


Kinetic Studies of the Thermal

Decomposition of Ferric Sulphate
and Aluminum Sulphate
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Kinetic studies were made of the thermal decom-
positions of ferric sulphate and aluminum sulphate.
The reaction product gases were swept from the
samples. Cylindrical pellets prepared from chemically
pure anhydrous powders were used, and mathematical
corrections were Mmade 10 relate the reaction rate to
the area of the interface betwcen the undecomposed
sulphate and the oxide produect. The interface is the
local of the reaction. The rate of the decompaosition
reaction is proportional to the arca of this interface.
Studies on ferric sulphate have shown that the rate
of decomposition is also directly proportional to the
difference between the equilibrium pressure of sul-
phur dioxide (or oxygen) over the sample and the
partial pressure of sulphur dioxide (or oxygen) in the
gas stream. The activation energies are 19.9 kcal. and
64.0 kcal. respectively for the ferric sulphate and
aluminum sulphate decompositions. No oxysulphates
were detected as intermediates in the transition from
the normal sulphates to the oxides.
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On a étudié la cinétique de la décomposition ther-
mique du sulphate ferrique et du sulphate d’alumi-
nium. On a débarrassé les échantillons des produits
gazeux de réaction. Les auteurs ont préparé pastilles
cylindriques & partir de poudres anhydres chimique-
ment pures. IIs ont fait des corrections mathématiques
pour relier la vitesse de réaction a Paire interfaciale
entre le sulphate non décomposé et le produit oxydé.
L'interface étant le site de la réaction, la vitesse de
décomposition est proportionnelle a I'aire de Pinter-
face. Les études sur le sulphate ferrique ont montré
que la vitesse de décomposition est aussi directement
proportionnelle a la différence cntre la pression
d’équilibre de V'anhydride sulphureux (ou de I'oxy-
géne) au-dessus de l'échantillon et la pression par-
tielle de I'anhydride sulphureux (ou de l'oxygéne)
dans le courant gazeux. Les énergies d’activation pour
Ja décomposition du sulphate ferrique et du sulphate
d"aluminium sont de 19.1 kcal. et 64.0 kcal. respec-
tivement. Les auteurs n’ont pas décelé d’oxysulphates
comme produits intermédiaires lors du passage des
sulpliates normaux en oxydes.

In a previous publication by the authors®, work was reported
on cxperiments done to asscss the possibility of making a
selective scparation of ferric sulphate and aluminum sulphate
by the method of thermal decomposition and lcaching proposed
by Willard and Fowler®. From the experiments, which were
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donc by measuring the gas pressurcs developed by the dissocia-
tion of the sulphates, 1t was evident that aluminum sulphate
was substantially morc stable than ferric sulphatc. .

During the investigation, it-was found that no informaton
was available on the relative rates of decomposition of the two
compounds. Since this information would be important in any
practical application of the methods proposed by Willard and
Fowler®, it was decided 0 make a study of the kincties of
thermal decomposition of the rwo compounds.  Because pure
anhvdrous ferric sulphatc and aluminum sulphate arce not readily
availablc as coarsc crystals, it was decided to make the experi-
ments with the fincly divided powders that remain after the
removal of water from the chemically pure hydrates.

Kinctic studics on powdered marcrials can be quite difficult
becausc for those reactions which obey the linear rare law,
which states that the rate 1s conerolled by the amount of surface
area cxposcd, the obscrved rate of reaction for cach particle is
inverscly proportional to the radius of the particle™. To avoid
the problems associated with particles of a varicty of sizes. the
technique used by Peretti®® was adopred. In his study of the
oxidation of cupric sulphide, Perctti® used samples of cupric
sulphide prepared by compressing finely divided, chemically purc
cupric sulplude into a dense cylindrical pellet. When the fwcllcts
were examined at vartous intervals during the roasting, Peretti®®
obscrved, in accordance with the prediction of Langmuir®, that
the interface between the solid phases was the local of the
fcaction. He also obscrved that the rate of penctration of the
interface into the body of the pellet was almost constant.

On the basis of Perctti’s® observation, it thus scenied

reasonable to expect that this study of the ratcs of decomposition”

of ferric sulphatc and aluminum sulphate could be made on pellets
_fmm fincly divided powders, and that the lincar rate Jaw, which
18 ofrcn applicable to individual solid particles, might also be
applied to a tightly compacred agglomeratc of particles.
Because there is a substantial loss in weight accompanying
a thermal decomposition of the type i C

My(SOu)z = MO, + 3S0;,,
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it was decided ro suspend the powder compacts of ferric sulphare
and aluminum sulphate on a quartz spring, and to fallow the
progress of the reaction by periodic obscrvation of the weight
loss. The fraction of decompasition, a, would be caleulated
from the ratio of the weight lost after time ¢, to the wcight lost
at the end of the reaction.

Theory

The lincar rate law in its integrated form is:
X =l

In this cquation, v is the velocity of migration of an interface,
expressed in rerms of a lincar dimension x and a timc_ t. This
form of the equation implics a constant arca of the interface.
\When the area of the interface changes as the reaction proceeds,
it is neeessary to introduce a factor f, which represenes the
fractional chaf\gc in the lincar dimension x with a change in the
fraction a of marcrial reacted. Thus,

o=l ¢))

The facror f may have various forms, depending on the shape
of the particle to which the caleulation is applicd. For cxample,

the expression
MU= (L= @) = ot . (2)

was used by Spencer and Topley®™ to describe the velocity of
migration of the sitver carbonate-silver oxide interface for small
spherical particles of silver carbonate. o this application, the
lincar dimension x is the radius, 7, of the spherical peller and
the quantiey

1 — (1 —ayn

represents the value of £ applicable o a spherical pellet.
lquation (2) was modificd slightly by McKewan®. 7.8 and
uscd to describe the kinetics of reduction of iron oxtde pellets:

rdll — (1 — @)} = R &)

In this modificarion, McKewan‘®7® incorporated the density,
d, of the pellet into the cquation to permit expresston of the
reaction rate constant, £, as the weight of reactant decomposing
per unit time per unit of mterfacial arca. The inclusion of 4 in
the cquation s particularly usctul in studics involving powder
compacts, because it permits corrclation of the results obtained
from cxperiments with pellets of different densities.

Although the cqualiry,
f=1—(1—ayn

was rigorously derived only for spheres, it is applicable to
cubes and ro cylindrical pellets having approximatcly spherical
proportions.  For cvlindrical pellets having other proportions,
1t s necessary to derive a more cxace expressicn. This can be
done by designating the dimensions of the pelice as shown in
Vigure 1, where @ 15 used to express the rato of the height to
the diamcter of the peller.

From the peller dimensions shown in Figure 1, it is evident
that the fraction of matcrial decomposed, a, can be cxpressed as:

original volume — unreacted volume

original volume
dawr* — 2ar — frym(r — fr)?

3 2amr?

\r ‘_U{~\!4‘" A
{ - y

a—/J

a =1 —

When the pellet heighe and diamerer arc cqual, the pellet
approaches a spherical form and @ = I,

Hence : .

a=1—(—fPorf=1—(—a)ys

Fauation (4) is cubic and it can be solved for £ most readily
by a graphic mcthed This is done by first calculating various
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Figure 3—Rate of decomposition of ferric sulphate ex-
pressed as a weight change per unit area of sulphate-oxide

interface.
T(°K) d(g/em®) a
A 1123 1.571 1.062
e 1023 1.583 0.969
A 973 1.547 0.6714
QO 973 1.471 1.086
o 973 1.566 1.520

values of a from assumed values of £ berween 0.1 and 0.8, The
values of @ and f are then plotred to form a graph, and the graph
is uscd to obrain the value of f corresponding o cach experimenral
valuc of a. The valuc of [ so obraiacd is then substnued,
togetlier with the pellet density and the pelict radius, in Fguation
(3) to obtain £, the lincar ratc constant expressed as the werght
of rcactant decomposed per unit time per unit of interface arca.

The Preparation of Materials

Aluminum sulphate and ferric sulphate, bhoth of rm-vcnt'

grade, were dehydrated by heating to constant waight at a
temperature of about 100°C. The dehydrated pow ders were
compressed into pellets of diflerent heights but of a constam
diameter of 1.29 em. To facilhitate suspending the pelicts n
the apparatus, a small platmum wire was embedded m the
centre of cach pellet during the pressing operation. The wire
was bent to form a hook for attaching the pellet to the quartz
spring in the apparatus,

Apparatus and Procedure

The apparatus used in the experiments is shown in Figare 2.
The pellet was suspended front a quartz spring attached by a
gold chain to a winch. The winch was used to adjuse the position
of the top of the spring so as ta keep the pelict i the same
position in the furtace as decomposition procecded. The weight
loss of the pellet was determinad from the spring extension as
rcad with a cathetomcter,

The nitrogen strcam, which was used in the first group of
experiments to sweep the liberated sulphur trioxide from the
pellet, was preheated in ceramic packing. In the sccond group
of cxperiments, in which a sweep gas consisting of sulplmr
trioxide, sulphur dioxtde, oxygen and nitragen was uscd,
plarmncd ashestos catalyst was substitnted for a portion of rhc
ccramic packing, ta cnsure that the gases were present tn
cthbrlum prnpmtums.

The temperature of the pellet was assumed to be the temper-
aturc of the surroundings. Fxpertments in which this temperature
was comparcd with the temperature in the interior of the pellet
had shown the assumption to he a valid one, except when the
decompasition reactions were very rapid at high temperatures,
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IFigure 4 — Rate of decomposition of alnminam sulphate
expressed as a weight change per wnit area of sulphate.

oxide interface.

T(°K) d(g/em*) a
O 1223 IREE 1318
O 1123 1.459 1.155
AN 1123 1.58¢4 1.016
o+ 1023 1.113 1.17
AT 923 1.445 1.148

*partly decomposed

When the reaction was rapid. the temperature within the pellet
was sometimes observed to lag S0°C. behind the temperature
of the arca surrounding ir. “This effeet was expected from an
endothermic reaction, and to prevent it from inﬂucncing the
results, the decompositions were done slowly,

The procedure used i making a run was as follows: After
the material had been compressed to form a pelict, the pellet
was weighed and s dimensions were measured and wsed ta
calanlate its density. “The pellet was then hang on the quartz.
spring, which had been retracted into the cool zone of the
apparatus. Afrer a steady remperature had been attained in the
furnace, the pellet was lowered o the reaction arca and readings
of the deereasing spring extenston were made during the decom-
position. Periodically, the top of the spring was lowered to
maitain a constant postion of the pellet in the furnace.

Results and Discussion

The results obrained from experiments tn which a preheated
stream of mrrogen was passed over pellers of ferrie sulphate and
alumimu sulphate are shown in Figures 3 and 4. In the experi-
ments, a nitrogen flow rate of about S60 ml/min. was used.
At this flow rate, the rate of the decomposition reaction s
mdependent of the flow rate. The hincanity of the lines in
Figures 3 and 4 sup port the conclusion that both decomposition
reacttons, when dane in a sweep of nltmgm gas, arc prupul)
deserihed by the lincar rate law. 1t is also reasonable to concludce
that since variations in the thickness of the product layer do not
appear to intlucnee the rate of the reaction, then the produce
laver st be quite porous.

To oltain activation energices for the reactions, the logarithm
of the rate comstant, k., (slope of cach linc in Figures 3 and 4)
was plnncd against its corresponding reciprocal temperature.,
This graph 1s “shown in Figure 5. Fach line was fitted hy the
mcthod of least squares, and from the equations of the lincs,
the following expressions wete obtaned for the lincar reaction
rate constants,  For ferrie sulphate: .

E. = 2.29 X 107 expl —19.900/RT).
For aluminum stlphate:

k.= 1.11 X 10" exp{ —64.000/RT).

4



-1.0 in.thc units of grams per square centimetre of surface arca per
nupute.

i It is of interest to compare che activaton energy for the

-1-4F ferric sulphate decomposition reaction with the free energy
change computed for the reaction by the authors™.  lr was

Fep(SOq)y shown that the free energy relationship for the reaction
l 8 ]:('_-(S()ﬂ:; T FL‘-:OJ + 3S03.
is

~2.2F AG = 125840 — 119557 ... ... ... .. ... (S)
1n this expression, the large entropy term of 119.7 cal./mole/deg. '

-2.6 resules in part from the expulsion of three molecules of sulphur
rrioxide from the highly ordered state in the solid to the random
state in the gas phase.  Although the heat of reaction is 125.8

~-3.0F keal./mole at 1,000°K, because of the large entropy  change,
the change in free energy for the decomposition reaction is
only about 6 keal./mole. Since the activadon cnergy for the

2 -3-4r decomposition .rcuction s abour 20 kcn.l./n.mlc, it 1s cvident
AL,(S0,)y that the activation cncrgy‘ﬂ)r the recombination reaction should

o be about 14 keal,/mole. No attempts have been made to measure
o -3-8p this activation energy, bur such a small actvation cnergy should
be acquired casily, 'c.\‘pcci;\ll'\' because a substantial release of

-42k . hear might be expeeted o result from adsorption on ferric oxide.
The facr thar the reverse reaction does not proceed readily
practice, may be interpreted as indicating that ferrie sulphate

-4.6F forms a protective coating on the ferric oxide and the rare of
formation of additional ferne sulphare is controlled by the rate
of transfer of the reactant(s) across the ferrie sulphate layer.

=-5-0- Experiments done by Alcock® on the sulphation of cobalt oxide
support this conclusion,

-5.4k In thq second group ({f g:xpcrimcnrs, a sr_udy was made
of the effecr of sulphur trioxide, sulphur dioxide and oxygen
pressures on the rare of the ferric sulphate decomposition

-5.8 ) ! ] ) 1 L r(:ncrinn.‘ This was done by passing various mixrures of sulphur

‘80 85 90 95 100 105 10 15 dioxide, oxygen and nitrogen through the ceramic pre-hearing

lO‘/T umt, where, b._y ghc action of a platinum 'camlyst supporred on

ashestos, equilibrium amounts of sulphur trioxide, sulphur dioxide

Figure 5——Arrhenius relationships for ferric sulphate and and oxygen were formed. All of the expeniments were done ar
aluminum sulphate, a temperature of 700°C. and a total pressure of one atmosphere.

The mitial and cquilibrium gas compositions are shown in

a Table 1. The cquilibrium gas compositions were caleulated
by the method of successive approximation suggrested by

7L Kelloggt®,

el : TanLe 1

"9 Decosrosition Rate as A Fuscmion or Gas ComrosiTion
sl S0, ond 0, pe for SO; = 0.0794; p. for SO, = 0.128; p, for O, = 0.064
'z_ —===
E a} Initial Composition at Rate Eqgnilibrium Composition
2 room temperature (atm) | Constant at 700°C. (atm)
O,
‘E Psoy po, Py, kX1 Psoy Pso, Po,
@ 2
0.000 { 0.000 | 1.000 7.92 0.0000 1 0.0000 | 0.0000
- 0.007 | 0.033 | 0.900 4.7t 0.0186 | 0.0486 | 0.0243 !
0.100 | 0.050 | 0.850 3.46 0.0320 | 0.0696 | 0.0348
Iz G B D |l
| SO | 1 At . N i A . . .
OT 02 03 04 05 06 07 08 03 10 0200 | 0300 | 0700 | S0 | 00800 | 0128 | 0:0640
(pO'P)/Po _ R B
Figure 6—Variation in the rate of decomposition of ferric
sulphate with fractional driving force. The cffeet of the presence of carbon dioxide on the rate
. i of decomposttion of calcium carbonate has been studied by
In th,csc. cxpressions, the rate constant has been designated as Zawadski and Bretsznajder®™, who showed that the rate of
k. to.md]ca[c -'ha.t no sulphur trioxide, sulphur dioxide or oxygen the reaction 1s dirccrly proportional to the driving force. The
was mtroduced into th‘c.strcam of nitrogen gas used to sweep driving force was defined as the difference berween the cquilib-
the S’rl_mpl.c. The quantitics 19,900 and 64,000 arc the activation riam pressurc of carbon dioxide over the sample and the pressure
c;lcrglcs in ;:alioncs per mn_k: for the ferric sulphate and the of carbon dioxide maintaied in the sVstom,
;_;2“:([17‘0:‘;;}:(]ﬂlrjic;)‘;](g\(;s;?::lj:?cPCC“defand thcq\.mnnncs To tese the npplicari(m uf this relationship f"_‘hc rcaction
requoncy factors, expressed for the decomposition of ferric sulphate, the driving force for
266 The Cauadian Journal of Chemical Engineering, December, 1962




the reaction was caleulared for sulphur trioxide, sulphur dioxide
and oxygen by subtracting the partal pressures of cach gas,
shown in Table 1, from the cquilibrium pressure of thar gas
over the sample at 700°C.  The cquilibrium pressures were
caleulated from the free energy refationship shown in Equation
(5) and the data of Lvans and Wagman®? for che decomposition
of sulphur trioxide, The results are shown as a function of the

* fractional driving force (p. — p)/p., in Figure 6.

From Figure 6 itis evident thae che retationship between the
rate of reaction and the fracuonal driving force is lincar for
both sulphur dioxide and oxygen, but curved for sulphur trioxide.
Liven though theére are not sufficient data to specify the reaction
mechanism, there is an indication, because of the lincarity of
the sulphur dioxide-oxygen curve, thar these constituents may
be more directly concerned than sulphur rioxide in the reaction
mechanism. If this were true, it would be preferable to represent
the decomposition reaction as: :

F(.‘:(SO‘): = FC-[O; + 3301 + 3/2 01

‘I'he free energy change for this reaction, as computed from the
data of the authors® 1s:

AG = 194,165 — 184.55T.

From recent experimental work®, there has been an indica-
tion that an oxysulphatc of iron may be formed during the
deccomposition of ferric sulphate, but no cvidence has been found
in chis work for the existence of such an interniediate compound.

By combining the cquations relating the effects of particle
geometry, frcqucn‘?' factor and activation cnergy, wit!\ the
cquations for the effects of changc in rate due to changes in !hc
partial pressure of cither sulphur dioxide or oxygen, (hc fotlowing
general expression has been developed for caleutacing the frac-
tional amount of decomposition a, obtained after a reaction period
of ¢ minutes, for an approximatcly spherical peller of ‘ferric
sulphate:

rd[t — (1 — a)'f = 2.26 X 10%exp( — 19900/ RT)H] [(p. — p)/P.Y

Conclusions

Experiments done on the rates af thermal decomposition of
ferric sulphate and aluminum sulphate have shown thae it is
possible to make kinetic studics using fincly divided powders,
bv compressing the pawders into a cylindrical form and making

mathematical corrections for the change in interfacial arca which
vresults as the reaction proceeds. 1e has been shown char the
rate of decomposition ot ferrie sulphate is much more rapid than
that of aluminum sulphate. Because of the large difference in
the activation energics of the reactions, the difference in the
rates of reaction is greatest at the lower temperatues, 1t has
also been shown that the rare of decomposition of ferrie sulphare
varies with the driving force, when the driving foree is defined
as the difference between the equilibrium pressure of sulphur
dioxide over the sample and the partial pressure of sulphur

“dioxide in the sweeping gas. The same relationship is applicable

to the partial pressare of oxygen, but'this relatioaship does not
hold tor che sulphur trioxide constituent of the gas.
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