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Abstract Characterization, thermal stability and thermal
decomposition of light trivalent lanthanide fumarates, as
well as, the thermal behaviour of fumaric acid and its
sodium salt were investigated employing simultaneous
thermogravimetry and differential thermal analysis, dif-
ferential scanning calorimetry, Fourier transform infrared
spectroscopy (FTIR), TG-FTIR techniques, elemental
analysis and complexometry. On heating, sublimation of
fumaric acid is observed, while the thermal decomposition
of the sodium fumarate occurs with the formation of a
mixture of sodium carbonate and carbonaceous residue.
The thermal decomposition of light trivalent lanthanide
fumarates occurs in consecutive and/or overlapping steps
with the formation of the respective oxides: CeQO,, PrsOyy,
and Ln,O5; (Ln = La, Nd, Sm, Eu, Gd).
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Introduction

Fumaric acid or butenedioic acid, as well as its isomer
maleic acid have been used in production of synthetic
resins, paper glue, elastomer additives and in the polymer
production [1-3]. A literature survey shows that there are
interests in the research of coordination compounds from
fumaric acid in the production of synthetic polymers and in
the production of 3D framework structure [4, 5].

Preparation of some metal-ion compounds of fumarate
have been investigated in the solid-state using thermoana-
lytical techniques in a static atmosphere, X-ray powder
diffractometry and infrared spectroscopy. The papers
published concern with the thermal decomposition of the
compounds: nickel fumarate [6], gadolinium and ytterbium
fumarate and succinate [7, 8], comparative study of the
thermal analyses of some transition metal(I) maleates and
fumarates [9], thermal studies on fumaric acid and crotonic
acid compounds of cobalt(Il) and nickel(Il) [10] and the
thermal decomposition reactions of copper(I) maleate and
of copper(Il) fumarate.

The objective of this research was to prepare solid-state
compounds of light trivalent lanthanide succinates (La to
Gd, except Pm) to characterize and to investigate by
complexometry, elemental analysis, infrared spectroscopy,
simultaneous thermogravimetry and differential thermal
analysis (TG-DTA), differential scanning calorimetry
(DSC) and TG-FTIR techniques. The thermal studies were
performed in dynamical dried air atmosphere.

Experimental

Fumaric acid (C4HgO,4) and sodium fumarate (Na,C,4H4O,)
both 98% purity were obtained from Sigma. 0.1 mol L™

@ Springer



1184

E. Y. Ionashiro et al.

aqueous solution of Na,C4H,O, was prepared by direct
weighing of the salt.

Lanthanide chlorides were prepared from the corre-
sponding metal oxides (except for cerium) by treatment
with concentrated hydrochloric acid. The resulting solu-
tions were evaporated close to dryness, the residues
redissolved in distilled water, and the solution again
evaporated close to dryness to eliminate the excess of
hydrochloric acid. The residues were again dissolved in
distilled water, transferred to a volumetric flask and diluted
in order to obtain ca 0.10 mol L™* solutions, whose pH
were adjusted to 5.0 using a PH meter with a glass elec-
trode and by adding diluted sodium hydroxide or hydro-
chloric acid solutions. Cerium(III) was used as its nitrate
and ca 0.10 mol L™' aqueous solutions of this ion was
prepared by direct weighing of the salt.

The solid-state compounds were prepared by slowly
adding, with continuous stirring, the solution of the ligand
to the respective metal chloride or nitrate solution, until
total precipitation of the metal ions was obtained. The
precipitates were washed with distilled water until elimi-
nation of the chloride (or nitrate) ions, filtered through and
dried on Whatman no. 40 filter paper and kept in a desic-
cator over anhydrous calcium chloride.

In the solid-state compounds, hydration water, fumarate
and metal ions contents were determined from the TG
curves. The metal ions were also determined by com-
plexometric titrations with standard EDTA solution, using
xylenol orange as indicator [11]. Carbon and hydrogen
elemental analysis were performed using an EA 1110,
CHNS-O Elemental Analyser (CE Instruments).

The diffuse reflectance infrared spectra of sodium
fumarate, as well as for its metal-ion compounds were run
on a Nicolet iS10 FT-IR spectrophotometer, using an ATR
accessory with Ge window.

Simultaneous TG-DTA and DSC curves were obtained
with two thermal analysis systems, model SDT 2960 and
DSC Q10, both from TA Instruments. The purge gas was
air with flow rate of 100 mL min~' for TG-DTA and
50 mL min~' for DSC experiments. A heating rate of
10 °C min~" was adopted, with samples weighing about
4.000 mg for TG-DTA and about 3.000 mg for DSC runs.

Alumina and aluminium crucibles, the latter with perfo-
rated cover, were used for TG-DTA and DSC,
respectively.

The analyses of the evolved gaseous products were
carried out using a Thermogravimetric Analyser Mettler
TG-DTA coupled to a FTIR spectrophotometer Nicolet
with gas cell and DTGS KBr detector. The furnace and the
heated gas cell (250 °C) were coupled through a heated
(T =200 °C) 120 cm stainless steel line transfer with
3 mm diameter both purged with dry air (50 mL min™").
The FTIR spectra were recorded with 32 scans per spec-

trum at a resolution of 4 cm ™.

Results and discussion

The TG-DTA curves of fumaric acid and FTIR spectrum
of the material condensed during the heating are shown in
Fig. 1a, b. The TG curve shows mass loss in a single step
between 190 and 280 °C, corresponding to an endothermic
peak at 275 °C (DTA), attributed to the fusion/evaporation
of the fumaric acid. This event, which is followed by
condensation of the compound, was observed when sample
of fumaric acid was heated in a tube glass. The condensed
material was identified by infrared spectrum as fumaric
acid (Fig. 1b).

The disagreement observed between the TG-DTA pro-
files, as well as the temperatures of mass loss (TG) and
thermal event (DTA), undoubtedly were due to the
experimental conditions that were not the same, principally
the static air atmosphere that was used in the reference
[10], while dynamic air-dried air atmosphere was used in
this study.

The sodium fumarate TG-DTA curves, Fig. 2a, show
mass losses in two steps between 440-490 and 490-550 °C,
corresponding to a large exothermic peak, followed by a
small exothermic one, with losses of 30.08 and 2.31%,
attributed to the oxidation of the organic matter and of the
carbonaceous residue, respectively. The total mass loss up
to 550 °C suggests the formation of sodium carbonate
(Caled. = 33.77%, TG = 32.39%). It was observed eval-
uation of CO, in test using hydrochloric acid solution on the

Fig. 1 a TG-DTA curves of (a)
the fumaric acid (4.432 mg) and

b FTIR spectrum of the fumaric a0 {PTA
acid and condensed material
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Fig. 2 a Simultaneous TG-DTA curves of the sodium fumarate
(7.291 mg) and b FTIR spectrum of the gaseous products released
during the thermal decomposition of the sodium fumarate

residue of the TG curve heated up to 550 °C, confirming the
presence of sodium carbonate together with insoluble car-
bonaceous residue.

The gaseous products evolved during the thermal
decomposition of the sodium fumarate were monitored by
FTIR and it has carbon dioxide and methane, as the main
products. The IR spectrum of the evolved gaseous products
is shown in Fig. 2b.

The analytical and thermoanalytical results for the
synthesized compounds are shown in Table 1. These
results permitted to establish the stoichiometry of the
compounds, which are in agreement with the general for-
mula Ln,L3-nH,O, where Ln represents lanthanides, L is
fumarate and n = 5 (Sm, Eu), 6 (La to Nd), 6.5 (Gd).

Table 1 Analytical data for Ln,(L);-nH,O compounds

Table 2 Infrared spectroscopic data for sodium fumarate and its
compounds with light trivalent lanthanides

1

Compound Band position/cm™
Vo HoO/m  VaycoofS  Vsymicoo/m  Av/vae—veym

Nay(L) - 1571 1402 169
Lay(L)3-6H,O 3464 1523 1407 116
Ce,y(L);-:6H,O 3459 1523 1408 115
Pr,(L);-6H,O 3454 1522 1409 114
Nd,(L)-6H,O 3457 1522 1410 113
Smy(L);-5H,0 3440 1523 1411 113
Eu,(L);-5H,0 3261 1532 1397 129
Gd,(L);-6.5H,0 3322 1531 1401 130

L fumarate, m medium, s strong, vo_y hydroxyl group stretching
frequency, Vvascooy and Vsymcoo) anti-symmetrical and symmetrical
vibrations of the COO group, respectively

Infrared spectroscopic data on fumarate and its com-
pounds with the lanthanide ions considered in this study are
shown in Table 2. The investigation was focused mainly in
the 1700-1400 cm™' range because this region is poten-
tially the most informative in attempting to assign coor-
dination sites.

In sodium fumarate, strong band at 1571 cm~! and a
medium intensity band located at 1402 cm™" are attributed
to the anti-symmetrical and symmetrical frequencies of the
carboxylate groups, respectively [12, 13]. For the synthe-
sized compounds, the anti-symmetrical and symmetrical
stretching frequencies are located between 15321522 and
1411-1397 cm ™', respectively. Analysis of the frequencies
of the vacooy and Veymecooy bands show that the lantha-
nides are linked to the carboxylate groups by a bidentate
bond with an incomplete equalization of the bond lengths
in the carboxylate anion, which is an agreement with the
literature [14, 15].

The simultaneous TG-DTA curves of the compounds
are shown in Fig. 3. These curves show mass losses in two
(Ce), three (Sm), four (La, Pr, Eu and Gd) and five (Nd)

Compound Lanthanide oxide/% L (lost)/% H,0/% C/% H/% Residue
Calcd. TG EDTA Calcd. TG Calcd. TG Calcd. E. A. Calcd. E. A.

La,(L)3-6H,0 44.75 44.25 44.60 40.40 40.73 14.85 15.02 19.79 19.60 2.50 2.37 La,03
Ce,(L);-6H,O 47.12 47.55 47.32 38.08 37.56 14.80 14.89 19.73 19.46 2.49 2.67 CeO,
Pry(L);-6H,0 46.51 46.57 46.09 38.72 38.65 14.77 14.78 19.69 19.55 2.48 2.27 PrsOy;
Nd,(L)3-6H,O 45.55 45.40 45.62 39.82 40.13 14.63 14.47 19.50 19.66 2.46 2.44 Nd,03
Sm,(L)3-5H,0 47.57 47.43 47.23 40.17 39.83 12.29 12.74 19.66 19.82 2.20 2.08 Sm, 03
Eu,(L)3-5H,0 47.81 47.80 47.61 39.96 39.81 12.24 12.39 19.57 19.65 2.19 2.28 Eu,03
Gd,(L)5-6.5H,0 46.49 46.86 46.62 38.49 39.87 15.02 15.24 18.48 18.77 2.46 2.50 Gd,05

Ln lanthanides, L fumarate, E. A. elemental analysis
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Fig. 3 Simultaneous TG-DTA curves of the compounds: (a) La,L3-
6H,0 (4.025 mg); (b) Ce,l3-5H,0 (4.134 mg); (¢) PrL;-6H,O
(4.071 mg); (d) Nd,L3-6H,O (4.196 mg); (e) Smyl;-5H,0
(4.024 mg); (f) EupL3-5H,O (4.024 mg) and (g) Gd,L;-6.5H,0
(4.137 mg)

consecutive and/or overlapping steps and thermal events
corresponding to these losses.

For all the compounds, the first mass loss associated to
an endothermic DTA peak is ascribed to the dehydration
that occurs in a single step in a slow process, except for
gadolinium compound, which also occurs in a single step,
but through a fast process. The similarity of the TG-DTA
curves up to this point suggests that the dehydration
mechanism is the same for these compounds.

Once dehydrated, a close similarity is observed con-
cerning the TG-DTA profiles of praseodymium and euro-
pium compounds, Fig. 3c, f, and the same for neodymium
and gadolinium ones, Fig. 3d, g. On the other hand, lan-
thanum, cerium and samarium, Fig. 3a—c, display other
TG-DTA profiles, characteristic of each compound.

Thus, the features of each of these compounds are dis-
cussed on the base of their similar thermal profiles after the
dehydration.

Lanthanum compound
The simultaneous TG-DTA curves are shown in Fig. 3a.
The first mass observed between 40 and 215 °C, corre-

sponding to an endothermic peak at 115 °C (DTA) is due to
dehydration; it reflects the loss of 6 H,O (Calcd. = 14.85%,
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TG = 15.02%). The anhydrous compound is stable up to
380 °C, and above this temperature the thermal decompo-
sition occurs in three overlapping steps between 380—430,
430-490 and 490-740 °C, with losses of 3.19, 10.38 and
27.16%, respectively, corresponding to the exothermic
DTA peaks at 410, 470 and 710 °C, which are attributed to
oxidation of the organic matter. The total mass loss up to
740 °C is in agreement with the formation of La,O3, as final
residue (Calcd. = 55.25%, TG = 55.75%).

Cerium compound

The simultaneous TG-DTA curves are shown in Fig. 3b.
The first mass loss between 40 and 235 °C, corresponding
to the endothermic peak at 110 °C in DTA, is due to the
dehydration with loss of 6 H,O (Calcd. = 14.80%,
TG = 14.89%). The anhydrous compound is stable up to
350 °C and above this temperature the thermal decompo-
sition occurs in a single step between 350 and 390 °C, with
loss of 37.56%, corresponding to the exothermic peak at
390 °C. The less thermal stability of Cerium compound
and the exothermic peak at 390 °C are attributed to the
oxidation reaction of Ce(Ill) to Ce(IV), together with the
oxidation of the organic matter. This behaviour concerning
to the thermal stability of the cerium compound has already
been observed for other cerium compounds [16, 17]. The
total mass loss up to 390 °C is in agreement with the for-
mation of CeO,, as final residue (Calcd. = 52.88%,
TG = 52.45%).

Praseodymium and europium compounds

The simultaneous TG-DTA curves are shown in Fig. 3c, f,
respectively. The first mass loss between 40-245 °C (Pr)
and 40-215 °C (Eu), corresponding to an endothermic
DTA peak at 110 °C (Pr) and 155 °C (Eu), is due to
dehydration with loss of 6 H,O (Pr) and 5 H,O (Eu)
(Caled. = 14.77%, TG = 14.78% (Pr); Calcd. = 12.24%,
TG = 12.39% (Eu)). The anhydrous compounds are stable
up to 385 and 320 °C, respectively, and above this tem-
perature the thermal decomposition occurs in three over-
lapping steps between 385-410, 410-510 and 510-600 °C
(Pr) and 320-375, 375-450 and 450-680 °C (Eu), with
losses of 1.20, 32.97 and 4.48% (Pr) and 1.20, 28.44 and
10.17% (Eu), corresponding to exothermic peaks at 400
and 485 °C (Pr) and 355 and 425 °C (Eu) (in DTA), which
are attributed to oxidation of the organic matter and for
praseodymium compound also the oxidation of Pr(IIl) to
PrgO; ;. The total mass loss up 600 °C (Pr) and 680 °C (Eu)
are in agreement with the formation of PrgO;; and Eu,0s3,
as final residues (Calcd. = 53.49%, TG = 53.43% (Pr);
Calcd. = 52.19%, TG = 52.20% (Eu)).
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For both compounds, no thermal event corresponding to
the last step of mass loss is observed in DTA curve,
probably because the net heat in this step is insufficient to
produce a thermal event.

Samarium compound

The simultaneous TG-DTA curves are shown in Fig. 3e.
The first mass loss between 40 and 245 °C corresponding
to an endothermic DTA peak at 115 °C in DTA is due to
dehydration with loss of 5 H,O (Calcd. = 12.29%,
TG = 12.74%). Once dehydrated, the compound is stable
up to 380 °C and the thermal decomposition occurs in two
overlapping steps between 380-540 and 540-670 °C, with
losses of 32.41 and 7.42%, corresponding to the exother-
mic peaks at 470 and 575 °C, attributed to oxidation of the
organic matter.

The total mass loss up to 670 °C is in agreement with
the formation of Sm,0O3;, as final residue (Calcd. =
52.43%, TG = 52.57%).
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Fig. 4 DSC curves of the compounds: (a) La,L3;-6H,O (3.198 mg);
(b) Ce,L3-6H,0 (3.122 mg); (¢) PryL;-6H,0 (3.353 mg); (d) Nd,L;-
6H,O (2.997 mg); (e) Sm,L3-5H,O (3.097 mg); (f) Eu,L;-5H,0
(3.311 mg) and (g) Gd,L;-6.5H,0 (3.259 mg)

Neodymium and gadolinium compounds

The simultaneous TG-DTA curves are shown in Fig. 3d, g,
respectively. The first mass loss between 40-250 °C (Nd)
and 105-210 °C (Gd) corresponding to an endothermic
peak at 110 and 160 °C, respectively, is due to dehydration
with loss 6 H,O (Nd) and 6.5 H,O (Gd) (Calcd. = 14.63%,
TG = 1447% (Nd); Caled. = 15.02%, TG = 15.24%
(Gd)). The anhydrous compounds are stable up to 385 °C
and above this temperature the thermal decomposition
occurs in three (Gd) or four (Nd) consecutive and/or
overlapping steps between 385-430, 430-520, 520-580
and 580-660 °C (Nd) or 385-430, 430-525 and
525-670 °C (Gd), with losses of 1.20, 22.36, 12.38 and
4.19% (Nd) or 2.39, 26.73 and 8.78% (Gd), corresponding
to exothermic peaks at 400, 480 and 560 °C (Nd) or 410,
460 and 585 °C (Gd) in DTA, which are attributed to
oxidation of the organic matter. The endothermic peak at
640 °C corresponding to the last mass loss observed only in
the neodymium compound is attributed to the thermal
decomposition of the dioxycarbonate formed as interme-
diate. The total mass loss up to 660 °C (Nd) and 670 °C
(Gd) are in agreement with the formation of Nd,O3; and
Gd,0s, as final residues (Caled. = 54.45%, TG = 54.60%
(Nd); Calecd. = 53.51%, TG = 53.14% (Gd)).

The DSC curves of the compounds are shown in Fig. 4.
These curves show endothermic and exothermic peaks that
are in full agreement with the thermal events observed in
the DTA curves. The endothermic peaks at 136 °C (La),
134 °C (Ce), 131 °C (Pr), 127 °C (Nd), 105 and 151 °C
(Sm), 169 °C (Eu) and 175 °C (Gd) are attributed to the
dehydration. The dehydration enthalpies found for these
compounds were: 214 (La), 196 (Ce), 199 (Pr), 177 (Nd),
38 and 58 (Sm), 244 (Eu) and 308 (Gd) kJ mol~". In all the
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Fig. 5 FTIR spectrum of the gases released during the decomposition

of the lanthanum fumarate, as representative of all the lanthanide
compounds
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compounds, the thermal events above 330 °C are due to the
thermal decomposition, where the oxidation of the organic
matter occurs in consecutive and/or overlapping steps.
The gaseous products evolved during the thermal
decomposition of the light lanthanide fumarates were
monitored by FTIR and it has carbon dioxide (anti-sym-
metrical stretching in 2360 and 2345 and scissoring
(degenerated) in 666 cm ™) and water as main products due
to the decarboxylation and oxidation of the organic matter.
The FTIR spectra of the gaseous products evolved during
the thermal decomposition of lanthanum fumarate, as rep-
resentative of all these compounds, are shown in Fig. 5.

Conclusions

From TG, complexometry and elemental analysis data, a
general formula could be established for these compounds
in the solid-state. All the compounds in this series dehy-
drate in a single step.

The gaseous products evolved during the thermal
decomposition of the sodium fumarate were carbon mon-
oxide, carbon dioxide and methane, while for the light
lanthanide fumarates have carbon dioxide and water as
main products.

The reflectance infrared spectroscopic data suggests that
the lanthanides are linked to carboxylate groups by a
bidentate bonding with an incomplete equalization of the
bonding lengths in the carboxylate anion.

The TG-DTA and DSC curves provided previously
unreported information about the thermal stability and
thermal decomposition of these compounds.

The anhydrous stability series for the studied com-
pounds are: Nd (320 °C), Ce (350 °C), La (380 °C), Sm
(380 °C), Pr (380 °C), Eu (385 °C) and Gd (385 °C). The
Dehydration stability series for the studied compounds are:
Gd (210 °C), La (215 °C), Nd (215 °C), Ce (235 °C), Pr
(245 °C), Sm (245 °C) and Eu (250 °C).
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