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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 mofLimidazole, 0.010 mol t* 2-hydroxyisobutyric acid (HIBA) and 0.010 mott
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 0.52-1554 mg L
Recovery values were in the range of 94.8-100.9%. The methodology was successfully applied to the analysis of three commercial products
(VCl 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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1. Introduction Considering that the corrosion efficiency varies accord-
ing to the amount and type of chemical product used in the
Corrosion is a naturally occurring phenomenon, com- VCI formulation, determining their chemical composition is
monly defined as the deterioration of a substance, usuallycritical not only for better understanding of their role in the
metals or their properties, due to environmental impkaes]. corrosion process, but also for the developing of new formu-
It is well accepted that the corrosion process occurs morelations.
rapidly in the presence of trace amounts of atmospheric pol-  Gas chromatography (G@§—9] and high-performance
lutants such as SONO,, ClI~ and F and it is enhanced by  liquid chromatography (HPL(JL0—24]are the most widely
a combination of high humidity (greater than 70%) and high adopted techniques for the measurement of aliphatic and
temperaturél]. cyclic amines in various matrices. However, these methods
The conventional approach to protect metal surfaces from have presented some practical limitations. Direct gas chro-
corrosion especially during transport and storage involves thematographic analysis of aliphatic amines requires packed
selection of corrosion-resistant alloys or the use of protective columns or capillary columns coated with thick films of spe-
coatings or paintfl,4]. These preventive measures are often cial material[8]. In conventional HPLC, aliphatic amines
costly and not practical. An effective and relatively inexpen- are more difficult to be determined because they are poorly
sive means of controlling corrosion in closed environments retained on @g reversed-phase columns at the pH values
is the use of volatile corrosion inhibitors (VCIE)]. commonly used and do not absorb strongly in the UV—vis re-
gion[12]. Alternatively, ion-exchange chromatography (IC)
has been usef23,24] but this mode leads to long separa-

— ) ] ) tion times and in IC, the choice of mobile phase is somehow
* Corresponding author. Present address: Instituto deni@a, Univer-

sidade de 8o Paulo, Av. Prof. Lineu Prestes, 748, 05508-980 Baulo, SP, restrlctgd due to swelling Qf the polymeric support. .
Brazil. Capillary electrophoresis (CE) represents an attractive al-
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In CE, amines are generally separated as cationic species2.4. Sample extraction
and detected indirectly using low-pH electrolyte systems
containing UV-absorbing additivel25—-29] In this work, VCl treated samples of wrapping materials (plastic, paper
the development of a rapid analytical method to analyze and foam) were obtained from a local manufacturer (VCI
volatile corrosion inhibitors in wrapping materials by cap- Brasil, Bauru, SP, Brazil). Two extraction procedures were
illary electrophoresis is described. The applicability of the studied using a VCI plastic sample (FBL VCI 69180 mic
proposed method is demonstrated by the analysis of three4 mm x 1000 mm) as reference material.
commercial products (VCI treated plastic, foam and paper
materials). 2.4.1. Procedure A
This procedure involved the dissolution of 0.5g of the
commercial plastic sample in 5.0 mL toluene at 1Q0 Af-

2. Experimental ter complete dissolution, the polymer was precipitated by
the addition of 10 mL methanol followed by filtration. The
2.1. Instrumentation toluene phase was separated by addition of 10 mL deionized

water. The methanolic layer was transferred into a 25 mL vol-
All experiments were conducted in a capillary elec- umetric flask and the volume was completed with deionized

trophoresis system (Agilent Technologies, model HP 3D CE, water. The solution was filtered in a 0.4 membrane and
Palo Alto, CA, USA), equipped with a diode array detec- analyzed by CE.
tor set at 400 nm (reference at 214 nm) for indirect detec-
tion and a temperature control device maintained &t@29  2.4.2. Procedure B
Data acquisition and treatment software was supplied by  The extraction method was performed using 0.5 g of the
the manufacturer (HP ChemStation, rev A.06.01). Fused- commercial plastic sample and 25mL of 90:10 (v/v) wa-
silica capillaries (Polymicro Technologies, Phoenix, AZ, ter.ethanol. The mixture was vigorously stirred and placed
USA) with dimensions 53.5 cm total length, 45 cm effective in an ultrasonic bath for 20 min. The resulting solution was
length and 7um i.d. x 375um o.d. were used. Samples filtered in a 0.45.m membrane and analyzed by CE. This
were injected hydrodynamically, 50 mbar pressure (1 mbar procedure was further employed in the analysis of VCl treated
= 100 Pa) during 3s. The electrophoresis system was operfoam and paper samples.
ated under normal polarity and constant voltage conditions of
+18kV.

3. Results and discussion
2.2. Reagents and solutions

3.1. Optimization of the separation conditions

All reagents and solvents were of analytical grade

and used with no further purification. Monoethanolamine  The most important optimization step in the separation of
(MEA), diethanolamine (DEA), triethanolamine (TEA), non-absorbing cationic compounds is the choice of a suit-
diethylethanolamine (DEEA) and monocyclohexylamine able background electrolyte co-ion because of peak symme-
(MCHA) were obtained from Aldrich (Milwaukee, try considerations and the population of system peaks. The
WI, USA). Dicyclohexylamine (DCHA) was obtained use of protonated imidazole as UV co-ion for the separation
from Merck (Darmstadt, Germany). Stock solutions at of aliphatic amines and inorganic cations was first reported
1000mg L1 concentration were prepared by dissolving by Beck and Engelhardtin 19925] and since then itbecame
appropriate amounts of the selected standards in deion-a popular choice. Several other cationic chromophores have
ized water (Milli-Q, Millipore, Bedford, MA, USA). The been reported in the literature with adequate performance.
optimal electrolyte solution comprised 0.010 mofiL When the separation selectivity needs to be improved a vari-
imidazole, 0.010mol ! hydroxyisobutyric acid (HIBA) ety of electrolyte additives from small organic acids (HIBA,

and 0.010 mol L1 18-crown-6 ether. lactate, etc.) to inclusion complexing agents (crown ether)
can be selecte@6-30]
2.3. Analytical procedure In this work, several electrolyte systems and instrumental

parameters were studied to achieve the best resolution, high-

The electrolyte solution was prepared fresh daily. At the est sensitivity and shortest analysis time for the analysis of
beginning of each day, the fused-silica capillary was condi- the selected amines. Electrolyte systems comprising of imi-
tioned by flushing with a 1 molt! NaOH solution (5 min), dazole, HIBA and 18-crown-6 ether performed best and they
followed by a 5 min flush of deionized water and electrolyte were chosen for further optimization.
solution (40 min). In between runs, the capillary was justre-  The effect of imidazole concentration on separation was
plenished with fresh electrolyte solution (3 min flush). Spe- first studied in the range of 0.005-0.015mofi. with
cific electrophoretic conditions and separation electrolytes constant additives concentration, pH and applied voltage
are stated in the figure legends. (0.005 mol -1 18-crown-6 ether, 0.010 moli! HIBA, pH
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4.3, +20kV, fused-silica capillary 48.5 cm total length, 40 cm 57
effective length, and 7@m i.d. versus 37pm o0.d.). With

increasing imidazole concentration it was observed a gain

in analytical signal and a decrease in baseline noise. How- 07 1 23
ever higher-concentration buffers are more conductive, draw ] 45
higher currents, and generate more Joule heating than more
dilute solutions. Therefore, a imidazole concentration of 2 6
0.010mol -1 was selected because it represented a com- E 1
promise among analytical signal, current counts and analysis 104
time.

Even though HIBA has been used in the context of cation
separations as a complexing agent, in this work HIBR{p -15 - . . . - .
3.97) was used simply for buffering the electrolyte. Buffered 2 4 6 8
electrolytes tend to be used in CE to limit the possible vari- (A) TIME, min
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- 2
tion (0.005-0.010 molt1) resulted in an improvement in £
the separation of DEA and MCHA, however, concentrations
above 0.010 mol t! had a negligible effect on the separa-
tion. Therefore in this study, 0.010 mof L 18-crown-6 ether
was chosen as the optimum concentratigig. 1A presents
the separation of the amine standards in an imidazole elec- 15 ' ' ' ' ' !
trolyte buffered with HIBA. The effect of crown etherinthe ()
separation is shown iRig. 1B and its increase ifig. 2and
the effect of increased concentration of imidazole is shown -107
in Fig. 1C.

The influence of the applied potential and column length
on the separation the amines were next evaluated using 2
an electrolyte system containing 0.010 mofiLimidazole, 1 39
0.010mol ! HIBA and 0.010 mol L 18-crown-6 ether, =R 1 4
pH 4.3. As expected, at a higher potential (25 kV) the anal- T 6
ysis time was reduced, however losses of resolution were ]
observed between DEA, MCHA and DEEA (not shown). 25
By increasing capillary length, resolution was improved (not
shown). Optimum separation, that it represents a compromise
among analysis time and resolution, was obtained at 18 kV -30 ' ' ' ' ' !
using a fused-silica capillary with dimensions 53.5 cm total
length, 45 cm effective length and @ i.d. by 375.m o.d.

The separation of the six amines under investigation at the

-157

TIME, min

Fig. 1. Optimization of the electrolyte composition. Separation condi-

optimized conditions is shown iRig. 2 tions: fused-silica capillary, 7sm i.d. 360um x 0.d., 48.5 cm total length
(40 cm to detector); separation voltage: 20 kV; hydrodynamic injection: 3 s
3.2. Optimization of the extraction procedure at 50 mbar; (A) 0.010molt! imidazole, 0.010mol t* HIBA, pH 4.3;

(B) 0.010 mol L=t imidazole, 0.010 mol L HIBA and 0.005 mol -1 18-

. . . crown-6 ether, pH 4.3; (C) 0.015 mott imidazole, 0.010 mol £ HIBA
A VCI treated plast|c sample was Splked with known and 0.005 mol £! 18-crown-6 ether, pH 4.3. Peak identification: 1, MEA,;

quantities of MEA, DEA, TEA, DEEA, MCHA and DCHA 2, DEA; 3, MCHA: 4, DEEA; 5, TEA; 6, DCHA.

and subsequently submitted to the extraction procedures de-

scribed inSection 2 Extraction efficiencies were evaluated

by comparing the experimentally determined amine concen- ethanolic solution at room temperature as extraction medium.
tration in the spiked samples with nominal values. Acceptable Before assessing the VCI contents of real samples further
recoveries were obtained when procedure B was employed a®ptimization of the extraction conditions in procedure B was
shown by the data compiled ifable 1 Procedure B uses an  attempted.
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.32 1 Table 2
3 Analytical performance of the method regarding precision
1 2 Amine  Migration time (min)  Time, RSD (%) Peak area, RSD (%)
5 6 MEA 4.38 0.48 1.4
5 ) 4 DEA  5.39 0.48 11
2 -36 MCHA 5.52 0.68 12
DEEA 5.67 0.51 1.8
TEA 5.97 0.50 1.3
DCHA  7.39 0.69 1.1
0 _’\K—/h RSD: relative standard deviation (10 consecutive injections).
u Table 3
i , . , . X Statistical parameters of the analytical curves and estimates of limits of
2 4 6 8 detection (LOD) for the indirect UV-absorbance detection methodology
TIME, min Amine Analytical curve equatiéh R LODP (mgL—?)
MEA Y=0.43X+0.451 0.9989 1.27
Fig. 2. Optimized separation of the amines under investigation. Concen- pga Y=1.36X+ 0.527 0.9997 0.67
tration of each amine standard: 10 mglL Separation conditions: fused- MCHA Y=1.27X+ 0.399 0.9981 1.54
silica capillary, 75um i.d. x 360pm o.d., 53.5cm total length (45cm to DEEA Y=1.37X - 0.178 0.9999 0.52
detector); separation voltage: 18 kV; hydrodynamic injection: 3 s at 50 mbar; TEA Y =0.923X + 0.289 0.9998 0.54
separation electrolyte: 0.010 motL imidazole, 0.010 mol £* HIBA and DCHA Y=0.744 + 0.712 0.9987 1.49

0.010 mol L1 18-crown-6 ether, pH 4.3; indirect UV-absorbance detection

. MEA, monoethanolamine; DEA, diethanolamine, TEA, triethanolamine;
at 214 nm; temperature 2€. Peak labels as ifig. 1

DEEA, diethylethanolamine, MCHA, monocyclohexylamine; DCHA, di-
cyclohexylamine.
a Amine concentration interval from 2.5 to 20 mgl; based on peak

. . area.
Representative amounts of a VCI treated plastic sample, * » Calculated from interpolation of in the calibration curveY — Yy =
containing DCHA in its formulation, were weighted and sub- 35, whereY, is the intercept and, is the error associated to its estimate).
sequently extracted with water/ethanol mixtures of different
ratios. Increasing the ethanol phase in the range of 10-50%3.3. Method validation
no significant changes in the extraction efficiency were ob-
served. Therefore a fixed amount of ethanol (10%) was cho- The precision of the proposed method regarding peak
sen for further studies. area and migration time repeatability for 10 consecutive

New pieces of the VCI treated plastic sample were then injections of the standard solution at 10 mglLwas esti-
spiked with a mixture of the amine standards and subse-mated Table 9. Overall repeatability was better than 2%
quently extracted with 25 mL of a 90:10 (v/v) water:ethanol RSD.
solution. The mixture was vigorously stirred and placed in For quantitative purposes, analytical curves based on peak
an ultrasonic bath. In specific periods of time, aliquots of the area versus concentration were built. The analytical curves
uppernatant were taken, filtered and analyzed by CE. The ef-consisted of five points and three replicate injections of stan-
fect of the extraction time was evaluated by monitoring the dards at each concentration level were performed. The an-
peak area profile of the amines. By increasing the extraction alytical curve equations and the limits of detection derived
time no significant differences in peak area were observedfrom the curve statistics are presentedTable 3 The re-
for MEA, DEEA, TEA and DCHA. However, for DEA and  sults showed good linearity over the concentration range from
MCHA, a slightincrease in peak area was observed at 20 min2.5 to 20mg L1 (r > 0.99). The method limits of detec-
of extraction. Therefore, 20 min was selected for the extrac- tion for the amines under investigation were in the range of

tion time. 0.52-1.54mg L2
Table 1
Recovery study
Amine Procedure A Procedure B

Added (mg 1) Found (mg 1) Recovery (%) Added (mgt?) Found (mg -1) Recovery (%)
MEA 20 16 80+ 3 20 20 104
DEA 9.9 82 83+5 99 9.7 98+0.8
MCHA 9.9 44 44+ 1 99 9.6 97+0.8
DEEA 89 54 61+ 0.4 89 84 95+ 1
TEA 10 86 86+ 3 10 96 96+ 1
DCHA 20 40 20+ 1 20 19 95+1

Procedure A employs toluene, procedure B employs a water—ethanol (90:10, v/v) solution.
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28 - Table 4
Concentration of amines in the commercial products

Sample Amine Concentration (%, w/w)

Plastic DCHA 0.05@: 0.001
Paper DEEA 1.7%0.03

Foam MEA 22.3:0.25
DEA 0.5+0.01
MCHA 7.54+0.09
36 - TEA 7.1+0.10

MEA, monoethanolamine; DEA, diethanolamine, DEEA, diethylethanol-
, , amine; TEA, triethanolamine; MCHA, monocyclohexylamine; DCHA, di-
2 4 6 8 cyclohexylamine.

mAU
o
N

summarized inrable 4 According to the manufacturer, the
24 1 nominal amount of volatile inhibitor present in treated paper,

for instance, varies from 6 to 15% (w/w). The sample ana-
4 lyzed in the laboratory (sample B) presented a much lower
concentration.

mAU

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-
(B) TIME, min posed CE method has the advantage that no derivatization

procedure is required since the detection is performed indi-

-20 7 1 rectly. A few method validation parameters were established

revealing good migration time repeatability and area repeata-

bility, excellent linearity and adequate accuracy. The method

3 was successfully applied to the analysis of commercial wrap-
5 ping materials.
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