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Determination of volatile corrosion inhibitors
by capillary electrophoresis

Elisabete A. Pereira∗, Marina F. M. Tavares

Institute of Chemistry, University of S˜ao Paulo, P.O. Box 26077, 05513-970 S˜ao Paulo, SP, Brazil

Abstract

In this work, a capillary electrophoresis (CE) method using indirect UV detection (214 nm) for the simultaneous determination of
monoethanolamine (MEA), diethanolamine (DEA), triethanolamine (TEA), diethylethanolamine (DEEA), monocyclohexylamine (MCHA)
and dicyclohexylamine (DCHA) in water/ethanol extracts of wrapping materials containing volatile corrosion inhibitors (VCIs) was
described. A running buffer consisting of 0.010 mol L−1 imidazole, 0.010 mol L−1 2-hydroxyisobutyric acid (HIBA) and 0.010 mol L−1

18-crown-6 ether enabled separation of the analytes in less than 7 min. A few method validation parameters were determined revealing good
migration time repeatability (<0.7% RSD) and area repeatability (<1.8% RSD). Limits of detection were in the range of 0.52–1.54 mg L−1.
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ecovery values were in the range of 94.8–100.9%. The methodology was successfully applied to the analysis of three commerc
VCI treated paper, foam and plastic). The concentration of amines in these materials varied from 0.050 to 22.3% (w/w).

2004 Elsevier B.V. All rights reserved.
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. Introduction

Corrosion is a naturally occurring phenomenon, com-
only defined as the deterioration of a substance, usually
etals or their properties, due to environmental impact[1–3].

t is well accepted that the corrosion process occurs more
apidly in the presence of trace amounts of atmospheric pol-
utants such as SO2, NO2, Cl− and F− and it is enhanced by

combination of high humidity (greater than 70%) and high
emperature[1].

The conventional approach to protect metal surfaces from
orrosion especially during transport and storage involves the
election of corrosion-resistant alloys or the use of protective
oatings or paints[1,4]. These preventive measures are often
ostly and not practical. An effective and relatively inexpen-
ive means of controlling corrosion in closed environments
s the use of volatile corrosion inhibitors (VCIs)[5].

∗ Corresponding author. Present address: Instituto de Quı́mica, Univer-
idade de S̃ao Paulo, Av. Prof. Lineu Prestes, 748, 05508-900 São Paulo, SP,

Considering that the corrosion efficiency varies acc
ing to the amount and type of chemical product used in
VCI formulation, determining their chemical composition
critical not only for better understanding of their role in
corrosion process, but also for the developing of new for
lations.

Gas chromatography (GC)[6–9] and high-performanc
liquid chromatography (HPLC)[10–24]are the most widel
adopted techniques for the measurement of aliphatic
cyclic amines in various matrices. However, these met
have presented some practical limitations. Direct gas c
matographic analysis of aliphatic amines requires pa
columns or capillary columns coated with thick films of s
cial material[8]. In conventional HPLC, aliphatic amin
are more difficult to be determined because they are p
retained on C18 reversed-phase columns at the pH va
commonly used and do not absorb strongly in the UV–vi
gion [12]. Alternatively, ion-exchange chromatography (
has been used[23,24] but this mode leads to long sepa
tion times and in IC, the choice of mobile phase is some
restricted due to swelling of the polymeric support.

Capillary electrophoresis (CE) represents an attractiv
razil.
E-mail address:ealves@iq.usp.br (E.A. Pereira). ternative for the determination of non-chromophoric amines.
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In CE, amines are generally separated as cationic species,
and detected indirectly using low-pH electrolyte systems
containing UV-absorbing additives[25–29]. In this work,
the development of a rapid analytical method to analyze
volatile corrosion inhibitors in wrapping materials by cap-
illary electrophoresis is described. The applicability of the
proposed method is demonstrated by the analysis of three
commercial products (VCI treated plastic, foam and paper
materials).

2. Experimental

2.1. Instrumentation

All experiments were conducted in a capillary elec-
trophoresis system (Agilent Technologies, model HP 3D CE,
Palo Alto, CA, USA), equipped with a diode array detec-
tor set at 400 nm (reference at 214 nm) for indirect detec-
tion and a temperature control device maintained at 29◦C.
Data acquisition and treatment software was supplied by
the manufacturer (HP ChemStation, rev A.06.01). Fused-
silica capillaries (Polymicro Technologies, Phoenix, AZ,
USA) with dimensions 53.5 cm total length, 45 cm effective
length and 75�m i.d. × 375�m o.d. were used. Samples
were injected hydrodynamically, 50 mbar pressure (1 mbar
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2.4. Sample extraction

VCI treated samples of wrapping materials (plastic, paper
and foam) were obtained from a local manufacturer (VCI
Brasil, Bauru, SP, Brazil). Two extraction procedures were
studied using a VCI plastic sample (FBL VCI 69180 mic
4 mm× 1000 mm) as reference material.

2.4.1. Procedure A
This procedure involved the dissolution of 0.5 g of the

commercial plastic sample in 5.0 mL toluene at 100◦C. Af-
ter complete dissolution, the polymer was precipitated by
the addition of 10 mL methanol followed by filtration. The
toluene phase was separated by addition of 10 mL deionized
water. The methanolic layer was transferred into a 25 mL vol-
umetric flask and the volume was completed with deionized
water. The solution was filtered in a 0.45�m membrane and
analyzed by CE.

2.4.2. Procedure B
The extraction method was performed using 0.5 g of the

commercial plastic sample and 25 mL of 90:10 (v/v) wa-
ter:ethanol. The mixture was vigorously stirred and placed
in an ultrasonic bath for 20 min. The resulting solution was
filtered in a 0.45�m membrane and analyzed by CE. This
procedure was further employed in the analysis of VCI treated
f
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100 Pa) during 3 s. The electrophoresis system was
ted under normal polarity and constant voltage conditio
18 kV.

.2. Reagents and solutions

All reagents and solvents were of analytical gr
nd used with no further purification. Monoethanolam
MEA), diethanolamine (DEA), triethanolamine (TEA
iethylethanolamine (DEEA) and monocyclohexylam
MCHA) were obtained from Aldrich (Milwauke

I, USA). Dicyclohexylamine (DCHA) was obtaine
rom Merck (Darmstadt, Germany). Stock solutions
000 mg L−1 concentration were prepared by dissolv
ppropriate amounts of the selected standards in d

zed water (Milli-Q, Millipore, Bedford, MA, USA). Th
ptimal electrolyte solution comprised 0.010 mol L−1

midazole, 0.010 mol L−1 hydroxyisobutyric acid (HIBA
nd 0.010 mol L−1 18-crown-6 ether.

.3. Analytical procedure

The electrolyte solution was prepared fresh daily. At
eginning of each day, the fused-silica capillary was co

ioned by flushing with a 1 mol L−1 NaOH solution (5 min)
ollowed by a 5 min flush of deionized water and electro
olution (40 min). In between runs, the capillary was jus
lenished with fresh electrolyte solution (3 min flush). S
ific electrophoretic conditions and separation electro
re stated in the figure legends.
oam and paper samples.

. Results and discussion

.1. Optimization of the separation conditions

The most important optimization step in the separatio
on-absorbing cationic compounds is the choice of a
ble background electrolyte co-ion because of peak sym

ry considerations and the population of system peaks
se of protonated imidazole as UV co-ion for the separa
f aliphatic amines and inorganic cations was first repo
y Beck and Engelhardt in 1992[25] and since then it becam
popular choice. Several other cationic chromophores
een reported in the literature with adequate performa
hen the separation selectivity needs to be improved a

ty of electrolyte additives from small organic acids (HIB
actate, etc.) to inclusion complexing agents (crown e
an be selected[26–30].

In this work, several electrolyte systems and instrume
arameters were studied to achieve the best resolution,
st sensitivity and shortest analysis time for the analys

he selected amines. Electrolyte systems comprising of
azole, HIBA and 18-crown-6 ether performed best and
ere chosen for further optimization.
The effect of imidazole concentration on separation

rst studied in the range of 0.005–0.015 mol L−1, with
onstant additives concentration, pH and applied vo
0.005 mol L−1 18-crown-6 ether, 0.010 mol L−1 HIBA, pH
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4.3, +20 kV, fused-silica capillary 48.5 cm total length, 40 cm
effective length, and 75�m i.d. versus 375�m o.d.). With
increasing imidazole concentration it was observed a gain
in analytical signal and a decrease in baseline noise. How-
ever higher-concentration buffers are more conductive, draw
higher currents, and generate more Joule heating than more
dilute solutions. Therefore, a imidazole concentration of
0.010 mol L−1 was selected because it represented a com-
promise among analytical signal, current counts and analysis
time.

Even though HIBA has been used in the context of cation
separations as a complexing agent, in this work HIBA (pKa =
3.97) was used simply for buffering the electrolyte. Buffered
electrolytes tend to be used in CE to limit the possible vari-
ations caused by changes in pH and to deliver results with
better reproducibility.

Finally, addition of a complexing agent (18-crown-6 ether)
to the electrolyte was necessary for the complete resolution
of the amines under evaluation. In acidic conditions, amines
are fully protonated and are known to form complexes with
crown ethers. The increase of 18-crown-6 ether concentra-
tion (0.005–0.010 mol L−1) resulted in an improvement in
the separation of DEA and MCHA, however, concentrations
above 0.010 mol L−1 had a negligible effect on the separa-
tion. Therefore in this study, 0.010 mol L−1 18-crown-6 ether
was chosen as the optimum concentration.Fig. 1A presents
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Fig. 1. Optimization of the electrolyte composition. Separation condi-
tions: fused-silica capillary, 75�m i.d. 360�m × o.d., 48.5 cm total length
(40 cm to detector); separation voltage: 20 kV; hydrodynamic injection: 3 s
at 50 mbar; (A) 0.010 mol L−1 imidazole, 0.010 mol L−1 HIBA, pH 4.3;
(B) 0.010 mol L−1 imidazole, 0.010 mol L−1 HIBA and 0.005 mol L−1 18-
crown-6 ether, pH 4.3; (C) 0.015 mol L−1 imidazole, 0.010 mol L−1 HIBA
and 0.005 mol L−1 18-crown-6 ether, pH 4.3. Peak identification: 1, MEA;
2, DEA; 3, MCHA; 4, DEEA; 5, TEA; 6, DCHA.

ethanolic solution at room temperature as extraction medium.
Before assessing the VCI contents of real samples further
optimization of the extraction conditions in procedure B was
attempted.
he separation of the amine standards in an imidazole
rolyte buffered with HIBA. The effect of crown ether in t
eparation is shown inFig. 1B and its increase inFig. 2and
he effect of increased concentration of imidazole is sh
n Fig. 1C.

The influence of the applied potential and column len
n the separation the amines were next evaluated
n electrolyte system containing 0.010 mol L−1 imidazole
.010 mol L−1 HIBA and 0.010 mol L−1 18-crown-6 ethe
H 4.3. As expected, at a higher potential (25 kV) the a
sis time was reduced, however losses of resolution
bserved between DEA, MCHA and DEEA (not show
y increasing capillary length, resolution was improved
hown). Optimum separation, that it represents a compro
mong analysis time and resolution, was obtained at 1
sing a fused-silica capillary with dimensions 53.5 cm t

ength, 45 cm effective length and 75�m i.d. by 375�m o.d.
he separation of the six amines under investigation a
ptimized conditions is shown inFig. 2.

.2. Optimization of the extraction procedure

A VCI treated plastic sample was spiked with kno
uantities of MEA, DEA, TEA, DEEA, MCHA and DCHA
nd subsequently submitted to the extraction procedure
cribed inSection 2. Extraction efficiencies were evalua
y comparing the experimentally determined amine con

ration in the spiked samples with nominal values. Accept
ecoveries were obtained when procedure B was employ
hown by the data compiled inTable 1. Procedure B uses
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Fig. 2. Optimized separation of the amines under investigation. Concen-
tration of each amine standard: 10 mg L−1. Separation conditions: fused-
silica capillary, 75�m i.d. × 360�m o.d., 53.5 cm total length (45 cm to
detector); separation voltage: 18 kV; hydrodynamic injection: 3 s at 50 mbar;
separation electrolyte: 0.010 mol L−1 imidazole, 0.010 mol L−1 HIBA and
0.010 mol L−1 18-crown-6 ether, pH 4.3; indirect UV-absorbance detection
at 214 nm; temperature 29◦C. Peak labels as inFig. 1.

Representative amounts of a VCI treated plastic sample,
containing DCHA in its formulation, were weighted and sub-
sequently extracted with water/ethanol mixtures of different
ratios. Increasing the ethanol phase in the range of 10–50%
no significant changes in the extraction efficiency were ob-
served. Therefore a fixed amount of ethanol (10%) was cho-
sen for further studies.

New pieces of the VCI treated plastic sample were then
spiked with a mixture of the amine standards and subse-
quently extracted with 25 mL of a 90:10 (v/v) water:ethanol
solution. The mixture was vigorously stirred and placed in
an ultrasonic bath. In specific periods of time, aliquots of the
uppernatant were taken, filtered and analyzed by CE. The ef-
fect of the extraction time was evaluated by monitoring the
peak area profile of the amines. By increasing the extraction
time no significant differences in peak area were observed
for MEA, DEEA, TEA and DCHA. However, for DEA and
MCHA, a slight increase in peak area was observed at 20 min
of extraction. Therefore, 20 min was selected for the extrac-
tion time.

Table 1
Recovery study

Amine Procedure A Procedure B

ery (%) Added (mg L−1) Found (mg L−1) Recovery (%)

M 20 20 101± 4
D 9.9 9.7 98± 0.8
M
D .4
T
D

P l (90:10

Table 2
Analytical performance of the method regarding precision

Amine Migration time (min) Time, RSD (%) Peak area, RSD (%)

MEA 4.38 0.48 1.4
DEA 5.39 0.48 1.1
MCHA 5.52 0.68 1.2
DEEA 5.67 0.51 1.8
TEA 5.97 0.50 1.3
DCHA 7.39 0.69 1.1

RSD: relative standard deviation (10 consecutive injections).

Table 3
Statistical parameters of the analytical curves and estimates of limits of
detection (LOD) for the indirect UV-absorbance detection methodology

Amine Analytical curve equationa R LODb (mg L−1)

MEA Y= 0.433X + 0.451 0.9989 1.27
DEA Y= 1.36X + 0.527 0.9997 0.67
MCHA Y= 1.27X + 0.399 0.9981 1.54
DEEA Y= 1.37X− 0.178 0.9999 0.52
TEA Y= 0.923X + 0.289 0.9998 0.54
DCHA Y= 0.744X + 0.712 0.9987 1.49

MEA, monoethanolamine; DEA, diethanolamine, TEA, triethanolamine;
DEEA, diethylethanolamine, MCHA, monocyclohexylamine; DCHA, di-
cyclohexylamine.

a Amine concentration interval from 2.5 to 20 mg L−1; based on peak
area.

b Calculated from interpolation ofY in the calibration curve (Y− Yb =
3sb, whereYb is the intercept andsb is the error associated to its estimate).

3.3. Method validation

The precision of the proposed method regarding peak
area and migration time repeatability for 10 consecutive
injections of the standard solution at 10 mg L−1 was esti-
mated (Table 2). Overall repeatability was better than 2%
RSD.

For quantitative purposes, analytical curves based on peak
area versus concentration were built. The analytical curves
consisted of five points and three replicate injections of stan-
dards at each concentration level were performed. The an-
alytical curve equations and the limits of detection derived
from the curve statistics are presented inTable 3. The re-
sults showed good linearity over the concentration range from
2.5 to 20 mg L−1 (r > 0.99). The method limits of detec-
tion for the amines under investigation were in the range of
0.52–1.54 mg L−1.
Added (mg L−1) Found (mg L−1) Recov

EA 20 16 80± 3
EA 9.9 8.2 83± 5
CHA 9.9 4.4 44± 1
EEA 8.9 5.4 61± 0
EA 10 8.6 86± 3
CHA 20 4.0 20± 1

rocedure A employs toluene, procedure B employs a water–ethano
9.9 9.6 97± 0.8
8.9 8.4 95± 1

10 9.6 96± 1
20 19 95± 1

, v/v) solution.
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Fig. 3. Electropherograms of the ethanolic extracts of commercial products
containing VCIs: (A) plastic sample, (B) paper sample and (C) foam sample.
Electrophoretic conditions and peak labels as inFig. 2.

3.4. Analysis of commercial products

Three commercial products (plastic, paper and foam) con-
taining volatile corrosion inhibitors were analyzed by the
proposed CE methodology. Samples were cut into pieces
and extracted according to the optimized procedure using
10% ethanolic solution during 20 min. Dilution of the re-
sulting extracts was necessary due to high concentration of
amines in the original samples.Fig. 3 presents the electro-
pherograms the sample ethanolic extracts. Identification of
the compounds was performed using spiking techniques. The
concentration of amines found in the commercial products are

Table 4
Concentration of amines in the commercial products

Sample Amine Concentration (%, w/w)

Plastic DCHA 0.050± 0.001
Paper DEEA 1.79± 0.03

Foam MEA 22.3± 0.25
DEA 0.5± 0.01
MCHA 7.5± 0.09
TEA 7.1± 0.10

MEA, monoethanolamine; DEA, diethanolamine, DEEA, diethylethanol-
amine; TEA, triethanolamine; MCHA, monocyclohexylamine; DCHA, di-
cyclohexylamine.

summarized inTable 4. According to the manufacturer, the
nominal amount of volatile inhibitor present in treated paper,
for instance, varies from 6 to 15% (w/w). The sample ana-
lyzed in the laboratory (sample B) presented a much lower
concentration.

4. Conclusion

A rapid, simple and efficient analytical method for de-
termination of the most commonly found amine corrosion
inhibitors used in wrapping materials has been developed. In
comparison with chromatographic methodologies, the pro-
posed CE method has the advantage that no derivatization
procedure is required since the detection is performed indi-
rectly. A few method validation parameters were established
revealing good migration time repeatability and area repeata-
bility, excellent linearity and adequate accuracy. The method
was successfully applied to the analysis of commercial wrap-
ping materials.
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