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ABSTRACT

Proprietary mixtures of amines and carboxylic acids are used as volatile corrosion inhibitors

(VCIs) for the protection of iron and steel components against atmospheric corrosion. This

study was focused on the nature of the vapors they release. VCI model compounds

comprising mixtures of triethylamine and acetic acid were studied using thermogravimetric

analysis coupled with Fourier-transform infrared spectroscopy (TGA-FTIR) at 50°C. As

vaporization progressed, the composition of the remaining liquid and the emitted vapor

converged  to  a  fixed  amine  content  of  ca.  27  mole  percent.  This  was  just  above  the

composition expected for the 1:3 amine to carboxylic acid complex. Mixtures close to this

composition also featured the lowest volatility.
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1. Introduction

Volatile corrosion inhibitors (VCIs), also referred to as vapor phase corrosion inhibitors, form

a protective deposit at the metal interface to limit atmospheric corrosion [1-5]. VCIs can be

pure compounds or may comprise suitable mixtures of volatile compounds. Commercial

products are available as liquids or powders and are supplied in sachet or tablet dosage forms

[3]. VCIs are also incorporated in polymeric films and in paper used for packaging metal

components [5,9].

VCIs  evaporate  or  sublimate  and  migrate  via  the  gas  phase  to  the  metal  surface  to  be

protected [4]. They reach the metal surface by diffusion and render protection following

adsorption [7,9]. Experience has taught that the vapor pressure should be in the range 0.002

Pa to 1 Pa at 20 °C for effective VCI transport [3, 7-10]. Too low a vapor pressure leads to

slow establishment of protection. High vapor pressures imply high consumption rates and

either lead to an early loss of inhibitor activity [7] or limit the effectiveness of VCI to a short

period of action [3,7].

Appropriate mixtures of amines and carboxylic acids can provide both short- and long-term

protection against metal corrosion during storage and transportation [5,9-11]. This class of

VCIs is mainly used for the protection of mild steel and iron [3,9]. The pH should exceed pH

= 5.5 to ensure adequate steel protection [3]. Therefore the amine has to be present in the

vapour in excess otherwise the mixtures might promote corrosion.

The interactions between amines (A) and carboxylic acids (C) have been comprehensively

studied [12-18]. Amines and carboxylic acid mixtures interact strongly via hydrogen bonding
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[12,15]. In 1:1 mixtures they form A1C1 molecular complexes in the vapor phase [19-30] or

ionic complexes in the liquid phase via Brønsted-Lowry acid-base reactions [17]. The A1C1

ionic complex requires stabilization and ab initio calculations showed that, at equimolar

mixing ratios, the formation of an A2C2 complex is more likely [17]. In the absence of water

and in the presence of excess carboxylic acid, the A1C1 complex is stabilized by reacting with

the cyclic dimers of the carboxylic acid forming the A1C3 complex [12,17,18,21-24]. The

formation of the A1C3 complex in triethylamine-acetic acid mixtures is supported by the

sharp viscosity maximum observed at the 1:3 amine to acid mole ratio [16]. The existence of

an A1C2 complex has also been reported [12,18,23-24]. When the tertiary amine is replaced

with  a  secondary  or  a  primary  amine  the  situation  changes  dramatically.  The  1:1  complex

becomes increasingly important and in the case of primary amines there is a tendency for

these to form large clusters [15].

Ternary systems comprising amines and carboxylic acids dissolved in non-ionizing or non-

dissociating solvents such as chloroform, carbon tetrachloride and benzene, have been

studied as well [25-28]. Near UV absorption studies indicated proton transfer from the

carboxylic acids to the amine [29]. This was also theoretically predicted by ab initio

calculations for the trimethylamine-formic acid and propylamine-propionic acid systems

[22,30]. The ionic nature of the complexes was confirmed by both mid and near infrared

spectroscopy [20,21,24-25], FT-Raman [17], 1H-NMR and 13C-NMR [15,31], dielectric

spectroscopy, conductivity measurements [18,23], melting and boiling point measurements,

ultrasound absorption and relaxation spectroscopy [12,24,32-33], and combinations of

different measurement techniques including density, optical refractive index, and shear

viscosity [23].
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Kubilda and Schreiber [19] conducted FTIR studies of the vapors of trimethylamine mixtures

with acetic acid and trifluoroacetic acid at high temperatures. However, there is little

literature on the nature of the vapors emitted by VCIs. Hence the aim of the present study was

to develop a practical TGA-FTIR method to determine the composition of the vapors released

by amine-carboxylic acid mixtures VCI model compounds as a function of time.

Triethylamine-acetic acid mixtures were used to validate the method because much data are

available for this system.

2. Experimental

2.1. Reagent

Acetic acid (99.8%), triethylamine (TEA) (99%), silica gel and sodium bicarbonate were

supplied by Merck chemicals. Drierite 8 mesh drying agent was supplied by Sigma Aldrich.

All the reagents were used as received without further purification.

2.2. Method

TEA-acetic acid binary mixtures were prepared in a dry glove box under a nitrogen

atmosphere to avoid air oxidation or contamination with moisture. TEA-acetic acid binary

mixtures were prepared by weighing out predetermined amounts of the constituents. All the

experiments were performed at an atmospheric pressure of 91.6 ± 0.3 kPa. Phase separated

TEA-acetic acid mixtures were individually characterized and labelled top or bottom

depending on the position of the phase separated layer.
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Liquid-liquid phase composition data was determined by the titration method under reflux at

atmospheric pressure. TEA was added to a known amount of acetic acid at 50 °C from a

burette until the mixture became cloudy. The temperature of the mixture was controlled by

water bath. The experiment was repeated at least four times for statistical purposes.

2.3. Instrumentation

The binary mixtures were characterized using simultaneous thermogravimetric analysis

Fourier-transform infrared spectroscopy (TGA-FTIR). Data was collected on a Perkin-Elmer

TGA 4000 thermogravimetric analyzer coupled with Spectrum RX 100 spectrometer with a 1

m TL800 EGA transfer line. A 180 μl open alumina pan was partially filled with 85 ± 5 mg

of sample. The sample was heated from 25 °C to 50 °C, at heating rate of 20 °C min-1 and

kept isothermal at 50 °C for the duration of the test period. The high test temperature of 50 °C

was selected to maximize volatility and because it corresponds to the highest temperature

VCIs are expected to function during commercial use. The data was collected under N2 at the

flow rate of 50 mL min-1 to prevent oxidation. The evolved gases were transferred from the

TGA to FTIR cell at a flow rate of 30 mL min-1. The spectra were recorded every minute at 2

cm-1 wavenumber intervals at a resolution of 2 cm-1. The transfer line and FTIR cell

temperature were both kept at 230 °C to avoid condensation and to dissociate all complexes.

There is a time lag from the point where vapors are released and recorded as a TGA mass loss

signal and the capture of the corresponding FTIR spectrum. The length of this time delay was

determined experimentally by monitoring the thermal decomposition of sodium bicarbonate.

This reaction releases carbon dioxide which features a strong IR absorption band at 2349 cm-

1. Approximately 30 mg of sodium bicarbonate was placed in an open 180 μl alumina pan.

The sample was heated from 25-400 °C at 20 °C min-1 in N2 gas at flow rate of 50 mL min-1.
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The  delay  time  was  determined  as  the  time  difference  between  the  times  for  the  TGA

derivative mass loss signal reached a maximum and the maximum absorption of the CO2 IR

peak was reached.

Liquid phase FT-IR data were collected using a Perkin-Elmer Spectrum RX 100

spectrometer. Samples were placed between two KBr crystal windows (25 mm diameter and

4 mm thick). Background corrected spectra were recorded at room temperature in the

wavenumber range 4000 to 800 cm-1 at a resolution of 2 cm-1.

Differential scanning calorimetry (DSC) was performed on a Mettler Toledo DSC1

instrument. Approximately 5-10 mg samples were placed in standard 40 μl aluminum pans

with a pin hole and heated from -40°C to 400 °C at a heating rate of 10 °C min-1 in nitrogen

gas flowing at 50 mL min-1.

3. Results and discussion

Fig. 1 shows the phase diagram for TEA-acetic acid mixtures at 1 atmosphere using the

overall amine mole fraction (zA) as composition descriptor. It summarizes previously reported

liquid-liquid equilibrium (LLE) and vapor-liquid equilibrium (VLE) phase composition data

for TEA-acetic acid mixtures [12,32]. The LLE data of Kohler and coworkers [12] and van

Klooster and Douglas [32] deviate at higher amine concentrations. The LLE data points

determined in this study at a temperature of 50 °C  (zA = 0.44 and 0.89) are plotted for

comparison. They are in better agreement with the values reported by van Klooster and

Douglas [32].
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3.1. Liquid phase FTIR results

The liquid phase FTIR spectra of acetic acid, TEA and the selected binary mixtures are

compared in Fig. 2. Pure acetic acid (zA = 0) shows a sharp and strong intensity absorption

band due to carbonyl C=O dimer form at 1705 cm-1, whilst the monomer contribution is

observed as a very weak band at 1760 cm-1 [34]. A broad and weak intensity band at 944 cm-1

is due to the OH out of plane deformation vibration mode of the two hydrogen atoms in the

acetic acid dimer ring [35]. The presence of the aforementioned band suggests that acetic acid

dimers are the dominant species in the liquid phase. The methyl CH3 asymmetric and

symmetric bending vibration bands are observed at 1409 cm-1 and 1360 cm-1 [34],

respectively. The position of these methyl bands coincides with that of COH in plane bending

vibration at 1409 cm-1 and a shoulder at 1366 cm-1. The OH deformation vibration is

observed at 1051 cm-1 coinciding with methyl CH3 rocking mode and the C=O stretching

mode calculated to the value of 1021 cm-1 [35]. The shoulder at 1240 cm-1 is  due  to  CO

stretching vibration [34].

TEA (zA = 1.00) shows an absorption band at 1477 cm-1 due  to  CH3 anti-symmetric

deformation mode. The CH3 symmetric umbrella deformation mode is observed at 1385 cm-1.

The CN stretching vibration mode is observed at 1212 cm-1 and 1057 cm-1 [34,37].

Addition of amine results in a shift in the dimer C=O band position to higher frequencies and

the disappearance of the dimeric OH out of plane deformation band. The lack of the OH out

of plane dimer form indicates the absence of dimers and the formation of a complex between

acetic acid and TEA [38]. The carbonyl C=O is observed at 1722 cm-1 in all TEA-acetic acid

mixtures. The contribution due to C=O monomer form is observed as a shoulder in the
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mixture with composition zA = 0.20 but is absent when zA = 0.33. The new absorption band is

observed at 1576 cm-1 is due to the ionic carboxylate, COO- [20-21]. The COH in plane

bending absorption bands shifted position to lower frequency of 1378 cm-1 due to hydrogen

bonding between acetic acid and TEA observed in all mixtures. The CO stretching absorption

band is observed at 1248 cm-1. The intensity of the aforementioned band is stronger

compared to acetic acid. The reason for this is attributed to the contribution of CN stretching

mode  from  amine  which  also  occurs  at  the  same  position  [37].  The  bottom  phase  of  the

sample prepared as zA = 0.80 shows absorption bands similar to zA = 0.20, 0.25 and 0.33.

3.2. DSC results

DSC data for acetic acid showed two thermal transitions (see Fig. 3). The first was the

melting transition and had an onset of 11 °C while the second was a (boiling) transition with

an onset of 108 °C. TEA melts at -115 °C. Consequently, in the temperature range studied

presently, TEA showed only a single thermal (boiling) transition with an onset temperature of

84 °C. TEA-acetic acid mixtures featured significantly higher boiling transitions when

evaporated into a stream of nitrogen gas. A sample with zA = 0.39 and mixture with zA = 0.33

featured onset temperatures of 156 °C. Mixtures with compositions zA = 0.20 and zA = 0.25

showed boiling onsets occurring at 154 °C and 158 °C respectively. This suggests that the

mixtures with the highest apparent boiling points are those that closely match the

composition of the A1C3 complex, i.e. an amine to acid mole ratio of 1:3.

3.3. TGA-FTIR

Fig. 4 illustrates how the lag time between the mass loss and FTIR signals was determined. It

show plots of the TG derivative mass loss signal and a plot of the maximum absorbance of
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the band located near 2300 wavenumbers in the FTIR spectrum. The excellent match of the

superimposed signals was obtained by an appropriate time shift of the former signal. The

average lag time was determined as 0.56 ± 0.03.

Fig. 5 shows TGA mass loss curves for TEA-acetic acid and selected mixtures. Fig. 6 plots

the time to reach selected fractional mass loss values as a function of initial mixture

composition. The pure compounds evaporated much more rapidly than the mixtures (Figs. 5

and 6). Mass loss was fastest for TEA reflecting its higher volatility compared to acetic acid.

Interestingly the zA = 0.24 mixture was the least volatile as it showed the lowest mass loss

rate. This composition is close to that of the A1C3 complex. The sample of the top layer phase

with zA = 0.89 evaporated at a similar rate than pure triethylamine suggesting that mainly the

amine was released. The sample with zA = 0.39, with a composition matching that of the

bottom layer obtained following phase separation, evaporated at an intermediate rate.

Figs. 7 and 8 compare vapor phase FTIR spectra of representative TEA-acetic acid mixtures

to spectra obtained for pure TEA and pure acetic acid vapors. Consider the spectra in Fig. 7

for mixture with composition zA = 0.20. The spectrum recorded when just 3% had evaporated

is  nearly  identical  to  that  for  pure  TEA.  The  C=O  monomer  and  OH  absorption  bands  for

acetic acid at 1790 cm-1 and 1814 cm-1; and 3580 cm-1, respectively are only noticeable at a

much later stage. Consider next the spectra in Fig. 8 for the mixture with initial composition

zA = 0.33. Now it appears that it is acetic acid that evaporates initially as the TEA absorption

bands are only observed at much later times. This implies that the steady state vapor

composition lies between these two compositions.
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The dominant features that distinguish the FTIR spectra for TEA and the spectra for acetic

acid are the group of bands between 3300 cm-1 and 2450 cm-1 and those between 1950 cm-1

and 1600 cm-1 respectively. These were used to determine the composition of the vapor

streams in  the  following  way.  The  areas  under  the  absorbance  vs.  wavenumber  plots,  from

3300 cm-1 and 1600 cm-1 were determined using fourth order Newton Cotes integration [39].

However, interfering CO2 absorption bands are found in the region between 2270 cm-1 and

2450 cm-1 and this region was therefore excluded from the integration range. The integrated

areas scaled directly with the TG mass loss rates according to

= ̇ = + 																																																																																													(1)

where ai is the integrated area under the absorbance curve (in the wavenumber ranges

indicated) in cm-1, ̇ i is the TGA mass flux of component i entering the vapor phase in

mg.min-1, ki is a characteristic constant for component i with units min.mg-1.cm-1, A is the

dimensionless absorbance and s is the wave number measured in cm-1. The proportionality

constants for the instrument combination used in this study were experimentally determined

as kA = 20.0 ± 0.2 and kC = 18.3 ± 0.4 for triethylamine and acetic acid respectively.

A characteristic normalized shape function for each of the pure components was defined by

the following integral

( ) = + 																																																																									(2)

where the symbols have the same meaning as in Equation (1) with the integral in the

numerator excluding the wavenumber range 2270 cm-1 to 2450 cm-1. This shape function
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defines the profile of the integrated absorbance as a function of the wavenumber s. The shape

function profile for pure components is independent of the mass flux and this was confirmed

experimentally. The shape function profiles for triethylamine and acetic acid are shown in

Fig. 9.

Next consider the (normalized) shape function expected for a mixed vapor composition. Van

Klooster and Douglas [32] previously found that no molecular interaction occur at 162 °C in

the TEA-acetic acid system. The present vapor phase spectra were recorded at an even higher

temperature and both components should therefore be present in their monomer forms.

Indeed, all the FTIR spectra recorded at 230 °C for the mixtures in this study were consistent

with this assumption. The absence of the carbonyl C=O dimer band at 1705 cm-1; the shape

and position of OH band at 3580 cm-1, and the strong C=O absorption band at 1790 cm-1, in

the spectrum recorded for the pure acetic acid vapors, confirmed that acetic acid was

predominantly present in the monomer form and that the contribution from dimers was

insignificant. The ionic carboxylate bands were absent in the vapor spectra obtained for the

mixtures. Furthermore, in the mixtures the acetic acid C=O absorption band was observed at

the exact same position found for the neat acetic acid (1790 cm-1 and 1814 cm-1). This

confirmed negligible interaction between acetic acid molecules and TEA molecules in the

vapor phase at 230°C.

The absence of complex-forming interactions in the vapor phase at measurement temperature

that was used means that the recorded spectra are simply a combination of the spectra

expected for the pure compounds. Thus the shape function for a mixed vapor is given by a

linear combination of the two pure component shape functions
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= + (1 − ) 																																																																																																								(3)

where bmix is a characteristic measure of the mixture composition and aA and aC are the shape

functions for triethylamine and acetic acid respectively. The bmix values were determined

from experimental data using least square data fits of Equation (3). Once the bmix values were

known, the mass fraction amine in the vapor phase was calculated using

=
+ (1 − )

																																																																																																																 (4)

where wA is  the  mass  fraction  of  an  amine  in  the  vapor.  The  mole  fraction  of  amine  in  the

vapour (yA) was determined as follows

=
⁄

+ (1 − )⁄⁄ 																																																																																																												(5)

where MA is the molar mass of component triethylamine and MC is the molar mass of acetic

acid.

Fig. 9 compares the measured shape functions α for pure acetic acid, pure TEA and the

vapour released by a specific mixture. As mentioned above, such plots were used to

determine the composition of the vapors. This was done by first extracting the βmix values in

Equation (3). Next the amine mole fraction in the released vapor was determined by applying

Equation (4) and Equation (5). These were then plotted against time (Fig. 10) or against the

mass fraction of mixture released (Fig. 11).

Figs. 10 and 11 show that the mole fraction amine in the released vapor (yA) initially either

increases or decreases but then stabilizes at a plateau value. This value is, within

experimental error, the same for all mixtures irrespective of their initial concentration. The
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plateau composition was determined as yA = 0.27 ± 0.02 by averaging all the vapor

compositions measured beyond the point where 50 % of the original charge had volatilized

for mixtures initially containing 19, 20, 23, 24 and 38 mole % TEA. This value is only

slightly higher than the composition of the A1C3 complex.

When the composition of the emitted vapor stabilizes at a plateau value it must mean that this

should also be true for the liquid phase. In fact, the compositions of the vapor and liquid

phase should be the same. This can be checked by performing a mass balance. The

differential equation is

=
1

= 																																																																																																																														(6)

and

= 1 − 																																																																																																																																									(7)

where mi is the mass of component i in the liquid phase. These two equations can be solved

by numerical integration using the TGA mass loss data and the vapor phase composition

determined from the FTIR results. The mole fraction amine in the liquid phase can then be

determined from

=
⁄

+ (1 − )⁄⁄ 																																																																																																											(8)

The results of these calculations are presented in Fig. 12. They confirm that the liquid

compositions also approached the same plateau value as found for the vapor phase. This

indicates that over time, evaporation of an amine-acetic acid mixture will reach an azeotrope-

like point where the relative concentrations of the vapor and liquid phases become identical.



14

The present results indicate that the steady state composition of the vapor released by TEA-

acetic acid binary mixtures contains excess acetic acid. When this vapor comes in contact

with the absorbed moisture on the surface of a metal, the acid dimers in the A1C3 complex

will  dissociate  and  hydrolyze  to  form  free  monomeric  acids  that  may  lower  the  pH  of  the

water film to values that may induce corrosion [3]. This may provide an explanation as to

why TEA-acetic acid is a poor VCI [9]. An effective VCI vapor has to contain excess amine

and should not result in too low pH for the liquid water film adsorbed on the metal surface.

4. Conclusions

Volatile corrosion inhibitors (VCIs) are used to prevent atmospheric corrosion of metals.

Proprietary mixtures of amines and carboxylic acids are suitable for the protection iron and

steel components. The interactions between these two types of molecules are well established

but little is known about the nature of the vapors that are emitted. A new method, based on

thermogravimetric analysis coupled with evolved gas Fourier transform infrared spectroscopy

(TGA-FTIR), was developed in order to shed light on this aspect. The TGA provided

information on the rate of VCI release while the FTIR spectra allowed quantification of the

composition of the vapor emitted. The method was applied to study a VCI model system

based on mixtures of triethylamine and acetic acid. The mixtures were held isothermally at 50

°C and allowed to vaporize into a stream on nitrogen gas in a TGA-FTIR instrument. The

vapor phase FTIR spectra were recorded at 230 °C as, at this temperature, interactions

between the carboxylic acid and amine molecules were insignificant and little or no

dimerization of the carboxylic acids occurred. Irrespective of the initial mixture composition,

the composition of the remaining liquid and the emitted vapor settled on the same fixed
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steady state value reminiscent of azeotrope behavior. The composition of this plateau value

was approximately 27 mole % TEA which is very close to the composition of the stable 1:3

mole ratio amine-acid complex. This vapour composition is rich in acetic acid and this

probably explains why TEA-acetic acid mixtures are poor VCIs for mild steel. Interestingly,

it was also found that mixtures with compositions close to this value featured the lowest

volatility. It is hoped that this method will find utility in the characterization of other VCIs

and thereby provide an aid towards understanding their mechanism of action.
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Figure captions

Fig. 1. The possible structures of the A1C1, A1C2 and A1C3 TEA-acetic acid complexes.

Fig. 2. Phase diagram of TEA-acetic acid binary mixtures; ◊ indicates LLE data obtained by

Kohler and coworkers [12]; ○ LLE data, and ♦ & Δ VLE data obtained by van Klooster and

Douglas [32] at atmospheric pressure; and ● LLE data obtained in the present study.

Fig. 3. Liquid phase FTIR spectra of binary TEA-acetic acid mixtures in comparison with

pure acetic acid and pure TEA.

Fig. 4. DSC profiles of TEA-acetic acid binary mixtures in comparison with pure acetic acid

and pure TEA.

Fig. 5. TG-FTIR data for heating sodium bicarbonate from 25 °C to 400 °C at a scan rate of

20 °C min-1 in nitrogen gas flowing at a rate of 50 mL min-1. It plots the maximum

absorbance of the band located near 2300 wavenumbers in the FTIR spectrum (□) and the TG

derivative mass signal shifted by a time interval of 0.56 min (▲).

Fig. 6. TGA evaporation profiles of selected TEA-acetic acid binary mixtures compared to

pure acetic acid and pure TEA.

Fig. 7. Time required to reach selected fractional mass loss values as a function of the initial

composition of the mixture.
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Fig. 8. Time evolution of the gas phase FTIR spectra for a mixture with initial composition zA

= 0.89 as a function of mass fraction evaporated. The arrow indicates the time direction and

the spectra for pure TEA and pure acetic acid are shown for comparison.

Fig. 9. Time evolution of the gas phase FTIR spectra for a mixture with initial composition zA

= 0.20 as a function of mass fraction evaporated. The arrow indicates the time direction and

the spectra for pure TEA and pure acetic acid are shown for comparison.

Fig. 10. Shape functions α for pure acetic acid, pure TEA and experimental data (∆) for a

vapour mixture. The solid line for the mixture was generated using the equation (3) with the

βmix = 0.638 value determined via a least square curve fit. According to calculations utilizing

Equations (4) and (5), this indicates that the mixture contained approximately 25 mol %

amine.

Fig. 11. Time dependence of the mole fraction TEA present in the released vapor. The

indicated TEA concentrations refer to the initial TEA content of the liquid phase.

Fig. 12. Mole fraction TEA released into the vapor phase as a function of the fraction mixture

released. The indicated TEA concentrations refer to the initial TEA content of the liquid

phase.

Fig. 13. Calculated mole fractions of TEA in the liquid phase as a function of the initial

mixture composition and the fraction mixture released. The indicated TEA concentrations

refer to the initial content of the liquid phase.
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Fig. 2.

Fig. 3.
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Fig. 4.

Fig. 5.
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Fig. 6.

Fig. 7.
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Fig. 8.

Fig. 9.
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Fig. 10.

Fig. 11.



29

Fig. 12.

Fig. 23.


