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ABSTRACT 

Thermal decomposition of basic magnesium carbonates, hydromagnesite 

4MgC0, - MEN - 4H20 and nesquehonite MgCO, - 3H20, was studied under 

high-pressure carbon dioxide, nitrogen and argon atmospheres (I 50 kg cm- 2, by 
high-pressure DTA. 

The decarbonation was strongly affected by the partial pressure of carbon 
dioxide. A new decomposition process with a new metastable intermediate was found 

at high-pressure carbon dioxide atmospheres: hydromagnesite, amorphous de- 

hydrated, amorphous lower carbonate, intermediate, MgCO,, MgO. A model was 

proposed to explain the decomposition mechanism integratedly throughout the 

various partial pressures cf carbon dioxide; the formation ofthe intermediate governed 

the decarbonation rate and the crystallization of M&O, from the amorphous lower 

carbonate at - 500°C. 

INTRODUCTION 

Thermal decomposition of basic magnesium carbonates, hydromagnesite 

4MgC0, - Mg(OH), - 4H20 and nesquehonite MgCO, - 3H20, was highly de- 

pendent on the partial pressure of carbon dioxide (Pco,)’ - ‘. Two typical decarbona- 

tion processes for thermal decomposition of hydromagnesite found in the previous 

paper’ are shown in Fig. I : 

type I (typical Pco,: 50.1 kg cm - ‘). The dehydrated amorphous phase de- 
composed via the amorphous lower carbonate phase to MgO; 

type II (typical P,,,: - 1 .O kg cm- 2)_ The dehydrated amorphous phase parti- 

ally decarbonated (stage 1) to form the lower carbonate phase, then crystallization 

of MgC03 took place with an extremely sharp exothermic phenomenon and a rapid 

* To whom correspondence should be addressed. 



Thermal decomposition processes with 
increasing temperatures at -?O°C/min 

c 0.1 
Hydro- 
mcgnesite 

Stage ? 

M90 

lT - 1.0 
Hydro- 
magnesita 

Stage 7 Stcge 2 Stage 3 

n -10 

Stage 7 Stage A’ Stage 2’ Stage 3 

Fig. 1. Tentative diagram for thermal decomposition of hydromagnesite. Only the processes are 
shown in this diagram. The temperatures are not indicated. Endo = endothermic phenomenon; 
Exo = exothermic phenomenon; 0 = amorphous phase; () = very small gas amount, * = not 
detected by DTA. 

endo. 

evolution of carbon dioxide at - 520°C (stase Z), and finally the M&OJ decomposed 
to MgO (stage 3). 

However, the presence of two different decarbonation processes and the de- 
crease of decarbonation rate at -500°C (the end of stage 1 of type II) in carbon 
dioxide atmospheres were not fuiIy expIained. The phenomenon at - 520°C associated 
with MsCO~ crystallization, a sharp exothermic peak in DTA and a rapid evolution 
of carbon dioxide should better be discussed further from a different view point. 

In the present work the decomposition study was extended to higher pressures 
of carbon dioxide using high-pressure DTA (P i- 50 kg cmm2). The pressure de- 
pendence of the DTA peak temperatures was investigated for hydromagnesite and 
nesquehonite in carbon dioxide, nitrosen and argon atmospheres. A new decarbona- 
tion process (type III) was found. A new intermediate phase which was found by 
Suzuki and Ito’ appeared durin g this process. The decomposition mechanisms at 
various partial pressures of carbon dioxide were discussed integratedly. 

The so-called self-generated atmosphere is one of the greatest obstacles for 
decomposition study. ‘When decarbonation in an inerr gas atmosphere such as 
nitrogen, helium or argon, was studied, the carbon dioxide evolved from the specimen 
remained around the specimen without mixing with the surrounding inert gas at- 
mospheres. This makes the actual partial pressure of carbon dioxide on the specimen 
much higher than that in the inert gas atmospheres supplied externally. When de- 
carbonation is studied in vacua, the actual partial pressure of carbon dioxide on the 
specimen surface might be higher than the pressure which was measured with some 
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pressure gauge located away from the specimen. It is impossible in both cases to 
measure the true partial pressure at a minute portion where the reaction occurs. The 
influence of the self-generated atmosphere can be offset or negfected in high-pressure 
carbon dioxide. This is an advantage of using high-pressure techniques for de- 
composjtion studies. 

The difference between the equilibrium decomposition temperature and the 
peak temperature in DTA is a big probfem. The peak in DTA reflects the temperature 
where the reaction rate is maximum. It is related only indirectly to the equilibrium 

decomposition temperature. The difference betsveen these temperatures decreases 
with the increasing reaction rate. The reaction rate usuaffy increases with the in- 
creasing temperature. The DTA peak temperature approaches the equilibrium de- 
composition temperature when the decomposition temperature is raised for a given 
decarbonation process by the increased partial pressure of carbon dioxide. Closer 
study of the decarbonation process is possible with high-pressure DTA. This is a 
significant advantage of the high-pressure decomposition study. High-pressure DTA 
was adopted for the thermal decomposition of basic magnesium carbonates. 

EXPERIMENTAL 

Hydrormg~~esitr. Magnesium hydroxide carbonate G. R. (Merck, West Ger- 
many) was used. The MgO :CO1 : Hz0 ratio (I .OO:O.BO: I. 12) determined by the 
compositional analysis was only slightly different from that of the pure hydro- 
magnesite 4MgC0, - Mg(OHJz - 4HZ0 (1.00:0.80 : 1 .OO). The ratio was closer to 
that of the ideal composition than that of Wako Pure Chemical Industries Ltd., 
Japan (i -00 : 0.75 :o.96) which was used in the previous work7’ ‘. X-ray powder 

Fig. 2. Electron micrograph of hydromagnesite. 



Fig. 3. Optical micrograph of ncsquehonite. 

diffraction of the present specimen showed the pattern of hydron-ragnesite” more 

clearly than the previous specimen. The electron micrograph of the specimen is shown 

in Fig. 2. The specimen was a platelet of -O_l-1.0 jtrn in Iength and -0.05 /cm in 

thickness_ Electron diffraction revealed that each particle was polycrystalline. 

Nesqzrelronite. Nesquehonite was synthesized from MgClz - 6Hz0 and Na2C03 
(special reagent grade, W&o Pure Chemical Industries Ltd., Japan) by a method 

similar to that of Doi and Katos. M&l, - 6H,O (1 M aq.) and Na,CO, (1 M aq.) 

was mixed slowly at O@C. The resultant white precipitate was filtered, washed with 

distilled water and dissolved in water saturated with carbon dioxide. After further 

filtration, the water was kept at 5 “C for 24 h and at 20 “C for 48 h. White fine crystals 

were precipitated on the walls. They were removed with a spatula, filtered, washed 

with distilled water and dried in a flow of carbon dioxide at 20°C for 48 h. The 

MgO : COz : H,O ratio (1 .OO : 1.03 : 3.14) was very close to the stoichiometric composi- 

tion of nesquehonite h4gC0, - 3H,O (I -00 : I .OO : 3.00). Optical microscopic observa- 

tion (Fig. 3) showed that the specimen consisted of needle-like single crystals of 

-5-20 jrrn in length and - l-3 /cm in diameter. Powder X-ray diffraction showed 
extremely sharp peaks of nesquehonite”_ No peak of hydromagnesite was observed. 

Construction of the high-pressure DTA equipment is shown in Fig. 4A and B. 

The apparatus was designed and made by the authors. The specimen was heated in a 
flow of high-pressure carbon dioside, nitrogen or argon atmosphere (P I 50 kg cm- ‘) 

at - 10°C min-* up to 700 ‘C. The atmosphere in the specimen chamber was changed 

by filling (- 5 kg cm- ‘) and letting out the gas three times before the experiment. 
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Fig. 4A. Construction of high-pressure DTA apparatus. 1, Nickel block in Lvhich the DTA measuring 
cell is installed as shown in Fig. 4B; 2, a sheated heater (1.5 mmo); 3, mulitc WOOI; 4, alumina pipe; 
5, high-pressure vessel (LOO mm outer diameter) made of steel; 6, screw for fixing the high-gressure 
vessel 5; 7, a U-shaped packing ring made of rubber; S, cooling water tubes; 9, valves; 10, pressure 
gauges (10 kg cni-Cand/or 100 kg ~rn-~, :_ I .5’:;,); I I, gas cylinder (CO-, NZ or Ar). B. Construction 
of measuring cell of the high-pressure DTA. I, Nickel block (25 mm outer diameter); 2, sheathed 
heater (1.5o); 3, mulite wool; 4, alumina pipe’ ,21, nickel cap: 22, DTA specimen container (5 mmo x 
2.5 mm, platinum, 115 mg); 23, specimen (hydromagnesite: 8 mg. ncsquehonite: 15 mg); 24, standard 
(alumina: 8 mg); 25, thermocouple for DTA measurement (Pt-Pt/Rh131,;), DTA recorder range: 
100 or 200 /tV: 26, thermocouple for temperature measurement (Pt-PtjRhl3”&), no cold junction 
was used, referenced to room temperature; 27, thermocouple for temperaturecontrol (Pt-Pt/Rhl39;). 

Coinpositioi~al analysis 

Carbon contents in the decomposed specimens were measured with a C- 
elementary anaIysis apparatus. The specimen (- 2-5 mg) was heated at - 850°C 

for 5 min in a helium-oxygen mixture (mising ratio 9: 1) and the amount of carbon 
dioxide was quantitatively measured by gas chromatography. 

Powder X-ray diiffr.action analysis 

The structural changes of the quenched specimens were measured by a powder 
X-ray diffractometer (Philips Co., target : Cu, filter : Ni, scanspeed : 20 = 2.O”C min- ‘)_ 

For the precise measurement of the newly found intermediate, the scan speed of 
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20 = 0.25’ min-’ was used. The angle was calibrated with NBS standard silicon 
and ground natural hydromagnesite from Soghan, Iran. This material showed sharp 
diffraction peaks and improved the precision at low angles. The powder diffraction 
diagram for the intermediate was successfully indexed with a Wang 600-14 mini- 
computer (1848 steps/247 words, Wang Laboratories. Inc., U.S.A.). The program 
of Sawada et al.’ ’ was used. Cubic, tetragonal and hexagonal systems were examined. 
Graphical hand indexins was also attempted using Frevel’s charts”-’ ’ and Battle 
indexing charts’ 6_ 

IR spectrum analysis 

The IR spectrograph was recorded at room temperature (IR-G, Japan Spectro- 
scopic Co., Japan). Approximately 0.1 mg of the specimen was mixed with -200 mg 
KBr and pressed into a pellet. Natural magnesite from Korea was used as a reference. 

Synthesis of the iiltermecliate 
Hydromagnesite powder was heated at PcO, = 0.5 kg cm-’ (mixture of 

helium and carbon dioxide) at - IO’C min- ’ to 350°C and quenched to room 
temperature. The specimen (- 40 mg) was placed in a silver tube (3 mmo x 50 mm) 
with one end open and inserted into a pressure vessel for hydrothermal synthesis 
(Nikkiso Co., Ltd., Japan)_ It was heated at - 10°C min- ’ to - 500°C at Pco, = 
6.0 kg cm-’ under nominally dry conditions. After quenching to room temperature 
by blasting air externally, the tube was removed. 

RESULTS 

Highpressure DTA 
An example of high-pressure DTA for thermal decomposition of hydro- 

magnesite in carbon dioxide (PCo, = 21 kg cm-‘) is shown in Fig. 5A. Dehydration 
(endothermic reaction). took place at - 200-300 “C. A sharp exothermic phenomenon 
(stage 2) was observed at - 485 “C. Decarbonation (stage 2, endothermic reaction) 
took place at - 630-680 “C. The DTA peak profiles were basically the same through- 
out the present experiments. Decarbonation stage 1 found in type It (endothermic 
reaction) was absent. The peak temperatures changed with the ambient pressure. 
Similar DTA results were obtained for nesquehonite. Decarbonation stage 1 (endo- 
thermic reaction) which was detected in the previous study at Pcoz 5 1 kg cm- 2 
was not found at PcOr = 0 kg cm- 2 by the present instrument. The sensitivity of the 
high-pressure DTA is probably lower than that of the previous instrument. 

Thermal decomposition of hydromagnesite at Pcor = 21 kg cm- ’ 
Thermal decomposition of hydromagnesite under a high-pressure carbon 

dioxide atmosphere was investigated in more detail; a new decomposition process 
was found, which the authors will hereafter call “type III’ (typical PCo, = 10 kg 
cm- 2). The tentative diagram for type III is shown in Fig. 1. 
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Fig. 5. Thermal decomposition of hydromagnesite at Pcoz = 21 kg cm+. Specimen weight, 8 mg; 
heating rate, 10°C min-I. A, High-pressure DTA; B, results of X-ray diffraction analysis for the 
specimens quenched from the various temperatures; C, decomposition stages; D, COz/MgO molar 
ratio for the quenched specimen. 

High-pressure DTA for thermal decomposition of hydromagnesite in carbon 
dioxide (Pcoz = 21 kg cm- ‘) is shown in Fig. 5A. The predominant phases in the 

specimens quenched from various temperatures are shown in Fig. 5B. The width of 

the band in the figure represents schematically the amount of phase in the specimen. 

The decomposition stages are shown in Fig. 5C. The COJMgO molar ratios of the 
quenched specimens are shown in Fig. 5D. 

The specimen showed an X-ray diffraction pattern of hydromagnesite up to 

- 300°C where the dehydration proceeded. An amorphous diffraction pattern was 

observed up to 400°C. Slight decarbonation was observed at 350-4OO”C (stage 1) 

by compositional analysis. The correspondin g endothermic peak was not detected 
in the present study. The extent of the decarbonation was probably below the de- 

tection limit of the high-pressure DTA. 

The increase in COJMgO molar ratios was found at 450-49O”C; maximum 

at -470°C. X-ray diffraction showed a new intermediate pattern which will be 
discussed later. The diffraction peak intensities were correlated with the COJMgO 
molar ratios. Thus a small amount of carbon dioxide was incorporated into the 
amorphous lower carbonate phase to form the intermediate at 450490°C. The 

authors will hereafter call this process “stage 1”. No exothermic peak corresponding 

to the carbonation was found, probably due to the present detection limit. 
M&O, crystallized suddenly (X-ray diffraction) with a sharp exothermic 
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phenomenon (high-pressure DTA).  Rapid evolution of carbon dioxide took  place 
simultaneously with the crystallization of MgCO3 and the sharp exothermic phenom- 
enon. It should be noted that  MgCO3 crystallized slightly after passing the maximum 
formation of the intermediate. No  change was found in DTA during the decarbona- 
tion process immediately before crystallization. The heat of this decarbonation 
phenomenon was probably srna!l and compensated by the simultaneous strong 
exothermic phenomenon.  These are called "'stage 2" ' .  Stage 2' is similar to stage 2 in 
type II. The precise mechanism of stage 2" in type III may not  be the same as stage 2 
in type 11; the decrease of the intermediate was included. 

At the higher temperature, decomposition of MgCO3 began (stage 3, 630- 
680°C). The X-ray diffraction peak intensities of MgCO3 were proportional to the 
CO2/MgO molar ratios. The X-ray diffraction pattern of MgO was found in the 
specimen when the decarbonation was almost complete. 

The effect o f  pressures on high-pressure DTA peak temperatures 
Figure 6 shows the effect of  pressure on the high-pressure DTA peak tempera- 

tures during the thermal decomposition of hydromagnesite and nesquehonite in 
various gases (carbon dioxide, nitrogen and argon). Since the dehydrat ion tempera- 
ture (--~ 200-300°C) was not affected by the pressures, it was omitted in the figure. 
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Fig. 6. The effect of pressure on high-pressure DTA peak temperatures for thermal decomposition 
of  hydromagnesite and nesquehonite in various gases (CO.,, Nz and Ar). Hydromagnesite (8 mg) in 
©, CO~.; ~ ,  Nz; ~ ,  Ar. O ,  Nesquehonite in CO2. Heating rate: 10°C min-L The peak at 200-300~C 
due to dehydration (endothermic reaction) has been omitted. 
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The decarbonation temperature was affected remarkably by the partial pressure 
of carbon dioxide. The peak temperature for stage 2’ (exothermic phenomenon) 
changed approximately linearly with Pco2. As Pco2 increased from - 1 to 50 kg cmb2, 
the peak temperature of stage 2’ decreased by - 30 “C. A small va:Iey was observed 
at Pcoa = -3 kg cm-‘. A similar change was found for nesquehonite. At Pco, I I 

kg cm-‘, the decarbonation peak temperature in stage 2’ for hydromagnesite was 
-20°C lower than that of the previous study’. 8. This should be attributed to the 
difference in the specimens and the instruments. The decarbonation temperature of 
stage 2’ (504°C) was not affected by the pressure of nitrogen and argon when the 
pressure exceeded 10 kg cm- ‘_ A minute deviation from this behavior was observed 
at PNL or PAr I 5 kg cmW2. 

The peak temperature of stage 3 (endothermic reaction) increased with Pco, 
in both hydromagnesite and nesquehonite; the peak temperature changed markedly 
at Pcoz I -1 kgcm -’ but saturated gradually at higher Pco,_ A slight difference 
(- IO-20°C) was found, however, between the peak temperatures in hydromagnesite 
and nesquehonite for stage 3 in carbon dioxide atmospheres. 

In stage 3 under high pressures of nitrogen and argon, the peak temperature 
in hydromagnesite increased markedly with pressure at I 10 kg cmm2 and gradually 
saturated, as with that found in carbon dioxide atmospheres. However, the peak 
temperatures (- 52@-550°C) in high-pressure nitrogen and argon atmospheres were 
much lower than in carbon dioxide atmospheres (- 600-700 “C). 

High-pressure DTA peak half-widths for decarbonation stage 3 of nesquehonite 
at various carbon dioxide pressures are shown in Fig. 7. The half-widths decreased with 
mcreasmg Pco,_ This results suggest that the decomposition rate increased at high 
P coz_ This behavior can be understood by the increased reaction rate at high tempera- 
ture; the increased Pcoz raised the decomposition temperature. The half-widths for 
decarbonation of hydromagnesite were approximately constant with Pcoz. The peak 

cl 10 20 30 40 ! 
Pcoz (Kg/cm*) 

Fig. 7. High-pressure DTA peak half-widths for decarbonation stage 3 of nesquehonite at various 
carbon dioxide pressures. Specimen weight, 1.5 mg; heating rate, 10°C min-l. 
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Fig. 8. Powder X-ray diffraction pattern of the intermediate. 

TABLE 1 

POWDER X-RAY DIFFRACTION DATA OF THE INTERMEDIATE 

Obserreci peaks Possible s_wternJla~tice 
constants IA) ami imiices 

No. d (4 IlkI Cubic 
a = 8.5193 -& 0.0049 

Hesagorla! 
a = 6.9527 -2 0.0005 
c = 4.1580 + 0.0005 

1 6.0268 
2 4.2538 
3 3.4788 
4 3.0127 
5 2.6957 
6 2.4613 
7 2.2775 
8 2.1313 
9 2.0091 

10 1.9063 
11 1.8170 
12 I.7396 
13 1.6708 
34 1.5554 
15 1 so54 
16 1.4604 
17 1.419: 
18 1.3814 
19 1.3137 
20 1.2839 
21 1.2042 
22 0.9897 

100 

d;: 
7 
7 
2 

26 
35 
16 

8 
8 
3 
6 
4 
6 
7 
6 
4 
3 
3 
2 
3 

110 100 
200 001 
211 101 110 

220 200 
310 111 
222 201 
321 210 
400 002 
411 330 102 211 300 
420 (No indices) 
332 112 301 
422 202 220 
510 431 310 
521 212 311 
440 400 
530 433 302 
600 442 003 401 
611 532 103 320 
541 113 312 321 410 
622 203 
710 550 543 213 500 
831 750 743 323 430 

heights and widths of the exothermic peaks were approximately constant for both 
compounds. 

The new intermediate phase found in high-pressure carbon dioxide atmospheres 

was examined in detail. 
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Fig. 9. IR spectra for the intermediate, etc. A, Hydromagnesite; B, the amorphous phase (“lolver 
carbonate”); C, the intermediate; D, natural MgCOa from Korea. 

Powder X-ray difSl.action. The powder X-ray diffraction pattern of the inter- 

mediate is shown in Fig. 8. The diffraction was sharp and strong. The analysis of 
diffraction peaks are presented in Table 1. A peak (d = 2.7570 A, v/I0 = 4) was 
excluded from Table 1 since it was identified as the strongest MgCO, diffraction (104) 
which was supposed to co-exist. The peaks (Nos. I-19) were the same as those found 
by Suzuki and Ito when they heated natural nesquehonite in air. The powder 
diffraction data were successfully indexed as shown in Table I; all 22 peaks were 
indexed by the cubic system and/or all peaks except No. 10 were indexed by the 
hexagonal system. 

IR spec~rrnn. The IR spectrum of the intermediate is shown in Fig. 9C. IR 
spectra of hydromagnesite, the amorphous phase which the authors cahed “lower 
carbonate” in the previous paper’ and natural MgC03 from Korea are shown in 
Fig. 9A, B and D, respectively, for reference. 

The absorption bands Nos. 2 (833 cm -I), 3 (843 cm-‘) and 4(882 cm-‘) were 
all assigned to CO:- bendin, D vibrations”-’ 9_ The sharp and strong absorption 
band No. 2 was assigned to the intermediate. The sharp and strong absorption band 
No. 3 was obviously assigned to the intermediate though it was close to the ab- 
sorption band of the lower carbonate (850 cm-‘). The broad absorption band No. 5 
(1040 cm-‘) was assigned to the intermediate; its vibration mode was not charac- 
terized. The broad absorption band No. 6 (I 125 cm-‘) was close to CO;- v1 sym- 
metric stretching vibration2’. The strong absorption range No. 7 (1400-1700 cm-‘) 
was due to CO;- iv3 asymmetric stretching vibration’7-20. The weak absorption 
band No. 8 (- 1580 cm-‘) was assigned to the intermediate. 

The absorption bands at 3000-3500 cm-’ due to Hz0 or OH vibration were 
very weak and broad, suggesting that the intermediate contains neither H,O nor OH 
in the structure but only absorbed water. 
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TABLE 2 

ANALYTICAL RESULTS FOR THE QUENCHED SPECIMESS WHICH SHOWED POLMER X-RAY DIFFRACTION OF 

THE INTERMEDIATE 

Specimen Molar ratios Specimen preparation (.~yi~r/~eses)a 

co~/Mgo co2/iwgo Apparatd PCO, Qrterlchirlg temperatm-es 
(kg cn1-2) (‘Cl 

A 0.69 0.26 1 6 500 
0.72 0.25 

B 0.82 0.17 2 6 514 
0.84 0.20 486 

C 0.81 0.13 2 20 465 
0.79 0.08 480 
0.75 0.10 487 

D 0.83 0.20 2 35 452 
0.81 0.13 462 
0.74 0.11 471 
0.80 0.10 489 
0.78 0.10 485 

a Heated in high-pressure carbon dioxide at 10-C min-1 and quenched to room temperature. 
II 1 = Nikkiso hydrothermal tube; cooled at the high pressure. 2 = High pressure DTA; cooled 

after evacuation of the high pressure gas. 

Basic magnesium carbonate, hydromagnesite, nesquehonite and artinite 
MgCO, . Mg(OH), - 3H,O were not found. They have strong and sharp absorption 
bands due to Hz0 or OH vibration. The absorption bands due to CO;- vibrations 
were not consistent. 

The intermediate specimen contained a small amount of MgCO,. It is probable 
that some MgCO, absorption bands are superimposed on the absorption bands of the 
intermediate. The absorption bands Nos. 1 (742 cm- ‘), 4 (882 cm-‘) and 7 (1400- 
1600 cm-‘) were assigned to MgC03 spectrum. The absorption band No. 1 was 
assigned to vq planar bending vibration of CO:-_ The absorption band No. 4 was 
assigned to v2 out-of-plane bending vibration (880 cm- ‘). The absorption band 
No. 7 was assigned to the CO:- v3 asymmetric stretching vibration_ 

Careful attention should also be paid to some other compounds co-existing 
in the intermediate except MgC03 and the lower carbonate. 

Composition. Table 2 shows the results of compositional analysis on the 
quenched specimens which showed the intermediate phase in the powder X-ray 
diffraction. The composition determination was only partially successful. The results 
varied in different runs. 
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temtxrature PC) 

Fig. 10. The equilibrium relation between MgCOz e MgO +- CO2 and log Pco, vs. the reciprocal 
of the absolute temperature of the high-pressure DTA peak of stage 3 for hydromagnesite and 
nesquehonite. A, The equilibrium relation between MgC03 S MgO f CO? calculated with the 
reported thermodynamic data”‘; B, high-pressure DTA peak of stage 3 for hydromagnesite; B’, high 
pressure DTA peak of stage 3 for nesquehonite; C, high pressure DTA peak of the stage 2’ for 
hydromagnesite; C’, high pressure DTA peak of the stage 2’ for hydromagnesite. 

DISCUSSION 

The equilibrium Pco, for the reaction21 

MgCO, e MgO + CO2 

is shown in Fig. IOA. Log Pco, was plotted against the reciprocal absolute peak 
temperatures of high-pressure DTA for hydromagnesite and nesquehonite in Fig. 
IOB, B’, C and C’. The dehydration peaks were excluded. These peaks appeared in the 
region where MgO is more thermodynamically stable than MgCO,. Both the inter- 
mediate and MgC03 are essentially metastable in this region. 

The predominant effects of Pco2 and COI/MgO molar ratio in the specimen 
on the decomposition process were described in the previous paper” and confirmed 
in the present study. 

The intermediate had higher COJMgO molar ration than that of the lower 
carbonate (Fi g. 5D). The formation of the intermediate was favored at high PcoL. 
The intermediate was apparently stable within a limited temperature range, 450-470 “C 

at PC02 = 21 kgcm -2. It probably has a cubic or hexagonal structure. The CO,/MgO 
molar ratio of the amorphous lower carbonate was also expected to increase with 
increasmg Pco2. In the previous study, the sharp exothermic peak in DTA was 
explained by the heat of crystallization. This study shows two phases before the 
CrystaIlization process, amorphous lower carbonate and intermediate. Definite 
assignment of the phase from which MgCO, crystallized is not attempted. However, 
the amorphous lower carbonate is probably responsible for the exothermic phenome- 
non. The heat of crystallization from the amorphous phase is, as expected, higher 
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than that of the phase transition within crystalline phases. After the intermediate 
decreased slightly (sta_ne 2’), the amorphous lower carbonate suddenly crystallized 
to MgC03 with a sharp exothermic phenomenon. The heat of crystallization raised 
the actual specimen temperature and accelerated the decomposition rate of the inter- 
mediate. The evolution of carbon dioxide in type III was different to that in type II. 
The decomposition of MgCO, was not included in type III. Crystallized M.&O, 
did not decompose in type ITI until 60%700°C under high PcoZ conditions_ 

The decarbonation rate decreased with increasing temperature in type II stage 1 
as reported in the previous paper’* *. This result can be understood by assuming the 
competition between the reactions of the intermediate formation and the lower 
carbonate formation. Provided the intermediate was rather stable compared to the 
lower carbonate, the overall decarbonation rate decreases if the reaction rate of the 
intermediate formation relative to the lower carbonate formation increased with 
increasing temperature. 

The peak temperature of stage 3 changed significantly at Pco, s 1 kg cm‘-’ 
and saturated at higher PcoZ as shown in Fig. 6. This tendency can be explained 
qualitatively by assumin, u the mass action law for the reaction 

MgCO, s MgO f COZ 

Approximately linear relations were observed between the reciprocal DTA peak 
temperature and the logarithm of PcoZ (Fig. IOB and B’). However, this is far from 
the quantitative understandin,. 0 The dH and dS for the decomposition processes of 
hydromagnesite and nesquehonite were calculated by least squares method; dH = 
SO.85 and 57.14 kcal mole-’ and dS = 60.13 and 66.26 cal mole-l K, respectively. 
The enthalpy and entropy for the actual decarbonation processes deviated markedly 
from the equilibrium between MgCO, and MgO (AH = 24.03 kcal mole- 1 and 
dS = 41.15 cal mole-’ K”). These large deviations show the existence of various 
factors influencing the apparent decarbonation temperature. These differences were 
expected since the thermodynamic decomposition temperature and the apparent 
decarbonation temperature in DTA were not directly related. The apparent de- 
carbonation temperature in DTA represents the temperature at which the decarbona- 
tion rate was maximum under a constant heating rate. It is a complicated variable 
affected by many factors; heating rate, heat transfer, and, most important, the rate 
of solid state reaction. With the increasing temperature, the reaction rate generally 
increases and the influence of the reaction rate on the apparent decomposition 
temperature becomes less important. At higher temperatures, the apparent decarbona- 
tion temperature is expected to approach the equilibrium decomposition temperature. 
This was found in Fig. 10; the deviation from the equilibrium decreased as the partial 
pressure of carbon dioxide (or temperature) increased. This was found in Fig. 6; 
decomposition was completed in a shorter period as the temperature increased. At 
lower temperature, the reaction rate was extremely low. This explains the absence 
of a reverse reaction, formation of MgCO, from MgO, under low PC-,. 

The peak temperature of DTA in decarbonation stage 3 under high-pressure 
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nitrogen or argon (Fig. 6) increased at P I 10 kg cm - 2 and saturated at the higher 
pressure. The behavior is similar to that found in the carbon dioxide atmosphere. 
However, the peak temperatures (520-550°C) were much lower than those in the 

carbon dioxide atmosphere (600-700°C). This can be explained by the presence of a 
self-generated atmosphere of carbon dioxide; carbon dioxide evolved from the 
specimen remained around the specimen surface. The true Pco2 around the specimen 
was considerably higher during the decomposition process_ The decarbonation temper- 
atures of stage 3 in a nitrogen or argon atmosphere was -520-550°C. This corre- 
sponded to the decarbonation in carbon dioxide atmospheres of Pco, = - 1-2 kg 
cm- 2. The actual Pcoz around the specimen was estimated to be - 1-2 kg cmv2. 
The effect of the self-generated atmosphere can be neglected at PCo, L=- 1-2 kg cm- 2_ 
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