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The reactions between ammonium sulphate and three metal oxides (Cr,03, MnO, and
Fe,03) 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 (NHg4)3M(SO4q)3 and NH4M(SO4), for Cr,O3 and Fe,O3 and
(NH4)2Mn,{S04)3 for MnO,. 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 with 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-
tion of NO, using ammonia gas has been attributed to sulphation of the catalvst
used [5]. Sahoo [6, 7] studied the sulphation of various metal oxides with ammonium
sulphate to obtain equilibrium and kinetic data. Little 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

Materials used

Ammonium sulphate, chromium(lil} oxide, manganese(lV) oxide and iron(l1}}
oxide, obtained from Nakai Chemicals, were homogenized by sieving below 149 um.
The purities of these compounds were above 99%.
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Preparation of 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)y and Cra(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

Crp03—(NH4)2504

There are four mass loss regions, as seem from Fig. 1(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°, Crp(S04)3 at 600°
and CrpO3 at 700°. The reaction scheme for this system, may be deduced on the
basis of X-ray diffraction as follows:

6 (NH4)2804 + Cr203 =2 (NH4)3Cr(SO4)3 + gaseous products {~ 300°) (1)

{NH4)3Cr(S04)3 = NH4Cr(SO4)2 + gaseous products {~ 400°) (2)
2 NH4Cr(SO4)2 = Cr2(S04)3 + gaseous products (~ 500°) (3)
Cr2(S04)3 = Crp03 + 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 Crp(SO4) 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)2804, (b) (NH4)5504:Cry03 = 1:10 {(molar ratio), {c} (NH4},S04:Mn0O, = 1:4,
(d) INH4),S04:Fe,03 = 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.

MnO,--(NH4)2S04

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 totally with the MnO5, since
MnO2 decomposes at around 500°. This was verified by comparison with Fig. 1{a),
the thermal analysis of ammonium sulphate. From X-ray diffraction, it was shown that
the reaction products were (NH4q)2Mn3(S04)3 at 300° and MnSQ4 at 450°. The reac-
tion scheme for this system may be given on the basis of these observations as follows:

3 (NH4)2504 + 2 MnO3 = (NH4)2Mn2(SO4)3 + gaseous products (~ 220°)  (5)
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{NH4)2Mn2(S04)3 = 2 MnSO4 + gaseous products (~ 350°) (6)

The theoretical mass losses based on reactions (b) 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 MnO2 decomposed
and was oxidized in addition to the decomposition of MnSO4. It should be noted that
manganese(lV) ions were reduced to manganese(ll} in the first reaction step. The
stable reaction intermediates (NH4)2Mn2(SO4)3 and MnSO4 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.

Fea03—(NH4)2S04

DTA and TG curves for the mixture of Fe2O3 and (NH4)2S04 (molar ratio 12:1)
are shown in Fig. 1(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°, NHgqFe(SO4)2 at 400°, Fez(SO4)3 at 550° and FeyO3 at
750°, identified by X-ray diffraction. The reaction scheme for this system may be
given as:

6 (NH4)2S04 + FeoO3 = 2 (NH4)3Fe(SO4)3 + gaseous products (~ 270°) (7)
4 (NHy4)3Fe(S0O4)3 + FeaO3 = 6 NH4Fe(SO4)2 + gaseous products (~ 380°) {8)
2 NH4Fe(SO4)2 = Fe2(S04)3 + gaseous products {(~ 400°) (9)
Fe2{S04)3 = Fep03 + 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).

(NHg)2Fe(SO4)3 =
= NH4Fe(SO4) + 4 NHz + 3 SO2 + 6 Ho0 + Ny {~ 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 Fez(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 of (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 loss regions. From X-ray 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(SOy4) 3, (b) (NH4)3Fe(SO4)3

Thermal analysis of NHgM(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)> 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 (NHg)2Mn3(S04)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-

tion and weight loss measurements

Reaction Reaction temp. at which ~ Mass loss, %
weight loss begins, °C  obs. calculated
. 400 . .
i) (NH4)3M(SO4)3 = NHgM(SO4); + G. P. 'f; o gg; gg;’
K 25.
(i) 2 NHM(SO4); = M(SO4)3 + G. P. :::; iig ggg ;;
632 . :
(iii) M2(SO4)3 = M303 + G. P. g; 640 2(8)8 g;g
(iv) (NH4),Mn4(SO4)3 =2 MnSO4 + G.P. - 420 32.0 304
(v} 3MnSO4 =Mn304 + G.P. - 850 48.9 49.5
G. P. = gaseous products
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Fig. 3 DTA and TG curves of reaction intermediates.

(c) NH4Fe(SO4),
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Fig. 4 DTA and TG curves of reaction intermediates. (a) Cry(SO4)3, (b) MnSOy,, (c) Fe,(SO4);3

Decomposition kinetics

Kinetic measurements on the decomposition of (NHg4)3M{SO4)3, NH4M{SO4)>
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-a)1/3 =4t

Arrhenius plots are shown in Fig. 5, including those for the Al 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 Al and Cr.

* X *

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

Table 2 Arrhenius parameters for the decomposition of the intermediates

Substances M £, kd/mol InA Temperature range studied, °C
Al 959 135 380458
(NH4)3M(SO4)5 Cr 193.9 299 382-413
Fe 108.8 18.2 328-375
Al 1779 23.3 467-550
NH4M(SO4), Cr 209.0 26.7 532573
Fe 130.2 214 350—395
Al 291.0 29.3 748--805
M3(S04)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 Ammoniumsuifat und drei Metalloxiden
(Cr,03, MnO4 und Fe,03) untersucht. Durch Rontgendiffraktion und chemische Analyse wurde
bestatigt, dass im Verlaufe der Reaktion stabile Zwischenprodukte gebildet werden. Es handelt
sich dabei um (NHg4)3M(SO4)3 und NH4M(SO4), im Falle von Cr,O3 und Fe,O3 und um
(NH4)2Mn,(SO4)3 im Falle von MnO,. Diese Zwischenprodukte und die Metallsulfate wurden
thermisch zersetzt. Die Volumenkontraktionsgleichung war fiir die Zersetzung all dieser Zwischen-
produkte glltig. Die Arrheniusparameter wurden bestimmt.

Pesiome — MW3yueHbl peakumt mexxay CynsaToM amMMOHWA U TPeMA OKMUCNaHW MeTannos
Cr303, MnO; 1 Fep03. Xumunueckum ananusom v anddpaKuveid peHTreHOBCKUX nyweid NMOAT-
BEPXAEHO, YTO B XOAE PeaKuuvit nocnenosaTensHO O6Pa3ylTCA YCTOWUUBLIE NPOMEXKYTOUHLIE
NPOAYKTbl. B crnyyae OKUCNOB TpexsaneHTHbIX XPOMa M XKenesa, TaKuMu NPoaAyKTamu bbinn
(NH4)3M(SO4)3 n NH4M(SO4),, a B cnyvae asyokucu mapraHua (NH4),Mn,(SO4)3. MNpose-
AEHO TepMMUYECKOE Pa3NOKEHUE ITUX NPOMEXYTOUHLIX NPOAYKTOB U CYynbdiaTOB 3TUX METANnNoe.
ANA peakuyuit pasnoXennA BCEX NPOMEXKYTOUHLIX MPOAYKTOB CNpasesnuesiM 6biN0 YPasHEHUA
06bvemMHOro oxxatna. Onpeaenensb! appPeHNYCOBCKHUE NAPaMeTpsl.
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