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The thermal decomposition products of Mohr's salt, (NH4)2Fe(SO4)2.6 H20, in 
static air have been studied in the temperature range 25-- 800 ~ M6ssbauer spectros- 
copy, X-ray diffractometry and thermal analysis were used in the identification of the 
intermediates. Fe 2+ compounds containing 4, 2 and zero H20 were identified and the 
possibility of occurrence of (NH4)zF%(SO4):~ is advanced. The presence of Fe 3+ was 
detected starting at 230 ~ for a 1.6~ heating rate, and the compounds 
(NH4)Fe(SOa)z and Fe2(SO4)3 were also identified. 

Mohr ' s  salt, iron(II) ammonium sulphate hexahydrate,  (NH4)2Fe(SO4)2.6 H20  
(hereafter HHFAS) ,  belongs to the monoclinic crystal system, space group P 21/a, 
with unit-cell dimensions a =  9 .32A,  b = 12.65A and c = 6 .24A and fl = 
= 106.8 ~ [1]. Its thermal decomposi t ion products  have been studied by several 
authors [ 2 - 4 ] .  The results were vague and not  absolutely conclusive. Whereas 
Pascal indicates a loss of  water and some ammonia  f rom 100 ~ onwards, and the 
format ion at 290 ~ of  the anhydrous alum (NH4)Fe(SO4)z, Wendlandt  indicates 
the range f rom 192 to 310 ~ extending up to 450 ~ . 

The present work describes the identification of  the thermal decomposi t ion 
products  of  H H F A S  under non-isothermal conditions and combines the capabili- 
ties of  thermal analysis [5] and M6ssbauer  spectroscopy [6]. 

As only small changes were to be expected between some of  the decomposi t ion 
products of  H H F A S ,  it was felt that M6ssbauer  spectroscopy, with its unique ca- 
pability of  detecting small variations in the coordinat ion sphere of  iron atoms, was 
extremely suitable for this purpose. 

The aim of  the present study is to give as detailed as possible an account  of  the 
development of  the thermal decomposi t ion of  H H F A S  and to determine the tem- 
perature of  passage f rom Fe 2+ to Fe ~+. No  gas analysis was performed and X-ray 
identification at room temperature was performed only for the less hygroscopic 
products. 

Experimental 

The samples used were Merck reagent grade (natural unenriched iron) H H F A S  
and were heated in static air in a derivatograph manufactured by M O M  (Buda- 
pest), model  1969. This equipment gives simultaneously the mass loss curve (TG), 
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the derivative of the mass loss (DTG) and the DTA curve. It also gives the tem- 
perature (T) inside the sample. The heating system can be stopped at any tempera- 
ture of interest, due to the fact that all four curves can be followed simultaneously 
by visual inspection. By this procedure the beginning, the maximum rate and the 
end of the a chemical reaction due to the heating process can be determined, and 
a quenching method can be attempted in order to isolate different compounds or 
phases. The minima of the DTA curve [7] and some intermediate points were 
used in the present study to prepare the products of thermal decomposition of 
HHFAS, by quenching each one to room temperature. Several heating rates were 
tried in order to study all the details of the thermal decomposition process with- 
out loss of information: 1.6~ was chosen. Each sample (1 g HHFAS) was 
heated to the desired temperature, and removed from the oven to a glove-bag 
filled with commercial Ar, where the encapsulation was performed. Typical times 
required to transfer the samples from the oven to the bag, and to encapsulate them, 
were 5 and 15 min, respectively. "O"  ring sealed absorber holders were used, with 
an effective area of 2.5 cm 2. M6ssbauer spectra were run with around 30 to 4 0 ~  
of the total sample after mixing the several layers of different shapes and compact- 
ness which could be detected in the crucible taken from the oven. This led to some- 
what thick M6ssbauer samples (up to a maximum total iron content of 25 mg/cm2). 
Tightness of the absorber holders was checked by running the spectra of several 
samples over a period of 3 weeks, with no appreciable change of the relative inten- 
sity of the components of the mixture, whereas opening of the absorber holders 
for a few minutes (and subsequent reclosing) introduced a noticeable change. 
Therefore, any possible rehydration of the samples must have occurred in the 
period of the quenching process and sample encapsulation in a water-poor at- 
mosphere. 

A constant acceleration M6ssbauer effect spectrometer built around a PDP 11/10 
computer, together with a NaI(T1) scintillation counter and a conventional am- 
plifying line, were used. The software was programmed so as to obtain a triangular 
velocity wave form and the accumulation was performed on separate halves (256 
channels each) of the Computer memory for the increasing and the decreasing 
velocities, respectively. Deviations from linearity are less than 0 .5~  over some 
95 ~ of the wave form. Deviations from reproducibility over a 45-day period are 
better than 1 ~ ,  as shown with frequent calibrations with sodium nitroprusside 
(SNP), which is also used as reference material for the isomer shifts (IS). A room- 
temperature 57Co in Rh source, of approximately 15 mCi strength, purchased 
from NENC, was used. 

A standard least squares fitting procedure, using independent lorentzian lines, 
was performed on each half of the spectra. The reported values are the means of 
the values for the two halves, which never differed by more than the above men- 
tioned linearity limit. 

The more complex spectra (230 ~ and 260 ~ were analyzed using a stripping 
method which we have previously reported [8]. Both methods were used on a 
HP-2100 A computer with a 16K bite memory. 
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For  the original H H F A S  we always found a slight difference between the areas 
of the two peaks, that for the lower velocity peak being a round  10 % larger. 

The statistics of the spectra up to 142 ~ were of the order of 5 "10 s points/channel .  
The higher-temperature samples were run  up to 8 �9 l0  s points/channel ,  which 
means  a statistical error (0.11%) at least 5 times lower than the weakest experi- 
menta l  peak. 

D i s c u s s i o n  and  i n t e r p r e t a t i o n  o f  resu l t s  

Table 1, 2 and  3 summarize the room-temperature  M6ssbauer  effect results for 
the different samples, labelled with the in terrupt ion temperature for the thermal  
treatment.  Typical spectra are shown in Figs 1 and 2. The thermal curves are 
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Fig. 1. Room-temperature M6ssbauer spectra of the products obtained on heating 
(NHa)2Fe(SO4)2.6 H20 in static air at a rate of 1.6~ up to a temperature of 0 = room; 

A = 118~ B = 142~ C = 160~ D = 165~ E = 230~ F =  260 ~ 
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Table 1 

M6ssbauer parameters of the compounds FetNH4)~(SO4)vnH~O obtained on heating ferrous 
ammonium sulphate hexahydrate (Molar's salt) up to 165 ~ at a rate of 1.6~ Errors on the 

last figures quoted in brackets 

P e a k s  I S * ,  Q S ,  R e l a t i v e  
S a m p l e  h e a t e d  u p  t o  n u m b e r s  m m / s  m m / s  i n t e n s i t i e s  n 

Original HHFAS 

118 ~ 

142 ~ 

160 ~ 

165 ~ 

1--4 
2--3 

1--8 
2- -7  
3--6 
4--5  

1--6 
2--5 
3--4  

1--6 
2--5  
3--4  

1.50 (2) 

1.52 (4) 
1.50 (4) 

1.49 (6) 
1.48 (6) 
1.45 (6) 
1.51 (6) 

1.53 (5) 
1.53 (5) 
1.54 (5) 

1.50 (5) 
1.49 (5) 
1.51 (5) 

1.72 (2) 

2.70 (8) 
1.73 (8) 

2.75 (12) 
2.38 (12) 
1.73 (12) 
1.11 (12) 

2.70 (10) 
2.29 (10) 
1.16 (10) 

2.60 (10) 
2.19 (10) 
1.16 (10) 

* Referred to standard SNP. 

0.66 
0.34 

0.35 
0.35 
0.12 
0.18 

0.33 
0.35 
0.32 

0.21 
0.41 
0.38 
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Fig. 2. Room-temperature M/Sssbauer spectra of the products obtained on heating 
(NH~)2Fe(SO4)2.6 H~O in static air at a rate of 1.6~ (oxidative region) up to a temperature 

of: G = 370~ H =  450 ~ 
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Table 2 

"Stripping" of M6ssbauer spectra of the decomposition products of HHFAS heated up to 
temperature T at a rate of 1.6~ Typical uncertainties for the procedure are 0.1--0.15 

for QS and 0.05-0.08 for IS 

Heating 
IS*, QS, tempera- Compound mm/s mm/s Fraction ture, 

T 

230 ~ 

260 ~ 

(NH4)2Fe(SO4)2.4 H20 1 4 2 6 0.32 
.2 HzO I 114 212 0.22 
.0 HzO 1.5 1.1 [ 0.19 

Fe([I1) compound 0.7 0.27 

/vo  ,00 

!i 
Total 

(NH4)2Fe(SO~)2.4 H20 
.2 H20 

(NH4)2Fe2(SO4)3 
Fe(III) compound 

0.32 
0.17 
0.15 
0.39 

1.03 

* Referred to standard SNP 

Table 3 

M6ssbauer parameters of the decomposition products of (NH4)2Fe(SO~)2.6 H.,O heated in 
static air at a rate of 1.6~ up to a temperature T (Fe 3+ region) 

T, ~ i IS*, Main compound 
l mm/s (identified through X-rays) 

370 

450 

0.73___ 0.04 (NH~)Fe(SQ)2 

0.73+ 0.04 Fe2(SO4):I 

* Referred to standard SNP. To convert to a '57Co/Pd source as used in ref. 3, subtract 
typically 0.44 mm/s. 

shown  in  Fig. 3 u p  to 450 ~ Spec t rum 0 of  Fig.  1 co r r e sponds  to the o r ig ina l  hexa-  
hydra t ed  c o m p o u n d  as t a k e n  f r o m  the shelf. Typ ica l  l inewid ths  are 0.29 mm/s ,  
a n d  b o t h  hyperf ine  pa ramete r s ,  IS a n d  QS, are in  good  a g r e e m e n t  wi th  pub l i shed  
da t a  [ 9 -  13]. 

Af te r  t he rma l  t r e a t m e n t  up  to 118 ~ spec t rum A o f  Fig.  1 is ob ta ined .  Th i s  spec- 
t r u m  has  been  p roper ly  fit ted wi th  four  peaks ;  the 2 i nne r  ones  (see Tab l e  1) re- 
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produce accurately the HHFAS hyperfine parameters, and show similar width 
and intensity ratios as the pure salt. The two other peaks lead to an IS of 1.52__+ 
__+0.03 mm/s and a QS of 2.7+0.08 mm/s. The possibility of these two peaks being 
due to FeSO4 or any of the dehydration products of FeSO4.7 H20 [14, 15] due 
to the loss of ammonia is dismissed, as studies of the rehydration kinetics of sample 
A [17] reveal that the sample, when open to the air, reverts quantitatively to 

ou 

E 

Fig. 3. Thermal analysis cur~es for the decomposition in static air of 1000 mg 
(NH~)2Fe(SO4)2.6 H20 at a rate of 1.6~ 

HHFAS after appropriate periods of time. The loss of two molecules of water, 
which would stoichiometrically lead to a 9.2% mass decrease, is in good agree- 
ment with the value of 915 mg found from the TG  curve (8 70 difference) at this 
temperature. Point A corresponds to the beginning of a small fiat region in the 
D T G  curve and a relative minimum in the DTA one. The next spectrum (Fig. 1B) 
was taken with the 142 ~ (B) sample. Point B corresponds to the minima of  the 
DTA and DTG curves. It shows a reduced quantity of the original HHFAS peaks 
(12 %) plus an overlap of 6 other peaks. The two outer ones can be joined in a pair 
which reproduces the parameters of the tetrahydrate (THFAS) found in the pre- 
vious spectrum. The relative area corresponding to THFAS drops from 0.66 to 
0.35. On account of their similar intensities, we pair peaks 2 and 7, and 4 and 5 
together. The subsequent spectrum (Fig. 1C) corresponds to the 160 ~ (C) sample 
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taken ideally at the point of highest reaction rate of the DTA curve, which cor- 
responds also to one in the DTG curve. As a matter of fact it was taken somewhat 
later, as it is impossible to detect the relative maximum without passing it. It re- 
quired the use of only 6 peaks to fit the data properly. As the original HHFAS 
disappears, the IS and QS data are the same for the 3 remaining pairs as in the 
former spectrum, within the experimental uncertainties. 

The 165 ~ (D) spectrum (Fig. 1D) again shows the same characteristics. Point D 
is a relative minimum in both DTG and DTA curves. The only difference lies in 
the relative ratio of the 3 different M6ssbauer patterns, which changes with in- 
creasing quenching temperature (for the pairs of peaks ordered with decreasing 
QS) from 0.35 : 0.35 : 0.18 to 0.33 : 0.35 : 0.32, and then 0.28 : 0.34 : 0.38. 

The fact that the proportion for the THFAS decreases with increasing quench- 
ing temperatures and for the third pair increases for the same sequence may 
suggest, under the hypothesis of no (or very little) rehydration, that the peaks which 
correspond to the "second" pair of peaks (peaks 2 and 5) belong to the dihydrate, 
DHFAS, and the "third" (peaks 3 and 4) to the anhydrous product, AFAS. It is 
noteworthy that the IS for all of them lies around 1.50 mm/s (relative to SNP), 
whereas the quadrupole interaction varies considerably. This is in agreement with 
data reported in the literature for other compounds with several hydrate stages, 
FeSO4 and FeCI 2 among others [6], where it has been found that the passage from 
one to another hydrate produces small changes in IS and considerable larger ones 
in QS. 

The hypothesis of 4 hydrate steps (with 6, 4, 2 and 0 molecules of water) is 
compatible with the fact that the crystal structure shows that there are three differ- 
ent F e - H 2 0  distances in the crystal lattice [1], 2.156, 2.136 and 2.086 A, and 
the overlapping of their spectra corresponds with the fact that the TG curve does 
not show a horizontal region for any of them. 

Rehydration experiments in air with the 160 ~ sample reinforce the previous ar- 
guments, as (after appropriate long periods) they reproduce nearly only HHFAS. 
Therefore, all the involved products seem to be related to HHFAS only by hydra- 
tion processes [17]. 

The mass loss corresponding to the reaction 

(NH,)2Fe(SOa)2.4 H20 ~ (NH4)2Fe(SO~)22 H20 + 2 H20 

is in good agreement with the mass determined by TG  at 142 ~ (816.3 theoretical, 
820 experimental). 

The fact that at 142 ~ we find not only DHFAS but another compound, which 
we suspect to be AFAS, could be explained as due to a low activation energy 
reaction which takes place in the sample, 2 DHFAS = AFAS + THFAS. The 
low thermal variation for the reaction agrees with the practically continuous TG  
curve, which only shows a very small kink for this temperature. Spectrum E was 
taken with the sample quenched from up to 230 ~ which corresponds to a point 
before the small kink on the DTA curve, whereas spectrum F corresponds to the 
temperature 260 ~ . The two spectra could not be fitted properly by the customary 
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procedure, so we reverted to the "stripping" procedure, which is based on the fact 
that known spectra are subtracted from the experimental one, trying to avoid 
overshoots in the "difference" spectra and to arrive finally at a fiat background 
line. This procedure is not univocal, as it depends on the order in which the 
spectra are subtracted and on the allowance which is made in the variation of 
their parameters. Several trials were made for each spectrum, allowing for these 
factors. Quality of fits is tested through a X z criterium, and the variation of the 
parameters is performed using this test and visual inspection of the generated, the 
difference and the addition spectra. Table 2 shows the results for the stripping of 
the 230 and 260 ~ spectra. We consider them as very good, as they explain the area 
of the spectra within 1 and 3 70 without noticeable overshoots which may mask the 
significance of these data. 

Two facts are immediately noticeable: i) the appearance of an Fe(III) compound, 
and ii) the disappearance of (NH~)zFe(SO4)2 and the appearance of another dou- 
blet, with parameters IS = 1.5 mm/s (vs. SNP) and QS = 0.7 ram/s, which may be 
due to (NH4)2Fe2(SO03, This transformation may correspond to the small peak 
in the DTA curve, which has only a very subtle corresponding peak in the D TG  
curve. This is a plausible explanation, as under the present circumstances the re- 
action 

2(NH~)2Fe(SO4)2 ~ (NH4)2Fe2(SO,)~ + (NH4)2SO~ 

may maintain the ammonium sulphate trapped, and retain the decomposition 
products above the normal decomposition temperature (160~ Whereas this point 
and the identification of the compound which appears at 260 ~ may be a matter of 
controversy, it is quite clear that the oxidation process begins below 230 ~ and is 
responsible for the slope in the TG curve. These facts are also supported by the 
rehydration studies on the 230 and 260 ~ samples, which will be published elsewhere, 
which show that an Fe z+ peak (IS = 0.70 mm/s vs. SNP) remains, whereas the 
rest is converted back to HHFAS. 

Spectra Gand  H (Fig. 2) are those of the 370 and 450 ~ samples. Both correspond 
to Fe z+ species, with practically no traces of Fe z+ (certainly less than 1 70). Due 
to the nature of the electronic structure of this ion, which corresponds to a half- 
filled 3d shell, these ions usually show no (or a very small) quadrupole splitting, 
and their M6ssbauer spectra are therefore not very sensitive to the detailed nature 
of the compounds. Hence, we are not able to decide between (NH4)Fe(SO~)z, 
(NH4)3Fe(SO4)3 and Fe2(SO~)3 or another conceivable species. From the X-ray 
diffractograms it is clear that the 370 ~ sample contains mainly (NH4)Fe(SO4)2, 
and the 450 ~ sample Fez(SO4)3, in agreement with Heilmann et al. [3], whose stu- 
dies were performed isothermally. This transformation explains, therefore, the 
peak at 390 ~ in the DTA curve. The peak at 335 ~ for the same curve probably cor- 
responds to the main oxidative step which converts (NH~)2Fe2(SO4)3 into 
(NH4)Fe(SO4)~ through an undetermined pathway. 

Finally, between 450 ~ and 760 ~ only Fe2(SO~)~ was detected by X-ray analysis, 
and above 760 ~ only c~-Fe2Oz is present, which is a very well known transformation. 
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Conclusions 

In the present work we have determined several steps in the thermal decomposi- 
tion of HHFAS and found the M6ssbauer parameters for dehydration products. 
At least 3 iron(II) compounds were identified, with 4, 2 and 0 water molecules, 
and a fourth one, possibly (NH4)2Fez(SO4)3, appears at around 230 ~ Simulta- 
neously we determined the presence of trivalent iron at 230 ~ well below the pre- 
viously accepted temperature. The exact nature of the compound could not be 
determined, due to the intrinsic electronic properties of the trivalent iron atom, 
which are reflected in a certain poorness of features in the M6ssbauer spectra. 
The details of the thermal curves are satisfactorily accounted for, especially up to 
260 ~ where the Fe(ll l)  compounds start to be of primary importance. 

This research was performed with support from the Conselho Nacional de Desenvolvi.- 
mento Cientifico e Tecnol6gico (CNPq) and the Financiadora de Estudos e Projetos (FINEP). 
We are grateful to the Pontificia Universidade Catolica do Rio Grande do Sul for kind per- 
mission to use the derivatograph, and to Mr. ]vo Vedana for his collaboration. 
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R/~suM~ --  On a 6tudi6, dans  l ' intervalle de temp6ratures  compris  entre  25 ~ et 800 ~ ]es produi t s  
de la d6composi t ion  thermique  du sel de M o h r  (NH4)~Fe(SO~) ~ �9 6H~O dans Fair statique. 
Afin d ' identifier  les compos6s  interm6diaires,  on  s 'est  servi de la spectroscopie  M6ssbauer ,  de 
la diffractom6trie aux rayons  X et de l 'analyse thermique.  On a identifi6 des compos6s Fe  +~ 
4, 2 et z6ro HeO et avanc6 la possibilit6 de la pr6sence de (NHa)~Fe~(SO~)6. On a d6cel6 la 
pr6sence de Fe  +z tt part ir  de 230 ~ avec une vitesse de chauffage de 1.6~ et on a identifi6 
6galement les compos6s  (NHa)Fe(SOa)~ et (Fe~(SO~)~. 

ZUSAMMENFASSUNG - -  Die thermischen Zerse tzungsprodukte  des Mohr ' s chen  Salzes (NH,)z  
Fe(SO~)~ �9 6H~O in statischer Luft  wurden im Tempera turbere ich  von 25 ~ bis 800 ~ untersucht .  
M6ssbauer-Spekt roskopie ,  R6ntgendi f f raktometr ie  und  Thermoanalyse  wurden zur Ident i-  
fizierung der Zwischenprodukte  eingesetzt.  Fe+~-Verbindungen mit  4, 2 und  0 H~O wurden 
nachgewiesen und die MSglichkeit  des Vorkommens  yon (NH~)~Fe~(SO~)6 erwtthnt. Das  
Vorligen yon Fe +~ wurde  yon 230 ~ beginnend bei 1.6~ Aufheizgeschwindigkei t  nach-  
gewiesen.  Die Verb indungen  (NH~)Fe(SO4)~ und Fez(SO~) ~ wurden  ebenfalls  identifiziert. 

Pe31oMe --  1,13y*leHo TepMn'~ec~oe pa3no~renne con~ Mopa  (NH4),.,Fe(SOa)z " 6HzO B cxaTrl- 
~ecKoli aTMocqbepe Bo3~yxa a TeMlIepaxypno~ o6nacTn 25--800 ~ ~ln~ n)leuTHqbnKattan npo-  
Me~yTO~qblX c o e ~ e n r i ~  6blylI, t HClIOJTb3OBaI-IbI Mecc6ay3poBcKa~ cnexTpocKorlrl~, perITreHo- 
,21HqbpaXTOMeTpn~ n TepMH~ecrr~ aHa~n3. BbInn n~eHTnqbmlnpoBan~,l coe~ll,meHn~ Fe 2 +, co~Iep- 
xcamrte 4 MO.rteKy.rll, t BO)Ibl, 2 MO~IelgyYlbl l,IYlI/I ~Ke 6e3BO,~Hble. YIoKa3arta Bepo~tTHOCT/, MeCTO- 
Haxo~,~2enn~ MoneKyn BO~IbL IlpncyTCTBHe Fe z~ 61,IStO o6iaapy~eHo, ria~i~Hafl OT 230 ~ npr~ CKO- 
pocTa narpeaa  1.6~ ri 6~,InH nzerlTUqbritlripoaarn~i coeanHerm~ (NH4)Fe( SO4)~ i~ Fe~( SOa)a. 
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