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The contents of pentachlorophenol (PCP) and 2,3,5,6-tetrachlorophenol (TeCP) in textile products are regulat-
ed for safety. Since an organic solvent such as 2-methoxyethanol is needed to extract chlorinated phenols from
textile samples, nonaqueous capillary electrophoresis has been applied to achieve the separation of PCP an
isomers of TeCP. The run buffer was 100 mM Tris/acetate in methanol whose pH was adjusted to 8.0. All of
the analytes were negatively charged at pH 8.0 and their electrophoretic velocities were higher than the elec-
troosmotic flow of the methanol buffer. A reverse voltage of -20 kV was applied along a 27-cm fused silica
capillary with ID of 50 µm, and PCP and 3 TeCP isomers were separated based on the difference in pKa values
in less than 4 min. The limits of detection (S/N = 3) were about 0.02 µM. By varying pH of the methanol run
buffer, pKa values of the 4 chlorinated phenols were also estimated.

Introduction

With the advent of a new generation of highly efficient and
sensitive measuring instruments, the connection between vari-
ous illnesses and pollutants in all areas of life is increasingly
recognized. Some textiles were also found to contain high
levels of pollutants and international efforts have been
directed towards laying down safe limits for harmful sub-
stances in textile products of all kinds in an objective and
scientifically verifiable manner. As a result, the Oeko-Tex
Standard 100 was first issued in 1992 and has been updated
in line with the latest scientific knowledge by the Interna-
tional Association for Research and Testing in Textile Tech-
nology.1 It provides the criteria, limiting values and evaluation
methods for the testing of harmful substances in textiles.
Among many chemical species, it has listed pentachlorophe-
nol (PCP) and 2,3,5,6-tetrachlorophenol (TeCP) as harmful
chlorinated phenols which have been found to be carcino-
gens.2,3 Their concentration levels in textile products need to
be monitored constantly.

Determination of chlorinated phenols has been based mainly
on gas chromatography, using a wide variety of derivatiza-
tion methods and detectors.4-6 Chlorinated phenols are solu-
ble in aqueous as well as in organic solvents and both
normal- and reverse-phased high-performance liquid chro-
matography (HPLC) can also be employed as a complemen-
tary analytical method.7-11 However, in both techniques,
complicated sample derivatization procedures are necessary
and large amounts of reagents are consumed.

In the past decade, capillary electrophoresis (CE) has
emerged as a fast and an efficient separation technique for a
variety of compounds.9,10,12-16 After a slow start, the number
of studies on the use of CE for determining various hazard-
ous substances is now growing rapidly. So far, a number of
reports have been published in the area of CE using capillary

zone electrophoresis and micellar electrokinetic capilla
chromatography modes for the separation of chlorina
phenols in aqueous solution.17,18 Since an organic solven
such as 2-methoxyethanol is needed to extract chlorina
phenols from textile products, we developed a separa
method for PCP and isomers of TeCP in the nonaque
capillary electrophoresis mode instead of typical aqueo
CE modes.

Experimental Section

Chemicals. PCP and TeCPs were obtained from Supe
(Bellefonte, PA, USA). Tris(hydroxymethyl)aminomethan
(Tris) was obtained from Sigma. HPLC grade methanol w
from Merck (Darmstadt, Germany) and glacial acetic ac
from Duksan Pure Chemicals (Ansan, Kyunggi, Korea).
Methoxyethanol was from Aldrich. Water was purified wit
a NANOpure II System (Barnstead, Dubuque, IA, USA) a
a 0.22-µm Millipak 40 filter (Millipore, Bedford, MA, USA).
All other chemicals were of reagent grade and used with
further purification.

Sample preparation. Textile sample solutions were pre
pared following the official safety test procedure of th
Korean Agency for Technology and Standards.19 5 g of
ground textile sample in a Thimble filter was extracted in
80 mL of 2-methoxyethanol for 2 h using a Soxhlet extra
tor. After cooling, 5 mL of water and 4 g of KOH wer
added and the mixture was refluxed for 30 min. The coo
mixture was then neutralized with 6 mL of concentrat
hydrochloric acid and 3 mL of acetic acid. The filtered mi
ture was diluted with 2-methoxyethanol to a volume of 1
mL. Standard solutions were prepared by dissolving analy
in 2-methoxyethanol which is used for extracting chlo
nated phenols from textile samples in the Korean offic
method.19

Capillary electrophoresis. Capillary electrophoretic anal-
yses were carried out using a P/ACE 5000 capillary elec
phoresis system (Beckman, Fullerton, CA, USA) equipp
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with a filter-selectable UV detector module. Absorbances at
214 nm were monitored for detecting the analytes. A bare
fused-silica capillary (Polymicro Technologies, AZ, USA)
with an effective/total length of 20/27 cm and a 50-µm ID
was kept at 20 °C. The run buffer was 100 mM Tris/acetate
in methanol. By using a pH meter calibrated for aqueous
solutions at 25 °C, the run buffer pH was adjusted to 8.0 by
titrating 100 mM Tris with 100 mM acetic acid both in meth-
anol. Since all of the analytes are negatively charged at pH
8.0 and their electrophoretic velocities are faster than the
electroosmotic flow (EOF) of the methanol run buffer, a
reverse voltage of -20 kV was applied along the capillary. At
the start of an experiment, the capillary was pretreated with
methanol for 10 min and then with the run buffer for 10 min.
Prior to each run, the capillary was rinsed with the run buffer
for 5 min. Samples were introduced with a pressure of 0.5
psi nitrogen. The injection time was varied from 2 sec to 20
sec to improve the detection sensitivity by the sample stack-
ing method.

Results and Discussion

Chlorinated phenols in neutral form can be separated elec-
trophoretically by being partitioned in a charged pseudosta-
tionary phase such as charged cyclodextrins or micelles of
ionic surfactants such as sodium dodecyl sulfate.20 Alterna-
tively, chlorinated phenols, which are weak monoprotic
acids, could be ionized in a basic buffer. The apparent mobil-
ity (µAPP) of an analyte is given by the sum of the electro-
phoretic mobility (µEP) and electroosmotic mobility (µEOF)

µAPP = µEP + µEOF. (1)

Since EOF is usually much faster than electrophoretic veloc-
ities, anions as well as cations and neutrals migrate toward
the cathode. However, |µEP| of the chlorinated phenols in our
study were larger than |µEOF|. The obtained values of µEP at
pH 8.0 for PCP, 2,3,5,6-TeCP, 2,3,4,6-TeCP, and 2,3,4,5-
TeCP were -1.69× 10−4 cm2/Vs, -1.63× 10−4 cm2/Vs, -1.55×
10−4 cm2/Vs, and -1.31× 10−4 cm2/Vs, respectively. µEOF of
the 100 mM Tris/acetate buffer in methanol (pH 8.0) was
found to be +4.84× 10−5 cm2/Vs from the migration time of
a neutral marker, dimethyl sulfoxide or 10 mM Tris/acetate
in methanol. Therefore, the negatively charged small ana-
lytes would not migrate from the anodic inlet to the cathodic
outlet of the capillary under a normal positive electric field.
Migration of the analytes toward the detector under a reverse
potential of -20 kV was observed within a reasonable time at
pH > 7. We chose pH 8.0 as an optimal value considering
resolution and analysis time.

The pKa values of a material in aqueous and organic solu-
tions should differ. Table 1 lists the pKa values of PCP and
TeCPs in the aqueous medium. Since the electrophoretic
mobility of the neutrals are zero, µEP is given by the product
of the fraction of dissociation and the electrophoretic mobil-
ity of the free anions, µ0:

(2)

Rearranging the above equation, one obtain

(3)

The values of µ0 and pKa in a methanol buffer were esti
mated by monitoring µAPP (< 0) and µEOF (> 0) at various pH
values. By applying the pressure of 0.5 psi in addition to 
normal electric field along the capillary, the peaks for t
EOF marker and analytes were observed in the same run
shown in Figure 1, fitting the data to Eq. (3) yielded pKa val-
ues in methanol of 5.7 ± 0.3, 6.1 ± 0.1, 6.41 ± 0.07, and 7
± 0.09 for PCP, 2,3,5,6-TeCP, 2,3,4,6-TeCP, and 2,3,4
TeCP, respectively. The error ranges given are the 95% c
fidence intervals. Table 1 summarizes the fitting results 
µ0 and pKa. Note that the pH values of the methanol ru
buffer in this report were measured by a pH meter calibra
for aqueous solutions at 25 °C and the apparent pKa values in
this report are not the thermodynamic ones which sho
include the activity corrections for the buffer ionic strength.21-29

Figure 2 shows that separation of the regulated substa
PCP and 2,3,5,6-TeCP in a standard solution was achie
in less than 4 min. Furthermore, two additional isome
2,3,4,6-TeCP and 2,3,4,5-TeCP were baseline separate
the same run without any additives. Their migration ord
reflects their acidities in water, in ascending order of th
aqueous pKa values. Efficiencies for the peaks ranged fro

µEP = 
Ka

H+[ ] + Ka

-------------------------µ0 .

1
µEP

-------- = 
1

µ0Ka

------------ H+[ ] + 
1
µ0

-----.

Table 1. Electrophoretic mobilities of the free anions (µ0) and
apparent pKa of chlorinated phenols in methanol

Compound
µ0

 (10−4 cm2/Vs)
pKa in 

methanol
pKa in 
water**

Pentachlorophenol 2.3 ± 0.1* 5.7 ± 0.3* 4.74
2,3,5,6-tetrachlorophenol 2.3 ± 0.1* 6.1 ± 0.1* 5.03
2,3,4,6-tetrachlorophenol 2.2 ± 0.1* 6.41 ± 0.07* 5.22
2,3,4,5-tetrachlorophenol 1.9 ± 0.3* 7.01 ± 0.09* 5.64

*95% confidence intervals. **Ref 32.

Figure 1. pH dependence of the electrophoretic mobilities of PC
(1, � ), 2,3,5,6-TeCP (2, �), 2,3,4,6-TeCP (3, � ), and 2,3,4,5-TeCP
(4, � ). Solid and dashed lines are the fits of data represented
closed and open symbols to Eq. (3), respectively.
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The sample solution in 2-methoxyethanol has a lower con-

ductivity than the 100-mM Tris/acetate run buffer in metha-
nol. When a voltage is applied, a stronger electric field is
produced in the dilute sample plug. The analytes rapidly
migrate through the dilute sample plug until they reach the
concentration boundary and slow down and form a narrow
stacked zone. As the sample injection volume was increased
from 2 sec to 20 sec, the peak heights were increased about 3
times (Figure 3).

The calibration curve was obtained by using the standard
solutions of PCP and TeCPs in 2-methoxyethanol. In CE, the
peak area is proportional to the migration time since later-
eluting compounds move through the detector slower than

earlier-eluting compounds. Thus any variations in peak a
caused by changes in migration time can be compensate
using the peak area divided by the migration time, or equi
lently the peak area multiplied by the electrophoretic velo
ity. The concentration versus the corrected peak area (= pea
area multiplied by the electrophoretic velocity) was plotte
and its regression line was used for the determination
sample concentrations. The calibration curves were lin
over the concentration range 0.1-200 µM. The relative stan-
dard deviations (RSD) of the migration time and the c
rected peak area were obtained by analyzing the stan
solution for six times. The limits of detection (LOD, S/N =
3) were about 0.02 µM in 2-methoxyethanol which corre-
sponds to 0.1 ppm in a textile sample and is sufficient 
detecting the regulated concentration of 0.5 ppm in the t
tile products classes II-IV of the Oeko-Tex Standard 101.
RSD of the migration time and the corrected peak area w
in the ranges 0.6-1% and 2-4%, respectively. For CE an
ses of aqueous samples, lower LODs were reported w
extensive pretreatment and loading of the sample.6,17,18,30,31

However, those are not suitable for textile samples dissol
in an organic solvent of 2-methoxyethanol prepared follo
ing the official test procedures.

In order to verify that the efficiencies of our separatio
condition are sufficient for analyzing textile samples, t
electropherogram of an actual textile sample prepared 
lowing the official preparation method is shown in Figure 
The peaks of PCP and 3 TeCPs (20 µM each) were well sep-
arated from other peaks of the sample matrix. Under a rev
voltage, cations and neutrals including most anions could
migrate from the inlet to the outlet of the capillary. On
highly mobile anions such as chlorinated phenols co
migrate against EOF toward the detector. Consequently,
analysis of chlorinated phenol standards as well as tex
samples did not suffer much from interference. With furth
improvements of LOD through preconcentration, chlorinat

Figure 2. A typical electropherogram obtained from a standard
solution of 20 µM each of PCP (1), 2,3,5,6-TeCP (2), 2,3,4,6-TeCP
(3), and 2,3,4,5-TeCP (4) in 2-methoxyethanol. CE conditions: 100
mM Tris/acetate run buffer in methanol (pH 8.0); -20 kV applied
along a 20/27-cm fused silica capillary of a 50-µm ID at 20 °C;
hydrodynamic injection for 2 s at 0.5 psi nitrogen.

Figure 3. Sensitivity improvement with stacking. Electrophero-
grams for (a) 2 s × 0.5 psi injection and (b) 20 s × 0.5 psi injection
of 0.1 µM each of PCP (1), 2,3,5,6-TeCP (2), 2,3,4,6-TeCP (3), and
2,3,4,5-TeCP (4) in 2-methoxyethanol. Other CE conditions are the
same as in Figure 2. The baseline fluctuations were due to the large
injection volume of 2-methoxyethanol.

Figure 4. Electropherograms of a textile sample spiked with 
µM each of the chlorinated phenols PCP (1) and 2,3,5,6-TeCP
2,3,4,6-TeCP (3), and 2,3,4,5-TeCP (4). CE conditions: 100 m
Tris/acetate run buffer in methanol (pH 8.0); -20 kV applied alo
a 20/27-cm fused silica capillary of a 50-µm ID at 20 °C;
hydrodynamic injection for 5 s at 0.5 psi nitrogen.
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phenol levels in all textile product classes could be tested
with the nonaqueous CE method.

Conclusion

Chlorinated phenols in an organic solvent were deter-
mined by nonaqueous capillary electrophoresis with a basic
methanol run buffer of pH 8.0. Since the anionic analytes
were mobile enough to migrate against EOF, a reverse volt-
age was used and the resulting electropherograms displayed
low interference from the textile sample matrix. LOD was
about 0.02 µM using UV detection, which is about 2 orders
of magnitude smaller than typical LOD of CE. The apparent
pKa values of the chlorinated phenols in methanol were also
estimated from the pH dependence of the electrophoretic
mobilities.
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