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- A DIFFERENTIAL THERMAL ANALYSIS STUDY OF

THE RARE EARTH ETHYL SULFATES"

‘Marcel W. Nathans

nLanence. Radiation Laboratory, University of California

Livermeore, .California

January 25, 1961
. ABSTRAGT

Differential thermal ahaly‘sis'-"(]‘D’I‘iA) curves-were obtained for all rare
‘earth ethyl sulfates in.a stationary air atmosphere-at an upheat rate-of about
10°C per minute. . The effects-of particle size, upheat rate and the conditions
-of the surrounding .atmosphere were -investigated. A partial interpretation of
the peaks was ~m'a.deAby'.a modified thermogravimetric-method and other ana-
-lytical means.

The decomposition of the-salts follows mqre~:c>r‘less the following gen-
eral pattern:

M(C,H_SO,

2Hg50,)5+ 9H,0 = M(C,HS0,) 5 5H,0 ~ M(C,Hg50,); ~ M(HSO, ),

"— intermediates - MZ’(S}O4.)3 ,
. where .M represents-any rare-earth metal. The first three-steps all occur
below 200°. 'The last step is .certainly completed at 500°. 'The intermedi-

ates are possible double salts of the sulfates and the bisulfates or have the

composition pM-Z(SO4)3'- qHZ'SO4.

* 4
.~ Work-was performed.under. the ‘auspices-of the U.. S, Atomic-Energy Com-

mission.
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The dehydration and the decomposition of the organic radical have acti-
vation energies of the order of 12 and 16 kcal/mole, respectively. The bi-
sulfate decomposition may- haveA an activation energy of something like 8.5
k,cal/méle. The reactions are first order, with one exception, which appears

to be of fractional order.
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" A DIFFERENTIAL THERMAL ANALYSIS:STUDY OF
THE RARE EARTH ETHYL SULFATES

Marcel W. Nathans

Lawrence Radiation:Laboratory, University of California

.Livermore,;. California

INTRODUCTION

The thermal decomposition of rare earth:salts has been studied in

- some detail only'durihg the past five years, particularly by~Wend1andt.('1)
The principal aim of these studies ‘was to determine the minimum tempera-
ture range in-which a particular composition:would be stable. lThis is of
interest for gravimetric analysis. . A secondary aim was the comparison.of
the behavior of the different rare earths. Thus studies have been made, by
‘DTA or with the thermobalance, of the oxalates, 8-hydroxyquinolates and
related salts, cupferrates and neocupferrates, chlorides, fluorides, sulfa-

(1)

mates and nitrates. The ethyl sulfates, although not of analytical interest,
are of some spectroscopic interest, and it appeared worth while to obtain a
- comparison of rare earth behavior in this salt. They have the composition

.EM(CZH-’SSO4)3- 9H2lO and are crystallographically isostructural,

('I)A brief review with:literature references can be found in.P.. C. Stevenson
rand.-W., E. Nervik, . The Radiochemistry of the Rare-Earths,. Sca.ndiufn,, Yttri-
‘um and"Actinium, . Lawrence Radiation.Laboratory report UCRL-5923 (1960),
pp-48-60, to.be published by the-Subcommittee 'on'Radiochem-i'str‘y of the. Com-.

-mittee -on:Nuclear Science, National Academy of Sciences.
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EXPERIMENTAL

Cerium ethyl sulfate was prepared from the sulfate as obtained from the
Gu. Frederick Smith Chemical Co., by a double decomposition reaction with
the stoichiometric amount of barium ethyl sulfate, All other ethyl sulfates
were prepared from the oxides obtained from Lindsay Chemical Corp.
(ErZO3 from Research Chemicals Corp.). The oxides were first converted
to the sulfates by dissolution in the minimum amount of dilute sulfuric acid
and subsequent Acrystallization. The sulfates were then converted to the ethyl
sulfates as in the case of thé cerium salt. The ba;rium ethyl sulfate was
"electronic grade' reagent from City Chemical Corp. .Potassium ethyl sul-
fate Wé.s reagent-grade chemical from Eastman. All materials were.at least
99% pure.

The purity of the ethyl sulfates was not exactly known. Not enough was
made for'a satisfactory analysis. Most ethyl sulfates appeared slightly wet,
The weights of the py'_rolys.'is residues showed, however, that the purities did
not differ significantly trom 100%.

The DTA furnace assembiy‘was the Robert L. Stone Co. model CS-2
with the liquid sample holder. The samples are placed in cups which allow

“weighings.. Auxiliary equipment included a Leeds and Northrup model-G
potentiometer recofder with a Beckman model—l‘i.Breaker amplifier to re-
cord differential temperatures, and an LL and N model-H cam-type program-
mer-recorder with-a CAT proportional control and a Fidelity saturable re-
actor.

The thermobalance used for the lanthanum salt was a modified .Ugine-
Eyraud continuous recording thermobalance with an L. and N Speedomax

type-G.X,-X, recorder having a range of 20 mg * 1/2% full scale.
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" Some samples of the lanthanum salt -whic,ﬁ were heated in:a muiffle oven
‘at different temperatures-werle analyzed. "The products of pyrolysis below
500°C were soluble in water, the 1100° product-was dissolved in hydrochlo-
ric-acid. . Sulfate;was~d.etermined by precipitation as Ba;SO4, 4fi1teri.ng‘.the
next day, dissolution of the precipitate in-a known amount of ammonical
EDTA and back titration with standard MgCl, with eriochrome T as the indi-
cator. Hydrogen ion was determined by titration with standard base. -

. Samples of about 100 mg were used in-all experiments.. Standard par-
ticle size was -100/4200 mesh.‘ . Standard upheat rate-was about 10°C per
minute. These conditions were modified for a few experiments, After a
complete DTA curve was obtained a new sa_.'ni_pleé was run, but with-interrup-=
tions shortly after a peak - in order to-weigh the sample. The samples were
‘removed from the furnace and weighed.as rapidly-&gé possible in order 'to keep
the uptake of water from the air to al.' minimum. _‘Occa,-.sionaliy some fumes:

were: still coming off when the furnace-was remeoved.

- RESULTS

The DTA curves under standard «onditions are~sh§wn in Fig. 1 Be-
low about 250°C the -curves are-all similar. There are bas-ically-three‘peak's
whichiare in n'early' all cases we}l resolved,. and sometimes some additional
strl‘lctur(vai. ‘Between 2_;)0°‘ and 500° there is varying behavior. The lanthanum
a.md> cerium salts show one sharp peak between 300° and 400° 'and olne or two
weak endothérm’s at higher temperatures. . The salts from praseodymium
through holmium have-at least two well defined enaother.ms,. whiéh- so-rn‘et,i'r'nes -
- show strucfure. The remaining rare earth salts:show only one»endother'm of'
‘mediumAintensi.ty, which peaks just above 300° . For comparison:I haye. in-

cluded the curves of barium and potassium ethyl sulfate.
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Certain aspects of the curves.are sensitive to the nature of the sample
énd the heating rate., Figure 2 shows the effect of pa;rticle size on the DTA
of the gadolinium salt. -The best .resolution is obtained for the -100/4+200
mesh ‘fractio'n'. . The resolution is almost as good with -200 mesh fraction,
but unsatisfactory with the +100 mesh fraction.

The . effect pf atmospheric conditions was examined on the lanthanum
salt. DTA curves v;;ere obtained in air and in a dynamic argon atmosphere.
The results are -shown in Fig. 3. |

The effect of upheat rate was investigated with the erbium salt with
strikinglresults (Fig. 4). Fir'st of all, peaks shift to lower temperatures
as was expected when the upheat rate is slowed down. The two lowest tem-
perature peaks, which are dehydration peaks as I shall show later, are al-
most entirely unresolved at the lowest upheat rates except perhaps for a
shoulder. The next peak is resolved into two peaks at 2.5°/min, shows
some structure at 5°/min but appears single at 10°/min and 25°/min, The
last peak shows similar behavior. It is complétely unresolved at 25°/min
and at 10°/min, is resolved into two and possibly four peaks at 5°/min, but
in no more than two peaks at 2°/min.

The interprétation of the peaks is based on measurements of the weights
of samples at points indicated by numbers in Fig, 1 Compositions - were
calculated from these weighings and compared with theoretical compositions,
The results are tabulated in.Table 1. The numbers listed are weight % left
after heating. Additional weighings were made of the lanthanum and holmium
salts after the'first and second peaks (Table 2). . Chemical analyses were
carried out on some of the decomposition products of the lanthanum salt after
heating in a muffle _over.1'(Tab1e 3). In order to make the interpretation a
little- more posifive.p.yrolysis products of the potassium and barium salts

were also weighed or analyzed (Table 4).
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- The data lead to the following interpretation. The decomposition-vof :
the rare earth-ethyl sulfates starts with dehydration. Besides the ennea-
) hydrate--which is stable at room temperature-at least one other hydrate-exists,
. probably-the pentahydrate. The anhydrous ethyl sulfates '_é.re rather unstable
and decompose a little below 200°C to the bisulfates.. The bisulfates decom-
-pose either directly or in steps -to_.‘the anhydrous sulfates.. In-some cases
‘(La,. Ce, Pr, Gd, Dy, Yb) the bisulfate-starts to decompose Before.the- de-
composition of the ethyl group:is complete. The intermediate compositions
shown in:Table 1 are given with some reserve. The DTA curves indicate the
existence of dou;ble- salts of the bisulfates with the sulfates. < The most con-
- sistently occurring composition is M(HS‘O4-)3: MZ(ESO4)3. It is.likely that such
.a double-salt has independent existence. Other ,compoéitions suggested by
- the table-as having -independent exist'ence ‘are 4M(»HSO4)3,- ‘MZ(SO4~)3 and pér-
haps ZM(HSO4'.«)3‘- M.Z,(S'O4')3.. " These cdmpo_sit'ior;s_ certainly are in need of
"conf'irrr'iat-ion. . A few x ray diffraction patterns o.bta'ined. from: pyrolysis f)ro,-
ducts-of the lanthanum salt Qére Aih;:_onclus'ive.j

: Confirmation.of tl'.xe'interpf‘etation of the peak.just below 200° was found
from the-potassium and barium salts. ,‘The former has only one e#dqtherm
'éorrespondir}_g to the reaction |
+ C,H,

K(CZH'SSO4) - KHSO4

. The-latter has two low temperature peaks, ‘which correspond to dehydration,

"The third sharp endotherm results from the reaction

.Ba(C,H.SO,), - Ba(HSO

4)2 4"

. The: last'peak,i at about 300° corresponds to the reaction

- 'BaSO_..+.-I‘-I2'O + SO3 .
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This peak -occurs at about the same temperature as a similar peak for the
erbium,. thulium, Ytterbium and '11'J.tec,ium peaks, which have been interpreted
the same way.

A Ar.1 atterﬁpt was made to establish the stability ranges of some of the

-low temperature pyrolysis products. The weight.of lanthanum ethyl sulfate
was followed with the thermobalance in a flow of about 100 cm> of nitrogen
per minute (at room tempéfature); After an initial run at 10°/rnin.a more
detailed experiment was done at about 2°/min. Figure 5 shows both the
weight loss curve and the DTA curve at 2.5°/min. There is little positive
correlation between the two curves. It is clear, however, that there is no
stability range for the intermediate hydrate.

. Static experiments were done with the et'h'y1 sulfates of La, Pr, Tb,

. Dy,. Er, Tm,. and 4~Yb. The results are shown in Table 5 and Fig. 6. The
samples (except the La salt) were held at 50° for three days, at 73° for one
-day, and at 105° for 42 days.. The lanthanum salt was only heated at 106°.

. At 50° constant weight appears to be reached after only a few hours at about
80%, indicating perhaps the existence of a moﬁo- 6r dihydrate. The Pr and
Tb salts may have reached the anhydrous form already at 50°. . After further
heating the weight increased a little, however. This suggests that the con-
-stant weight composition is very sensitive to the.humidity of the-atmosphere.
Yet there is no indic‘at'ion of a stable pentahydrate. No constant weight was
reached at 73°, except perhaps with the Dy salt. It looks as if the Dy, Er,
Tm, and Yb salts may have a stability region at about the composition of the
anhydrous salt (about %7%). The other two salts lost additional.weight at 73°.-
The behavior-at 106° is very interesting. The -1antham;.m, praseodymium and
‘dysprosium salts appear to have-a stable compc‘a‘sition at about 60%, in ac-

cordance with weight data obtained from the dynamic measurements of the
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last.two. T.he~e'rbium and thulium salts have stable products aft abou,FASO%, ,
that is, at the:composition: E~r(HSO4)3' ErZ(SO4,)3. This .composition was not
found in the dyn‘arr'iic.experiments.’ Finally, the terbium and ytterbiufn salts
did not reach a stable composition at all, - 'i‘hey both tend to yield the anhy-
drous sulfate -at this temperature. The .weighf loss rates do not decrease in
-regular fashion. This may be explained by assuming two consecutive reac-
tions, the seéopd. one being the decomposition of the -product of the f1rst one.
'An.estimate was made of the activation ehérgy of some of the reactions
- of the-érbium salt. AccordingtoKi’ssihgex"(Z) the:activation. energy, E, is
.given by’
: d1in(¢ /TZ)
' E = —R -_dﬁ;/T_n;_ ’
m .
where R is the .gas constant, ¢ the heating rate, and Tm the peak :terhpera—
ture-in degrees K. Values of E were calculated with 'the data obtained from
Fig. 4 for the first dehydration peak, the 200° peak, and the bisulfate decom-
-pqsition peak. For the last calculation I took the average of the d'ouBlet, "The
results are shown'in Fig. 7. The activation energies come 'out.to be about
12, 000..'ca1/m01e5f'o.r'thé< dehydration, about 16, 500.cal/mole for the ethyl de-;
‘composition, and about '8500.cai/mo"1e fof-the’bis_,ulfate- decompo'sition. ‘These
values must be éonside'red.tentative, however. |
The efripifical reaction 6rder'~can be -estimated from the-peak 'sha.pe‘.(3)

" All peaks are sufficiently symmétric- to'allow the -conclusien of a fi'rsF-order

reaction for all decomposition steps, except a peak at about 300° fot the

(Z)H. E. Kissinger, J. Research Natl. Bur. Standards 57, 217 (1956).

' (3)H._ E. Kissinger, Anal. Chem.. 29, 1702 (1957).
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majority of the ethyl sulfates. The order is given byn=1,26 Sl/?‘, where
S is as defineo in Fig. 8. I calculated n to be between 0.7 and 0.4, On\-;:

.possible explanation of the deviation from first order may be the following

formulation:

+ HZSO4 ' | -

2/3 La..(HSO4)3 - 1/3 LaZ(SO4)3

the rate determining step being the formation of a molecule of ‘sulfuric acid.

The reaction order would be 2/3 with respect to the bisulfate.

CONCLUSIONS

The path.of the thermal decomposition.of the rare earth ethyl sulfates
below 600°C goes through an intermediate hydrate, the anhydrous-salt, the
bisulfate, compositions intermediate between the bisulfate and the sulfate,
and finally_'to the anhydrous sulfate. There is no cleo.r division of the salts
into types-according to their behavior, except that for the four heaviest ethyl
sulfates \th‘e existence of interroediate compositions is not clear. The inter- .
mediate compositions may ha\'/e‘the strocture pM(HSO4)3'qM2(SO4)3 or

pMZ(SO °~qHZSO4. " Static measurements have shown that the pyrolysis

4)3
products may be stable in only very limited t(ei'r'lper,ature intervals, It is
obviously of interest to continue the static weight loss measurements. It is
likely ‘that _conditions can be found at which the bisulfates can be prepared.
In addition, the-exact composition of the ‘products intermediate between the
su]Tfatés and the bisulfates should be determined. |

The activation energies are of the order of 12, 000 cal/mole for the de-
hydration, 16,500 cal/mole for the decomposition of the organ‘ic radical, and

about 8500 cal/mole for the bisulfate decomposition. The reactions are first

order. except some occurring at about 300°, which are of fractional order.
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Table 1.

. . y *
Table 1.— Weight data for rare earth ethyl sulfates heated to different températes.

1 2 3 : 4 .5
Bisulfate 2./1T 'l/lT 1/2T Sulfate
theor. found theor, found theqr. found theor. found theor, found
La 63.6  ---  56.4 56.4 52.8  --- 49,1 {igg 41.9 42.6
. _ ‘ . r
Ce 63.7 61.8 56,4 = --- 52,8  ---  49.2  --- 41,9 (,32.-‘?
. C v.6
( . r . (
‘64. 6 . 50.2 40.6
Pr 63.7 /160_0 56.5 - 52.8 - 49,2 ‘]49.1 42,0 i45.1
o . 45,4
Nd 64.0 62.6 56. 8 53,1 49.5 50,0 42.3 2
(45.3
60.7 :
Sm 64.2 {700 57.1 53,5 49.9 51.9 - 42.8 44.2
' ‘ . 54.9 47.3
Eu 64.3 64.0 57.2 - 53,6 {53.7 50. 1 43.0 {44.2
Gd = 64.6 i 57.5 55,8 54,0  --- 50.5 50.3 43.4  43.3
Tb 64.7 64.6 57.6 (56.9) 54, 1 50.6 50.9 43.5 42.9
Dy 64.9 60.0 57.9 54,4 50.9 50.6 43.9 43,0
Ho 64.9 63.1  57.9  --- 54.4 53.5  51.0  ---  44.0 46.7
' _ fa7.6
Er 65,1  66.2 58. 1 - 54. 6 Bl.1 4.1 {53e
Tm 65.2 65.5  58.2 - 54,6 --- 51.1 S 44,1 48.6
Yb 65.4  --- 58.4 58.1 54,9 51.4 - 44.4 48,5
Lu 65.4 64.4  58.5  --- 54.9  --- 51,4 50.9 44,5  ~--

. .
Temperatures where samples were taken varied with the peak pasitinns, The first
column was obtained at about 230°, the second, third and fourth columns between 230°
and 350°, and the fifth column at 450°, Values are reported as percent weight remain-
ing.
T(Equivalents of rare earth in birsulfate)/(equivalents of rare earth in sulfate).

INo data taken.
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Table 2.~ Evidence for the existence of rare earth ethyl s_ulfat_e5pe;ntahydi“ates.m

. Weight Heating.. . - Wt . % Theor. for
: Cor_npoupd {g) Temp.(°C) left: pentahydrate (%)
La(CzHSSO4)3’ 9H‘20 1,000 145 88. 8 |
. : : ' ' ‘ 89.4 .
0. 0655 135 90. 5 o
Hy(C,HgS0,) ;- 9H, 0 0. 0780 135 . 88. 1 88.7

Table -3.--.-.Ana1yses:of lanthanum ethyl sulfate samples heated to

different temperatures.

Heating
Temp = time . : Mi‘li*imolesA-in-‘or.ig.inal sample
Sample (°C) (min)- -Lat-lfj'(calc) ut ‘=S’O: a 304./-La . H/SO4
1 - 225 15 0.77 1.58 - 1.80 '2.34° - 0:88
2 375 15 0.77 0.218 © 1,18 . 1,53 0.18
3 410 . 15 0.76  -0.128  1.17 1.54 0.11
4 510 15 0.88 (0.02)  1.27 1, 44 (~0)
5 510 230 0.80  (0.04)  1.18 '1.48 (~0)
6 11050 15 0.76. - 0.40  '0.52 -
. Theoretical SO4/La for 4?La(}.-ISO4)3 + .La2$$'04)3 is 15/6 or 2.50;

for 'La'Z(SO4)3:

f Theoretical H‘/SO4 for 4-La(HSO

3/2 or-1.50; for‘LaZ',OZ,(SO4)::1/2 or-0. 50.

+La,(S0,), is 12/15 or- 0. 80;

4)3 3
.at 350° and 410° small amounts of bisulfate gre still left.
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Table 4.'-Ana1yseslof, barium and potassium ethyl sulfates

heated to different temperatures.

Theor. wt % of

Temp Wt % of
Sample C(°Q) initial sample initial sample Product
Ba(CZH SO4)2‘ 2H,0 100 | 98.7 T ---
170 90. 6 ‘ 91.5 _Ba(CZHSS‘O‘l)Z
250 75,3 78.0 D::L(HSO,L)2
1050 (x-ray analysis) BaSO4
KCZI'—I'SSO4 _ 250 85.9 82.9 - KHSO,

: ’SO4 found 4. 04
theor: 4.14
H found 4,12

theor: 4.13

‘mmoles in 0.6775 g

A ' 't
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Table 5.

Table 5.—Static weight loss of some rare earth ethyl sulfates at 106°C,

Weight % after

, i : -
Salt of 0 24 34 144 195 217 318 481 648 1008 (hr)
Pr 72.067 62.00. 61.23 60.37 60.42 60.23 60.58 59.83 59.58 58,97
Tb 71,357 59.72 59.15 56.50 56.43 55.56 54.66 50.17 47.82 46.06
Dy - 75.641 64.81 64.95 63.74 63.82 63.36 63.56 61.82 61.17 59.94
Er 76.027 66.43 65.68 59.23 57.15 55.83 52.44 50.48 50.26 50.74
Tm 76,867 68.34 67.42 63.00 61.88 61.16° 59,51 52.82 50.81 51.77
Yb 74,907 65.13 64.37 57.34 (58.22) 54.18 53.25 44.47 --- 44,41
‘ 0 12 17 21 36 60 161 324 492 (hr)
La 100} 64.7 62.8 62.2 60.5 60.0 60.0 58.6 (62.6)

#*
Time started after 3 days at 50°, 1 day at 73°.

t

Weight percent left after previous heating at 50° and 73°.

IHeating started at 106°.
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Fig. 1. '— DTA curves for the ethyl sulfates of the rare earths, barium and potassium.

Upheat rate 10°C,/min nominal. 100 mgz samples, -100/+200 mesh.
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l | | |
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Fig. 2. — Effect of particle size on the DTA of Gd(CZHSSO

4)3' 9HZ O.



UCRL-6280. -20-

Dynamic‘

Staftic

| | | |

O 100 200 300 400 500
TEMPERATURE (°C)  mz-12188

Fig. 3. — Comparison of DTA of La(C2H5SO4)3' 9HZO in static air and dy-
namic argon atmospheres,




-21- UGRL-6280 -
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Fig. 4. — Effect of upheat rate on the DTA of Er(CZHSSO4)2'9HZO.
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DTA
- Curve

% 5°C/m|n|
nominal)

Weight
l_.gss Curve
""" 5°C/min
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10mg

| | I
O 100 200 300 400 500
TEMPERATURE (°C) ‘rizko

Fig. 5. — Comparison of weight loss curve (2°/min) with DTA (2.5°/min) of
La(C,H,50,), 9H,O.
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Fig. 7. — Calculation of activation energies of decomposition reactions of
Er(C,H_.SO -9H20. 4
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| MUL-12493

Fig. 8. — Definition of the shape factor S.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.

Neither the United States, nor the Commission, nor any person acting on

behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the information con-
tained in this report, or that the use of any information, apparatus, method,
or process disclosed in this report may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method or process dis-
closed in this report.

As used in the above, " person acting on behalf of the Commission "
includes any employee or contractor of the commission, or employee of such
contractor, to the extent that such employee or contractor of the Commission,
or employee of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract with the Commis-
sion, or his employment with such contractor.






