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Abstract: The mechanism of decomposition of magnesium inosilicate (MgSiO3) during the alkali fusion process using
NaOH was investigated by Raman spectroscopy in situ and X-ray diffraction analyses. The results show that the
tetrahedral silica chains within MgSiO; are gradually disrupted, and nesosilicate with the isolated SiO, tetrahedra
becomes reorganized at the beginning of the alkali fusion process. In the decomposition of MgSiO;, the two
intermediates are Mg,SiO4and Na,MgSiO,, while the final products are Mg(OH), and Na,SiO,. It can be concluded

that this decomposition did not initiate from the cation exchange reaction in the process.
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1. Introduction

Garnierite (Ni, Mg)SiO; .nH,O is an important constituent in nickel laterite deposits for bearing significant amounts of
nickel. In general, silicate rich garnierite ores are amenable to pyrometallurgical processes to produce carbon
ferro-nickel alloys, while nickel bound within genthite, clay and saprolite ores is processed by hydrometallurgical routes,
such as atmospheric acid-leaching and high pressure acid-leaching methods. In recent years, owing to the lack of high
grade nickel sources[1-5] several investigations have focused on the utilization of nickel silicate, primarily serpentine,
although this contains less than 2wt% nickel. However, owing to the higher chemical and thermal stability of the
silicate compared with the other nickel-bearing ores, more aggressive reaction conditions are required for the
decomposition of garnierite. This in turn leads to a potentially higher energy consumption and a negative environmental
impact. There have been some reports on the joint process of alkali-roasting activation and acid-leaching for extraction
of the valuable components from silicate-bearing laterites in the environmentally sound manners [6-8]. The
alkali-fusion process is an important operation, during which the strong bonds between the metal and silica components
within the compound can be disrupted, then the metal atoms are released from the SiO, tetrahedral network. Therefore,
it can lead to a high yield of nickel from the activated clinker by the subsequent acid-leaching process under moderate
conditions.However, there are currently few reports on the mechanism of alkali activation for the silicate in detail,
especially for the pathway of the reactions, although the starting materials and final products are usually known for the
related chemical reactions. It is often difficult, if not impossible, to gather materials which represent reaction
intermediates.

The Raman scattering measurement can be used as a fast, non-destructive and reliable method of the characterization of
materials, and Raman spectroscopy has been applied extensively to monitor the chemical reactions. Investigation into

changes in Raman mode frequencies with the elevated temperatures or pressures can provide the information on the
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chemical bonding characters and the crystal structures in the reaction mixture [9-12]. In this study, Raman spectra
obtained in situ during the alkali fusion process were used to identify the presence of the intermediates of the reactions,
and reveal the reaction pathway to the alkali fusion. Here, we used the synthetic magnesium metasilicate (MgSiOs)
instead of the natural garnierite, and examined binding changes and transient phase transformations occurring in the
alkali-fusion by Raman spectroscopy in situ and X-ray diffraction analyses. Normally, within garnierite, magnesium
metasilicate is the major composition, in which minor nickel substitutes magnesium. Their solid solutions of general
formula (Mg;_Ni,)SiO; are isomorphous. The mechanism of (Mg,Ni)SiO; decomposition during the alkali fusion
process could analogically obtained form that of MgSiOj;. The typical Raman spectra with distinct sharp peaks of the
colorless MgSiOs can be collected easily, which is another important reason why MgSiO; served as the subject of
investigation in this study instead of the natural dark green garnierite. The darkly colored samples have traditionally
been difficult to investigate using Raman spectroscopy because of their absorption of the excitation laser beam, causing
thermal emission. This thermal emission appears as a broad band which is the featureless background superimposed

over the range of the Raman spectrum, and precludes the observation of any typical vibration information.

2. Experimental methods

MgSiO; was prepared by the chemical precipitation method from analytical grade MgCl, and Na,SiO; in the aqueous
solution. The deposit was dried at 100 ‘C, and then roasted at 1200 ‘C for 4 hours. Mg,SiO4 was synthesized by the
solid reaction of MgSiO; prepared in this study and analytical grade MgO at 1200 ‘C. The prepared MgSiO; and
Mg,SiO, were confirmed by X-ray diffraction examination. The alkali fusion process of MgSiO; with the various
NaOH/ MgSiO; molar ratios was investigated in the homemade micro-furnace under different operating conditions by
Raman spectroscopy in situ. Raman spectra were collected on the Raman spectrometer (Jobin Y’von LABRAM
HR800). The pulsed exciting light (355 nm) from a Q-switch pulsed THG-Nd:YAG laster was focused by an Olympus
BH-2 microscope, and the Raman scattering light from the reactants was collected by a confocal-len system. The
spectral resolution was better than 2 cm™ and the spatial resolution about 1pm. The Raman spectrometer was equipped
with the intensive charge-coupled device (ICCD) to investigate the alkali fusion process. The cooled clinker of products
of the alkali fusion process was washed by undistilled water at room temperature for several times. The undissolved
residue was centrifugally separated from the solution and dried at room temperature, then roasted at 600 C for the
subsequent XRD analysis. Phase analyses of all the samples were carried out with a D/Max-2500PC X-ray

diffractometer with Cu-Ka radiation.

3. Results and discussion

Fig. 1 shows the typical XRD patterns of the prepared MgSiO;, and protoenstatite which is one of the three basic
polymorphs [13] of MgSiOs, and stable above ~1023 °C. The result indicates the prepared MgSiOj; is predominantly
composed of protoenstatite since the MgSiO; deposit was roasted at 1200 °C in this study. The Raman spectra of the
prepared MgSiO; at varied temperatures are shown in Fig.2. Raman spectra of the prepared MgSiOj; are very much alike
one another during the temperature changes from 20 to 600 ‘C other than the minor downward shift in all the
frequency bands. In general, the inosilicates are characterized by (1) the Si-O-Si bending vibrations between 400 and

750 cm™, (2) the Si-O stretching vibrations between 800 and 1100 cm™ (Q"); and (3) metal-O bending vibrations below
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600 cm™'[14,15].
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Fig.1 (a) XRD pattern of prepared MgSiO; and (b) standard XRD pattern of protoenstatite (JCPDS No.11-273)
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Fig.2 Raman spectra of prepared MgSiO; at varied temperatures from 20 ‘C to 600 C.

The frequencies of the stretching modes are related to the degree of polymerization of the SiO, tetrahedral network: the

tetrahedra with zero (Q"), one (Q"), two (Q%), and three (Q°) bridging oxygen atoms are associated with the modes at
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850, 900, 950-1000, and 1050-1100 cm™, respectively. The frequency of Si-O-Si bending vibrations in the prepared
MgSiO; of this study is at around 680 cm™, while the frequency of Q' mode is about 945 cm™, and the frequencies of
Q% are 1017 and 1040 cm™ at ambient conditions. The typical Raman spectra of the prepared MgSiOs confirm that it has

interlocking chains of silica tetrahedra, which are branched together by magnesium octahedra.

In order to obtain the details about the alkali fusion process of MgSiO;, including the presence of the reaction
intemediates, the alkaline fusion process of the prepared MgSiO; using sodium hydroxide was carried out under
different operating conditions. The residues from the alkali fusion process followed by water washing were examined
by XRD analyses. Fig.3 shows the typical XRD patterns of the residues for the alkali fusion at 600 ‘C for 30 min with
varied weight ratios of NaOH to MgSiO; from 5:1 to 16:1. It can be deduced from the XRD patterns that the
decomposition of MgSiO; is completed after the 30-min alkali fusion at 600 ‘C when the weight ratio of NaOH to
MgSiO; is 16:1, since MgO is the only phase detected from the XRD pattern of the residue. The starting materials of
NaOH and MgSiOs; can be converted to Mg(OH), and sodium silicate as final products of the alkali-fusion process, in
which the latter is dissolved during water-washing and separated from the insoluable residue. In this case, MgO is a
derivative of Mg(OH), after the residue is roasted at 600 ‘C for XRD examination. It also has been found that the higher
weight ratio of NaOH to MgSiO; accelerates the chemical reactions of the alkali-fusion process controlled by the law of
mass action. Furthermore, Na,MgSiO, can be detected from the XRD patterns for the lower weight ratios of 12:1, 10:1
and 5:1, which is one of the reaction intermediates. When the alkali-fusion process was performed at 400°C, more
details about the reaction intermediates can be found. Fig.4 shows the XRD patterns of the residues from MgSiOj; after
the 15-min alkali-fusion process, in which MgSiO, can be recognized as another reaction intermediate besides

Na,MgSiO,.
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Fig.3 XRD patterns of the water-leaching residues from MgSiOj; after the alkali fusion process at 600 ‘C for 30 min
with the different weight ratios of NaOH to MgSiO;.
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Fig.4 XRD patterns of the water-leaching residues from MgSiO; after the alkali fusion process at 400 [] for 15 min
with the different weight ratios of NaOH to MgSiO; from 5:1 to 16:1.

In order to make references for distinguishing the reaction intermadiates by Raman spectroscopy in situ, Raman spectra
of sodium hydroxide, which is one of the starting materials for the alkali-fusion process, are shown in Fig.5. In general,
there should be no band due to the valence vibration of O-H at ~ 1080 cm™ [16] if the sample of NaOH is free of sodium
carbonate, while the typical band at approximately 1080 cm™ due to CO? exists in the Raman spectra of sodium
carbonate [17]. Fig.5 shows the intense band at 1076 cm™ in the Raman spectrum of the NaOH sample at room
temperature, and the band shifts to the lower frequency with increasing of temperature. Since all the Raman
measurements were carried out at ambient conditions in this case, and sodium hydroxide could readily absorb CO, in
the air and form sodium carbonate. The Raman spectra of the prepared Mg,SiO, are shown in Fig.6 in which the bands
at 859 and 894 cm’ are attributed to stretching mode of Q” in magnesium orthosilicate. Small shifts in these band

positions are also observed due to the temperature increase from 20 to 600 C.

The Raman spectra were collected continuously during the alkali fusion process once the reactants were heated up to
the different setting temperatures at the rate of 10 ‘C/min from the room temperature. Fig.7 displays the Raman spectra

of the reaction mixture at different temperatures. The mole ratio of NaOH to MgSiOs in the mixture is 2:1.



Fig.5 Raman spectra of the sample of anhydrous NaOH at different temperatures.
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Fig.6 Raman spectra of the prepared Mg,SiO, at different temperatures.
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Fig.7 Raman spectra of prepared MgSiO; during the alkali fusion process as a function of the elevated temperature at the

mole ratio NaOH : MgSiO; of 2:1.
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Fig.8 Raman spectra of prepared MgSiO; during alkali fusion process as a function of the elevated

temperature at mole ratio NaOH: MgSiO; of 5:1
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With increasing temperature, the intensity of the bands for Q* bending mode at 673 cm™ and stretching mode at 1016
and 1038 cm™ in MgSiO; decreases distinctly as the alkali fusion progresses. However, the band at ~963 cm™ due to Q°
stretching mode in Na,SiO; [18] can only be found at 200 ‘C, which is lower that the melt point of NaOH (318 C).
However, the band vanishes when the alkali fusion process initiates at 300 ‘C. The lifetime of Na,SiO; should be very
short if it were one of the intermediates for the alkali fusion process. The bands at ~850 and 890 cm™ appear distinctly
when the temperature rises from 300 to 600 ‘C in Fig.7. These bands are attributed to a non-bridging Si-O stretching
mode in Mg,SiO, [19] as also shown in Fig.6. Consequently, it can be deduced that Mg,SiO, is one of the reaction
intermediates, which is in good agreement with the results of the XRD analyses above. The band at around 805 cm™
should be attributed to Si-O stretching mode in sodium orthosilicate (Na4SiO4) [20] which is a final product of the alkali
fusion process. Since the magnesium atom is heavier than sodium, the vibration of Si-O stretching should appear at
lower frequencies when Na acts as a network modifier instead of Mg [21]. It can be found that the chains of silica
tetrahedra are disrupted gradually during the alkali fusion process, which leads to a diminishing of number of Q* and an
increasing of Q° number. The variations observed on Raman spectra as the temperature rises to 300 “C, which is near to
the melt point of NaOH, are related with reorganization of the tetrahedral network. However, the bands at around 850
and 890 cm™ are incorporated into a wider, less defined peak, not like the sharply separated two peaks for the pure
Mg,SiO,. Probably, the bands for stretching mode of QO in Na,MgSiO, overlap with those of Mg,SiO, since
Na,MgSiO, is the other one of reaction intermediates found in the former XRD analyses. The reaction intermediates of
Mg,SiO, and Na,MgSiO, of the alkali fusion process could indicate that main role of NaOH during the alkali fusion
process is to supply oxygen ions, then disrupt the chains of Si-O tetrahedral, and finally reconstruct the nesosilicate.
Fig.8 shows Raman spectra of the reaction mixture (the mole ratio of NaOH to MgSiO; is 5:1) at different temperatures.
Comparing with the Raman spectra for the reaction mixture with the ratio of 2:1 at the same temperature in Fig.7, the
intensity of the bands due to Si-O-Si vibration is much weaker, and the band at 963 cm™ for Q” stretching mode in
Na,Si0; diminishes also when the temperature is higher than 300 []. Furthermore, the intensity of band due to Q° in
Na,SiO, increases more distinctly with the temperature when the ratio is bigger, even though there is discrepancy with
the spectrum at 500 [1, probably because of inhomogeneity of the reaction mixture. These results confirm the high
molar ratio of NaOH to MgSiO; in the alkali fusion process can enhance disruption rate of the chains of silica

tetrahedral, and reorganization rate of nesosilicate (NaySiO4) as well.

4. Conclusions

Combining Raman spectroscopy in situ with the XRD analyses can give the reaction pathway for the decomposition of
MgSiO; during the alkali fusion process using NaOH. The silica tetrahedral chains within magnesium inosilicate
(MgSi0s) is gradually disrupted, and nesosilicate with the isolated tetrahedral reorganized since the beginning of the
alkali fusion process. Mg,Si0, and Na,MgSiO, are the two intermediates for the decomposition while final products are

Mg(OH), and Na,SiO,. It can be deduced that this decomposition could not initiate from the cation exchange reaction.
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The two intermediates, Mg,SiO, and Na,MgSiO, reveal the reaction pathway to the alkali fusion

process of magnesium inosilicate.
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