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The reactions of hematite and wustite with C12, COC12, CO + C12 and gaseous CC14 were 
studied by thermogravimetry, X-ray diffraction and computer-assisted thermodynamic 
calculations. During the chlorination of hematite, only gaseous products were formed. The 
apparent activation energies were calculated from the isothermal TG curves. The chlorination of 

wustite involves the formation and transformation of a series of sofid chloride products. FeCl2(s), 
FeCla(s ) and FeOCl(s) were found as intermediates during chlorination with CI 2 or CI 2 + CO, 
while onlyFeClz(s) was detected in reactions with COCI: oe CC14. The chlorinations of the iron 
oxides with various agents were compared, and the differences in reactivity sequences were 
established. 

Chlorination is a useful tool for the processing of low-grade ores and can also be 
used for the removal of iron from raw materials. Because of its technical 
importance, the chlorination behaviour of hematite was investigated in some recent 
publications [1-5], but much less attention has been paid to the lower oxides of iron 
[1, 21. 

Results on the thermodynamic calculations and kinetic investigations of the 
reactions of various iron oxides with CI 2 [6], CC14 [7], COC12 and CO + C12 [8] were 
published earlier. The present work involves a comparative TG study of the 
reactions of Fe203 and FeO with various agents (C12, CO + 0 2 ,  COClz, CC14) in 
the temperature range 300-1200 K. 
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Experimental 

TG measurements were carried out in a special reactor attached to a Mettler 
semimicro recording balance, as described earlier [9]. Ferric oxide of analytical 
grade (Reanal, s o = 10 m 2 g-  1) was used. Wustite samples were prepared from iron 
oxalate by thermal decomposition in N2 (s o = 0.4 m 2 g-  1). The crystalline structure 
of the samples was checked by X-ray diffraction analysis. 

The chlorinating agents used were phosgene of 3N, chlorine of 3N and carbon 
monoxide of 3N purity, and reagent grade CC14, which was introduced from a 
bubbler. Nitrogen of 4N purity, dried in the usual manner, was used as inert diluting 
gaS. 

Results and discussion 

Thermodynamic calculations 

Some equilibrium diagrams relating to the chlorination reactions are given in the 
literature [1, 10], but further thermodynamic calculations proved useful for 
evaluation o f  the equilibrium distribution of a large number of species in the 
systems studied. The equilibrium compositions of the gas and solid phases were 
determined with a computer-assisted free enthalpy minimization program in a wide 
temperature range at l0 s Pa total pressure. The results on the FeO+ COC12 system 
are shown in Figs 1 and 2. The equilibrium compositions of the solid and gaseous 
products are strongly dependent on the ratio of FeO to COC12. When iron oxide is 
in excess (Fig. 1, molar ratio 5 : 1), CO2 is the main gaseous product, while in the 
solid phase Fe30, ,  FeC12 and C are found. At a 1 : 2 molar ratio (Fig. 2), FeCl3(s) 
appears in the solid phase below 600 K, while Fe2Cl6(g) is the predominant 
chloride product at higher temperatures. Above 1100 K, FeCl2(g) is the most stable 
chloride product. Figure 3 illustrates the equilibrium composition in the FeO + C12 
system at a 2 : 3 molar ratio. In this system FeOC1 appears in the solid phase below 
600 K, and decomposes with the formation of hematite and Fe2Clt(g). 

Chlorination of hematite 

The chlorination processes of hematite were characterized by anisothermal TG 
measurements at 10.1 kPa partial pressures of the reactive gases. The mass loss vs. 
temperature curves are shown in Fig. 4. As the products of the chlorination 
reactions are volatile, the progress of the reactions can be characterized by the 
relative mass loss of the samples, and this type of representation will be used for the 
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Fig. 1 Equilibrium compositions of the gas and solid phases for the reaction of FeO + COCI 2 (molar 
ratio: 5: 1) 
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Fig. 2 Equilibrium compositions of the gas and solid phases for the reaction of FeO+  COCI~ (molar 
ratio: 1 : 2) 
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Fig. 3 Equilibrium compositions of  the gas and solid phases for the reaction of  FeO + CI2 (molar ratio: 
2: 3) 

other systems as well. The starting temperatures of the volatilization processes are 
550 K for COC12, 600 K for CC14, 680 K for CO + C12 and 800 K for CI 2. 

The temperature-dependence of the reaction rate (defined as the initial linear 
slope of the mass loss vs .  time curves related to unit mass) was studied by means of 
isothermal TG measurements, as shown in Fio. 5. The shape of the curve is similar to 
that observed by Neuschiitz et al. [1]. In the temperature range where phosgene can 
exist, the reaction rates for COC12 are higher than those for CO + C12. At higher 
temperatures, phosgene begins to decompose, causing a local maximum in the 
temperature-dependence of the reaction rate. Above 900 K, the data measured with 
the two chlorinating agents fall on a single curve, indicating the complete 
decomposition ofCOC12. The local maximum at about 900 K for CC14 is caused by 
the thermal decomposition of the chlorinating agent. When the curve for C12 is 
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Fig. 4 Mass loss vs. temperature curves for the chlorination of hematite. Heating rate l0 deg. min-z, 
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Fig. 5 Temperature dependence of the initial reaction rate for the chlorination of hematite. 
Pcoo, =Pco = Po2 = 10.1 kPa; P c o , =  2.1 kPa 
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compared with that for CO + El2,  it can be established that in the presence of a 
reducing agent the reaction starts at much lower (about 200 K) temperatures. 

The apparent activation energies derived from the Arrhenius plots are in 
accordance with the values published in the recent literature, as is shown in Table 1. 
In the reactions with COC12 and with 0 2 ,  lower apparent activation energies were 
found in the higher temperature ranges, indicating that the reaction rate is 
influenced by the mass transport. 

Table 1 Apparent activation energies (E, k J/tool) for the chlorination of hematite 

Fruehan et al. Titi-Manyaka Neusehiitz et al. 
Fe203 (1973) et at. (1972) (1977) Present work 

C!2 167 (1170-1470 K) 96 (970-1170 K) 155 (920-1170 K) 188 (870-1050 K) 
99 (1170-1270 K) 100 (1050-1080 K) 

COC12 61 (720- 820 K) 88 (510- 570 K) 
60 (570- 720 K) 

CO+C12 102 (870-1170K) 84 (600-800K) 

CCi4 130 (725-- 825 K) 

Chlorination of wustite 

For general characterization of the chlorinating processes, anisothermal TG 
measurements were carried out. The mass change vs temperature curves are shown 
in Fig. 6. In all cases the reaction starts with considerable mass gain. The curves for 
the reaction with chlorine (curve 1) and with CO + C12 (curve 2) have a very similar 
character. The chlorination starts with a mass gain at 400 K, followed by two mass 
loss steps. Above 800 K, the volatilization reaction can be characterized as 
exponential with T. For CC14 and COC12, the reaction starts only above 470 and 
520 K. Two mass gain steps are observed, followed by a rapid mass loss at about 
720 and 750 K. 

In the system FeO + C12, the mass gain (Fig. 6, curve 1) can be attributed to the 
formation of FeCl3(s) and FeOCl(s), as anticipated from the TD calculations (Fig. 
3). Consequently, the first mass loss part is caused by the gasification of FeCl3(s) in 
the dimeric form Fe2Clr(g), while the second one can be explained by the thermal 
decomposition of FeOCI. The presence of the solid intermediates was detected in 
separate TG measurements, and also proved by X-ray diffraction analysis of the 
samples after chlorination. In Fig. 7 anisothermal measurements are shown, where 
the active gas flow was changed to nitrogen at a given temperature. As it is seen from 
curve I, the second mass loss step, attributed to the decomposition of FeOCI, can 
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Fig. 6 Mass loss vs. temperature curves for the chlorination of  wustite, l : CI 2, 2: CO + CI2, 3 : COCI~ ; 
4: CC14; Pl = 10.1 kPa; heating rate: l0 deg.min -1 
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be observed in the inert atmosphere as well. In the second case (curve 2) the chlorine 
flow was changed to N2 at 470 K. During the anisothermal treatment in N2, 
three mass loss steps are observed, and are attributed to the sublimation of FeCl3(s) 
at 450-520 K, the decomposition of FeOCl(s) at 650-720 K, and the gasification of 
FeCI2 at 900-970 K. In the third case (curve 3) the chlorine was changed to nitrogen 
at room temperature. Only FecI2 was formed in this case, as detected by a simple 
mass loss step at 950 K. These conclusions based on the TG results were verified by 
X-ray diffraction analysis of the solid phase after stopping the chlorination reaction 
at 300, 475, 600 and 720 K, as is seen in Table 2. 

Table 2 The composition of the solid phase after the chlorination of wustite 

Chlorination Products detected by X-ray analysis 
System temperature, K of the chlorinated samples 

FeO+ CI 2 300 FeO, FeCI2, F%O4, ,t-Fe 
475 FeC13, FeCI2, FeOCI, Fe203 
600 FeOCI, Fe20 3 
720 Fe2() 3 

44O 
570 
85O 

6OO 
650 
85O 

FeO + C12 + CO 

FeO + COC! 2 

FeCI3, FeOCI, Fe304, Fe203 
FeOCI, Fe30,, , Fe203 
Fe203 

FeCI2, Fe304 
FeCI2, Fe304, Fe203 
Fe203 

In accordance with these results, the FeO + CI 2 system can be characterized by 
the following overall equations: 

4 FeO(s) +Cl2(g) = FeC12(s) + Fe30,(s)  

FeCl2(s ) + 1/2 Cl2(g ) = FeCl3(s) 

FeCl2(s ) + Fe304(s) + C12(g ) = FeCl3(s) + FeOCl(s) + 

+ Fe203(s) 

FeCl3(s ) = 1/2 Fe2Cl6(g) 

FeOCl(s) = 1/3 Fe203(s) + 1/6 Fe2Cl6(g) 

Fe2Oa(s) + 3 Cl2(g) = Fe2Clr(g) + 3/2 O2(g) 

FeCl2(s) = 1/2 Fe2Cl,(g) 

(l) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 
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From these observations we can characterize the kinetics of the above phase 
transformations under isothermal conditions. In Fig. 8 an isothermal TG 
experiment is shown, where the active gas flow was changed to nitrogen at a given 
time, and the reaction was followed by anisothermal heating in N 2 . The TG curve 
taken at 480 K starts with a rapid mass gain, followed by slow volatilization. The 
three mass loss steps observed during the heating in N 2 are attributed to the 
sublimation of FeC13(s) (Eq. (4)), the decomposition of FeOCI(s) (Eq. (5)) and the 
gasification of FeC12(s ) according to Eq. (7). The quantity of solid iron chlorides 
formed during the reaction can be determined from the mass loss steps, and thus the 
concentrations of the chloride products and of the unreacted wustite can be 
calculated. 

Temperature  ~ K 
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Fig. 8 Isothermal chlorination of FeO followed by isothermal heating in N 2 . Full line: pc~ = 10.1 kPa, 
T =480 K; dotted line in N2, heating rate: 10 deg',min -1 

The chlorination time-dependences of the concentrations of these intermediates 
and of the uncreated wustite at 480 K are shown in Fig. 9. The total FeC13 formed 
during the reaction (including the solid and the gaseous iron trichloride) is 
represented by curve "EFeC13". It is seen that at 480 K the reaction starts with the 
formation of iron dichloride. Part of the FeC12(s ) is transformed directly to 
FeCl3(s), while the remaining part reacts with Fe304(s) and C12(g ) according to Eq. 
(3), when FeCl3(s ) and FeOCl(s) are formed. After a maximum value the 
concentration of iron dichloride decreases with time, due to the consecutive 
reactions (Eqs (2) and (3)). The end-product, iron trichloride, gradually sublimes 
during the chlorination. 

Similarly as in the FeO + C12 system, the reaction of FeO with CO + CI 2 (Fig. 6, 
curve 2) starts at low temperatures with the formation of FeClz(s), FeCl3(s ) and 
FeOCl(s). These intermediates were detected by X-ray diffraction as well (Table 2). 
It can be seen from the anisothermal TG curve (Fig. 6, curve 2) that CO plays an 
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Fig. 9 Time dependence of the concentration of the solid chloride products and ofthe unreacted wustite 
during the reacttion of FeO + CI~. at 480 K 

important role in the chlorination process only above 850 K, when the hematite 
formed starts to react with C12 through the participation of CO. 

Figure l0 shows the concentrations of the chloride products and of the unreacted 
wustite during chlorination with CO + Cl 2 at 480 K. The curves display a similar 
trend as in chlorination with Cl 2 . From these curves we can construct the following 
picture: a layer of FeCl2(s ), and later of FeCl3(s), is formed around the unreacted 
core of wustite. Only after the sublimation of FeCla(s ) can the reaction proceed 
further, with eventual complete disappearance of FeO(s). 

The reactions in the FeO + COCI2 and FeO + CCI4 systems, shown in Fig. 6, were 
studied in detail earlier [7, 8]. In both cases, iron dichloride is formed during the 
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Hg. 10 Time dependence of the chlorination of the solid chloride products and of the unreacted wustite 
during the reaction of FcO + Cl 2 + CO at 480 K 
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anisothermal chlorination, while the wustite phase is transformed first into 
magnetite, and at higher temperatures into hematite. The X-ray diffraction analyses 
of the solid phases are given in Table 2. The reaction with CCI4 starts at lower 
temperatures than that with COC12 ,  and the volatilization also starts at lower 
temperatures. Thus, CCl4 seems to be a more reactive agent at these relatively low 
temperatures. 

In order to compare the FeO+COCI2 and the FeO+CO+C12 systems, 
isothermal chlorination experiments were carried out at low and  at higher 
temperatures with COC12 and with CO + C12 (Fig. I 1). During the chlorination at 
570 K, only a mass gain can be observed with COC12 (solid iron dichloride and 
magnetite are formed; see Table 2), while with CO + C12 wustite reacts with the C12 
via the formation of FeOCl(s), Fe2Oa(s) and FezCl6(g). At higher temperature 
(860 K), the reaction starts with the formation of FeCl2(s) and Fe2Oa(s) in both 
cases, but the mass loss with COCI 2 is higher than that with CO + C12, due to the 
difference in the rates of chlorination of the Fe203(s) formed. 
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Fig. 11 Mass loss vs. time curves for the chlorination of FeO by COC12 and CO+ C12 "p~ = 10,1 kPa 

Conclusions 

Markedly different reactivity sequences were observed in the chlorinations of 
hematite and of wustite with various chlorinating agents. During the chlorination 
of hematite, the highest volatilization rate was obtained with COC12, C12 proving a 
less reactive chlorinating species. Wustite, however, reacts with chlorine even at 
moderate temperatures. During chlorination at 480 K, a solid layer of iron 
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dichloride and iron trichloride is formed around the unreacted core of  wustite. CO 
has only a minor effect on the reaction rate at this temperature. With COC12 and 
CC14, the reaction proceeds via the formation of iron dichloride and hematite. CC14 
proved to be the more reactive of the two reagents at moderate temperatures. At 
higher temperatures, the formation of the intermediate chloride products and the 
transformation of the wustite to hematite become very fast. After the first transition 
period, therefore, the chlorination rate is determined by the volatilization of the 
hematite formed during the reactions. 
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Zusammenfassang - -  Die Reaktionen yon H~natit und Wustit mit C12, COCIz, CO+CI~ and 
gasf6rmigen CC14 wurden thermogravimetrisch und r6ntgendiffraktometrisch untersucht. Ther- 
modynamische Berechnungen wurden mit Computern ausgefiihrt. Bei der Chlorierung yon H/imatit 
entstehen nur gasf6rmige Reaktionsprodukte. Die scheinbaren Aktivierungsenergien wurden aus 
isothermen TG-Kurven berechnet. Bei der Chlorierung yon Wustit wird eine Reihe yon festen Chloriden 
gebildet. FeC12(s ), FeCl3(s ) und FeOCl(s) treten bei der Chlorierung mit CIz oder C12+CO als 
intermedi/ire Produkte auf, w~hrend bei Reaktionen mit COC12 oder CCI 4 nur FeClz(s) nachgewiesen 
wurde. Die verschiedenen Chlorierungsmittel wurden hinsichtlich ihrer Wirksamke/t miteinander 
verglichen und in einer entsprechenden Reihenfolge eingeordnet. 

P e a ~ e -  PeaKtma reMaTHTa H ByCTItTa C El 2 , COCI 2 , CO + C12 a ra3oo6paamaM CC14 6ta.aa H3yqeHbi 
C nOMOIRbIO TepMorpaBHMeTpmL pCHTrCHOCTpygTypHoro aHa.an3a i~ TepMOI1HHaMIttI~IfflX pacqeTos, 
npoBe~tenmaX c 3BM. l-lpn xaopaponaHaa reMaTnTa o6paaymTca Toab~o ra3oo6pa3a~ae npO~lyl~Tbl. 
Ha OCHOBe Epun~x n3oTepMn~iecgofi TF 6hLaH B~,mcaema zaxymneca 9Hepr~H aXTHBa~g, 
XAopnponaHne sycTara sga~oaaeT o6pa3oaanae n npeBpamenue p ~ a  Taep~x  Hpo]IyXTOS. Hpa 
B3aHMO~OflCTBHH C Cl  2 H21H C12 -b C O  6hUIg RReHTH~bHILqpOBaHbl TaEHc IIpOMCXyTO~HI,Ir llpORyr~T~, 

gag FeC12, FeC1 a a FeOCI, Torgla Ka~ B peagunu c COCI 2 nan CC14 - -  TO~b~o O~HH FeCI2. 
COIIOCTaB:ICHId pcaKIIHH XJIopHpOBaHHg pa3JIH~IHbIMH areHTaMH OKHCJIOB x e a e 3 a  g yCTanOBJICHhl 

pa:?dIHqH~l B gX pCagIIHOHHOfi CHOCO6HOCTH. 
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