, 12, 13].  was produced. This could be either due to the high pH
The XRD patterns of all five samples undoubtedlyor to the presence of soluble anions and cations. The
demonstrate its layered structure. In the samples treatgatesence of excess soluble ions, such a%N(O)H‘
hydrothermally the (0Q reflections are more intense. and N&, could hinder either the double layered struc-
A comparison of the patterns of the five samples, 1Ature from growing or the dissolution of smaller parti-
1B, 2A, 2B and 2C shows that sample 2B is the mostles, so that the necessary ions are not available for the
crystalline as it has the most intense and sharp peakgrowth of other particles. Although the XRD patterns
followed by 1B, 2C, 1A and 2A respectively (Fig. 3). indicate that a nitrate species is present as a separate
The relative intensity of the (003) reflection increasesphase, there is a probability that some nitrate ions may
from the untreated sample, 2A, to the hydrothermallybe incorporated into the interlayer regions. With more
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nitrate species present, for instance from the mother The loss of hydroxyl groups from the hydrotalcite
liquid, the probability of this occurring is greater. Thus layers is usually completed by 48D [5, 14]. The hy-
treatment in water is preferable. drothermally treated samples all show a comparable
thermal stability. Although hydrothermal treatment in-
creases the crystallinity and crystallite size it has no
3.2. Thermal analysis recognisable effect on the thermal stability. Higher tem-
A representative TGA curve (sample 2B) is shown inperatures have been observe®00°C, by Miyata [9],
Fig. 4 together with its derivative (DTG). The weight and have been described to be the result of increased
loss of the Mg/Al hydrotalcite starts at room temper-layer charge density, which creates larger steric con-
ature and is completed around 480 Three major Straints on the interlayer species and larger hydrogen
weight losses are observed. The first step)—150C,  bonds [14]. Another reason why the final loss observed
corresponds to loss of interparticle pore water, which iy Miyate [9] occurs at higher temperature is that the
usually formed by condensation between particles [14]data has been recorded at a higher heating rate. Gen-
This accounts for 14% of the initial weight of the sam- erally, a slow heating rate corresponds to overall lower
ple. The second weight loss is almost completed byemperatures for dehydration, dehydroxylation etc, due
~235C and corresponds to the loss of water molecule$o the diminished diffusional effects [15].
from the interlayer space, accounting for 18% of the
initial weight of the sample. The third loss is com-
pleted by~430°C corresponding to 68% of the initial 3.3. Infrared spectroscopy
sample weight, and dehydroxylation of the hydrox-Several scientists have previously recorded the Mg/Al-
ide layers as well as loss of carbonate (interlayer anhydrotalcite infrared spectrum [6, 9, 10, 16, 17]. The
ions), hence the inflection around 28D However, the  spectrum obtained for sample 2A (Fig. 5) shows a good
gases evolved during thermal decomposition were noagreement with these spectra with only slight variations
analysed, making it almost impossible to determinen band positions. Table | shows the bands positions of
whether one loss corresponds the removal of carborall samples.
ate or water. Theoretically the second peak should ac- The very broad band centred around 3500 tia as-
count for~12.9%, whilst the third peak corresponds to signed to a complex of overlapping stretching modes of
aloss~55.5%. The calculations were performed basedhe hydroxyl groups present, both those in the brucite-
on four molecules of water in the structural formulaetype layer (Mg/Al-OH) and the interparticle and inter-
MgeAl 2(CO3)(OH)16:4H20. The DTA curve of the se-  layer water molecules. The broadness of this peak is
lected sample corresponds to the three major weightypically observed when hydroxyl bonds with a wide
losses observed in the TG, with three major endotherrange of strengths exist [5]. Because of the lack of
mic effects, where the maxima arourd40,~225 and
310C.
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Figure 4 Thermal analysis of Mg/Al hydrotalcite of sample 2A (a) TGA Figure 5 FT-IR spectra of samples 1A, 1B, 2A, 2B and 2C, in order of
(b) DTG. increasing crystallinity.
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TABLE | Comparison of the infrared vibration of samples 1A, 1B, 2A, 2B and 2C, and there assignments

1A 1B 2A 2B 2C Assignment
3200-3750 3000-3750 3300-3750 2800-3750 3300-3700 Hydroxyl stretching modes of free OH,
water bonded water, Mg-OH, and Al-OH.
1642 1642 1642 1642 1639 »,B deformation mode
1389 1384 1395 1387 1391 Asymmetric BfO stretch ¢3)
1372 1361 1379 1364 1366 Asymmetric §20 stretch (3)
835 836 844 843 872 Out of plane g© bend §»)
669 669 650 654 663 In plane G& bend ¢4)
553 565 553 565 551 M-O (Al-O) vibrational mode.
427 421 415 415 448 M-O (Mg-0O) vibrational mode.

details of this band, band component analysis was nc
performed, which would have normally distinguished
between the overlapping vibrational bands. However
work by Kloproggeet al. distinguished three bands at
2938, 3266 and 3471, corresponding to thes&Q0
bridging mode, H-bonded interlayer water, and the ‘M’-
OH stretching mode, respectively [11]. One has to bea
in mind that each OH in the hydrotalcite layer is linked 1383 em™!
to three cations; so OH-bonds are associated with e
ther three of the same cations, or two of the same an
one other cation. Hence the assignment ‘M’-OH. The
band at 1642 cm' is associated with the deformation
mode of the water molecules,]. Several bands be-
low 1000 cnT? are associated with the M-O vibrational
modes (Mg-O, Al-O) in the brucite-type layer (Table I)
[5]. The bands at 553 cnt and 415 cmit as well as a
number of overlapping bands between 400—1000'cm
are also associated with Mg-O and AlI-O vibrational
modes. The peak at 415 cthis assigned to Mg-O,
while Al-O is assigned to the band at the higher fre-
quency of 553 cm?, since Al has a higher mass num-
ber[17], taking into consideration that the bond lengths T
for Mg-O and Al-O are the same in the hydrotalcite. 125 1300 1350
The maijority of the other bands observed in this Wavelength/cm
spectrum are_ associated _Wlth the cgrbonate SpeCI%ﬁ]ure 6 Band component analysis of Mg/Al hydrotalcite, sample 2B,
presentinthe interlayer region. Assuming the carbonatgs the asymmetric C& stretch in the infrared spectrum.
species is present as the free ion{Dand not specif-
ically involved in any bonds, then only three bands
will be present in the infrared spectrum [17, 18]. Thetensity (Fig. 5). Hence, it was concluded that this peak
v1 (A]) carbonate (C@T ) symmetric stretching mode was in fact composed of several bands superimposed on
is infrared inactive and only,, v3 and v, vibrations one another. Band component analysis of sample 2B,
should be observed (Table I1). The results of sample 24as it has the most defined band in this region (Fig. 6),
are quite consistent with Farmers and Nakamotos’ reshows clearly the presence of three overlapping bands:
sults [17, 18]. There are noticeable differences in theone sharp band and two broader bands. Although at
v, andvy as in this region of the infrared spectrum the slightly different frequencies then for the other sam-
peaks are very broad and are overlapped by the M-Qles, these bands can be assigned, in a similar way for
vibrational modes. all samples. The broader bands are assigned to the car-
The vz antisymmetric stretching mode at1400 bonate species. The logic behind this assignment is that
cm~! is sharp at high intensity and broad at low in- carbonate in the free ion state is not bonded, or in a fixed

T T
1400 1450 1500

TABLE Il Vibrational modes of the carbonate free ion

Nakamotd”18 Sample 2A
Symmetry Mode Selection rule (cm™1) (cm™1)
Al v1-symmetric stretch R 1064 NO
A7 vz-out of plane bend IR 874 844
E vz-asymmetric stretch IR/R 1415 ~1400
E va-in plane bend IR/R 680 650

*R—Raman active, IR—Infrared active, NO—-not observed in IR.
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position, to any one particular molecule, instead its’
charge is shared between the layered sheets. Thus ci
bonate bonds with awide range of strengths would exis
and results a broad peak. The sharper band is believe
to be the result of the nitrate impurity, as crystalline
nitrate always gives very sharp and intense bands. Tt
nitrate antisymmetric stretching vibratiors, is usu-

ally observed between 1410-1370Thj18, 19]. The

nitrate v, and v4 bands at 838 cmt and 727 cmt, ﬂ 2B
respectively [19], occur very close to the carbonate vi-
brations and due to the broadness of the spectrum b
low 1000 cnt? could not be distinguished. Although 1B

sodium nitrate appeared inthe XRD as a separate phas W

because the effects of high pH conditions the incorpo

ration of nitrate ions incorporation into the hydrotalcite 2C
interlayer region along with the carbonate and watel - A
species can not be fully excluded.

The infrared spectrum can also be a useful tool tc i 1A
show the effect of hydrothermal treatment. As showr | ., N
in Table | there are only slight variations in the band
positions of the samples, which is expected since th i A
structure does not change its short-range order. How N N
ever, a comparison of the actual spectra (Fig. 5) show T T T T T

650 850 1050 1250 1450 1650

quite a significant change with an increase in inten5
sity of all bands. The bands below 1000 chbecome Wavelength/cm™

sharper. The spectra shows that hydrothermal treat- _

ment. results in an increase in intensity and decreasé:égure 7 Raman spectra of samples 1A, 1B, 2A, 2B and 2C, in order of
. ! . . .. Increasing crystallinity.

in bandwidth, regardless of the medium used. This is ger Y

characteristic of an increase in order crystallinity. The
degree of crystallinity within the treated samples differs - 14 \veak band observed at 1671 dmwhich ap-

from one to the other. eared much stronger in the infrared, is assigned to the
Sample 2A shows broader peaks than the aged sa eformation mode of water. The peak at 553 ¢fras

ples meaningt_hat itislesscrystalline. The aged samplqﬁe” as other weak broad peaks below 1000 &nare

all have more intense and sharper peaks thus are Mol aq to various M-O vibrations, similar to those
ordered than Fhe untreated sample. Th? more ordereé%served in the infrared spectrum. Table Il shows the
structure _applles to not only the h_y (_jrox@e layers, bUIexpected values of the three Raman active modes of car-
also the interlayer space, thus giving rise 10 a morg, e [17-19]. Table IIl reports the observed bands

symmetric interaction between carbonate_ions and W&t the hydrotalcites and their assignments. The band
ter molecules, as also reported by Labagbsal. [3]. t 726 cm? is the in-plane bending mode), at

A comparison of the results of the infrared spectra of; 465 onrlis the symmetric stretching modeyf and
the treated samples shows good agreement with t 1390 cm! is the antisymmetric stretching mode of

XRD results, such that 2B is the most crysta!lm_e SaMine carbonate group. As expected, based on the infrared
ple. Sample 2B shows the greatest increase in intensity;)

and the sharpest bands. Sample 1B has less intense a\mservations, there is an extra peak around 1068 cm
: ich is assigned to the nitrate symmetric stretchin
sharp peaks than 2B but more than 2C, 1A and 2A IeN 1S as39 I sy Ic S nd

; mode ¢1, A}). This peak is more resolved than in
Sample 2C and 1A shows less intense and sharp pea e infrared spectrum and a similar band has been ob-

respectively, than both 1B and 2B however more intens erved at 1068 cnt for NaNO; by Ross [19]. The
than 2A. So again, the hydrotalcite thermally treated%uitrate was assigned to the sharper and more intense

in water gives better pry_stalline material tha_n thosepeak as carbonate was expected to be somewhat broad.
treated in the mother liquid. Furthermore the mfraredThev’ and v, modes of nitrate are also present, but
spectra shows that pressure affects the intensity of the 3 ’

bands.

TABLE |1l Band assignment of the Raman active vibrational modes
of the four samples

3.4. Raman spectroscopy
The examination of the samples by Raman specl!A 1B 2A 2B 2C  Band Assignment
f[roscopy Comp“mems the infrared study [20]. The mOSt1671 1669 1670 1675 1671 Water deformation mode
|mp0rtant regl?ns of the Raman SpeCtrum are betweeg_hBS 1382 1390 1390 1388 Asymmetric carbonate stretch,
1800-200 cm? and 4000-3000 crt. The spectra of 1068 1069 1068 1071 1069 Symmetric nitrate streigh,
all samples are expected to show the same peaks ex961 1055 1062 1063 1064 Symmetric carbonate streich,
cept the treated samples are much sharper and intensgg égg ;gg ;gg ;g‘l‘ :\;Fgaf?s b?”d of carbonae,

. H -0 viprations
(Fig. 7). For sample 2A the assignment of the bands469 168 471 471 486 MO vibrations
observed have been worked out in more detail.
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are not separately observed because they are superi®:5. Electron microscopy
posed on the much stronges and v4 modes of the The development of electron microscopy has permit-
carbonate. ted the precise determination of the of the hydrotal-
A comparison of the five samples spectra, (Fig. 7cite particles. Furthermore, it demonstrates the range
Table 111), shows that although the band positions areof particles sizes [21]. Essentially SEM images pro-
similar the intensities are quite different. This figure vide a morphological and textural description of the
shows that the relative intensities increase from samsample of interest. Fig. 9 shows the morphology of the
ple 2A, 1A, 2C, 1B and 2B, respectively. Furthermoretwo extremes: hydrotalcite sample 2A and the highly
the sharpness of the bands also increase from sample 2#ystalline sample 2B. Although crystallinity is not nec-
to 2B in the same order, such that sample 2B has nagssarily coupled to crystal size, in most cases it is ob-
only the most intense but also the sharpest bands. Segerved to be true. Sample 2A has a smaller particle size
eral peaks in the lower frequency region becomes moreompared to sample 2B, which is in agreement with the
obvious, peaks which weren't visible in the spectrumXRD, infrared and Raman observations. Furthermore,
of 2A. The results of the Raman spectra are consisterdample 2A (Fig. 9) reveals a more fibrous morphology
with the infrared and XRD results, as it shows that samwith small flakes commonly grouped together in ir-
ple 2B is the most crystalline, followed by 1B, 2C, 1A regular aggregates, whereas sample 2B (Fig. 9) shows
and 2A. a more layered structure. Actual particle sizes can be
The hydroxyl-stretching region of the spectra, in thebetter determined from TEM images.
region of 3000—-4000 crt, shows a broad hydroxyl ~ TEM images of the samples 1A, 1B, 2A, 2B and 2C
band, in which a number of overlapping peaks can b&how an increase in both crystallinity and crystallite
distinguished. Band component analysis of sample 24ize upon aging. (Fig. 10). Sample 2A, the untreated
(Fig. 8) confirms that a number of bands contribute tosample, contains aggregates of very small thin platelets
the broad peak. These bands are due to the-B5D  of approximately 1nm in diameter (Fig. 10). These par-
bridging mode, H-bonded interlayer water, and the ‘M’- ticles have an irregular structure and don’t appear to
OH stretching modes, where the peak at 3687 tm be hexagonal in shape. Sample 2B, the highest crys-
is typical of an ‘Al'-OH stretch. The other bands are talline sample, has definite hexagonal plate shaped par-
assigned to the interlayer water, free water, and otheticles (Fig. 10), with a well-defined electron diffraction
hydroxyl stretches, among which included ‘Mg’-OH
at a lower frequency than the ‘Al'-OH stretch as it is
lower in molecular weight, remembering that every OH A
is connected to three cations.

3499 ¢cm! 3610 cm™

4@l QUTGEU

3388 cm’} 3687cm™

3260 cm™
~a

o

2800 3000 3200 3400 3600 3800 4000 4200

Wavenumbers/cm! Sk w2 ARE a4 .80 QUTGU

Figure 8 Band component analysis of Mg/Al hydrotalcite sample 2A,
of the Hydroxyl region, in the Raman spectra. Figure 9 SEM images of hydrotalcite samples; (a) 2A, (b) 2B.
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Figure 10 TEM images of hydrotalcite samples; (a) 2A, (b) 2B, (c) 1A, and (d) 1B.

pattern [14]. These particles are considerably largenn addition some stacking does occur upon aging as
~300 nm, than those of sample 2A and are regulaevidenced by the decrease in peak width of thd)(00

throughout the sample. This means that with aging prereflections in the XRD. The hexagonal shaped particles
dominant growth occurs on the edges resulting in rel-of this sample provided further evidence that the sam-
atively thin, hexagonal plate shaped crystals [2, 22]ple 2B is a more crystalline sample than sample 2A.
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These two extremes demonstrate the diversity of
the sample structure from highly crystalline sample to

not so crystalline sample. Sample 1B looks very sim-References

ilar to sample 2B with the hexagonal shaped crystals, 1.
250-300 nm, with well-developed diffraction patterns. 2-
The actual crystals are smaller than the sample 2B.>
Sample 2C shows very fine and feathery like particles. 4,
These particles are very small and crystals are not wells.
defined. Further more no hexagonal shape particles ex-
ist, however the particles are flat and stacked. The aver$-
age particle size of this sampleigl0 nm, considerably
less than 2B and 1B. Sample 1A is rather different suchg
that the crystals still show very well developed electron

diffraction patterns, indicating high crystallinity. How- 9.

nozw<es

A. VACCARI, Catal. Today1 (1998) 53.
W. T. REICHLE, Solid State lonic22(1986) 135.
F. M. LABAJOS,V. RIVESandM. A. ULIBARRI,J. Mater.
Sci.27(1992) 1546.
. T. REICHLE, Chemtech(1986) 58.

M. FERNANDEZ M. A. ULIBARRI,F. LABAJOS and
. RIVES, J. Mater. Chem8 (1998) 2507.

MIYATA , Clays and Clay Mineral23 (1975) 369.
. BELLOTTO,B. REBOURS O. CLAUSE,J. LYNCH,
. BAZIN andE. ELKAIM,J. Phys. Chenll00(1996) 8527.
M. BARRER. “Hydrothermal Chemistry of Zeolites” (Aca-
demic Press, London, 1982) ch. 4, p. 96.
S. MIYATA , Clays and Clay Miner28 (1980) 50.

ever, the hexagonal shape is absent and the crystals gf¢ J: 7- KLOPROGGEandR. L. FROST, Phys. Chem. Chem.

very thin and flaky. Confirming that sample 1A is the |
least crystalline sample of the treated samples, with a
smaller particle size o620 nm. 12

13.

4. Conclusion

XRD, infrared and Raman spectroscopy, electron mi-4
croscopy and thermal analysis are powerful meth-
ods employed in the characterisation of hydrotalcites15.
The effect of hydrothermal treatment on hydrotalcites
showed a definite increase in crystallinity in all sam-"
ples, where the degree of crystallinity depended on the,
media of treatment. It was observed that the samples
treated in thermal bombs at autogenous pressure arid.
at 150C, exhibited the largest increase in crystallinity
and crystal size, due to the higher temperature reached’”
in combination with the increased pressure. A compari-g
son of the sample treated with temperature as compared
to one treated with temperature and pressure showed &
increase in crystallinity and particle size. In addition,
hydrotalcite aged in water obtained a higher degree of>
crystallinity than those aged in the mother liquid. The
high pH and the presence of soluble ions may hinder the

Phys.1(1999) 1641.

1.J. T. KLOPROGGER. L. FROSTandL. HICKEY, Clays

Clay Miner. accepted with revisions (1999).

.J. T. KLOPROGGEandR. L. FROST,J. Solid State Chem

accepted with revisions (1999).

J. THOREZ, “Practical Identification of Clay Minerals: a Hand-
book for Teachers and Students in Clay Mineralogy” (Belgium State
University Press, Dison: Lelotte, 1976).

.S. K. YUN andT. J. PINNAVAIA , Chem. Mater7 (1995)

348.
J. T. KLOPROGGEJ. B. H. JANSENandJ. W. GEUS,
Clays Clay Miner38(1990) 409.

6. J. A. GADSDEN, “Infrared Spectra of Minerals and Related In-

organic Compounds” (Butterworths, England, 1975) p. 75.

. V. FARMER, “The Infrared Spectra of Minerals” (Mineralogical

Society, England, 1974).
K. NAKAMOTO, “Infrared and Raman Spectra of Inorganic and
Coordination Compounds” (John Wiley & Sons, USA, 1997) p. 84.

9. S. D. ROSS “Inorganic Infrared and Raman Spectra” (McGraw-

Hill Book Company, London, 1972) p. 140.

. Bernhard Schrader, “Infrared and Raman Spectroscopy: Methods

and Applications” (Weinheim, New York, VCH, 1995).

R. E. GRIM, “Clay Mineralogy,” 2nd ed. (McGraw-Hill, USA,
1968).

W. T. REICHLE,S. Y. KANG andD. S. EVERHARDT,
J. Catal.101(1986) 352.

dissolution of small particles and subsequent growth oReceived 19 July 1999

larger particles.

and accepted 8 February 2000

4355



