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Abstract 

A model that describes the pure evaporation kinetics is introduced. This model takes 

into account gas diffusion and convective gas transport; it describes the evaporation 

kinetics under the general conditions of thermogravimetric measurements. The model is 

used to determine the equilibrium vapour pressure in a relatively wide temperature 

range. The validity of the model is checked against experimental data of triethanolamine 

(TEA) and water evaporation. The applicability of isoconversional methods to the 

evaporation kinetics is also studied. Besides, it is shown that the degree of TEA 

decomposition depends on the surrounding atmosphere and on the conditions for gas 

evaporation; the easiest the gas evaporation, the smallest the degree of decomposition. 

In view of the volatiles formed, a reaction pathway is proposed for the thermal 

decomposition of TEA. 
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1. Introduction 

 

Thermogravimetry (TG) is especially suited to analyse vaporization and sublimation 

processes. Thus, a realistic model that describes the evaporation kinetics in terms of the 

system parameters (sample mass, gas flow, furnace geometry and sample geometry) is 

useful to characterize the kinetics of the evaporation process itself but, also, to gain a 

better insight into the evaporation process under the typical running conditions of a TG 

apparatus.  

 The rate of evaporation of a liquid placed inside a cylindrical crucible which is 

immersed in a flowing gas can be understood by considering three steps coupled in 

series: a) lack of equilibrium at the liquid vapour-interface, b) diffusive transport inside 

the crucible and c) vapour carried away by the purge gas flow. The evaporation rate at 

the interface depends on the balance between the vapour molecules impinging on the 

liquid surface and those that escape from the liquid. Based on the kinetic theory of gases 

and following the work of Langmuir [1] Knudsen established that [2,3]: 
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where m is the mass of the liquid, M the molecular mass, T the temperature, R the gas 

constant, S is the crucible cross section area, PS and P0 the equilibrium vapour pressure 

and the actual vapour pressure, respectively, and ε the vaporisation coefficient (very 

close to unity [3]). The (–) sign in Eq. (1) means that the liquid mass diminishes. At the 

steady-state, the diffusion transport is given by: 
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where h is the distance from the liquid surface to the crucible open end, D is the vapour 

diffusivity, and ci are the vapour concentrations at the liquid surface and at the crucible 

open end, respectively. The vapour concentration is related to its partial pressure 

according to: 
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Finally, the vapour carried away by the purge gas will be proportional to the 

concentration and the purge gas velocity, v, 
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where Si is a cross-section to be defined later. These three steps give rise to the vapour 

pressure profile depicted in Figure 1.  

Unless evaporation occurs in vacuum, the model can be simplified because, at 

the liquid surface, P0 ≈ Ps; usually, (Ps–P0)/Ps < 10–3 [3]. In other words, evaporation 

occurs with the liquid and vapour phases very close to equilibrium at the interface. 

Several authors have considered just the opposite condition (i.e. P0 = 0) to analyse the 

evaporation into a gas [4–9]. This erroneous condition delivers unrealistic values of the 

evaporation coefficient ε of the order of 10–4–10–5 [5,10–12].  

The analysis of evaporation involving steps b and c only has been successfully 

applied by Beverley et al. [13] to a TG with a vertical furnace (i.e. with the gas flowing 

parallel to the container axis). These authors obtained accurate values of the saturated 

vapour pressure of water and several organic liquids at room temperature. Its 

application to a horizontal furnace by Parker and Babas [19] also delivered reliable 

results. Although these authors developed their models within a mixed control regime, 

the values of Ps were obtained in the limit of diffusion-limited evaporation where co ≈ 

cs and ch ≈ 0. The diffusion-limited regime is achieved at low v or for long diffusion 

paths (large values of h); see, also, refs. [16–18]. Consequently, these models have not 

been tested for short crucibles or in the limit of a liquid film (h = 0), where the vapour 

swept off by the purge gas is relevant or is the rate-controlling step. 

The present paper deals with the evaporation kinetics in a horizontal furnace for 

crucibles and for films. It will be shown that, in this regime, the equation describing the 

vapour carried away has to be modified to account for the actual experimental 

behaviour. Another significant contribution is the determination of the vapour pressure 

from TG measurements performed on films and at a constant heating rate. Compared 

with the isothermal experiments of refs. [14,15], our method has several advantages. 

First, it allows exploring lower temperatures and a larger temperature interval. Second 

and thanks to the high surface to thickness aspect ratio, liquid cooling related to its 

evaporation can be neglected [19,20]; there is no need to correct deviations of the 

sample temperature [15]. Finally, the determination of PS is straightforward; the model 

is quite simple and few physical parameters are involved. Our method will be validated 

with water and then applied to the evaporation of triethanolamine (TEA). 

TG experiments carried at constant heating rate are very suited to perform 

kinetic analyses such as isoconversional [21–24] and Kissinger [25] methods to obtain 
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the activation energy of the process. We will analyse the limitations of using these 

methods to determine the evaporation enthalpy. 

Finally we will test if evaporation of TEA is influenced or not by its thermal 

decomposition. To this aim the volatiles formed during TEA decomposition will be 

analysed. This is an important subject because TEA solutions are widely used in the gas 

processing industry for removing carbon dioxide and hydrogen sulphide from light 

hydrocarbons and in general to capture carbon dioxide [26]. CO2 removal by TEA 

occurs through a reversible reaction that involves the formation of a carbamate and 

bicarbonate. TEA is also used as complexing agent for metal oxide precursors [27–30]. 

Additionally, TEA is extensively used in chemical solution deposition methods to 

synthetize functional oxide thin films [31]; for instance, TEA is used as ligand for 

complexation and gel formation [32] and as complexing agent in solutions containing 

metal organic salts [33–35].  

 

2. Experimental details and methods 

 

2.1 Material and thermal analysis techniques 

TEA (99%) was purchased from Merck Co. and used without further purification. 

Purified Milli-Q water has been used for water evaporation measurements. 

TGA analysis was performed with a Mettler Toledo thermobalance model TGA/DSC1. 

Temperature is calibrated using two calibration points (indium and aluminium melting 

points) and three different heating rates to correct tau lag deviations of the sample 

temperature. To minimize systematic baseline deviations a second measurement 

performed under identical conditions but with empty crucibles (or substrates) is 

subtracted. TEA was placed over a square (10×10 mm2 or 5×5 mm2) lanthanum 

aluminium oxide (LAO) substrate or inside alumina crucibles (150 mm3 capacity, 38.5 

mm2 area and height 4 mm). Most experiments where performed heating the sample at 

constant rate of 10 K/min, but experiments used to determine the vapour pressure and 

for the kinetic analysis were performed at six heating rates ranging from 1.2 to 40 

K/min to cover a wide temperature range [36]. Inside the TGA a gas flow rate of 10 to 

40 cm3/min was controlled by mass flow meters. High-purity nitrogen, oxygen and 

argon were used. As we will see in the next section, a low purge flow rate is preferable 

because it allows getting closer to the condition of homegeneous vapour dilution. 
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 FTIR evolved gas analysis (FTIR-EGA) was performed with a Brucker model 

alpha spectrometer coupled to an attenuated total reflection (ATR) cell (model Platinum 

ATR). Wavenumber resolution is set to 4 cm–1. Each spectrum is the result of the 

average of 24 scans. Under these conditions, the acquisition of an IR spectrum takes 

approximately 30 s. A 50 cm long steel tube was used to transfer the gases from the 

TGA furnace to the ATR cell. To prevent gas condensation the ATR cell and the steel 

tube were kept at a temperature of 200ºC. 

 

2.2 Kinetic methods 

The advanced isoconversional and Friedman methods are used to determine the 

activation energy [37–40]. Isoconversional methods rely on the hypothesis that, at a 

given α, the transformation rate is only a function of temperature [41,42], 
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where α is the degree of transformation, T is the temperature, R is the gas constant, and 

Eα is the activation energy. The transformation rate can be obtained from the integration 

of Eq. (5) with respect 1/T, 
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i.e., the isoconversional principle assumes that the transformation is governed by a rate 

constant, ݇ఈሺܶሻ ൌ ߙܧexpሾെܣ ܴܶ⁄ ሿ, that depends on α and f(α) is a “kinetic function” 

that accounts for the dependence of the integration constant on α. The variation of Eα 

with α is usually related to the occurrence of complex transformations. In this context, 

Eq. (6) is approximate and Eα must be interpreted as an apparent activation energy.  

Besides, most kinetic methods rely on a set of measurements performed at 

different heating rates, β = dα/dT. Under this condition, Eq. (6) may be expressed as, 
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For instance, Kissinger method is based on the determination of the peak 

temperature, TM, of a set of non-isothermal experiments [43]. TM is the temperature at 

which the transformation rate is at its maximum and can be obtained from the local 

maximum or minima of the calorimetric differential curve (DTA or DSC) or from the 

differential thermogravimetric curve (dTG). In our case TM has been determined from 

the dTG curves.  
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If we assume that the transformation is ruled by a single mechanism and that the 

transformation rate is given by the Arrhenius equation, then the transformation rate is 

described by [44,45]:  
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Contrarily to Eq. (6), in Eq. (8) E and A are constant and independent of α. From Eq. (8) 

one can easily derive the Kissinger equation [36] that relates TM with the kinetic 

parameters:  
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where β is the heating rate, ݂′ሺߙெሻ ≡  ఈୀఈಾ and αM is the degree of|ߙ݀/݂݀

transformation at TM. Kissinger method relies on the determination of the peak 

temperature TM,i from experiments carried out at different heating rates βi and delivers 

the activation energy from a linear fit of the plot ݈݊൫ߚ ெܶ,
ଶ⁄ ൯ versus 1/TM,i.  

In TGA measurements, it is commonly assumed that the degree of 

transformation depends linearly on the mass evolution: 
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where min and mfin are the initial and final masses, respectively. And the transformation 

rate is: 
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3. Evaporation model: determination of the vapour pressure. 

3.1 Evaporation model 

At the steady-state, the amount of vapour that reaches the crucible open end, Eq. (2), 

must be equal to the amount of vapour that is carried away by the purge gas, Eq. (4), 

i.e.: 
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where h in Eq. (2) has been substituted by an effective value. The evaporation rate is 

obtained substituting ch into Eq. (4): 
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Besides, v is related to the volume flow rate of the purge gas, Q, according to 
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where SF is the furnace cross section and η is a dimensionless geometric factor that 

accounts for its actual value at the crucible position. 

Combining Eqs. (13) and (14) we obtain: 
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 Beverley et al. [13] considered that the vapour was carried away by the purge 

gas through an area equal to the crucible cross-section (i.e. Si = S). This is a very 

reasonable assumption because, in their experiments, the gas flowed parallel to the 

crucible axis. They also took hef = h and η = 1 and left the diffusion coefficient D as the 

only free parameter to fit the mass-loss curves. The values of D and Ps obtained by 

Beverley et al. using Eq. (15) agreed very well with the literature.  

 Although the furnace used by Parker and Babas [14,15] was horizontal, they also 

took Si = S but considered hef being different from h. In principle, their model contains 

two free parameters (hef and η), however, since they only considered data in the limit of 

diffusion-controlled evaporation (݄ܳߟሺ ܵ ܵி⁄ ሻ ≫  the only fitting parameter is ,(ܵܦ

hef: 
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The model used by Parker and Babas suffers from a conceptual problem; the volume of 

vapour carried away by the purge gas must be the product of the gas velocity times the 

area of a section normal to the velocity direction, whereas the open end of the crucible 

is tangent to it. This problem is highlighted in the opposite limit, when evaporation is 

controlled by the purge gas flow. When hef → 0 their model reduces to: 
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According to Eq. (17), the evaporation rate for a film should be proportional to the 

liquid surface area, S. However, our own results on TEA films (section 4.3) make clear 

that, on the contrary, no significant dependence on S exists. So, it is necessary to adapt 

the model to the case of a horizontal furnace. 

 Indeed, the vapour is carried away in an area perpendicular to the gas flow 

direction, i.e., proportional to the furnace cross-section: 

ܵ ൌ  ி (18)ܵߛ
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In the general case of arbitrary h, we get: 
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where ϕ = ߛߟ is a dimensionless geometric factor. As expected, in the limit of diffusion-

controlled evaporation, Eq. (19) reduces to Parker and Babas’s result, Eq. (16). 

Moreover, in the opposite limit of a film, hef → 0, the independence from S is correctly 

predicted: 
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The cross-section for vapour carried away will be proportional to SF, Eq. (19), 

provided that the vapour concentration will be almost constant between the liquid 

surface (or the open end of the crucible) and the furnace wall. This condition will be 

fulfilled if the diffusion time needed to reach the furnace wall, 

ݐ ൎ  (21) ܦ/ଶݎ

(r is the radius of the furnace tube), is shorter than the time interval needed for the purge 

gas to go along the sample length, l: 

௩ݐ ൎ  (22) ݒ/݈

Combination of Eqs. (21) and (22) together with Eq. (14) leads to the condition: 

ܳ ൏  (23) ܦ݈ߨ

Take the case of film on a 1 cm2 square substrate (l = 10-2 m) and a typical value of D 

near room temperature of 2·10-5 m2/s. Eq. (22) delivers a maximum flow rate of 40 

cm3/min that is typical in most commercial equipment. For higher flow rates Eq. (19) is 

approximately valid but we cannot assume that ϕ is a constant; ϕ would depend on Q 

and D. Finally, if evaporation takes place far from the triple point, one can assume that 

the vapour behaves as an ideal gas, thus, its concentration, cS, is directly related to its 

partial pressure, Eq. (3). Hence, evaporation in a crucible can be expressed in terms of 

the vapour pressure, 
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And for a film,  
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3.2 determination of the vapour pressure 

According to Eq. (25), PS can be directly evaluated from the mass loss rate data 

delivered by TG measurements on films, 
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In order to determine the vapour pressure from Eq. (26), the only unknown parameter is 

the geometrical factor ϕ. It can been determined using the Clausius-Clapeyron 

relationship [46,47],  
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where ΔHvap is the standard enthalpy of vaporization.  

If ΔHvap is constant, then PS can be obtained after integration of Eq. (27), 
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Therefore, a plot of ln ቀെ
ௗ

ௗ௧

ோ்

ெொ
ቁ versus 1/T should result in a straight line and the slope 

of this line should be ΔHvap/R. Finally, ϕ is determined from the quotient between the 

results of the linear fit at the boiling point and the atmospheric pressure. 

If the enthalpy of evaporation depends on the temperature, then according to 

Kirchhoff’s law [48], 
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where ∆ܥ is the difference of the molar heat capacities of the liquid and vapour phase 

at constant pressure, and the approximate result is valid for experiments conducted over 

narrow temperature ranges. The dependence of PS on T is obtained from the integration 

of Eq. (27) with ΔHvap given by (29), 
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The values of ∆ܥ and ∆ܪ௩ሺ ܶሻ can be determined from a nonlinear fit of 

ln ቀെ
ௗ

ௗ௧
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ெொ
ቁ to the temperature dependence of Eq. (30). Finally, ϕ is determined the 

quotient between the result of the nonlinear fit at the boiling point and the atmospheric 

pressure. 

 

4. Results and discussion 

 

4.1 Water evaporation: determination of the vapour pressure. 

In Figure 2, we have plotted the evolution of water evaporation for 20 mg mass films 

deposited over a 100 mm2 area LAO substrate. Experiments have been performed at 
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four different heating rates and for a purge gas flow Q = 40 cm3/min. From the slope of 

such a plot in the temperature range between 27 and 60ºC we obtain ΔHvap = 42.0 ± 0.1 

kJ/mol that is in good agreement with the values of literature; TG measurements around 

60ºC deliver a value of 43.8 kJ/mol [22] and according to [49] at 25 and 60ºC ΔHvap is 

43.8 and 42.3 kJ/mol respectively. Finally, from Eqs. (26) and (27) we obtain ϕ = 0.484 

(Tboil = 373.17 K and M is 18.0153 g/mol).  

In Figure 3 we have plotted the well-established values of PS [50] (stars) 

together with the values of PS obtained from TG data (symbols), Eq. (26); there is a nice 

agreement between the PS values of the bibliography and those obtained using our 

method. In addition, we have plotted the PS values calculated from our linear fit, Eq. 

(28). It is also worth noting the good alignment of the data. 

With the temperature evolution of PS determined above, we have simulated the 

evaporation of water for two different geometries: films deposited on a substrate, Eq. 

(25), and water inside an open crucible, Eq (24). In the case of water inside a crucible h 

has been determined from the difference between the crucible volume and the volume 

occupied by the remaining liquid, the value of the diffusivity has been determined from 

the literature (see appendix A) and S is 38.5 mm2. As for parameter ϕ we assume the 

same value for films and crucibles, ϕ = 0.484. From Figure 2 it is apparent that our 

model is able to reproduce the actual kinetics, even in the case of a crucible where both 

diffusion and purge gas flow contribute to limit the evaporation rate (the numerical 

results show that the contribution of both terms is similar). 

 Despite the good linear fit and the correctness of our PS values, the fitted value 

of ΔHvap slightly deviates from the reported value at the boiling point, 

ΔHvap(Tboil)=40.657 kJ/mol [49]. The reason, as pointed out by Vyazovkin et al. [21,22], 

is the fact that the enthalpy of evaporation depends on the temperature. For water, PS 

can be calculated from Eq. (30) with ∆ܥ= 42 J/Kmol (the molar heat capacities of liquid 

and water vapour are 75.29 and 33.58 J/mol K, respectively). Constant K in Eq. (30) can 

be determined taking into account that, at Tboil, PS = 1 atm. In Figure 3, the dashed line 

corresponds to the value of PS determined from Eq. (30). The agreement between the 

reported values of PS with those calculated from Eq. (30) is excellent. It is also clear 

that, for the lowest temperature, the deviations of PS from linearity are related to the 

dependence of the ΔHvap on T.  

 Since in the temperature range going from our experimental data up to the 

boiling point the dependence of lnሺ ௦ܲሻ on 1/T is nearly linear, we have been able to 
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obtain an accurate determination of PS. However, this is not the general case as it will be 

shown with TEA evaporation. 

 

4.2 TEA evaporation: qualitative analysis. 

In this section, we want to analyse if the TEA mass-loss is due to evaporation or thermal 

decomposition.  

Figure 4 shows the TGA curves obtained when TEA was heated at 10 K/min 

under a flow rate of 40 cm3/min of N2, Ar or O2 for different sample masses and 

arrangements.  It is apparent that kinetics depends on the initial sample mass; the smaller 

the mass, the faster the evolution. Also the simple shape of the curves suggest that the 

kinetics is governed by a single step process, only the experiment performed with a 

crucible and a pinned lid shows a complex evolution that arises from several concurrent 

mechanisms.  

All the evolutions with films and with the open crucible end abruptly with a 

discontinuity, i.e., the transformation rate goes abruptly to zero at the end of the process. 

This behaviour is characteristic of a zeroth order transformation. Additionally, the 

process shifts to higher temperatures when the gas exchange between the sample and 

the furnace atmosphere is further impeded; the fastest kinetics is obtained with films 

while the slowest kinetics is observed in the case of the crucible with a lid. Indeed, it 

has been noticed that the kinetics of evaporation depends on the sample mass and the 

method of sample loading [23]. 

The kinetics will be governed by evaporation provided that there is neither 

chemical reaction between TEA and the surrounding gas nor TEA pyrolysis. As we will 

see in section 4.5 the decomposition of TEA is enhanced in the presence of O2. From 

Figure 4 it is apparent that in the case of films, the kinetics is not affected by the 

presence of O2 (for an initial mass of 20 mg, the evolutions under N2 and under O2 

overlap). Conversely, for TEA inside an open crucible and an initial mass of 77 mg, the 

evolution obtained under O2 is shifted to lower temperatures when compared to the 

evolution under N2. Thus, apparently, no TEA decomposition occurs in films, while in 

crucibles the decomposition of TEA is not negligible, at least, in the presence of O2. 

This conclusion will be verified with the analysis of evolved gases in section 4.5. 

Eqs. (11), (24) and (25) predict that ݀ߙ ⁄ݐ݀  is inversely proportional to the initial 

mass, min. This particular dependence on min is in contradiction with a kinetics governed 

by thermal decomposition. In this case, the kinetics should be independent of the initial 
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sample mass. Furthermore, according to Eq. (7) the transformation rate is also inversely 

proportional to the heating rate. Thus, for film evaporation doubling the sample mass 

has the same effect than doubling the heating rate. This prediction is confirmed by the 

experimental results plotted in Figure 5; the 20 K/min‒20mg evolution coincides with 

that measured at 10 K/min on a mass of 40 mg. Similar agreement is seen between the 5 

K/min‒20 mg and 10 K/min‒10 mg and between the 2.5 K/min‒20 mg and 5 K/min‒10 

mg experiments.  

 Also, Eq. (25) predicts that the evaporation rate does not depend on the film 

surface. In Figure 5, we have plotted the observed evaporation for two 5 mg films 

deposited on 10×10 mm2 and 5×5 mm2 substrates. Again, the prediction is fulfilled, 

since the results nearly overlap despite the factor of 4 between both surface areas. This 

particular result is especially significant because our model differs from that of Parker 

and Babas [15] on the dependence of the evaporation rate on surface area. 

 Finally, contrarily to what one would expect for a decomposition process, the 

evaporation model of Eq. (25) does not contain any explicit dependence of the 

evaporation rate on α. Thus, evaporation follows a zeroth order kinetics, and its rate 

should go abruptly to zero when the liquid is exhausted, as observed.  

 

4.3 The equilibrium vapour pressure of TEA. 

The set of experiments performed to determine the TEA vapour pressure is shown in 

Figure 5.  

In Appendix B the temperature dependence of TEA vapour pressure values 

retrieved from the literature is analysed. The lnሺ ௌܲሻ versus 1/T plot of Figure B1 reveals 

that the simple linear fit described in section 3.1 cannot be used here. With the help of 

the nonlinear fitting tool of Origin software we have fitted our experimental values to 

Eq. (30). The relevant aspects that should be taken into account to obtain a correct fit 

are described in Appendix C. From the nonlinear fit we have obtained ΔHvap(Tboil) = 79 

± 2 kJ/mol and ∆ܥ = 58 ± 2 J/(Kmol). These values are in fair agreement with the data 

retrieved from the literature (Appendix B: ΔHvap(Tboil) = 76 ± 2 kJ/mol and ∆ܥ = 68 ± 2 

J/(Kmol)).  

From Eqs. (24) and (30) we obtain ϕ = 1.07 (for TEA Tboil = 608.55 K and M = 

149.1882). Once we know ϕ the values of PS can be directly determined from the TG 

measurements by means of Eq. (26). From Figure 7 it is clear that there is a nice 
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agreement between the PS values obtained with our method (symbols in Figure 7) and 

those found in the literature (dashed line in Figure 7). It is also worth noting that our 

method allows determining PS in a pressure range larger than four decades.  

Finally, from Eq. (26) we can simulate the evolution of the evaporated fraction 

at different heating rates. The result of the simulation (solid lines in Figure 5) agrees 

very well with the experiment. 

The differences between the values of ΔHvap and ∆ܥ determined from the 

nonlinear fit and those of the literature are clearly beyond the tolerances. If we perform 

the Taylor series expansion of Eq. (30) as a function of Tboil/T, we obtain, 

݈݊ ௌܲ ൌ ܭ 
ܥ∆
ܴ

ሾ݈݊ሺ ܶሻ  1ሿ  ቈ
௩ሺܪ∆ ܶሻ

ܴ ܶ
െ
ܥ∆
ܴ
 ܶ

ܶ

1
2
ܥ∆
ܴ

൬ ܶ

ܶ
െ 1൰

ଶ

 ⋯ (31) 

Note, that ΔHvap and ∆ܥ are coupled in the first order term and that we need to go to 

the second order term to determine the value of ∆ܥ independently from the value of 

ΔHvap. Thus, we will be able to retrieve confidently accurate values of ΔHvap and ∆ܥ 

when ݈݊ ௌܲ clearly departs from linearity. From figure 7 it is apparent that the deviations from 

linearity are quite small, and this is generally the case, i.e., despite that our method allows to 

accurately determine the value of PS, it cannot be used to determine ΔHvap and ∆ܥ. 

Conversely, if ∆ܥ is known, the ΔHvap can be accurately determined. We have repited 

the nonlinear fit but fixing and ∆ܥ = 68 ± 2 J/(Kmol). Under this constraint we obtain 

ΔHvap(Tboil) = 77.6 ± 0.1 kJ/mol which is in agreement with the value delivered by the 

literature. 

 

4.4 Applicability of isoconversional and Kissinger methods 

Application of the Kissinger equation or isoconversional kinetic methods to evaporation 

must be done with caution. The reason is that most kinetics methods assume that the 

transformation rate, Eqs. (5) or (8), depends exclusively on the temperature and the 

degree of transformation whereas the evaporation rate depends on the sample mass, 

purge gas flow and sample free surface or crucible dimensions. Therefore, to perform an 

isoconversional analysis it is compulsory to fix the experimental conditions and, in 

particular, to keep constant the initial sample mass, the gas flow rate and free surface or 

crucible dimensions.  

 In addition, most kinetic methods assume an Arrhenius temperature dependence 

for the rate constant, Eqs. (5) or (8). In the case of evaporation, Eqs. (24) and (25), the 
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temperature dependence is dominated by the exponential dependence of PS, Eq. (27). 

Therefore, the expected activation energy should be ∆ܪ௩. Since ∆ܪ௩ depends on the 

temperature, Eq. (29), the kinetic methods would deliver a sort of an average value of 

 in the temperature interval explored. The Kissinger plot and the activation energy	௩ܪ∆

obtained from Friedman and advanced isoconversional methods are shown in Figure 8., 

To reduce the inaccuracies related to the determination of the transformation rate, in the 

Friedman analysis data has been smoothed using a Savitzky–Golay filter. In both cases, 

the activation energy is determined from the six experiments performed in films under 

identical conditions but different heating rates, Figure 6. Friedman and advanced 

isoconversional analysis delivers a nearly constant activation energy of 85 kJ/mol (in 

the α range from 0.1 to 0.8, Eα varies between 83.7 and 85.9 kJ/mol) that is in 

agreement with the value of 84 kJ/mol obtained from the slope of the Kissinger plot and 

within the expected ∆ܪ௩ interval (the temperature range explored goes from 360 to 

516 K thus ∆ܪ௩ varies from 92.6 to 82.0 kJ/mol). 

 The constancy of the activation energy delivered by Friedman method confirms 

that the process is mainly described by a single mechanism. The deviations of EA at the 

beginning and final stages are related to the experimental issues described Appendix C. 

Since evaporation is a zeroth order process, the maximum transformation rate is 

achieved just at the end of the process. Thus, Kissinger analysis relies in the evolution at 

the end of the process. However, at the final stages the actual process deviates from the 

evaporation model, consequently Kissinger would be significantly less accurate than 

isoconversional methods. This fact explains why there is not a nice alignment in the 

Kissinger plot. 

 

4.5 TEA decomposition. 

Two factors control de degradation rate of TEA; the atmosphere and temperature. In 

particular, the degradation is enhanced by the presence of oxygen and when evaporation 

is impeded so TEA is heated at higher temperatures. 

In Figure 9 we have plotted the IR spectrum of the volatiles evolved when a film 

of mass 22 mg is heated at 10 K/min under a wet O2 flow. In particular we have chosen 

the gases evolved at 230ºC that corresponds to the peak temperature (the temperature at 

which the transformation rate is higher). In Figure 9 we have also plotted the spectra of 

the identified volatiles: acetaldehyde, TEA and CO2. In addition to these volatiles, the 
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presence of water is also apparent from the noisy-like absorption bands between 3500 

and 4000 cm–1 and between 1200 and 2000 cm–1. The main volatile is TEA; its presence 

is revealed by the strong absorption peaks located at 1040, 1074, 2822, 2885 and 2955 

cm–1 (see Table 1). It is worth noting that despite the fact that the ATR cell and the 

connection tube are heated at 200ºC, we have observed that a significant amount of 

TEA condenses in its way between the TG furnace and the ATR cell, thus only a 

fraction of the evolved TEA is detected. Apart from TEA, we detect CO2 and traces of 

acetaldehyde (shoulder at 2700 cm–1). Besides, in the case of 20 mg films under a flow 

of N2, no acetaldehyde is observed. 

According to Schwarz [51] TEA decomposes to form acetaldehyde and 

diethanolamine (DEA) through protonation with a hydrogen atom from another TEA 

molecule:  

N(CH2CH2OH)3 → CH3CHO+ HN(CH2CH2OH)2 

When open crucibles are used instead of films, the formation of acetaldehyde is more 

evident, Figs. 10 and 11. As we have seen in the previous section, the use of crucibles 

and larger sample masses delays TEA evaporation, so most of TEA evaporation occurs 

at higher temperatures and therefore the amount of TEA that decomposes increases. In 

particular, in Figure 10 we show the volatiles formed at the peak temperature when a 

mass of 175 mg of TEA is placed inside an open crucible and under a flow of argon. In 

this case we observe the presence of TEA, but the peaks related to the spectrum of 

acetaldehyde are more prominent, in particular the absorptions at 1128, 2697 and 2729 

cm–1. Also ethylene oxide has been identified; in particular we have observed the sharp 

absorptions at 3007 and 3070 cm–1 and the broad bands centred at 864 and 3097 cm–1. 

Acetaldehyde may be formed from the protonation of TEA to give DEA but DEA 

protonation may also result in the formation of acetaldehyde and monoethanolamine 

(MEA). Besides, thermal decomposition of MEA involves the formation of ammonia 

and ethylene oxide, 

NH2CH2CH2OH → NH3+CH2OCH2. 

However, one cannot rule out that the formation of ethylene oxide may come directly 

from the decomposition of TEA or DEA. We have not detected DEA or MEA so we 

cannot assure that they are intermediates during TEA decomposition, but it must be 

stressed that their spectra overlaps with that of TEA and that they are less stable than 

TEA, so once formed they will easily decompose, thus it may be not possible to 

ascertain their presence by IR. 
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 Finally, the decomposition of TEA in the vapour phase is significantly enhanced 

in the presence of oxygen. In Figure 11 we show the IR spectrum obtained when TEA 

inside a crucible is heated at 10 K/min under a flow of oxygen. In particular, Figure 11 

is a snapshot taken at 296ºC. In this case, no TEA is detected so TEA decomposition is 

nearly complete. Thanks to the absence of TEA, the presence of acetaldehyde and 

ethylene oxide is more evident. We also observe CO, H2O and a larger amount of CO2 

that can be attributed to the oxidation of organic molecules. 

 

5. Conclusions 

 

We have developed a model that describes the evaporation kinetics in films and 

crucibles that takes into account vapour diffusion and vapour carried away by the purge 

gas flow. The model is valid for horizontal furnaces where the purge gas flows parallel 

to the liquid film and perpendicular to the crucible axis. 

The evaporation rate is proportional to the equilibrium vapour pressure. 

Consequently the rate constant follows an Arrhenius temperature dependence. We have 

shown that this model successfully describes TEA and water evaporation.  

The use of films to analyse the evaporation kinetics has several avantages: a) the 

determination of the vapour pressure from TG is straightforward, b) liquid cooling 

related to its evaporation is negligible and, c) allows exploring lower temperatures and a 

wider temperature interval than with crucibles.  

We have developed a method to determine the equilibrium vapour pressure 

based on the TG analysis of films performed at different heating rates. The method has 

been successfully applied to water and TEA evaporation. In the case of TEA we have 

been able to determine the equilibrium vapour pressure in a pressure range four decades 

wide. 

We have shown that, to determine the kinetics by means of an isoconversional 

method, it is compulsory to keep constant the initial sample mass, the gas flow and the 

sample surface area. 

 Finally, we have observed TEA degradation only occurs with crucibles and not 

in films, and that degradation increases with temperature and in the presence of oxygen. 

The main volatiles formed are acetaldehyde and ethylene oxide. 

 

Appendix A. Water vapour diffusivity in N2. 
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The mass diffusivity of the vapour (A) through the surrounding gas (B), is given 

by [52,53],  

ܦ ൌ
1.88262	10ିଶଶ	ܶଷ ଶ⁄

ߪܲ
ଶ Ω


1
ܯ


1
ܯ

൨
ଵ ଶ⁄

, (A.1)

where ܦ is in m2/s, ΩD is the “collision integral”, P is the absolute pressure in Pa, M 

is the molecular mass of the gas in g/mol and σ is the “collision diameter” in m. ΩD is a 

function of the temperature and the energy of molecular interactions, εi. The values of 

ΩD are tabulated in ref. [52]. Besides, for a binary system of nonpolar molecular pairs, 

the collision diameter and the energy of molecular interaction are:  

ߪ ൌ
ߪ  ߪ

2
	and	ߝ ൌ ඥߝߝ. (A.2)

For water, the values of σ and ε are tabulated in ref. [52], in particular ߪுమை= 

2.649 10–10 m, ߪேమ = 3.617 10–10 m, ߝுమை= 4.915 10–21 J and ߝேమ= 1.34 10–21 J. The 

dependence ܦுమை,ேమ on the temperature between 273 and 373 K is plotted in Figure A1. 

  ,ுమை,ேమ has been fitted to a power dependence on the temperatureܦ

ுమை,ேమܦ ൌ ுమை,ேమܦ
ଷ ൬

ܶ
300

൰


, (A.3)

where ܦுమை,ேమ
ଷ =2.53 10–5 m2/s and n=1.86.  

 

Appendix B. Vapour pressure of TEA from a literature review 

 

Several authors have measured the vapour pressure of TEA at different temperature 

ranges: 523.59–578.75 K [54], 523–579 [55], 433.15–513.15 [56] and at 329.35 [57]. In 

addition, the enthalpy of evaporation of TEA has also been determined at different 

temperatures: 433.15–513.15 [56], 329.35–340.26 [57], 538 [55] and at 533 K [12]. 

These results are summarized in Figure B1. 

 In relatively narrow temperature ranges the difference between the molar heat 

capacities of a liquid and its vapour is constant. Thus, according Kirchhoff’s law, Eq. 

(29), there is a linear dependence between the enthalpy of evaporation and the 

temperature, such linearity is apparent in Figure B1. From the linear fit, shown in Figure 

B1, we have determined the enthalpy of evaporation at the boiling point, 608.55 K, and 

the molar heat capacity difference: ΔHvap(Tboil) = 76 ± 2 kJ/mol and ∆ܥ	 = 68 ± 2 
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J/(Kmol), respectively (the uncertainties correspond to the standard error of the linear 

fit). 

 Once we know the dependence of ΔHvap on T, we can calculate PS as a function 

of temperature by using Eq. (30) (the integration constant is determined after imposing 

that, at the boiling point, PS = 1 atm). The result is show in Figure B1. The agreement 

between the literature values of PS and Eq. (30) confirms that PS can be accurately 

determined using this equation and gives us good confidence on the values reported. 

 

Appendix C. Non-linear fit procedure. 

 

To confidently determine PS from the non-linear fit of the TG data to Eq. (30), several 

issues should be taken into account. First, since the determination of PS is based on the 

extrapolation of the non-linear fit up to the boiling point, it is important to cover a 

temperature range as large as possible to obtain a reliable temperature dependence. Also 

it is important to perform measurements at relatively high heating rates (40 K/min or 

superior) to obtain data at relatively high temperatures, the nearer the data to the boiling 

point is, the more accurate the analysis is. Whenever these conditions cannot be 

fulfilled, it will be necessary to determine at least one value of PS within the explored 

temperature range. 

 Most commercial TG apparatuses record the mass at a constant sampling time 

interval. Since experiments performed at low heating rates are much longer in time, the 

amount of data of these experiments is significantly larger than those performed at high 

heating rates. As a consequence, the data obtained at low temperature is significantly 

overrated; this fact has a detrimental effect on the reliability of the nonlinear fit and in 

particular on the extrapolation at the boiling point. To minimize this effect, it is crucial 

to introduce a statistical weight in the computation of the nonlinear fit. In our case, for a 

particular experiment, its statistical weigh is the number of points of the longest 

experiment divided by its number of points. 

 Finally, the data related to the first and last stages of evaporation significantly 

deviates from linearity and had to be discarded. The reason is that, at the first stages, the 

transformation rate is very small; it is very sensitive to noise and baseline artefacts. 

Conversely, at the last stages, the film collapses into droplets and the model fails to 

provide an accurate description. In Figure C1 we show the plot of ln ቀെ
ௗ

ௗ௧

ோ்

ெொ
ቁ versus 
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1/T for all the data of the experiments shown in Figure 6. From this graph it is apparent 

that the first and last points of each experiment clearly deviate from the general 

alignment. These points have to be removed to obtain a correct fitting. 
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Table 1. Assignments of TEA IR absorption frequencies between 900 and 4000 cm–1. 

Wavenumber cm–1 Assignment 

1040    Stretching C-N 

1074  Stretching C-O 

1158 Bending -CH2- and –O-H 

1213 Bending –O-H 

1297 Bending –O-H 

1359  Bending –CH2- 

1397  Bending –CH2- 

1458  Bending –CH2- (scissoring) 

2822  Stretching C-H 

2885  Stretching C-H 

2955  Stretching C-H 

3558 Stretching O-H 

3673 Stretching O-H 
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Figure captions 

 
 

Figure 1. Pressure profile from the liquid film to the open end of the crucible. 
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Figure 2. TG analysis of water evaporation in a flowing atmosphere of 40 cm3/min of 

N2. Points: experiment. Curves: simulated evolution according Eq. (25) (films) and to 

Eq. (24) (crucibles). 
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Figure 3. Dependence on temperature of equilibrium water PS. Stars: from ref. [50]. 

Other symbols: our experiments on films of Figure 2. Solid line: linear fit of our data, 

Eq. (28). Dashed line: PS determined from the dependence of Hvap on temperature, Eq. 

(30). 
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Figure 4. TG analysis of TEA heated at a constant rate of 10 K/min.  
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Figure 5. TG analysis of TEA deposited on top of a LAO substrate and under a flow of 

40 cm3/min of N2. 
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Figure 6. Symbols: experimental TG curves of TEA films deposited on top of a 10×10 

mm2 LAO substrate. Lines: simulation according to Eq. (25) (see main text). 
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Figure 7. Plot of lnሺ ௌܲሻversus 1/T for the experiments shown in Figure 6 (symbols) and 

the dependence found in the literature (line) (see Appendix B).  
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Figure 8. Activation energy determined using advanced isoconversional (squares) and 

Friedman methods. Inset: Kissinger plot (symbols) and linear fit used to determine the 

activation energy (solid line). 
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Figure 9. Thick black line (displaced upward): FTIR spectrum of the volatiles evolved 

at 230ºC from a TEA film when is heated at a rate of 10 K/min under a flow of wet O2. 

The other lines are reference spectra of TEA, acetaldehyde and CO2 gases. They have 

been scaled to fit the observed spectrum. 
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Figure 10. Thick black line: FTIR of the volatiles evolved at 328ºC from TEA inside a 

crucible when heated at a rate of 10 K/min in argon. The other lines are the spectra of 

TEA, acetaldehyde and ethylene oxide gases respectively. Reference spectra have been 

scaled to fit the observed FTIR spectrum. 
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Figure 11. Thick black line: FTIR of the volatiles evolved at 296ºC from 160 mg of 

TEA inside a crucible when is heated at a rate of 10 K/min under a flow of oxygen. The 

other lines are the spectra of CO2, CO, acetaldehyde and ethylene oxide gases 

respectively. Reference spectra have been scaled to fit the observed FTIR spectrum. 
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Figure A1. Dependence of the diffusivity of H2O in N2 (squares) as a function of the 

temperature calculated from Eq. (A.1). The solid line is the fitted dependence, Eq. 

(A.3). 
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Figure B1. Symbols: values of PS and ΔHvap of TEA gathered from different sources. 

The dashed line is the fitted dependence for ΔHvap. The solid line is the dependence of 

PS given by Eq. (30). 
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Figure C1. Plot of ln ቀെ
ௗ

ௗ௧

ோ்

ெொ
ቁ versus 1/T before removing the points that deviate 

from the general alignment. 

 


