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Carbonitriding reactions of diatomaceous earth: phase evolution
and reaction mechanisms

BRANKO MATOVIC™#, ALEKSANDRA SAPONJIC and SNEZANA BOSKOVIC#

Vinca Institute for Nuclear Sciences, Materials Department, 11001 Belgrade, Serbia and
Montenegro (e-mail: mato@yvin.bg.ac.yu)

(Received 14 July, revised 11 November 2005)

Abstract: The possibility of using diatomaceous earth as Si precursor for low tem-
perature synthesis of non-oxide powders by carbothermal reduction-nitridation was
studied. It was found that carbonitriding reactions produce phases of the Si—Al-O—-N
system. Already at 1300 °C, nanosized, non-oxide powders were obtained. The
comparatively low reaction temperatures is attributred to the nano-porous nature of
the raw material. The evolution of crystalline phases proceeded via many intermedi-
ate stages. The powders were characterized by X-ray and SEM investigations. The
results showed that diatomaceous earth can be a very effective source for obtaining
non-oxide powders.
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INTRODUCTION

The carbothermal-nitridation reaction (reduction with carbon and simulta-
neous nitriding of oxygenated materials) is the most promising candidate for ob-
taining a large variety of non-oxide products with important technical uses.! This
reaction offers the possibility of an economically attractive production route from
naturally occurring materials. The formation of non-oxide powders from minerals
such as different types of clays,2 sepiolite8-9 and from aluminosilicates and bau-
xite!0—12 has been studied. Among the raw materials that may be used for the pro-
duction of non-oxides, diatomaceous earth has some advantages, such as high
specific surface area, high silica content and low price.

Diatomaceous earth in a natural occurring mineral compound from microscopic
skeletal remains of unicellular algae-like plants called diatoms. As living plants, dia-
toms weave microscopic shells from silica, however as they die, deposits are formed
and fossilized. Diatom particles have a pitted surface, the area of which is several times
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greater than any other natural compound having the same particle size. The surfaces of
diatom fructules possess fine pores with dimensions ranging from the micro to the
nanometer scale. Such a high surface area and siliceous compoosition can be used as a
Si precursor for the synthesis of different types of non-oxide powders by carbothermal
reduction-nitridation (CRN) by mixing with a reducing agent.

EXPERIMENTAL

The raw material used was a diatomaceous earth from Serbia. Carbon black with a specific surface
area BET =46 m2 g'! and 99 %, purity was used as the reducing agent. The diatomaceous earth was first
treated with a 1 mol/dm? HCI solution in order to remove iron oxide from the material. The chemical
comopositions of the as-received and chemically treated samples were determined by wet chemical
methods (Table I). Mixtures of different C/SiO, ratios were homogenized by vibro milling in the pres-
ence of distilled water. The green bodies were heated at temperatures between 1200 and 1500 °C in an
alumina reactor under a controlled nitrogen flow. The employed nitrogen gas contained /ess than 5 ppm
0, and H,0. In all experiments, a N, flow of 0.51 min™! was used. The alumina reactor was heated in a
furnace with a SiC heating element. The temperature was measured with Pt-(Pt-10 wt.% Rh) thermo-
couple (£ 5 °C). The nitrogen flow was maintained during cooling 200 °C. The reaction products were
analysed by XRD over the 26 range 10° to 90° using a diffractometer with CuKa. as the target. Micro-
graphs were obtained with a Philips scanning electron microscope (SEM).

TABLE I. Chemical composition of the as-received diatomaceous earth and the chemically treated
diatomite

Si0, AlLO; Fe,03 CaO  MgO K,0 Na,0 L.OI(1000°C)  Sample

73.68 12.28  3.29 0.72 0.44 1.01 0.12 8.26 As-received
76.58 11.34  1.72 1.22 0.44 0.9 0.11 7.13 Chem. treated
RESULTS AND DISCUSSION

According to its shape and morphology the as-received raw material belonged
to the Aulacoseira type of diatoms (Fig. 1). The diatom particles possessed a pitted
surface with fine pores of dimensions ranging from the micro to the nanometer
scale. Its XRD pattern showed that the main mineralogical component was cry-
saballite (SiO,), accompained by an amorphous phase. The chemical composition
showed that the diatomaceous earth was mainly composed of SiO, with significant
quantities of Al,O3. Other impurities, such as Na,O, K,O and Fe,O3, were also
present. However, it is known that Na,O and K,O are largely lost during the
carbothermal reduction stage. On the other hand, it would be expected that Fe,O
would be reduced to Fe or iron silicides (FeSi), but small quantities of iron has been
shown to help initialize the nitridation.!3 Thus, the phase relation during the
carbonitridation reaction of diatomaceous earth (a mixture of silica and alumina)
may be derived from the quaternary system Si—Al-O—N (Fig. 2). Thus, the overall
reaction may be represented by the equation:14

[Si,,AL,O6] +xC + (x/3)Ny = [Si,,Al,06.Nay/3] + CO (1)
A B
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Fig. 1. SEM Image of the as-re-
ceived diatomaceous earth.
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Fig. 2. The Si—~Al-O-N behavior diagram based on experimental data at 1600 °C.! LS — Oxide
nitride llquld, (O SizNzO, X - Si12A118039N8, Mullite — Al6Si2013, Splnel — A1303N

where the A and B points belong to the Si—Al-O—-N diagram. Point A is on the line
Si0,-3S10,:2A1,03—-Al,03 and point B is in the interior of the Si—Al-O-N dia-
gram, which can be a monophase or multiphase zone.

From the chemical composition of the diatomacecus earth with a constant Si/Al
ratio, the line passes through a few single phase zones as well as equilibrium regions of
two phases. Starting from the point on the axis SiO»,—3Al,03-2S10,—Al,03, the phase
equilibrium line passes by the single phase zone of O—sialons, by the part with an equi-
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librium of O-sialons and S-sialons, by the single phase region of B—sialons and, finally
the line reaches a point where there is a mixture of Si3N4 and AIN (Fig. 2).

TABLE II. Phase evolution of the crystalline phases after heat treatment at various temperaturess for 4 h.

Sample C/SiO, mole ratio Reaction temperature/°C Crystalline phases
3 1200 Si0,,mullite,Si,N,O
3 1300 Si0,,mullite,Si,N,O
3 1400 Si3Ny,S1,N,0,S10,,mullite
3 1500 Si3Ny,Si0,,mullite
4 1200 Si0,,mullite,Si,N,O
4 1300 Si0,,S813Ny,Si,N,0
4 1400 Si3Ny,Si0,,sialon
4 1500 sialon,Si3Ny,Si0,
5 1200 Si0,,mullite,Si,N,O
5 1300 Si0,,S15Ny,Si,N,0
5 1400 Si3Ny,S10,,sialon
5 1500 sialon,Si3N,4,Si0,

The evolution of the crystalline phases formed as a function of the reaction
temperature is shown in Table II. At the fow temperature (1200 °C), there were
three phases: crystalobalite (Si0,), mulite (3A1,05-2S10,) and Si,N,O (sinonite).
Crystobalite was the principal phase, however, this phase tends to decrease with in-
creasing temperature. This behavior results from the formation of mullite and
Si,N,O. Mullite is formed by recrystallization of the starting diatomeus earth
through direct reaction between SiO, and Al,Os3:

2 Si0; + 3 Al,O3 — 3A1,053°2S10, (2)
Reaction (2) explains the appearance of mullite, which increased at 1300 and 1400 °C
and then disappeared at 1500 °C. Since mullite originates from the recrystalization of
diatomaceous, it is highly reactive in the formation of nitrogenous phases.
The formation of Si;N>O is based on the reaction:
3 Si+ SiO; + 2 Ny — 2SiH)N>,O 3)

which involves a vapor phase consisting of SiO and N, and yields powderous
SipN>O. The appearance of a Si;N,O phase indicates that prior to reaction (3), the
carbothermal-reduction of SiO, occurred according the reactions (4) and (5):

SiO, + C — Si0 + CO “4)
2 Si0 — Si + Si0, (%)

The XRD pattern shows a remarkable broadening of the diffraction lines in the
regions around 33-34 and 35-37° 26, which can be associated with the f—Si3Ny
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Fig. 3. XRD Patterns after different heat treatments of a 3:1 molar mixture of carbon black and
silica.
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Fig. 4. XRD Patterns of the reaction products with different molar ratios of carbon black and sil-
ica, after heat treatment at 1500 °C.
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phase. This indicates that nucleation and crystallization of f—Si3N4 occurred at
1300 °C (Fig. 3). However, with increasing C/SiO, ratio, B—Si3Ny4 tends to disap-
pear with increasing temperature (Fig. 4). In samples with C/SiO, ratios 4 and 5,
the principal phase was '—sialon. As mention before, this coincidenced with the
dissapperance of mullite, what indicates that mullite plays a mayor role in the for-
mation of B'—sialon. This can be explained by the reduction of mullite. The Al,O3
from mullite can be reduced to AIN, which is dissolved in B—Si3Ny according to
the equation:2

0.5z Al,O3 + (2-0.225z) SizN4 — Sig ,Al,Ng_, O, + 0.25z SiO, (6)

where "z" represents the number of replaced Al an O ions. Increasing the C/SiO,
ratio means that there are more contact points between C and Al,O3, resulting in a
greater amount of reduced Al,O5. The total amount of dissolved AIN is higher and,
as a consequence, the amount of 3'-sialon is higher.
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Fig. 5. SEM Micrograph of the powders obtained after 4 h at the lower temperature — 1200 °C (a)
and at the higher temperature — 1500 °C (b), molar ratio (C/SiO,) = 4.

The morphology of the powder obtained at the low temperature showed that
these products retain the characteristic of some fragments of the original diatomite
(Fig. 5a). However, at higher temperatures, the micrographs of the powder were
completely different (Fig. 5b); these particles exhibited polygonal habitus, which
is characteristic of hexagonal sialon and silicon nitride crystals.

CONCLUSIONS

The carbonitriding of diatomaceous earth leads to the formation of phases of
the Si—Al-O-N system. The reaction products depend on the reaction temperature
and the carbon/ silicon ratio, and many intermediate compounds appeared in small
quantities. At low temperature, the reaction products are a mixture of different ox-
ides and Si,N,O, with a morphology that retained some features of the starting di-
atomite. Powders obtained at higher temperatures were a mixture of sialon and sili-
con nitride, with a well-defined crystal geometry. Increasing the carbon/silicon ra-
tio, resulted in an increased amount of sialon increase relative to silicon nitride.
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U3BO

KAPBEOTEPMAJIHO HUTPUPAILE ITUJATOMEJCKE SEMJbE: ®PA3ZHE
ITPOMEHE U PEAKIIMOHU MEXAHW3MHA

BPAHKO MATOBUR, ATEKCAHIPA ITATIOBWR 1 CHEXKAHA BOIIKOBUHR
HHH Bunua, Jlabopaitiopuja 3a maitiepujaae - 170, I1. ¢pax 522, 11001 Beozpao

Y papy cy nIpuKa3aHH pe3ylTaTH UCIUTUBAKA AUjaTOME]CKe 3eMJbe Kao IpeKypcopa 3a
CHHTE3y HEOKCHU/IHUX [IPax0oBa Ha HUCKOj TEMIEPATypu IPUMEHOM KapOOTepMaIHOT HUTPU-
pama. YTBpbeHO je a ce OBUM IOCTYHKOM Jo0ujajy ¢ase Koje oprosapajy Si—Al-O-N
suctemy. Ha 1200 °C je nobujen HaHOYECTUYHH Npax. Tako HUCKA TeMIlepaTypa CHHTE3e je
NpHUIUCaHa HAHOIOPO3UTETY CTApTHOTr Marepwujana. Pa3Boj kpucranHux (asza ce opBuja
npeko MHorux Mebydasza. IIpaxoBu cy okapakTepucanu nomohy peHAreHcke pudpakuuje
(XRD) u ckenupajyhe eaekTpoHcke Mukpockomnuje (SEM). Pesyararu cy mokasanu jja uja-
TOMejcKa 3eMJba IIpeficTaBba BeoMa [OroiaH U3BOP 32 CHHTE3Y HEOKCHAHUX IIPaxoBa.

(ITpumibeno 14. jyna, pesupupano 11. HoBem6pa 2005)

REFERENCES

. Petzow, M. Hermann, Structure and Bonding, 102 (2002) 51
. G. Leeand 1. B. Cutler, 4m. Ceram. Soc. Bull. 58 (1979) 869
. Higgins, A. Hendry, Br. Ceram. Trans. J. 85 (1986) 161
. D. Mazzoni, E. F. Aglietti, E. Pereira, Mater. Lett. 14 (1992) 37
. D. Mazzoni, E. F. Aglietti, E. Pereira, Appl. Clay. Sci. 7 (1993) 407
. Sugahara, K. Kuroda, C. Kato, J. An. Ceram. Soc. 67 (1984) C247
. Ashkin, J. Eur. Ceram. Soc. 17 (1997) 1613
. O. Kurt, T. J. Davies, J. Mat. Sci. 24 (2001) 5895
. O. Kurt, T. J. Davies, J. Mat. Sci. Lett. 24 (2001) 1067
. D. Mazzoni, E. F. Aglietti, Mater. Chem. Phys. 49 (1997) 196
. Mostaghaci, O. Fan, L. Riley, Br: Ceram. Trans. J. 85 (1986) 12
. Nan, W. Jun, Sci. Sinter. 34 (2002) 215
. H. Jack, The Effects of Iron on the Nitridation of Silicon, Special Ceramics 5, ed. P. Popper,
ritish Ceramics Research Association, Soke-on-Trent, UK, 1972, 286
. D. Mazzoni, E. F. Aglietti, Mater. Chem. Phys. 37 (1994) 344.

D>UJWL—‘E>D>D>U-<.’>>_‘“Q



