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Effect of pH on the uptake of arsenate and vanadate and the stability of these

anions in alkaline solutions — a Raman spectroscopic study

Sara J. Palmer and Ray L. Frost *

Inorganic Materials Research Program, School of Physical and Chemical Sciences,

Queensland University of Technology, Queensland, Australia

Hydrotalcites have been synthesised using three different pH
solutions to assess the effect of pH on the uptake of arsenate and
vanadate. The ability of these hydrotalcites to remove vanadate and
arsenate from solution has been determined by ICP-OES. Raman
spectroscopy is used to monitor changes in the anionic species for
hydrotalcites synthesised at different pH values. The results show a
reduction in the concentration of arsenate and vanadate anions that
are removed in extremely alkaline solutions. Hydrotalcites
containing arsenate and vanadate are stable in solutions up to pH
10. Exposure of these hydrotalcites to higher pH values results in the
removal of large percentages of arsenate and vanadate from the

hydrotalcite interlayer.

KEYWORDS: Raman spectroscopy, hydrotalcite, vanadate, arsenate, ICP-OES

* Author to whom correspondence should be addressed (r.frost@qut.edu.au)




26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58

INTRODUCTION

Layered double hydroxides (LDH), also known as hydrotalcites or anionic clays have
received increasing attention in recent years due to their wide range of applications as
anion exchangers, adsorbents, ionic conductors, catalyst precursors and catalyst
supports.'. Hydrotalcites are naturally occurring minerals derived from a brucite
structure (Mg(OH),) in which AI’* substitutes for Mg*". This substitution creates a
positive layer charge on the hydroxyl layers, which is compensated by interlayer
anions or anionic complexes.” These anions may be any anion with a suitable negative

charge including arsenate and vanadate.

Hydrotalcites can be considered to be a large cation which is counterbalanced by
anions in the interlayer. A large variety of anions can be incorporated into the
interlayer region of LDH’s using a range of methods: (1) anion-exchange; (2) co-
precipitation; (3) rehydration of a calcined LDH, and (4) thermal activation reaction.
This investigation utilised the co-precipitation method. Hydrotalcites intercalated with
other anions such as phosphate, molybdate, vanadate have been synthesised. >~
Anion affinity in has been found to be based on the size of the anion and its associated
charge. Monovalent anions have lower affinities then divalent anions and are
therefore more likely to precipitate in anion exchange reactions. The ease of exchange
of monovalent anions is in the order OH > F > CI' > Br' > NO5’ 8 Divalent anions

such as SO4> and CO;> have higher selectivity than monovalent anions.

This investigation studies the effect synthesis pH has on the intercalation of arsenate
and vanadate anions into the hydrotalcite interlayer. Optimisation of synthesis
conditions is essential for the use of these materials as adsorbent materials. The
stability of these materials in alkaline solutions, in relation to the hydortalcite

interlayer, is also required for correct disposal and storage of these materials.
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EXPERIMENTAL

Synthesis of hydrotalcites

The hydrotalcites were synthesised by the co-precipitation method, which utilises the
slow addition of a caustic solution containing the oxy-anion (1) and a mixed metal
solution (2). The concentrations of anions used are given in Table 2.1. Solution 1
contains 2M NaOH and a combination of either: 1) Na,CO3; and NaVOs, or 2) NaVOs;,
or 3) Na,CO; and Na,HAsO4.7H,0, or 4) Na,HAsO4.7H,0 to give a combined
concentration of 0.2M, respectively. The mixed metal contained 0.75M Mg**
(MgCly'6H,0) and 0.25M Al*™ (AICl5-6H,0). ICP-OES confirmed an average Mg,Al
ratio of 2.96 :1 for the synthesised hydrotalcites.

The caustic solution (2M) was added drop wise to the mixed metal solution and was
stirred at 400 rpm to ensure dissolution. After addition of the caustic solution was
complete, the pH was adjusted to pH 8, 10 and 13 and the mixture was allowed to stir
for two hours before the solid product was removed via vacuum filtration with a
Whatman 542 filter paper. The filtrate required two more filtrations to removal all the
solid product. The precipitate was washed twice with deionised water (250 mL

washing) before being vacuum dried and placed in an oven (85°C) overnight to dry.

Inductively coupled plasma optical emission spectrometry (ICP-OES)

Samples of the initial Bayer liquor and resulting solution after the SWN process were
analysed using a Varian ICP-OES instrument. The samples were not diluted before
analysis due to the low concentrations of anionic species. Standards containing
aluminium, arsenate, vanadate, and molybdate were prepared to establish a calibration
curve. Results were obtained using an integration time of 3 with 3 replications. The
relative amounts of each atom were recorded on Varian Liberty 2000 ICP-AES at
wavelengths of 394.400, 311.837, and 188.980 nm for Al, V, and As, respectively.

The results reported are an average of three replications for each sample.
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Fourier Transform Raman spectroscopy (FT-Raman)

The FT-Raman analyses were performed on powder samples pressed in a sample-
holder suitable for the spectrometer using a Perkin Elmer System 2000 Fourier
transform spectrometer equipped with a Raman accessory comprising a Spectron
Laser Systems SL.301 Nd:YAG laser operating at a wavelength of 1064 nm. Spectral
manipulation such as baseline correction, smoothing and normalisation was
performed using the GRAMS® software package (Galactic Industries Corporation,
Salem, NH, USA).

Band component analysis was undertaken using the Jandel ‘Peakfit’ software
package, which enabled the type of fitting function to be selected and allows specific
parameters to be fixed or varied accordingly. Band fitting was undertaken using a
Lorentz- Gauss cross-product function with the minimum number of component
bands used for the fitting process. The Lorentz- Gauss ratio was maintained at values
greater than 0.7 and fitting was undertaken until reproducible results were obtained

with squared correlations of r? greater than 0.995.
RESULTS AND DISCUSSION

This investigation will focus on the removal of arsenate and vanadate in different
synthesis conditions. The following results will look at the formation of hydrotalcite
from five solutions: 1) carbonate (0.1M) and vanadate (0.1M), 2) carbonate (0.1M)
and arsenate (0.1M), 3) vanadate (0.2M), 4) arsenate (0.2M), and 5) carbonate
(0.067M), vanadate (0.067M), and arsenate (0.067M). These hydrotalcites will be
referred to as: 1) HT(CO5*,VO4>), 2) HT(CO5*,As04), 3) HT(VO,Y),

4) HT(AsO4"), and 5) HT(CO3”",As04~,VO,4™). The anion in bold or with a red box
around it for the mixed hydrotalcite is the anion that the results refer to. For example,
ICP-OES results for HT(Cng',AsO4'3,VO43') refers to the percentage of arsenate

removed from solution.
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Effect of the synthesis pH

In order to study the influence of the synthesis pH on the ability of hydrotalcite to
remove arsenate and vanadate from solution, hydrotalcites of formula
MgsAl(OH)6.(A™).xH,O were made at pH 8, 10 and 13 and were allowed to stir for
2 hours, Figure 1. Increasing the synthesis pH to 13 caused a significant reduction in
the removal of arsenate and vanadate from solution. At pH 8, essentially both anions
are completely removed from solution, whilst at pH 13 only 65-85 % of anions are
removed. A slight decrease in the amount of arsenate and vanadate removed from
solution is observed for the synthesis of hydrotalcite at pH 10. The removal
percentage of arsenate and vanadate remained greater than 85 %., except for
HT(Cng',ASO43',VO43'), which only showed a vanadate removal percentage of 80 %.
Vanadate has the lowest affinity (compared to carbonate and arsenate), and therefore
is the most vulnerable to exchange reactions involving the increasing OH
concentration. The decrease in removal percentages at pH 13 is due to excess OH
anions in solution, which compete strongly with arsenate and vanadate anions for the

hydrotalcite interlayer.

Hydrotalcites with arsenate intercalated into the structure observed a much larger
decline in percentage removal (~10 %) when synthesised at pH 10, compared to the
vanadate hydrotalcites (~3 %). At pH 8 and 10 arsenate is present in solution as the
HAsO42' anion, while the vanadate anion exists as H,VO4 ™ at pH 8 and as HVO,* at
pH 10, Figures 2 and 3. The increase in anion charge, and a decrease in anion size,
increases the vanadate anions affinity. This means the vanadate anion has an increased
affinity for the interlayer, allowing it to compete more strongly for the interlayer with
the increased hydroxide concentration. The arsenate anion on the other hand still has a
-2 charge at pH 10. Therefore, its affinity is unchanged, which makes it more

vulnerable to the increased hydroxide concentration.

Chemical stability of hydrotalcites synthesised over a 2, 24, and 48 hour period

Fifteen hydrotalcites were prepared using solution with pH 8, using five different

anion mixtures, and allowing the hydrotalcites to age for 2, 24, and 48 hours.



161 The hydrotalcites synthesised with carbonate, arsenate, and vanadate are exposed to
162 solutions at pH 10 and 14 to determine the chemical stability of the

163 intercalated/adsorbed anions. ICP analysis showed the percentage of anions that are
164  re-dissolved back into solution through anion exchange reactions, at pH 10 and 14,
165 Table 2. After the hydrotalcite has been exposed to two different alkaline solutions,
166  the percentage of anions in solution indicates the stability of the anions in the

167  interlayer region. The lower the dissolution percentage, the more stable the

168 hydrotalcite structure.

169

170 The results indicate that the chemical stability of the hydrotalcites is relatively high,
171 with the majority of anions remaining in the hydrotalcite interlayer at pH 10.

172 Hydrotalcites prepared with an aging time of 2 hours had the lowest anion stability in

173 alkaline solutions.

174
175 pH 10
176

177 The following hydrotalcites were resilient to solutions of pH 10: HT(CO5*,VO4"),

178 HT(COs*,As04”), HT(VO,”), and HT(AsO4>). The percentage of anions released

179 back into solution is insignificant. Therefore, arsenate and vanadate in the hydrotalcite
180  interlayer do not undergo exchange reactions with OH" ions at pH 10. However, the
181  mixed anion hydrotalcite aged for 2 hours HT(Cng',AsO4'3,VO43') did observe a 5.3
182 and 3.7 % release of arsenate and vanadate, respectively, back into solution. A limit to
183 the number of intercalation sites in the interlayer forces some of the anions to be

184  adsorbed to the external surface. The adsorbed arsenate and vanadate anions are more
185  susceptible to exchange reactions involving hydroxide ions. Minimal loses are

186 observed for the mixed hydrotalcite aged for 24 and 48 hours.

187

188 It is proposed that a higher percentage of arsenate and vanadate anions are adsorbed to
189 the external surface of hydrotalcites aged for 2 hours than there is after 24 and 48

190 hours. Due to immense competition between all the anions in solution, during

191  synthesis, only the anions with the highest affinity would be intercalated initially.

192 Therefore, the lower affinity anions (arsenate and vanadate) get adsorbed to the

193 external surface of the structure initially. Over longer periods of time, these low

194 affinity anions would be intercalated into the hydrotalcite interlayer as the hydroxyl
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metal layers rearrange to form more aligned and ordered structures. The alignment of
the layers is believed to increase the interlayer distance and the number of
intercalation sites, thus allowing more anions to be removed from solution. As the
intercalation of anions in the hydrotalcite interlayer is more stable, less anionic
species will be released back into solution for hydrotalcites synthesised with greater

aging times.

pH 14

Exposing the fifteen hydrotalcites to a pH 14 solution significantly increased the
percentage of arsenate and vanadate anions that are released back into solution. The
hydrotalcites aged for 2 hours, showed the lowest interlayer stability, with the release
of 40 % and greater of arsenate and vanadate. The large influx of hydroxide ions in
solution competes very strongly with arsenate and vanadate in the hydrotalcite
interlayer, forcing arsenate and vanadate out of the interlayer via exchange reactions.
Again the disordered nature of the hydrotalcites after 2 hours contributes to the high
removal of arsenate and vanadate. Hydrotalcites containing arsenate showed lower
percentage dissolution percentages when synthesised over longer periods of time. This
is attributed to the slightly higher affinity of the arsenate anion compared with
vanadate anions. The vanadate hydrotalcites synthesised over a 24 hour period also
showed a large reduction in percentage dissolution. As the aging time increased to 48
hours, less vanadate anions are released back into solution. This increase in stability is
due to: 1) the re-arrangement of anions to form more ordered structure, and 2) a

network of hydrogen bonding involving the three anions and interlayer water.

Raman spectra of hydrotalcites synthesised

Hydroxvyl stretching region (3800-2800 cm'l):

The Raman spectra of hydrotalcites synthesised at pH 8 for 2 hours in the hydroxyl
stretching region, 4000 — 2500 cm’™', are provided in Figure 4. The Raman spectra for
all the hydrotalcites synthesised, two bands are observed between 3670 and

3590 cm™. These bands are attributed to the OH stretching vibrations of the OH units
of —AIOH and -MgOH.’ Shifts in these bands for the different hydrotalcites are due to
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slightly different bonding of the hydroxyl groups in each of the hydrotalcite structures
synthesised.

Bands between 2930 and 3100 cm™ are due to strongly hydrogen-bonded water
molecules to interlayer anions such as arsenate, vanadate or carbonate.'’ Bands at
lower wavenumbers, approximately 2900 cm ™' are believed to be due to the influence
of the carbonate anion. The intermediate region of the hydroxyl stretching region,
3300 — 3200 cm'l, is attributed to water coordinated to the cation OH surface, M;OH
units (where M might be Mg or Al or a combinational permutation of these metals)."
Bands at around 3400 cm™ are believed to be due to water coordinated with other

water between the hydrotalcite layers. "

Carbonate vibrational region (1200-600 cm™)

Band positions observed for carbonate, arsenate, and vanadate anions are given in
Tables 3 and 4. Four Raman bands, attributed to the carbonate anion, are observed in
HT(CO;%)-2h-pH8 between 1200 and 600 cm™, Figure 5. These bands are observed at
1084, 1061, 1058, and 1030 cm™, and are assigned to the symmetric stretching modes
of carbonate. The presence of four bands in this region suggests that the carbonate
anion is in different environments (slightly different bonding of the COs> anion). It is
proposed that carbonate is bonded to H,O in the interlayer or other anions in the
hydrotalcite interlayer (1061 and 1058 cm™), and also bonded to the external surface
of the hydrotalcite structure (1030 cm™).'” The band at 1084 cm™ is assigned to
carbonate in calcium carbonate species that form during the synthesis process,

aragonite and calcite.

The Raman spectra of the HT(CO;”)-48h-pH8 shows three bands at 1062, 1052 and
971 e¢m™, Figure 6, compared to the HT(CO5>)-2h-pHS, which showed four bands.
Calcium carbonate does not appear to have formed, indicated by the absence of a band
at 1080 cm™'. The shift of the Raman band at 1030 to 971 cm™ suggests that the
carbonate is non hydrogen bonded or only weakly hydrogen bonded, and is possibly

acting as a space-filler in the hydrotalcite interlayer.
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The Raman spectrum for HT(VO,>)-2h-pH8 hydrotalcite, Figure 5, observed four
broad bands at 939, 907, 879 and 815 cm™', due to the A, stretching modes of

V-0."" The multiple V-O vibrational modes are believed to be due to different
bonding strengths of the V-O bond (i.e. it’s in different environments). It is proposed
that the vibrational band at 939 cm™ is due to the V-O symmetric stretching mode of
the tetrahedral vanadate anion. At pH 8, vanadate is most likely present as H,VOy'.
The symmetry of the original tetrahedral vanadate structure is slightly obscured by the
hydrogen atoms bonded to O, and thus will show a shift to lower wavenumbers. It is
proposed that the lower wavenumber band at around 815 cm™ is due to V-OH bonds,
which has a weaker bond strength compared to the other V-O bonds in the structure.
Within the hydrotalcite structure there may be numerous bands (slightly different) due
to this vibration, and this is shown by the broadness of the V-OH band at 815 cm.
The bands at 907 and 879 cm™ are believed to be due to the V-O stretching modes,
which are bonded to interlayer water, other anionic species, or to the hydroxyl surface
of the hydrotalcite. Synthesis of the same hydrotalcites but at pH 13, Figure 7, showed
a significant increase in the intensity and broadness of the band at around 870 cm™.
This indicates an increase in the number of V-O™ bonds, which correspond with the
change in vanadate specie as the pH increases to 13 (pH 8: H,VOy4 and pH 13: VO,).
The presence of a broad band at 835 cm™, (V-OH stretching mode), suggests that
there is still HVO4> anions present at pH 13.

The Raman spectrum for HT(AsO43 )-2h-pHS, Figure 5, observed four bands at 911,
876, 841 and 808 cm™, due to A, stretching modes of As-O. As mentioned previously,
for the corresponding vanadate hydrotalcite, these different vibrational modes are
attributed to different bonding strengths of the As-O bond. It is proposed that the
strongest bond of the tetrahedral arsenate anion is As=0, and is assigned to the 876
cm” band. This band is assigned to the As=O symmetric stretching mode. At pH 8,
arsenate is predominantly present as HAsO,>. It is proposed that the very broad band
at 841 cm' is attributed to the symmetric stretch of As-O", while at lower
wavenumbers, 808 cm™, is due to As-OH symmetric stretching vibrational modes.
The broadness of the band at 841 cm™ is proposed to be due to the overlapping of
multiple As-O" bands, which may be bonded in slightly different ways to other species
in the interlayer (water or cationic surface), which will result in a shift in band

position, and thus making the band appear broad. The relative areas under the bands at
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876 and 808 cm™' indicates that there are approximately the same number of As-OH
bonds present in the hydrotalcite structure as there are As=O bonds, which suggests
that the anion is in the HAsO4> form (1:1 ratio of As-OH : As=0). Increasing the pH
of solution to 13 results in AsO,> being the primary arsenate species. This is clearly
visible in Figure 7, as an extremely broad band at 830 cm™, assigned to the AsO”
vibration. The intensity of this band indicates a large number of multiple bands that
are very similar, such as the three As-O™ bonds in the AsO43 “anion. The broadness
suggests that the arsenate anions are in slightly different environments, thus slightly
shifting the individual bands to make one very broad band. The Raman spectra for the
mixed hydrotalcite, HT(Cng',AsO43 VO, )-2h-pHS, Figure 5, clearly shows the
intercalation of all three anions into the hydrotalcite structure. Bands due to carbonate
are observed at 1061 and 1055 cm™ . Bands associated with vanadate are observed at
942 and 912 cm™, while bands observed at 876 and 811 cm™ are assigned to arsenate
vibrational modes. The broad band at 859 cm™' is attributed to a combination of
arsenate and vanadate vibrational modes. The assignment of the bands is clearly
shown in the stacked Raman spectra of the individual hydrotalcites and the mixed
hydrotalcite. At pH 13 two very broad bands are observed for the mixed hydrotalcite
synthesised at pH 13, Figure 7, due to the large number of As-O and V-O" bonds.

The presence of the symmetric stretching CO;” vibrational mode centred at
1060 cm™ observed for hydrotalcite structures synthesised in the absence of
carbonate, is due to the dissolution of CO, from the atmosphere. It is proposed

carbonate is introduced into the system via the following reactions:

I COy + OHey — HCOzwq +  HiOg
22 HCOswy + OHuy —  COs'uy +  HOp

At high pH, the concentration of OH™ anions greater, thus, the dissolution of CO, is
more rapid. Therefore, the contamination of COs” is greater, as observed in the

hydrotalcite structures prepared at pH 13.

There does not appear to be an effect on the Raman spectrum in the carbonate
vibrational region over longer synthesis times. Comparison of hydrotalcites

synthesised for 2 and 48 hours at pH 8, showed no real change in the overall band

10
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positions of carbonate, vanadate, or arsenate, Figures 5 and 6. The only noticeable
change in the overall spectral profile is in the mixed hydrotalcite,
HT(CO5*,As047,VO,>)-48h-pHS, and this is due to a decrease in intensity of the
As-O' vibrational mode for the arsenate anion. This decrease in intensity is believed to
be due to a reduction in the number of As-O" symmetric vibrations, possibly due to

the arsenate anion being primarily in the HAsO4* or even H,AsOy form.

CONCLUSIONS

Hydrotalcites have been synthesised at three different pH solutions to assess the effect
pH as on the uptake of arsenate and vanadate from solution.The influence of the
synthesis pH showed a reduction in the effectiveness of the removal of arsenate and
vanadate in highly alkaline solutions. Hydrotalcites containing both arsenate and
vanadate at pH 8 obtained percentage removal abilities greater than 95 %, while
hydrotalcites synthesised at pH 13 only obtained removal abilities of 70 %. This
decrease is believed to be due to excess OH™ anions in solution, which compete
strongly with arsenate and vanadate anions for the hydrotalcite interlayer.
Hydrotalcites containing vanadate and arsenate are stable in solutions up to pH 10,
however, exposure of these hydrotalcites to highly alkaline solutions does result in the
exchange of a considerable amount of vanadate and arsenate anions for hydroxyl

anions.

Raman spectroscopy confirmed the formation of hydrotalcite species and the presence
of vanadate and arsenate anions in different environments. The results also suggest
that the type of vanadate and arsenate anions intercalated do change with different pH

solutions.
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Table 1: Concentrations of Na,CO3;, Na,HAsO,4.7H,O, NaVOs;, and Na,MoQOy

used to synthesise hydrotalcites with different oxy-anions.

Synthetic hydrotalcite

Na,COj; (concentration)

Oxy-anion (concentration)

Na,CO; -
HT(COs") 0.20 M -
Na,CO; Na,HAsO,.7H,0
HT(CO;",As047) 0.10 M 0.10 M
HT(AsO4”) - 0.20 M
Na,CO; NaVO;
HT(CO;",VO4") 0.10 M 0.10 M
HT(VOs)) - 0.20 M
Na,CO; Na,HAsO,.7H,0 | NaVO;
HT(CO5",As047,VO,) 0.067 M 0.067 M 0.067 M

14
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Table 2:

Percentage dissolution of hydrotalcites formed over varying synthesis

periods in NaOH at pH 10 and pH 14. Note the results for the mixed

anion hydrotalcite are for the anion in bold.

% dissolution % dissolution
NaOH pH 10 2h | 24h | 48h | NaOH pH 14 2h | 24h | 48h
HT(COs”,VO4”) 0.1]03 [0.5 | HT(COs",VO,) 46.8 [23.218.9
HT(VO4) 0.1[0.1 [0.4 [HT(VOs) 41.9 [ 24.7 ] 6.0
HT(COs”,AsO4”) 0.6 0.1 [0.0 | HT(COs,AsO4") 440149 |34
HT(AsO4) 030.1 [0.0 | HT(AsOs) 41242 |38
HT(COs”,As047,VO,) [ 5.3 ]0.9 [ 0.1 | HT(CO;",As04°,VO4) | 53.8 | 162 | 7.3
HT(CO5*,As04°,VO4") [ 3.7 | 1.0 | 0.5 | HT(CO;",As0,>, VO, | 46.2 | 19.6 | 14.3
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433

434

Table 3: CO5* bands.'?

Wavenumber (cm'l)

Vibrational mode

1063

symmetric strectch v; CO3™

1415 antisymmetric strectch v CO5™
879 out-of-plane bending v, CO32'
680 in-plane bending v4 C032'
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435

436

Table 4: V04 and AsO4” bands from different sources.'>
v3(F2)
Vi (A]) V2 (E) . . V4 (Fz)
antisymmetric
symmetric bend bend
! stretch .
stretch (em™) ’ (em™)
1 (em™)
(em™) (Raman (IR and
(IR and Raman
(Raman active) | active) Raman active)
active)
824 340 790 340
827 340 780 340
Vo4& | 870 328 825 480
874 345 855 345
824 305 790 340
5. | 810 342 810 398
ASO4 }
837 349 878 463
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440  Figure 1:  Percentage of anions removed from solution during the synthesis of
441 hydrotalcites at pH 8 (green), pH 10 (blue), and pH 13 (black).
442
443
444
445
446
447
448
449
450
451
452
453
454
455

18



456
457

458
459
460
461
462

463
464

465
466

467

I I I

V""u' O V-lulll O V"I'.l' O
_ / / /
O HO HO
\0_ \0_ \OH
VO, HVO,” H,VO,
pH: 14-13 pH: 12-10 pH:9 -4

Figure 2:  Molecular shape of the vanadate anion in the pH range 7-14.

(|)| O
||
Asy 0 Asay 0
_ / /
O HO
> >
AsO,> HAsO,*
pH: 14-11 pH: 10-7

Figure 3:  Molecular shape of the arsenate anion in the pH range 7-14.
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Figure 4: Raman spectra of hydrotalcites synthesised at pH 8 for 2 hours in the

hydroxyl stretching region, 4000 — 2500 cm™.

20



471

3:1-HI-CO,;, V, As - 2h - !
912 1-HT-CO;, V, As - 2h - pHS

942

1061
105
841 3:1-HI-As - Zh - pHS
876
911 808
3:1-HT-V - Zh - pHS
£ 939
W
=
W
~—
=
[l
=
[~
=
[~
=4 3:1-HT-CO; - 2h - pHS
1061— 1058
1084 1030
T T T T T 1

1200 1100 1000 900 800 700 600

Wavenumber/cm™
472

473 Figure5: Raman spectrum in the anionic stretching region, 1200-600 cm™, for
474 hydrotalcites prepared for 2 hours at pH 8.
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Figure 6:  Raman spectrum in the anionic stretching region, 1200-600 cm™, for

hydrotalcites prepared for 48 hours at pH 8.
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Figure 7:  Raman spectrum in the anionic stretching region, 1200-600 cm™, for

hydrotalcites prepared for 2 hours at pH 13.

23



