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The reactions between ammonium sulphate and three metal oxides (Cr203, MnO 2 and 
Fe203) were studied. It was confirmed by X-ray diffraction and chemical analysis that 
stable reaction intermediates were formed consecutively in the course of the reactions. 

These were (NH4)3M(SO4) 3 and NH4M(SO4) 2 for Cr203 and Fe203 and 
(NH4)2Mn2(SO4) 3 for MnO 2. The thermal decompositions of these intermediates and of 
the metal sulphates were carried out. The contracting-volume equation was valid for the 
decomposition of all the intermediates. The Arrhenius parameters were determined. 

The investigation of the reactions of ammonium sulphate wi th various metal oxides 
is of great practical interest [1,2] .  In metallurgy, this reaction is frequently applied for 
the beneficiation of low-grade metal ores, as well as for the extraction of metal oxide 
from metal ores [3, 4]. The poisoning of metal oxide catalysts in the catalytic reduc- 
t ion of NO x using ammonia gas has been attributed to sulphation of the catalyst 
used [5]. Sahoo [6, 7] studied the sulphation of various metal oxides wi th  ammonium 
sulphate to obtain equil ibrium and kinetic data. Litt le attention has been paid to the 
formation of stable reaction intermediates during the sulphation of metal oxides 
with ammonium sulphate, though the case of aluminium oxide was reported by these 
authors [8]. 

The aim of this paper is to clarify the reaction between ammonium sulphate and 
metal oxides (metal = Cr, Mn and Fe), and to discuss the decomposition pathways 
and the kinetics of the reaction intermediates. 

Experimental 

Mater ia ls  used 

Ammonium sulphate, chromium(I l l )  oxide, manganese(IV)oxide and i ron(I l l )  
oxide, obtained from Nakai Chemicals, were homogenized by sieving below 149/ lm. 
The purities of these compounds were above 99%. 
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Preparation o f  stable intermediates 

Each reaction intermediate produced in the reactions between ammonium sulphate 
and metal oxides was prepared on the basis of the thermal analysis of the mixture. 
The separation of a product from the reactant was performed as described earlier [8], 
except for the chromium oxide-ammonium sulphate system. For this system, a 
mixture of chromium oxide with ammonium sulphate molar ratio 1:10 was heated 
to 380 ~ to produce insoluble (NH4)3Cr(SO4) 3, which was separated from unreacted 
ammonium sulphate by dissolving the heat-treated mixture in water. It was assumed 
that the total amount of chromium oxide had reacted with ammonium sulphate. 
For NH4Cr(SO4) 2 and Cr2(SO4) 3, mixtures with the same molar ratio were heated 
to 470 ~ and 600 ~ , respectively, and separated by the above-mentioned procedure. 
All of these reaction intermediates were identified by both X-ray diffraction and 
chemical analysis of metal ions, ammonium ions and sulphate ions. 

Thermal analysis and X-ray diffraction 

The apparatus used in this experiment was described earlier [9]. 

Results and discussion 

Cr203-(NH4)2SO4 

There are four mass loss regions, as seem from Fig. l(b). The DTA curve was 
omitted since no thermal change was observed clearly, probably due to the mixture 
ratio used for this system. It was confirmed from X-ray diffraction that the reaction 
products were (NH4)3Cr(SO4)3 at 350 ~ NH4Cr(SO4)2 at 500 ~ Cr2(SO4)3 at 600 ~ 
and Cr203 at 700 ~ The reaction scheme for this system, may be deduced on the 
basis of X-ray diffraction as follows: 

6 (NH4)2SO4 + Cr203 = 2 (NH4)3Cr(SO4)3 + gaseous products (~ 300 ~ (1) 

(NH4)3Cr(S04) 3 = NH4Cr(S04) 2 + gaseous products (~ 400 ~ (2) 

2 NHdCr(SO4) 2 = Cr2(SO4)3 -I- gaseous products ( "  500 ~ (3) 

Cr2 (SO4)3 = Cr203 + gaseous products ('~ 610 ~ (4) 

The observed mass losses for reactions (1) and (4), 1.4% and 8.4%, respectively, agreed 
with the calculated ones (1.6% and 8.0%, respectively), though those for reactions (2) 
and (3) did not. This fact suggested that the temperature range over which reaction (2) 
occurred slightly overlapped that for reaction (3). The stable reaction intermediates 
(NH4)3Cr(SO4)3, NH4Cr(SO4) 2 and Cr2(SO 4) were prepared for thermal analysis 
by the method described in the Experimental section. 
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Fig. 1 DTA and TG curves of various mixtures in air (heating rate : 10 deg/min). (a) pure 
(NH4)2SO4, (b) (NH4)2SO4:Cr20 3 = t : 1 0  (molar ratio), (c) (NH4)2SO4:MnO 2-- 1:4, 
(d) (NH4)2SO4:Fe20 3 = 1:12 

The materials obtained did not contain any impurities such as reactants or by- 
products, as confirmed by X-ray diffraction and by chemical analysis of chromium 
ions, ammonium ions and sulphate ions. 

MnO2--(NH4)2SO4 

Figure 1(c) shows the DTA and TG curves for this system. There are two endo- 
thermic peaks, at 260 ~ and 350 ~ corresponding to two mass loss regions. The mixture 

ratio was chosen so that the ammonium sulphate reacted to ta l ly  wi th the MnO 2, since 
MnO 2 decomposes at around 500 ~ This was verified by comparison wi th  Fig. l (a),  
the thermal analysis of ammonium sulphate. From X-ray di f f ract ion, it was shown that 
the reaction products were (NH4)2Mn 2 (SO4) 3 at 300 ~ and MnSO4 at 450 ~ The reac- 
t ion scheme for this system may be given on the basis of  these observations as fol lows: 

3 (NH4)2SO 4 + 2 MnO 2 = (NH4)2Mn2(SO4) 3 + gaseous products (~  220 ~ (5) 
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(NH4)2Mn2(SO4) 3 = 2 MnSO 4 + gaseous products (~  350 ~ (6) 

The theoretical mass losses based on reactions (5) and (6), 5.0% and 9.8%, agreed with 
the observed weight losses of 5.2% and 9.2%, respectively. Thermal analysis of this 
system was not carried out above 500 ~ since excess, unreacted MnO 2 decomposed 
and was oxidized in addition to the decomposition of MnSO 4. It should be noted that 
manganese(IV) ions were reduced to manganese(ll) in the first reaction step. The 
stable reaction intermediates (NH4)2Mn2(SO4) 3 and MnSO 4 were prepared by the 
heat-treatment of this mixture at 280 ~ and 380 ~ for thermal analysis experiments. 
Identification and checking of the purities of the materials obtained were carried out 
by the same method as earlier. Each intermediate proved to be pure. 

Fe203-(NH4)2SO 4 

DTA and TG curves for the mixture of Fe203 and (NH4)2SO4 (molar ratio 12:1) 
are shown in Fig. l(d). Though the DTA trace is not so clear as that of TG, due to 
the mixture ratio, it seems to have four endothermic peaks, corresponding to four 
mass loss regions. The reaction products in the individual reaction steps were 
(NH4)3Fe(SO4)3 at 360 ~ NH4Fe(SO4)2 at 400 ~ Fe2(SO4)3 at 550 ~ and Fe203 at 
750 ~ identified by X-ray diffraction. The reaction scheme for this system may be 
given as: 

6 (NH4)2SO 4 + Fe203 = 2 (NH4)3Fe(SO4) 3 + gaseous products (~ 270 ~ (7) 

4 (NH4)3Fe(SO4) 3 + Fe203 = 6 NH4Fe(SO4) 2 + gaseous products (~ 380 ~ (8) 

2 NH4Fe(SO4) 2 = Fe2(SO4)3 -I- gaseous products ( "  400 ~ (9) 

Fe2(SO4)3 = Fe203 -t- gaseous products (~" 600 ~ (10) 

The observed mass losses were 1.4% for reaction (7), 2.1% for reactions (7) + (8), 
3.4% for reactions (7) + (8) + (9), and 6.5% for reactions (7) + (8) + (9) + (10), in 
agreement with the calculated cumulated weight losses of 1.3%, 1.9%, 3.5% and 6.5%, 
respectively. Nakamura [5] studied the same mixture, but at a molar ratio very dif- 
ferent from ours, and suggested reaction (7), (9), (10) and (8') instead of (8). 

(NH4)2 Fe(SO4) 3 = 

= NH4Fe(SO4) 2 -I- 4 NH 3 + 3 SO2 + 6 H20 + N 2 ('~ 360 ~ (8 ') 

This may be caused by the different mixture ratios used in the two experiments. The 
stable reaction intermediates (NH4)3Fe(SO4) 3, NH4Fe(SO4)2 and Fe2(SO4)3 were 
prepared for thermal analysis by heat-treatment of the same mixture at 360 ~ , 400 ~ 
and 550 ~ , respectively. Each of the intermediates was proved to be pure by X-ray 
diffraction and chemical analysis. 
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Thermal analysis o f  (NH4)3M(SO4) 3 (M = Cr and Fe) 

Figure 2 shows the DTA and TG curves, which have three endothermic peaks, 
corresponding to three weight toss regions. From Xoray diffraction and weight loss 
measurement on TG, it was revealed that the decomposition of (NH4)3M(SO4)3 
occurred in three steps, involving reactions (i), (ii) and (iii) in Table 1. 
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Fig. 2 DTA and TG curves of  reaction intermediates. (a) (NH4)3Cr(SO4) 3, (b) (NH4)3Fe(SO4) 3 

Thermal analysis o f  NH4M(SO4) 2 (M = Cr and Fe) 

The DTA and TG curves of NH4M(SO4) 2 are shown in Figs (3(a) and (c). As ex- 
pected, the decomposition of NH4M(SO4)2 was expressed by reactions (ii) and (iii) 
in Table 1, as confirmed by X-ray diffraction and weight loss measurement on TG. 

Thermal analysis of  (NH4)2Mn2(SO4)3 

Figure 3(b) shows the TG curve, which has two weight loss regions. The decom- 
position pathway was expressed by reactions (iv) and (v) in Table 1, as confirmed by 
the above-mentioned method. 

Thermal analysis of  M2(SO4) 3 (M = Cr and Fe) and MnSO4 

Figure 4 shows the DTA and TG curves of the metal sulphates. As decomposition 
product, metal oxide was recognized. The decomposition pathway was expressed by 
reaction (iii) or (v) in Table 1; this was supported by the weight loss measurements. 
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Table 1 Summary of decomposition pathways for the intermediates deduced from X-ray diffrac- 
t ion and weight loss measurements 

Reaction temp. at which Mass loss, % 
Reaction M 

weight loss begins,~ obs. calculated 

Cr 400 32.4 33.5 
(i) (NH4)3M(SO4) 3 = NH4M(SO4) 2 + G. P. Fe 310 33.3 33.2 

Cr 532 25.0 25.1 
(ii) 2 NH4M(SO4) 2 = M2(SO4) 3 + G. P. Fe 440 26.6 24.8 

Cr 632 58.0 61.2 
(iii) M2(SO4) 3 = M20 3 + G. P. Fe 640 60.0 59.8 

(iv) (NH4)2Mn2(SO4) 3 = 2 MnSO 4 + G.P. - 420 32.0 30.4 

(v) 3 MnSO 4 = Mn30 4 + G.P. - 850 48.9 49.5 

G. P. = gaseous products 
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Fig. 3 DTA and TG curves of reaction intermediates. (a) NH4Cr(SO4) 2, (b) (NH4)2Mn2(SO4) 3, 
(c) NH4Fe(SO4) 2 
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Fig. 4 DTA and TG curves of reaction intermediates. (a) Cr2(SO4) 3, (b) MnSO4, (c) Fe2(SO4) 3 

Decomposit ion kinetics 

Kinetic measurements on the decomposit ion of ( N H 4 ) 3 M ( S O 4 )  3, N H 4 M ( S O 4 )  2 
and M2(SO4)3 (M = Cr and Fe), expressed by reactions (i), (ii) and (iii), were carried 
out using the isothermal TG method. As concerns the kinetics of decomposition of 
the products, all obey the contracting-volume equation: 

1 - (1 - ~ )  1 / 3  = k t  

Arrhenius plots are shown in Fig. 5, including those for the AI  salts [8]. The kinetic 
parameters and temperature ranges studied are listed in Table 2. 

It is concluded that  the intermediates of Fe are the most unstable, and have higher 
decomposition rates than for the intermediates of A I  and Cr. 

The authors are grateful to Dr. H. Osada and Mr. H. Nakamura, Department of Environmental 
Engineering, Kyushu Institute of Technology, for their helpful discussions. 
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Fig. 5 Arrhenius plots of decomposition of the intermediates. (a) (NH4)3M(SO4)3, 
(b) NH4M(SO4), (c) M2(SO4) 3 

Table 2 Arrhenius parameters for the decomposition of the intermediates 

Substances M E, k J/tool In A Temperature range studied, ~ 

AI 95.9 13.5 380--458 
(NH4)3M(SO4) 3 Cr 193.9 29.9 382-413 

Fe 108.8 18.2 328--375 

AI 177.9 23.3 467-550 
NH4M(SO4) 2 Cr 208.0 26.7 532-573 

Fe 130.2 21.4 350--395 

AI 291.0 29.3 748--805 
M2(SO4)3 Cr 215.3 24.3 620-704 

Fe 169.5 20.3 584--640 
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Zusammenfassung -- Es wurden die Reaktionen zwischen Ammoniumsulfat und drei Metalloxiden 
(Cr20 3, MnO 2 und Fe~O 3) untersucht. Dutch R6ntgendiffraktion und chemische Analyse wurde 
best~;tigt, dass im Verlaufe der Reaktion stabile Zwischenprodukte gebildet werden. Es handelt 
sich dabei um (NH4)3M(SO4) 3 und NH4M(SO4) 2 inn Falle von Cr20 3 und Fe20 3 und um 
(NH4)2Mn2(SO4) 3 im Falle von MnO 2. Diese Zwischenprodukte und die Metallsulfate wurden 
thermisch zersetzt. Die Volumenkontraktionsgleichung war fur die Zersetzung all dieser Zwischen- 
produkte g~ltig. Die Arrheniusparameter wurden bestimmt. 

Pe3mMe - -  H3y4eHb= peaKU.HH Me>KD, y cynbt~aTOM aMMOHHR 14 TpeMR OKHCnaHH MeTarlnoB 
Ct203, MnO 2 H Fe20 3, XHMHqeCKHM aHanH3OM 14 ~H(~)tlc)paKIJ, He~ peHTI'eHOBCKHX nycle~ nOAT- 
Bep~KJ~eHO, qTO B xoAe peaKu, HR nocne/~oBaTenbHO oSpaaylOTCR yCTOHqHBble npoMeH<yTOqHble 
npOAyKTbl. B cny4ae OKHCnOB TpeXBaneHTHblX XpOMa H )Kene3a, TaKHMH npO~yKTaMH 6blnM 
(NH4)3M(SO4) 3 H NH4M(SO4)2, a B cnyqae AByOKHCH MapraHLta (NH4)2Mn2(SO4) 3. npoBe- 
AeHO TepMHqeCKOe pa3no)KeHHe 3THX npoMe)KyTO4HblX npoAyKTOB H cynbt~baTOB aTHX MeTannoB. 
~nR peaKu, H~ pa3110)KeflHR Bcex npoMe>KyTOqHblX npo/],yKTOB cnpaeeJ~rlHeblM 5blflO ypaBHeHHR 
O61=eMHOrO C~aTHR. OnpeAeneHbl appeHHyCOBCKHe napaMeTpbl. 
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