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ABSTRACT

Adonitol was investigated by adiabatic calorimetry (AC), differential scanning calorimetry (DSC), ther-
mogravity analysis (TGA) and oxygen-bomb combustion calorimetry. The heat capacity was precisely
measured in the temperature range from 78 to 400 K by means of a small sample automated adiabatic
calorimeter. The melting temperature, the molar enthalpy and entropy of this transition were deter-
mined to be T=369.08 +£0.45K, 36.42 +0.18 kf mol~' and 98.68 +0.49] K~ mol~! respectively from the
experimental C,-T curve. The thermodynamic functions [H? — H9y; ;] and [S? — S, <], were derived
from the heat capacity data with an interval of 5K. The standard molar enthalpy of combustion and
formation of the compound have been determined to be A:HY, (CsH120s, cr) = (—2562.4 + 1.3) K] mol ™!
and AfHY (CsHy20s, cr) = (—-1120.1+£1.5) K] mol™! respectively by means of a precision oxygen-bomb
combustion calorimeter at T=298.15 K. The thermostability of the compound was further studied by DSC

Adiabatic calorimetry

Oxygen-bomb combustion calorimetry
DSC

TGA

and TGA measurements.

© 2009 Published by Elsevier B.V.

1. Introduction

Considerable efforts are being expended lately to develop new
additives for food and drug from natural polyols because of safe and
environmental concerns relating to synthetic industrial additives.
Xylitol, sorbitol, erythritol and adonitol are significant natural poly-
ols for food and pharmaceutical industry [1-3]. As natural extracts,
they have many advantages such as low cost, no toxic, no erosion
and no environmental pollution. Therefore, they are increasingly
used to provide sweetness in replace of sugars to various products
due to low energy content. Moreover, they reduce the development
of dental caries and they do not require insulin or glucose in their
metabolism so they are suitable for prevention and treatment of
adiposis and diabetics [4-7].

The state and phase transitions of chemicals are very important
in chemical engineering and pharmaceutical industry, because they
reflect molecular mobility and physicochemical properties. These
characteristics have direct effect on the formation of structure,
structural changes, time-dependent crystallization and product
shelflife [8-10]. It is now recognized that the amorphous solid state
offers very interesting possibilities in the control of bioavailability
[10-12]. Therefore, heat capacities, phase change data and thermal
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decomposing temperature that characterize the basic thermophys-
ical properties are an important requirement for safe storage and
use of these new chemicals. However, the thermodynamic data
especially the heat capacities of adonitol have not been published
in literature as far as we know.

As a continuation of our earlier work in obtaining the low-
temperature heat capacity and thermodynamic data of xylitol and
sorbitol [13,14], in the present study, the heat capacity, phase
change behavior and thermostability of adonitol were investi-
gated in detail by adiabatic calorimetry (AC), differential scanning
calorimetry (DSC) and thermogravity analysis (TGA) methods.
The thermodynamic properties including molar enthalpies and
entropies of phase transition were determined based on the
heat capacity measurements. The thermodynamic functions, [H? -
HYqg 151 and [S? — S9o, |1, were calculated from heat capacity data
in the temperature range of 78-400 K. The standard molar enthalpy
of combustion and the standard molar enthalpy of formation of the
compound which reported in literature [15] have been determined
by means of a precision oxygen-bomb combustion calorimeter
again at T=298.15K.

2. Experimental
2.1. Sample

The adonitol [CAS No. 488-81-3] was purchased from ACROS
ORGANICS company with labeled purity of 99.0% mass fraction and
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was handled in a dry N, atmosphere to avoid possible contamina-
tion by moisture. GC analyses of the samples gave purities >99.0% in
agreement with their specifications. The sample was used without
additional purification.

2.2. Adiabatic calorimetry

Heat capacity measurements were carried out in a high-
precision automated adiabatic calorimeter described in detail in
literature [16-18]. The calorimeter was established by Thermo-
chemistry Laboratory of Dalian Institute of Chemical Physics,
Chinese Academy of Sciences in PR China. It mainly consisted of
a sample cell, a miniature platinum resistance thermometer, an
electric heater, an inner and outer adiabatic shield, two sets of
chromel-copel thermocouples and a high vacuum system. Liquid
nitrogen was used as the cooling medium.

The sample amount used for the heat capacity measurement is
2.27977 g, which is equivalent to 14.984 mmol based on its molar
mass of 152.15gmol~!. The measurements were conducted by
means of the standard method of intermittently heating the sam-
ple and alternately measuring the temperature. Heat capacity of the
sample is derived from the total heat capacity subtracting the heat
capacity of the calorimeter cell determined in a separate experi-
ment.

To verify the reliability of the adiabatic calorimeter, the molar
heat capacities for the reference standard material a-Al,O3 were
measured. The deviations of our experimental results from the rec-
ommended values of the National Bureau of Standards (NBS) [19]
were within +0.2% in the entire temperature range of 80-400 K.

2.3. DSC and TG analysis

A differential scanning calorimeter (Model: DSC822¢, METTLER
TOLEDO, Switzerland) was used to perform the thermal analysis of
adonitol under high purity nitrogen (99.999%) with a flow rate of
40 mlmin—! and heating rate of 10 Kmin~!. The mass of the sample
used in the experiment was 6-8 mg.

The TG measurements of the sample were carried out by a ther-
mogravimetric analyzer (Model: DT-20B, Shimadzu, Japan) under
N, with a flow rate of 40 ml min~! and heating rate of 10 Kmin~—".
The mass of the sample used in the experiment was 11.72 mg.

2.4. Oxygen-bomb combustion calorimetry

An isoperibolic calorimeter with a static oxygen bomb (IKA-
WERKE C2000 control) was used for measuring of the energy
of combustion of adonitol. The accuracy of the commercial
calorimeter is close to +0.01% by combustion experiments of
benzoic acid [cr, (—3227.0+0.3)kJmol~'], 3-methoxybenzoic
acid [cr, (—3736.2+0.9)kJmol-!] and nicotinic acid [cr,
(—=2731.3+0.5)kjmol~1] [20,21], provided that the weighing
procedure is made at the level of 0.00001 g for the samples and
0.01 g for the water amount in the calorimetric system. The sample
of 0.6-0.7 g was pressed and transferred into gelatine capsule (IKA,
Germany) of 1cm? volume against absorption of air moisture,
because the adonitol is easily hygroscopic under high pressure in
the bomb. Then, the capsule was placed in the crucible and was
burned in oxygen at a pressure 3.04 MPa.

All the necessary weightings for the combustion experiments
were made with a precision of +10~> g in a Mettler Toledo ABS-135
analytical balance. For each combustion experiment, the ignition
temperature was T=298.15K and the final temperature were also
close to this temperature.

The energy equivalent of the oxygen-bomb calorimeter,
Ecalor =(8958.05 4+ 0.78)] K-1 was determined from 10 combustion
experiments using NIST 39i benzoic acid with a certified mass
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Fig. 1. Experimental molar heat capacity Cﬁm of adonitol as a function of tempera-
ture. Outer part: CS,m from 78 to 400 K, the whole experiment. Inner part: CS,m from
330 to 400K, the melting process.

energy of combustion of A.U=-26,434+3]g~! under experi-
mental conditions, where the uncertainty quoted is the standard
deviation of the mean.

The energy of formation of the aqueous nitric acid produced
by oxidation of a trace of nitrogen, which contained in the oxygen
bomb, was determined by the neutral titration with a 0.1 moldm—3
of sodium hydroxide solution by using the phenolphthalein as the
indicator. A summary of the auxiliary values for the combustion
experiments is given in Table 4. Washburn Correction [22] was
applied to convert the energy of the actual combustion process to
that of the isothermal process, and reduce to standard states.

3. Results and discussion
3.1. Heat capacity

Experimental molar heat capacities of adonitol measured by the
adiabatic calorimeter over the temperature range from 78 to 400 K
are listed in Table 1 and plotted in Fig. 1. From Fig. 1, a phase transi-
tion was observed at the peak temperature of 369.08 K. According
to its melting point 374.7 K [23], this transition corresponds to a
solid-liquid phase change.

The values of experimental heat capacities can be fitted to the
following polynomial equations with least square method [24]:

For the solid phase over the temperature range 78-360 K:

€ 1K mol™! = 170.000 + 98.817x + 23.846x2 — 56.366x3

—92.259x* 4+ 71.865x° + 82.678x° (1)

where X is the reduced temperature
X=[T - (Tmax * Tnin)/21/[(Tmax — Tmin)/2], Tis the experimental tem-
perature, thus, in the solid state (78-360K), x=[(T/K) —219]/141,
Tmax is the upper limit (360 K) and Ty, is the lower limit (78 K) of
the above temperature region. The correlation coefficient of the
fitting R2 = 0.9986.

For the liquid phase over the temperature range 375-400 K:

CO )K" mol ™" = 428.460 + 3.821x 2)

where x is the reduced temperature, x=[(T/K)—387.5]/12.5, T is
the experimental temperature, 387.5 is obtained from polynomial
(Tmax * Trnin)/2, 12.5 is obtained from polynomial (Tmax — Tmin)/2-
Tmax and Ty, are the upper (400K) and lower (375K) limit tem-
perature, respectively. The correlation coefficient of the fitting
R?=0.9954.



B. Tong et al. / Thermochimica Acta 499 (2010) 117-122 119

Table 1
Experimental molar heat capacity of adonitol (M=152.15gmol1).

T/K 2, /1K= mol-! T/K 2, /1K' mol-! T/K €0 /1K= mol-!
77.37 68.15 198.99 159.0 321.88 2355
79.80 70.03 202.62 160.1 324.94 237.9
82.99 73.22 206.24 162.5 328.01 2406
85.94 76.92 209.20 165.1 331.06 2428
88.87 79.98 212.15 166.3 334.10 2452
91.78 83.35 215.14 169.2 337.12 2487
94.70 86.40 218.19 170.8 34022 2515
97.63 89.10 22121 172.3 343.38 254.6

100.50 91.85 224.19 174.9 346.52 259.5

104.38 94.59 227.15 175.7 349.66 265.5

108.28 97.79 23023 177.6 352.78 2722

111.18 100.2 23330 179.2 355.85 2845

114.11 102.6 236.35 181.6 358.91 308.1

117.08 104.8 239.36 183.9 361.86 367.7

120.03 107.1 242.92 186.4 364.50 567.4

122.98 109.2 246.43 188.4 366.41 1294

125.92 1115 24937 189.9 367.40 3308

128.87 1133 252.40 191.9 367.84 6797

131.84 115.4 255.42 192.9 368.16 10,958

134.81 117.3 258.42 194.1 368.45 15,481

137.78 119.1 261.40 198.0 368.60 19,618

140.75 1206 264.36 200.6 368.74 23,979

143.72 1224 267.31 2017 368.76 24,488

146.70 1245 270.32 2032 368.87 31,362

149.68 126.7 273.41 206.9 368.93 38,018

153.50 128.9 276.48 208.2 368.98 44286

157.28 1315 279.54 2106 369.02 49,539

160.22 1335 282.58 21338 369.04 57,525

163.20 134.9 285.60 216.0 369.08 83,380

166.15 136.4 288.58 2173 369.10 53,727

169.13 1383 291.56 218.1 369.22 1039

172.13 140.2 294.56 2193 371.61 423.8

175.11 142.4 297.55 2222 374.59 4248

178.06 144.1 300.53 2224 377.70 4254

181.04 145.9 303.51 2236 380.80 426.2

184.05 147.8 306.47 2255 383.91 4272

187.03 150.0 309.50 2274 387.04 4282

189.99 152.6 312.61 230.0 390.17 4293

192.98 154.6 315.71 232.1 393.32 4304

196.00 155.9 318.80 2337 396.47 4312

3.2. The temperature, enthalpy and entropy of solid-liquid phase
transition

The standard molar enthalpies and entropies of the solid-liquid
phase transition AquH,?1 and Aﬁ,ss,% of the compound were derived
according to Egs. (3) and (4):

Tm T, T
Q-1 [;" COm(s) dT —n [[J €O (D dT — [ HOdT

Afuer?'n = : n (3)

Afuer%

AquST% = Tm

(4)
where T; is the temperature that is somewhat lower than the tem-
perature of the onset of a solid-liquid transition and T is the
temperature slightly higher than that of the transition completion.
Q the total energy introduced into the sample cell from T; to T, HO
the standard heat capacity of the sample cell from T; to Ty, Cg’m (s)
the standard heat capacity of the sample in solid phase from T; to
Tm, Cg’m (I) the standard heat capacity of the sample in liquid phase

Table 2
Thermodynamic parameters of adonitol.

from Ty, to Trand n is molar amount of the sample. The heat capacity
polynomials mentioned above were used to calculate the smoothed
heat capacities, and were numerically integrated to obtain the val-
ues of the standard thermodynamic functions above T=298.15K.
The calculated results are listed in Table 2.

3.3. Thermodynamic functions of the compound

The thermodynamic functions of the adonitol relative to the ref-
erence temperature 298.15K were calculated in the temperature
range 80-400 K with an interval of 5 K, using the polynomial equa-
tion of heat capacity and thermodynamic relationships as follows:

Before melting,

T
0_ 10 _

Hr —Hjgg.15 = /
298.15
T 0

S0 _ g0 _ Cp.m($)

T ~9298.15 = T

298.15

CD in(s) dT (5)

dT (6)

Thermodynamic properties Melting point, T, (K)

AgsHY, (kJmol ") AfisSY JK- T mol1)

Present work
Adiabatic calorimetry 369.08 +0.45
DSC 373.614+0.55

Barone. et al. [23] 374.7

36.42+0.18 98.68 +£0.49
38.89+£1.17 104.09 +£3.12
37.6 100.3
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After melting,

T; T
HY — H¢ 15 = / CP n(s) dT + ApHp, +/ Q) dT  (7)
298.15 Ty
o o Ti 1C9uls) AgsHY, 119 ()
S? —S09s.15 = T dT + —— + T dr
298.15 m Ty

(8)

where T; is the temperature at which the solid-liquid phase transi-
tion started; Ty is the temperature at which the solid-liquid phase
transition ended; Aﬁ,SHS1 is the standard molar enthalpy of fusion;
Tm is the temperature of solid-liquid phase transition.

The standard thermodynamic functions, H? —H%g s, S%—

0 . .

S595 15 are listed in Table 3.
3.4. Constant-volume combustion energy, standard molar
enthalpy of combustion, and standard molar enthalpy of
formation

Results of combustion experiments on adonitol are
listed in Table 4. The standard molar energy of combustion
AcU%=(-2561.2+1.3)kjmol-! is used to derive the stan-
dard molar enthalpy of combustion AcHY (CsHqz0s, cr) =
(—2562.4ﬂ:1.3)kjm01’1 and the standard molar enthalpy of
formation AfH,?1 (CsH120s5, cr) = (—-1120.1 ﬂ:l.S)kjmol‘1 based
on the following reaction:

C5H1205 (cr) + 11/20,(g) = 5C0;(g) + 6H20(1) 9
AHS = AU® + An - RT (10)
An = Z n; (products, g) — Z n; (reactants, g) (11)

where > "n; was the total molar amount of the gases in products or
reactants.

The standard molar enthalpy of formation of the organic com-
pound, AfH,%, was calculated by a designed Hess thermochemical
cycle according to the reaction (9) as follows:

AgHY, (CsHy20s, cr) = [5AfHp, (COz, )+ 6AHY, (H20,1)]
— AcHp, (C5Hq20s, cr)

In the above formula, the standard molar enthalpies
of formation of CO, (g) and H,O0 (l), recommended by
CODATA [25], AfH,?1 (COy, g) =(—393.51 i0.13)1<]mol’l,
AfH,‘,)1 (H20,1) =(—285.83+0.04) K] mol™!,  were employed
in the calculation of AfHPn (C5Hq20s5, cr) values.

3.5. The result of TG and DSC analysis

From the DSC curve in Fig. 2, a sharply endothermic
peak corresponding to melting process was observed, with the
melting temperature of 373.61+0.55K and the enthalpy of
38.89+1.17kJmol~!, which are slightly higher than the val-
ues (369.08K, 36.42+0.18 k] mol~1) observed from the adiabatic
calorimetric measurements and slightly lower than the values
observed from DSC (374.7 K, 37.6 kf mol~1) from Barone et al. [23].
The results were listed in Table 2. The data from DSC are obtained
ata 10Kmin~! scanning rate, in which the sample could not reach
thermal balance. However, the data of adiabatic calorimetry are
conducted by means of the standard method of intermittently heat-
ing the sample and alternately measuring the temperature. The
temperature difference between the sample and adiabatic shield
was automatically kept to be about 103 K during the whole exper-
iment. The temperature increment for a heating period was 3 K, and

Table 3
Calculated thermodynamic functions of adonitol.
T (K) Cpm JK-" mol-) HY — HYyg 5 (kJmol~1) =
(JK'mol1)
80 71.61 -32.93 -178.05
85 75.96 —32.56 —173.60
90 80.51 -32.17 -169.11
95 85.14 -31.76 -164.60
100 89.77 -31.32 —160.07
105 94.33 —30.86 —155.55
110 98.76 -30.38 —151.03
115 103.0 —29.87 —146.53
120 107.1 -29.35 —142.06
125 111.0 —28.80 -137.61
130 114.7 —28.24 -133.20
135 118.2 —27.66 -128.82
140 121.5 —27.06 —124.47
145 124.7 -26.44 -120.17
150 127.8 —25.81 -115.91
155 130.8 —25.16 -111.69
160 133.6 —24.50 -107.50
165 136.5 -23.83 -103.36
170 139.3 -23.14 -99.25
175 142.2 —2243 -95.17
180 145.1 -21.72 -91.12
185 148.0 —20.98 -87.10
190 151.0 -20.24 —83.11
195 154.1 —19.47 -79.14
200 157.2 -18.70 -75.19
205 160.5 -17.90 -71.26
210 163.8 -17.09 -67.34
215 167.2 -16.26 —63.44
220 170.7 -15.42 —59.55
225 174.2 —14.56 —55.66
230 177.8 —13.68 -51.79
235 181.4 -12.78 —47.92
240 185.0 -11.86 —44.06
245 188.6 -10.93 —40.21
250 192.1 -9.976 —36.37
255 195.6 -9.007 —32.53
260 198.9 -8.020 -28.71
265 202.1 -7.018 -24.90
270 205.2 —5.999 -21.10
275 208.2 —4.966 -17.31
280 211.0 -3.917 -13.54
285 213.8 —-2.855 -9.784
290 216.4 -1.780 —6.048
295 2189 —0.692 -2.332
298.15 220.4 0.000 0.000
300 2214 0.409 1.366
305 2239 1.522 5.045
310 226.6 2.648 8.709
315 229.5 3.788 12.36
320 232.7 4.943 16.00
325 236.5 6.116 19.64
330 241.0 7.310 23.29
335 246.5 8.528 26.96
340 253.2 9.777 30.67
345 261.3 11.06 34.42
350 2714 12.39 38.25
355 283.6 13.78 42.18
360 298.6 15.23 46.24
365 Phase change / /
370 / / /
375 424.6 53.65 150.3
380 426.2 55.78 156.0
385 427.7 57.92 161.5
390 429.2 60.06 167.1
395 430.8 62.21 172.6
400 4323 64.37 178.0

temperature drift was maintained about 10~4 Kmin~! during each
equilibrium period. Therefore, this process is much more near to
“adiabatic” and “balanced” than DSC method. Generally, the phase
change temperature obtained from AC is lower than that from DSC.

From the TG-DTG curve in Fig. 3, it can be seen that the mass
loss of the sample was completed in a single step. The sample keeps
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Table 4
Results of combustion experiments for adonitol at T=298.15K (p® =0.1 MPa)?.

1 2 3 4 5 6 7

m (substance)/g® 0.61150 0.61151 0.61155 0.61153 0.61147 0.61152 0.61149
m’ (cotton)/gP 0.00298 0.00300 0.00295 0.00299 0.00302 0.00302 0.00300
m’ (bulb)/gP 0.11565 0.11559 0.11583 0.11543 0.11548 0.11396 0.11438
n (HNOs )(x 105 /mol) 11.07 11.29 10.94 11.34 10.90 10.85 10.95

(T; —273.15)/K 23.57952 23.58089 23.56851 23.56656 23.56796 23.57077 23.58385
(T;—273.15)/K 25.00036 24.99947 24.99003 24.98795 24.98609 24.98805 25.00012
eJK-1 16.15 16.15 16.16 16.15 16.15 16.15 16.14
eIJK-! 18.36 18.37 18.36 18.36 18.36 18.36 18.36
INHI'G 1.4144 1.41197 1.41361 1.41249 1.40923 1.41005 1.41004
AU (ign)/)d 70.00 70.00 70.00 70.00 70.00 70.00 70.00
—AUpgp/) 12,622.63 12,601.24 12,615.95 12,605.94 12,576.64 12,584.03 12,583.95
AUs/] 69.38 69.37 69.44 69.41 69.41 69.37 69.38

AU (HNO3)/J¢ 6.62 6.75 6.54 6.78 6.52 6.49 6.55

AU (cotton)/J¢ 49.67 50.00 49.17 49.83 50.33 50.33 50.00

AU (bulb)/jd 2188.79 2187.66 2192.20 2184.63 2185.57 2156.81 2164.76
—AUJg ! 16,859.68 16,825.50 16,841.28 16,837.33 16,788.70 16,846.53 16,834.70
—AU°/KJ mol-1 2565.2 2560.0 2562.4 2561.8 2554.4 2563.2 2561.4

Avg - A U0 = (A U0 +0°)=(—2561.2 +1.3) k] mol-!

2 The symbols are defined according to Ref. [20] calorimeter: T;, =298.15 K; V (bomb)=0.2605 dm3; p' (gas)=3.04 MPa; m' (H,0) = 1.00 g. The specific energy of combustion
of the gelatine capsule and cotton is 18926.00 and 16666.67]g~! (provided by the supplier), respectively; p(adonito) =1.525gcm~> calculated using Advanced Chemistry

Development (ACD/Labs) Software V8.14 for Solaris (refer to SciFinder Scholar).
b Masses obtained from apparent masses.
¢ ATC = Tf* Tx - ATcorr-

4 AU (HNO3), AU (cotton), AU (bulb), AU (ign) is the energy correction of the nitric acid formation, the combustion of the cotton, the combustion of the capsule and the

electrical energy of ignition, respectively.
e o=

373.61 1
10 4

Endothermic

Heat Flow / mW

377.87

-60 s 1 . I L 1 "
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Fig. 2. DSC curve of adonitol under high purity nitrogen with onset temperature
373.61K and peak temperature 377.87 K.
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Fig. 3. TG-DTG curve of adonitol under high purity nitrogen.

Zi] (x; — X)Z/n(n — 1), in which n is the experimental number (n=7); x;, a single value of combustion energies; X, the mean value of combustion energies.

thermostable below 550K. It begins to lose weight at 551.55K,
reaches the maximum rate of weight loss at 577.38K and com-
pletely loses its weight when the temperature reaches 601.82 K.

4. Conclusions

The heat capacities of adonitol were measured in the tem-
perature range from 78 to 400K by a high-precision automated
adiabatic calorimeter. From the results of heat capacity experi-
ment, the thermodynamic properties of fusion were completely
studied, and the thermodynamic functions [H? — HYyg ;5] and [S9 —
5898.15], were derived in the range from 78 to 400K with tem-
perature interval of 5 K. The melting temperature, standard molar
enthalpy and entropy of this transition were determined to be
369.08 +0.45K,36.42 +0.18 k) mol~! and 98.68 + 0.49] K~ mol-1,
respectively. The values of the standard molar enthalpy of com-
bustion and formation of the compound are A¢HY (CsHq20s, cr) =

(-2562.4+1.3)kJmol™" and AfHY (CsH;20s, cr) = (~1120.1 £

1.5)kjm01’l respectively using IKA commercial oxygen-bomb
combustion calorimeter.
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