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Characterization, thermal stability and thermal decomposition of alkali metal mandelates,
M(CgHsCH(OH)CO3)nH,0 (whereM represents Na, K, Rb and Cs and n=0.3 (Na), 0.6 (K), 2 (Rb)
and 1 (Cs)) were investigated employing simultaneous thermogravimetry and differential scanning
calorimetry (TG-DSC), atomic absorption spectrophotometry (AA), X-ray diffractometry and TG-DSC
coupled to infrared spectrophotometer (FTIR). For all the compounds, the mass loss occurs in the
beginning of the TG-DSC curves. In the nitrogen atmosphere it was observed that the mass loss of the

iﬁ{:{fﬁ;als anhydrous compounds occurs in four or five steps and the mass loss is still observed up to 1000°C,
Mandelate except for the anhydrous compounds under dynamic dry air atmosphere, after the first three steps

occurs with the formation of the respective carbonate. The results also provided information concerning
the thermal stability and decomposition as well as identification of the gaseous products evolved during

Thermal behaviour
TG-DSC coupled to FTIR

the thermal decomposition of these compounds.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Mandelic acid is an aromatic alpha hydroxyl acid with the
molecular formula CgH5CH(OH)CO,H and it has a long history as
antibacterial, particularly in treatment of urinary tract infectious
[1]. It has been reported in the literature some work about man-
delic acid and their compounds, as shown: studies of some bivalent
solid complexes of iron [2], infrared spectrum of mandelate com-
plex of nickel II [3], the complexation of mandelates of lanthanide
[4], magnesium bis[D(—)mandelate] anhydrous and other alka-
line earth, alkali and zinc salts of mandelic acid [5], mixed-ligand
complexes of copper (II) with a-hydroxycarboxylic acid and 1,10-
phenanthroline [6], synthesis, structures and magnetic properties
of layered bivalent metal mandelates [7] mononuclear, dinuclear
and hidroxo-briged tetranuclear complexes from reactions of Cu
(1) ions, mandelic acid diimina ligands [8] and synthesis, character-
ization and thermal study of solid-state alkaline earth mandelates,
except beryllium and radium [9]. In this paper, the object of the
present research was to prepare solid-state compounds of alkali
metal mandelates (i.e. Na, K, Rb and Cs) and to investigate by means
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of atomic absorption (AA), infrared spectroscopy (FTIR), simultane-
ous thermogravimetry and differential thermal analysis (TG-DTA)
under air atmosphere, differential scanning calorimetry (DSC) and
TG-DSC, under nitrogen atmosphere, coupled to FTIR.

2. Experimental

The mandelic acid, CgH5CH(OH)CO,H with 99% purity was
obtained from Sigma and it was used as received.

Solid-state alkali metal mandelates were obtained by neutral-
ization of sodium hydroxide 0.2 molL-! or potassium, rubidium
and caesium carbonates 0.1 molL~! (100 mL) with mandelic acid
solutions. Solutions were evaporated to near dryness in a water
bath, dried at 50°C in a forced circulation air oven (12 h) and kept
in a desiccator over anhydrous calcium chloride.

In the solid-state, metal ions were determined by using atomic
absorption spectrophotometer HR-CSF AAS, from Analytik Jena
Contr AA 300.

Water content was determined from TG curves, and ligand lost
was also determined from TG curves, based on the mass losses up
to the temperature where the respective carbonates are formed.

X-ray powder patterns were obtained by using a Siemens D5000
X-ray diffractometer employing CuKa Radiation (A =1.541A) and
setting of 40 kV and 20 mA.
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Simultaneous TG-DSC curves were obtained by using TG-DSC
STARe system, from Mettler Toledo.

The purge gas was an air and/or Nitrogen flow of 50 mL min~!
and heating rate of 10°Cmin~! was adopted with samples weigh-
ing about 12 mg. Platinum crucibles were used for recording the
TG-DSC curves.

The monitoring of gaseous products were carried out using TG-
DSC 1 Mettler Toledo coupled to FTIR spectrophotometer Nicolet
with gas cell and DTG S KBr detector. The furnace and heated gas cell
(250°C) were coupled through a heated (200°C) 120 cm stainless
steel line transfer with diameter of 3 mm, both purged with dry air
(50 mLmin~1). The FTIR spectra were recorded with 16 scans per
spectrum at a resolution of 4cm~1.

The morphology of sample holder was observed using a high
resolution field-emission gun scanning electron microscopy FEG-
SEM (Supra 35-VP, Carl Zeiss, Germany).

3. Results and discussion

The analytical and thermoanalytical (TG), under air atmosphere,
results are shown in Table 1. From these data the stoichiometry of
these compounds could be established, as shown in succession. For
sodium compound, as example:

H0 =2.84% + 18.02* = 0.158 + 0.5592 =0.3

*H20 = 18.02
AL = 67.86% -+ 121.145%* = 0.5602 + 0.5592 = 1.00
*# NaL — 0.5 Na,CO;=121.145
0.5 Na;O = 17.33% + 30.99*** = 0.5592 — 1
**% (.5 Na2O = 30.99

Na(L).0.3 H,O

Thus, the general formula of these compounds: M(L).-nH,0
where M represents Na, K, Rb and Cs; L is mandelate and n=0.3
(Na), 0.6 (K), 2 (Rb) and 1 (Cs). All the compounds are hygroscopic,
and the hygroscopicity of these compounds follows the order:
Rb>Cs>K> Na.

The X-ray diffraction powder patterns in Fig. 1 shows that the
sodium and potassium compounds have a crystalline structure,
without evidence of formation of isomorphous ones. For rubid-
ium and caesium the X-ray diffraction powder patterns was not
obtained due to the high hygroscopicity of these compounds.

The TG-DSC curves of the compounds in dynamic dry air atmo-
sphere are shown in Fig. 2. These curves show mass losses in five or
six steps and thermal events corresponding to these losses or due
to physical phenomenon. These curves also show that the mass
loss due to dehydration occurs for all the compounds in the begin-
ning of the TG-DSC curves (40 °C), in spite of the compounds have
been maintained at 50 °Cin a forced circulation air oven during 12 h
and kept in a desiccator over anhydrous calcium chloride up to dry-
ness. Thus the dehydration occurred in the beginning of the TG-DSC
curves because these compounds are hygroscopic. For potassium
and rubidium compounds the dehydration occurs in two consecu-
tive steps and for sodium and caesium ones the dehydration occurs
in a single step and through a slow process.

The thermal stability of the anhydrous compounds shown by
TG-DSC curves depends on the nature of the metal ion and they
follow the order:

K > Na > Rb > Cs

Only for caesium compounds the TG-DSC curves show that
the final thermal decomposition occurs under to 950 °C, while for
sodium, potassium and rubidium compounds these curves show
that the mass losses are still being observed up to 1000 °C.
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Fig. 1. X-ray powder diffraction patterns of the compounds: (a) NaL and (b) KL
(L=mandelate).
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Fig. 2. Simultaneous TG-DSC curves of the compounds in dry air atmosphere: (a)
NaL (m=12.1800mg), (b) KL (m=12.0730mg), (c) RbL (m=12.1000 mg), (d) CsL
(m=12.0060 mg) under dry air atmosphere.

The percent of ligand and metals were determined by stoichiom-
etry calculations, based on thermal analysis and atomic absorption,
respectively.

The thermal behaviour of the compounds is also dependent on
the nature of the metal ion and so the features of each of these
compounds are discussed individually.

3.1. Sodium compound

The TG-DSC curves are shown in Fig. 2(a). The first mass loss
between 40 and 190°C is attributed to dehydration with loss of
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Table 1

Analytical and thermoanalytical (TG) results for M(L)-nH,0 compounds.
Compounds M oxide/(%) L lost/(%) C/(%) H/(%) H,0/(%) Residue (T/°C)

Calcd. AA. Calcd. TG Calcd. EA. Calcd. EA Calcd. TG*

Na(L)-0.3H,0 17.26 17.33 67.47 67.86 53.51 53.03 4.28 4.03 3.01 2.84 Na,COs3 (850)
K(L)-0.6H,0 23.43 23.28 60.24 60.88 47.79 48.29 412 4.30 538 512 K>COs5 (850)
Rb(L)-2H,0 34.28 34.59 43.57 44.00 35.24 35.55 4.07 4.31 13.22 13.00 Rb,CO; (720)
Cs(L)- 1H,0 46.64 47.04 40.10 40.74 31.81 31.11 3.01 2.98 5.97 6.00 Cs,COs (730)

M =alkali metal; L=mandelate.
2 TG in dynamic dry air atmosphere.

0.3 H;,0 (Calcd.=3.01%; TG =2.84%). No thermal event correspond-
ing to dehydration is observed in the DSC curve, undoubtedly
because the small mass loss occurs slowly which the heat absorbed
is not sufficient to produce a thermal event.

The anhydrous compound is stable up to 240°C and above this
temperature, the first two mass losses between 240 and 350°C
and 350-550°C, with losses of 31.29% and 27.15%, correspond-
ing to exothermic peaks at 260, 290, 330, 335°C and 420, 500,
530°C, respectively, are attributed to oxidation of the organic mat-
ter and/or of the gaseous products evolved during the thermal
decomposition, with formation of sodium carbonate and/or car-
bonaceous residue.

The third mass loss between 640 and 850 °C, with loss of 9.42%,
corresponding to exothermic peaks at 805 and 820 °C are attributed
to the oxidation of carbonaceous residue, from sodium carbonate
(Calcd.=70.48%; TG = 70.70%). The last mass loss above 850 °C up to
1000°Cis attributed to evaporation and/or thermal decomposition
of sodium carbonate. In the last endothermic peak the shoulder at
840°C, it seems to be to the melting of sodium carbonate.

For the all obtained compounds the carbonaceous residue was
identified by using qualitative test with diluted HCI solution with
evolution CO,.

3.2. Potassium compound

The TG-DSC curves are shown in Fig. 2(b). The first two mass
losses between 40 and 120°C and 120-170°C, corresponding to
endothermic peaks at 100 and 160 °C, respectively are attributed to
dehydration with losses of 0.4 and 0.2 H,0 (Calcd. =3.58 and 1.80%;
TG=3.42 and 1.70%). The endothermic peak at 172 °C is attributed
to the fusion of the compound.

The anhydrous compound is stable up to 260 °C and above this
temperature the first two mass losses between 260 and 390 °C and
390-520°C, with losses 0f 43.21% and 14.82%, corresponding to exo
and endothermic peaks at 320, 335, 350°C and exothermic peak
at 495°C, respectively, are attributed to the thermal decomposi-
tion (endo) and oxidation of organic matter and/or of the gaseous
products evolved during the thermal decomposition (exo); with the
formation of a mixture of potassium carbonate and carbonaceous
residue.

The third mass loss between 650 and 850 °C, with loss of 2.85%
corresponding to exothermic peak at 785 and 840 °C are attributed
to the oxidation of the carbonaceous residue, remaining potassium
carbonate as residue (Calcd.=65.62%; TG = 66.00%). The endother-
mic peak at 890°C is attributed to the melting of the potassium
carbonate. The last mass loss above 850 °C, that is also still being
observed up to 1000 °C s attributed to the evaporation and/or ther-
mal decomposition of the potassium carbonate.

3.3. Rubidium compound

The TG-DSC curves are shown in Fig. 2(c). The first two
mass losses between 40 and 80 and 80-190°C, correspond-
ing to endothermic peaks at 75°C and 115, 135°C respectively

are attributed to dehydration with losses of 0.5 and 1.5H,0
(Calcd.=3.30 and 9.92%; TG=3.15 and 9.85%).

The anhydrous compound is stable up to 220°C and above this
temperature the first three mass losses between 220 and 350°C,
350-430°C and 430-580°C, with losses of 31.83%, 5.70% and 2.85%
corresponding to exothermic peaks at 310, 330, 420 and 500°C,
respectively are attributed to the oxidation of organic matter and/or
of the gaseous products evolved during the thermal decomposi-
tion, with the formation of a mixture of rubidium carbonate and
carbonaceous residue.

The fourth mass loss between 580 and 720 °C, with loss of 3.62%
corresponding to a broad exothermic peak is attributed to the oxi-
dation of the carbonate as residue (Calcd.=57.65%, TG=57.00%).
The last mass loss above 720°C, that is still being observed up to
1000°C is attributed to the evaporation and/or thermal decompo-
sition of the rubidium carbonate. The endothermic peak at 870°C
is attributed to the melting of the rubidium carbonate.

Analysis of the sample holder by energy dispersive X-ray micro-
analysis (EDX) and field emission scanning electron microscope
(SEM) were performed and was noted that, even above 1000 °C, still
with mass loss, there corrosion material, as can be seen in Fig. 3;
but without evidence of rubidium on the platinum crucible.

3.4. Caesium compound

The TG-DSC curves are shown in Fig. 2(d). The first mass loss that
occurs slowly, between 40 and 190 °C corresponding to endother-
mic peaks at 65, 85 and 180°C is attributed to dehydration with
loss of 1H,0 (Calcd.=5.97%, TG =6.00%).

The second and third mass losses between 190 and 360 °C and
360-500°C with losses of 26.52% and 10.74%, respectively, corre-
sponding to exothermic peaks at 310, 330, 345°C and 385, 490°C
are attributed to oxidation of the organic matter and/or of the
gaseous products evolved during the thermal decomposition, with
the formation of a mixture of caesium carbonate and carbonaceous
residue.

The next mass loss between 610 and 730 °C, with loss of 3.48%
corresponding to a broad exothermic peak is attributed to the
oxidation of, carbonaceous residue, remaining caesium carbonate
(Calcd.=46.07%, TG=46.74%). The last mass loss between 730 and
950°C, with loss of 42.14% corresponding a broad endothermic
event between 750 and 940 °C is attributed to evaporation and/or
thermal decomposition of caesium carbonate, with total loss of
88.88%.

The sample holder was analysed by energy dispersive X-ray
microanalysis (EDX) and field emission scanning electron micro-
scope (SEM). Corrosion was observed, without presence of caesium
in the platinum crucible, as can be seen in Fig. 4, respectively. These
data suggest that in this step occurs the formation of an intermetal-
lic (Pt-Cs) [10], which decompose favouring the formation of PtO,,
as residue [11].

Thus, the endothermic peaks at 790 and 945 °C, are attributed to
the melting of caesium carbonate and decomposition of the inter-
metallic (Pt-CS), respectively.
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Fig. 5. IR 3D spectra of the gaseous products evolved during the thermal decomposition of potassium mandelate at 390 °C (c). FTIR gases standard of benzaldehyde (a) and

CO;3 (b).

In the thermal decomposition of the compounds synthesized in
this work, the gaseous products evolved were monitored by FTIR,
and they have benzaldehyde and CO,. The IR spectra of the gaseous
products evolved during the thermal decomposition of potassium
mandelate, as representative of all compounds, are shown in Fig. 5.

The TG-DSC curves in dynamic dry nitrogen atmosphere are
showninFig. 6. These curves show mass losses in five or six steps, as
observed in dynamic dry air atmosphere and endothermic events
corresponding to these losses or due to fusion.

These curves also show that the thermal stability of the anhy-
drous compounds is higher in nitrogen than in air atmosphere,

except for potassium compound which the same thermal stability
is observed and they follow the order:

Na > K= Rb > Cs

The TG-DSC curves, as in dynamic dry air atmosphere, show that
only caesium compound the final mass loss occurs before 950°C,
while the other compounds, the mass loss is still being observed up
to 1000°C.

For the same compound, the difference in the hydration degree
observed in the TG curves in both atmospheres undoubtedly is
because these compounds are hygroscopic.
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Table 2

Temperature ranges (0), mass losses (Am) and peak? temperatures (T,) observed for each step of TG-DSC curves of the compounds in N, atmosphere.

Compounds First Second Third Fourth Fifth Sixth

0/°C 40-110 260-380 380-460 460-540 540-840 840 to >1000
NaL-0.2 H,O Am/% 1.86 42.08 19.49 4.90 1.60 6.41

Tp/°C - 180; 330 - - 680 930

6/°C 75-110 110-165 250-400 400-510 600-895 895 to >1000
KL.0.4H,0 Am/% 2.46 1.37 49.00 4.65 7.72 8.5

Tp/°C 100 - 290, 320 - 700 -

0/°C 40-90 90-190 250-370 370-490 490-870 870 to >1000
RbL-0.8H,0 Am/% 3.70 9.30 28.58 16.73 12.19 24.40

Tp/°C 70 115,130 345 430 670 -

o/°C 50-140 200-280 280-470 470-640 640 to >1000
CsL-0.5H,0 Am/% 3.10 6.21 33.86 1.86 38.20

Tp/°C 55.80 260 325,360 590 880, 925

L=mandelate.
2 All endothermic peaks.

Mass/%
Heat flow/ W g

T T T T T
100 300 500 700 900
Temperature/°C

Fig. 6. Simultaneous TG-DSC curves of the compounds: (a) NaL (m=12.8720 mg),
(b) KL (m=12.1690mg), (c) RbL (m=12.5590 mg), (d) CsL (m=12.0710 mg) under
nitrogen atmosphere.

Calculation based on the mass losses up to 840°C (Na), 895°C
(K),870°C(Rb)and 640°C(Cs) are in agreement with the formation
of the respective carbonate, which was confirmed by qualitative
test with hydrochloric acid solution on sample heated up to the
temperature indicated by the corresponding TG-DSC curves. The
endothermic peaks at 280 and 850°C (Na), 172 and 900°C (K), 70
and 870°C (Rb), 180 and 790 °C (Cs) are attributed to fusion of the
compound and carbonate, respectively. The temperature ranges (),
mass losses (m) and peak temperatures observed for each step of
the TG-DSC results under N, atmosphere, are shown in Table 2.

4. Conclusion

From atomic absorption (AA), thermogravimetric (TG) results, as
well as carbon and hydrogen contents determined from TG curve,
a general formula could be established for the synthesized com-
pounds.

Rubidium and caesium compounds have high hygroscopicity,
thus, the X-ray powder patterns was not obtained, while sodium
and potassium ones have a crystalline structure.

The thermal stability of the anhydrous compounds in nitrogen
atmosphere is higher than in air one, except for potassium com-
pound.

Inboth atmosphere (air, N5 ), the thermal decomposition of these
compounds occurs with the formation of the respective carbonates
and except for caesium one the mass loss is still being observed up
to 1000°C.

From EDX and SEM results permitted to verify that the ther-
mal decomposition of rubidium and caesium compounds occurs
with the corrosion of the platinum crucible and formation of an
intermetallic (Pt-Rb, Pt-Cs), which decompose and/or volatilize,
favoring the formation of PtO,, as residue.
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