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Abstract 

The stability of /I-CD C,H,O SH,O was investigated using TG and DSC. The weight 
loss takes place in three stages: the dehydration occurs at 47- 110°C; the dissociation of 
/I-CD. C,H,O occurs at 200%250°C; and the decomposition of /I-CD begins at 270°C. The 
kinetics of the dehydration of /I-CD. C,H,O 5H,O and the dissociation of /I-CD. 
C,H,O in a dry nitrogen flow were studied by means of thermogravimetry, both at 
constant temperature and with linearly increasing temperatures. The dehydration of /I- 
CD C,H,O 5H,O is dominated by a three-dimensional phase boundary reaction, R,. The 
activation energy E is 101.75 kJ mol-‘. The pre-exponential factor A is 9.502 x 10” min-‘. 
The dissociation of /I-CD C,H,O is affected by a two-dimensional diffusion process, D,. 
The activation energy E is 158 kJ molF’. The pre-exponential factor A is 3.3 x 1O“‘min-‘. 
Scanning electron microscope observation and crystal structure analysis are in good agree- 
ment with the results obtained from thermogravimetry. 

INTRODUCTION 

p-Cyclodextrin is an annular molecule composed of seven glucose units 
linked by 1,6glucosidic bonds [I]. Due to its annular structure, as a host 
molecule it is able to form inclusion complexes with a great variety of guest 
molecules. Its inclusion function can change the stability of the guest 
molecules. Toxicity experiments show that /?-CD can be absorbed as a 
carbohydrate by animal and human bodies [2]. Inclusion complexes of 
P-CD with many organic compounds have been successfully utilized in the 
pharmaceutical and food industries [3-51. Stability and kinetic studies on 
inclusion complexes in water have also been reported [6, 71. The stability 
and kinetic mechanisms of the thermal decomposition of inclusion com- 
plexes in the solid state present interesting problems in industrial applica- 
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tions. In this paper, the stability of /?-CD . C7Hs0. 5H20, the kinetics of its 
dehydration, and the dissociation of P-CD . C7H80 were investigated in the 
solid state. 

So far, many methods for identification of the kinetic mechanisms of 
solid-state reactions have been reported, but the kinetic parameters and the 
mechanisms reported by different authors are often different. This is because 
many methods rely on judging the linearity of one logarithmic form against 
another. In many cases, the linearity is comparable for different mechanism 
functions. Thus, it is difficult to distinguish precisely the mechanisms. We 
believe that it is not sufficient to identify a kinetic mechanism by only one 
method. Correct results can only be obtained by combination of two or three 
methods. However, because solid-state reactions are very dependent on 
crystal structure, the results obtained by thermogravimetry should be iden- 
tified using other techniques [8-lo], such as X-ray diffraction, microscopy, 
etc. Therefore, we judge the kinetic mechanism not only by Sharp’s standard 
curve method at constant temperature [ 1 l] but also by Criado’s standard 
curve method using temperature-programmed heating [ 121. The results are 
satisfactory and in good agreement with crystal structure analysis. 

EXPERIMENTAL 

Preparation of the sample 

P-CD (purchased from Beijing University) and benzyl alcohol (reagent 
grade) were dissolved in a 1: 1 molar ratio in hot water. The solution was 
cooled down to room temperature for 24 h and then filtered. The sheet-like 
prismatic crystals were air-dried, ground and sieved to less than 75 mesh. The 
composition was identified by TG analysis as P-CD C7H80 . 5. 1H20. When 
5.0 g of /?-CD were dissolved in 20 ml of hot water using the same process, 
P-CD . 10.8Hz0 was obtained. 

Apparatus and measurements 

Thermogravimetric analysis was performed on a WRT-1 microbalance 
(Shanghai Balancing Instruments Factory). The analytical parameters were: 
sample mass, about 15 mg; heating rate, 1.2, 2.5, 5, 10°C min-‘; chart speed, 
4 mm min-*; atmosphere, dynamic dried nitrogen 30 ml min’; sample 
holder, aluminium crucible. 

Differential scanning calorimetry was carried out on a CDR-1 differential 
scanning calorimeter (Shanghai Balancing Instruments Factory). The exper- 
imental conditions were: heating rate, 5°C min’; sample mass, about 5 mg; 
atmosphere, static air; reference material, Al,03. 

The structural changes in the thermal decomposition were observed on a 
Model 1OOOB scanning electron microscope (Amray Co., USA). 
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All the thermogravimetric data (c(, 0.1-0.9) were analysed on an IBM 
PC-1500 microcomputer. A linear regression program was used. 

RESULTS AND DISCUSSION 

The stability of the inclusion complexes 

Figure 1 shows the TG and DSC curves of B-CD. 10.8H20 and b- 
CD. C,HsO. 5.1Hz0. 

The TG curve of P-CD 10.8H20 indicates that all the constitutional 
water is released at 47-l 10°C with a weight loss of 13.85%. At 270°C 
further weight loss indicates the decomposition of P-CD. The endothermic 
peaks at 85 and 300°C in the DSC curve are consistent with the dehydration 
of B-CD. 10.8H20 and the decomposition of B-CD on the TG curve, 
respectively. 

Differing from P-CD. 10.8Hz0, /?-CD C,H,O 5.1H20 has a 7.54% 
weight loss at 200-250°C as well as a 6.51% weight loss at 50-l 10°C and 
a larger weight loss at 270°C. The DSC curve has an additional low 
endothermic peak at 230°C compared with P-CD. 10.8H,O. The extra 
weight loss (or endothermic peak) at 200-250°C corresponds to the escape 

Temperature in “C 

Fig. 1. TG and DSC heating curves of P-CD C,H,O 5.1H,O and P-CD. 10.8H,O, 
heating rate = 5°C min-‘: curves 1, /?-CD. 10.8H,O; curves 2, P-CD C,H,O 5.1H,O. 
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of benzyl alcohol from the P-CD cavity. The dissociation of /?-CD . C7H80 
above 200°C shows that /-CD can form a stable inclusion complex with 
benzyl alcohol. 

The identification of the kinetic mechanism 

The kinetics of a solid-state decomposition reaction can be represented by 
the general equation 

g = kf(cc) (1) 

or 

g(a) = kt (2) 

where c( is the fraction of weight loss at the reaction time t, k is the rate 
constant, andf(a) and g(a) are functions describing the reaction mechanism. 
Typical theoretical model functions for solid-state reactions are shown in 
Table 1. 

Isothermal studies 
Figure 2 shows a plot of the fraction of weight loss a, against time t of 

the reaction at constant temperature. 
The kinetic mechanism of the weight loss process can be judged by the 

linearity of the g(a) against time t plot. Taking the dissociation of p- 
CD . C7H80 at 220°C as an example, Table 2 lists the linear regression 
results of g(cc) versus t. 

The results show that in many cases the correlation coefficient r is 
very near to unity, and the covariance 6 is low. For the dissociation of 
P-CD. C,H80, mechanisms D2, D4 and A, have almost equally good 

TABLE 1 

Typical model functions g(cc) for solid-state reactions 

Symbol g(a) Type 

D, 
D, 
D, 
D4 
Au 

R,, 

a2 
c( + (1 - cc)[ln( 1 - a)] 
[I -(I -lx)“312 
I - 2/3c! - (1 - c()2’3 

hW( 1 - 41 

One-drmensional diffusion 
Two-dimensional diffusion 
Three-dimensional diffusion (Jander function) 
Three-dimensional diffusion (G-B function) 
Autocatalytic reaction (P-T function) 
Phase-boundary reaction (n = 1, 2, 3: one-, two-, 

and three-dimensional) 

A, [ 1 - In( 1 - a)] ‘b Random nucleation and subsequent growth 
(Avrami- Erofeyev function) 
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Fig. 2. Isothermal weight loss curves: 1, dehydration of B-CD C,H,O S.lH,O at 85°C; 2, 
evaporation of benzy alcohol at 110°C; 3, dissociation of /I-CD C,H,O at 220°C. 

linearity. So it is difficult to judge the kinetic mechanism 
alone. 

on the linearity 

The linear regression analyses for the dehydration of /?-CD. C7H80. 
5. 1H20 and the evaporation of C7H80 give similar results. RZ, R3 and A2 are 
suitable mechanisms for the dehydration of /?-CD . C7H,0 . 5.1H20. R,, A, 
and A4 are suitable for the evaporation of C7H80. 

In order to select one of these mechanisms, Sharp’s standard curves 
method at constant temperature was considered. In eqn. (2), let a = 0.5 

‘dO.3 = b.5 

where to 5 is the time at a = 0.5. Combining eqns. (2) and (3) 

(3) 

g(a) t -=- 
g(0.5) to5 

(4) 

TABLE 2 

The results of the linear regression fit to the dissociation of B-CD. C,H,O at 220°C 

d4 k/mine’ a rb 6’ g(g) k/min-’ d rb SC 

D, 1.968 x 10m2 0.9958 2.422 R, 1.422 x lo-’ 0.9867 1.749 
D* 1.496 x lo-’ 0.9997 1.841 RI 1.094 x 10-2 0.9913 1.347 
D, 5.416 x 1O-3 0.9962 0.6663 A, 4.424 x 10m2 0.9974 5.443 
D, 3.923 x lo-’ 0.9994 0.4827 A, 2.475 x lo-’ 0.9799 3.045 
AU 8.435 x lo-’ 0.9667 10.377 A, 1.727 x 10m2 0.9685 2.125 
RI 1.882 x 10m2 0.9665 2.316 A, 1.353 x IO-’ 0.9641 1.664 

a Rate constant. b Correlation coefficient. ’ Covariance. 



N. Zhang et al./Thermochim. Acta 235 (1994) 105-116 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

Fig. 3. Standard curves at constant temperature for 0, the evaporation of C7H,0 at 110°C; 
A, the dehydration of /I-CD C,H,O 5H,O at 85°C; n , the dissociation of /?-CD C,H*O 
at 220°C. 

For a definite mechanism function, the plots of g(cc)/g(OS) against CI 
standard curves and plots of t/t o 5 against CI give experimental curves. 
correct function can be judged by the degree of coincidence with 
experimental curves. 

give 
The 
the 

The standard curves of various model functions are shown in Fig. 3. The 
experimental points for the dissociation of /?-CD C,H80 at 220°C clearly 
fall on curve DZ, and the experimental points for the dehydration of 
P-CD . C,H,O 5H20 and the evaporation of C,Hs 0 fall on curves R3 and 
R, , respectively. 

Therefore, from the linearity and the standard curves method, the 
evaporation of C,H,O is dominated by R,, the dehydration of /?- 
CD C,H80 . 5H20 by R3, and the dissociation of P-CD . C7Hs 0 by D2 
mechanisms. 

Non-isothermal studies 
Figure 4 shows the TG and DTG heating curves. For a non-isothermal 

process 

dcl A 
-_=-_e 
0 P 

- E’RTf(a) (5) 
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Fig. 4. TG and DTG curves, heating rate = 2.5”C min-‘: 1, dehydration of /I-CD C,H,O 
SH,O; 2, evaporation of C,H,O; 3, dissociation of p CD. C,H,O. 

The integral form is 

g(a@;; 

2 2RT 

[ 1 1 eE e-E/RT (6) 

where A is the pre-exponential factor of the Arrhenius equation, E is the 
activation energy, and /I the heating rate, because E >> 2RT. Combining 
eqns. (5) and (6), and rearranging 

f(a)g(a) = T2 $; 1 -F 
[ 1 (7) 

Let a = 0.5 

(8) 

where T,, 5 is the temperature at CI = 0.5, and (da/d+, 5 is the rate of weight 
loss at a = 0.5. From eqns. (7) and (8) 

(9) 

For a given mechanism function, the plot of [f(cc)g(a)]/[f(O.5)g(0.5)] versus 
c( will give a standard curve and the plot of (T/To,,)2[(dcc/dt)/(da/dto,,)] 
versus OL will give an experimental curve. The suitable mechanism function 
can be defined by comparing the experimental and standard curves. Figure 
5 shows the standard curves of various model functions, and indicates that 
the experimental points for benzyl alcohol and P-CD . C,H80 . 5H20 fit 
accurately the R, and R3 mechanisms, respectively. The experimental points 
for the dissociation of P-CD . C7H80 fall on curve D2. 

Combining isothermal and non-isothermal experiments, we come to the 
conclusion that the evaporation of C7H80 is dominated by R, , the dehydra- 
tion by R3, and the dissociation by Dz mechanisms. 
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Fig. 5. Standard curves for 0, the evaporation of C,H,O; A, the dehydration of p- 
CD C,H,O 5H,O; W, the dissociation of /I. CD C,H,O. 

Calculation of the kinetic parameters 

Equation (6) can be converted into the form 

g(4 AR 2RT I 1 E 1 
logT2=logpE l-7 -___- 

2.303R T 
(10) 

Generally, because E >> 2RT, E and A can be obtained from a linear 
regression fit of log[g(a) IT*] versus l/T. 

It must be expressed that the parameters obtained by non-isothermal 
methods are different at different heating rates. This difference is due to a 
thermal lag phenomenon such that the temperature of the sample cannot 
catch up with the programmed temperature at high heating rates. The faster 
the heating rate, the more the deviation in sample temperature from the 
programmed temperature. In order to eliminate this temperature deviation, 
we calculated the E and A values at different heating rates, p = 1.2, 2.5, 5, 
10°C min ‘, and then extrapolated /I to zero [ 131. Thus E and A values at 
p = 0 were obtained, see Table 3. 

Crystal structure analysis 

The structure of B-CD C7H80 . 5H,O 
X-ray diffraction analysis shows that the complex of /?-CD with benzyl 

alcohol forms a cage-type structure. The guest benzyl alcohol molecules are 
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TABLE 3 

The kinetic parameters at fi = 0 

Weight loss process Mechanism E/kJ mol-’ A/mine’ r 

Evaporation of RI 41 1.972 x IO3 0.9990 
benzyl alcohol 
Dehydration of R3 102 9.5 x 10’0 0.9990 

/S-CD. C,H,O .5H,O 
Dissociation of D, 158 3.262 x lOI 0.9996 
/I-CD. C,H,O 

fully enclosed within the host cavity. Five water molecules are distributed in 
the intermolecular spaces between the P-CD molecules. The crystal is 
monoclinic with the space group P21, Z = 2, a = 15.4 A, b = 10.1 A, 
c = 20.9 & and p = 109.90” [ 141. The structure of P-CD C,H,O 5H20 is 
shown in Fig. 6. 

Scanning electron microscopic observations indicate that the size and the 
formal structure of P-CD obtained by heating /I-CD . C7H80 and those of 
j-CD. C,H80 obtained by heating /?-CD. C7H80. 5Hz0 have no marked 
difference from those of P-CD. C,H,O 5H20. For the dehydration and 
dissociation process, the crystals do not break into pieces, but deform to a 
small extent, see Fig. 7. 

Fig. 6. Crystal structure of P-CD C,H,O SH20 viewed along the a-axis. 



N. Zhang et al./Thermochim. Acta 235 (1994) 105-116 

(a) (b) 

Fig. 7. Crystals of (a) B-CD C7H,0 5H,O, (b) P-CD C,H,O, (c) /j-CD. 

The dehydration of P-CD C,H,O 5H20 
The general kinetic pattern of the solid-state reaction can be divided into 

three stages [ 151. In the first stage, individual crystal nuclei of the new phase 
are slowly formed on the surface (induction period, usually a < 0.05). In 
stage two, the crystal nuclei grow and some individual crystals coalesce, 
producing a continuous layer of solid (a < 0.1). In stage three, the phase 
interface moves towards the interior of the particles. Obviously, in stages 
one and two the reaction rate is dependent on the nucleation and growth. 
In state three the reaction rate is dependent on the slowest step in the 
interface reaction; the gas molecules diffuse towards the surface and desorp- 
tion occurs from the crystal surface. Our interest falls in the range of 
3 = 0.1-0.9, so only stage three is considered here. 

In the dehydration of B-CD C7H80. 5H20, as the temperature in- 
creases, first the hydrogen bonds between the water molecules and P-CD 
break, and further water molecules diffuse towards the crystal surface; 
finally the water desorbs from the surface. Because the water molecules are 
distributed in the intermolecular spaces between the P-CD molecules and 
because the water moelcules are small, the diffusion step is fast. When the 
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temperature exceeds 50°C the desorption step is fast. The reaction rate is 
dependent on the rate of hydrogen bond breaking. Although the spatial 
stacking of P-CD. C,H80 along the various directions is different, due to 
their small volume the water molecules can diffuse in various directions. In 
other words, the reaction interface is three-dimensional. The results are 
consistent with an R3 mechanism, as identified by the TG and DTG 
analyses. 

The dissociation of B-CD . C7HR0 
In the dissociation of B-CD . C,H80, first the benzyl alcohol molecules 

escape from the P-CD cages, diffuse towards the crystal surface and finally 
desorb from the surface. It has been confirmed that the stable energy of 
inclusion complexes of p-CD with weakly polar guest molecules consists 
mainly of Van der Waals energy [ 16, 171. The escape of the guest molecules 
from the B-CD cavity is easy. The dissociation temperature far exceeds the 
temperature of the evaporation of benzyl alcohol, and the desorption is fast. 
Because of the large volume of the benzyl alcohol molecule, diffusion is 
difficult compared with that of water. Therefore the diffusion step is 
rate-controlling for the dissociation of P-CD C,H,O. 

Due to crystal anisotropism, diffusion is different when the product gas 
moves towards different crystal surfaces. From Fig. 6, we can see that along 
the h-axis, the P-CD molecules are not cylindrical but cage-like. The B-CD 
molecules stack in the hc-plane forming a compact molecular layer. These 
layers arrange along the u-axis and form a sheet-like structure. This 
graphite-like structure can be clearly observed in Fig. 7. Thus benzyl alcohol 
molecules escaping from one /J-CD cavity cannot easily get into another 
B-CD cage along the h-axis. It is also difficult to move along the a-axis 
because of the compact layer of molecules. So the benzyl alcohol molecules 
can move only towards the [OlO], [OOl] plane in the space between two 
layers of P-CD molecules. In other words, the diffusion of benzyl alcohol 
towards the surface is two-dimension, D2. 

CONCLUSIONS 

P-CD can form a stable inclusion complex with volatile benzyl alcohol, 
/I-CD. C,H80. 5H,O. The dehydration of P-CD. C,H80 is dominated by 
an R, mechanism. The dissociation of B-CD C,H,O is dominated by a D2 
mechanism. 

Thermogravimetric measurements can elucidate the dynamic processes of 
the thermal decomposition reaction. X-ray diffraction and scanning electron 
microscopy can determine the crystal structure of the sample and the 
product. Combining the TG, DTG, X-ray diffraction and mciroscopy 
results together provide a more clear understanding of the thermal decom- 
position processes. 
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