
Talanta 68 (2006) 1720–1725

Flow-injection in-line complexation for ion-pair reversed phase
high performance liquid chromatography of some

metal-4-(2-pyridylazo) resorcinol chelates

Supalax Srijaranaia,∗, Saiphon Chanpakaa, Chutima Kukusamudea, Kate Grudpanb

a Department of Chemistry, Faculty of Science, Khon Kaen University, Khon Kaen 40002, Thailand
b Department of Chemistry, Faculty of Science, Chaing Mai University, Chaing Mai 50200, Thailand

Received 22 December 2004; accepted 9 March 2005
Available online 21 September 2005

Abstract

Flow injection (FI) was coupled to ion-pair reversed phase high performance liquid chromatography (IP-RPHPLC) for the simultaneous analysis
of some metal-4-(2-pyridylazo) resorcinol (PAR) chelates. A simple reverse flow injection (rFI) set-up was used for in-line complexation of
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etal-PAR chelates prior to their separation by IP-RPHPLC. The rFI conditions were: injection volume of PAR 85�L, flow rate of metal stream
.5 mL min−1, concentration of PAR 1.8× 10−4 mol L−1 and the mixing coil length of 150 cm. IP-RPHPLC was carried out using a C18 �Bondapak
olumn with the mobile phase containing 37% acetonitrile, 3.0 mmol L−1 acetate buffer pH 6.0 and 6.2 mmol L−1 tetrabutylammonium bromid
TBABr) at a flow rate of 1.0 mL min−1 and visible detection at 530 and 440 nm. The analysis cycle including in-line complexation and se
y IP-RPHPLC was 16 min, which able to separate Cr(VI) and the PAR chelates of Co(II), Ni(II) and Cu(II).
2005 Elsevier B.V. All rights reserved.
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. Introduction

Liquid chromatography has been widely recognized as one
f the methods for multi-element and sensitive analysis of metal

ons. Various modes of liquid chromatography have been used,
ncluding normal phase[1–3], reversed phase and ion exchange
hromatography (IEC)[4–10]. Since the introduction of ion-
air reversed phase high performance liquid chromatography
IP-RPHPLC)[11,12]for the separation of charged solutes, IP-
PHPLC has gained wide acceptance as an alternative method

o IEC for charged analytes, including metal ions. IP-RPHPLC
ffers multi-element detection capacity, selectivity and sensitiv-

ty of analysis. Moreover, the reversed-phase stationary phase
as the benefit of lower cost compared to the IEC stationary
hase.

Most of the reports on IP-RPHPLC for metal analysis[13–16]
re based on the separation as their chelates. Pre-complexation
f metal ions with appropriate ligands has many advantages such

∗ Corresponding author. Tel.: +66 43 202222/41x2243; fax: +66 43 202373.

as increasing selectivity between metal ions, the ability to d
mine speciation and increasing sensitivity for chelates with
absorptivity. Among the many ligands successfully used fo
RPHPLC separation of metal ions, 4-(2-pyridylazo) resorc
(PAR) is one of the most widely used ligands. PAR is an
dye has been used for the spectrometric determination o
40 different metals[17]. PAR forms ionic complexes with larg
absorptivity (∼104 L cm−1 mol−1) [18] at about 500 nm. It ha
been shown to be an effective reagent for the determinati
metals using HPLC with either pre-column[19] or post column
complexation techniques[20,21].

Typically, complexation of metal ions is performed by ba
or external to the chromatographic system before injection
ternal complexation is time consuming and the large amoun
chemicals used mean more waste to discharge. It is prone t
tamination, especially for trace level determinations. Nowad
the main consideration includes automation of the method
operating costs, less waste as well as high sample through

Flow injection (FI) has been known with features of a sim
operational basis, using inexpensive hardware, straightfor
thus leading to convenient operation, high sample throug
cost effective performance and versatility. FI has been w
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used as an analytical tool and also combined with the other
analytical techniques[22].

Flow injection coupled with HPLC systems is usually
intended to improve general features of the analytical process
such as sensitivity, precision, rapidity, cost, etc.[23]. FI
coupled with HPLC is used in two different modes, i.e., pre- or
post-column arrangements. For the pre-column arrangement,
as in the present study, the FI port is placed before the HPLC.
The specific objectives of pre-column coupling are automation
of sample clean-up and/or preconcentration steps, automatic
implementation of derivatization reactions and saving reagents.
Two methods have been used to couple FI as precolumn of
HPLC. The first method, the sample plug is injected through
the FI valve and then passed through HPLC loop. In the
second method, the sample from the FI system is retained in a
precolumn placed in HPLC loop.

Previous work in this laboratory has involved metal analysis
by IP-RPHPLC via batch complexation with PAR[24]. In the
work described here, a simple FI system was developed as the
in-line precolumn for complexation of some metal-PAR chelates
before being analysed by IP-RPHPLC. The FI part (rFI) is oper-
ated by injecting a PAR reagent solution into a metal ion solution
flowing stream. A portion of the PAR-metal mixture zone is then
sampled with the HPLC injection valve for subsequent separa-
tion and further detection.
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employed for the reaction coils and were connected to a six-
port low-pressure injection valve, four way switching valve
(Upchurch, USA) was used to allow the metal-chelates flow
to HPLC system. A manual operation using a stopwatch was for
time control.

The chromatographic set-up consisted of a Waters 6000A
Dual Pump, a Rheodyne injector with 20�L sample loop and
a Waters 484 Tunable Absorbance Detector (Waters, USA)
equipped with Waters 740 Data Module Integrator (Waters,
USA), and the Millinium 32 Software data acquisition system
was used. A 996 photodiode array (Waters, USA) was also used
for the study of interferences. A C18-�Bondapak (3.9 mm i.d.
× 300 mm) coupled to a guard column (Waters, USA) was used
as the stationary phase.

The spectra of the metal chelates in batchwise experiments
were obtained with a Agilent 8453 (USA) UV–vis spectropho-
tometer equipped with a 1 cm quartz cell.

2.3. Procedure

Once the baseline of the HPLC was steady, a complete cycle
(4 steps) of the rFI-HPLC manifold was started. The 4 steps
include prefill, complexation, separation and washing. In the
first (prefill) step, the aqueous solution containing metal ions
was pumped through the rFI manifold for 30 s, this period was
long enough to fill the transmission line with metal solution. The
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. Experimental

.1. Chemicals and reagents

All the reagents used were of analytical reagent (
rade, 4-(2-pyridylazo) resorcinol and tetrabutylammon
romide (TBABr) were purchased from Fluka (Switzerlan
-Diethylaminoethanol was obtained from Merck (Germa
ethanol and acetonitrile were of HPLC grade from L
can (Thailand). The atomic absorption standard solu

1000 mg L−1) of Cu(II), Cd(II), Co(II), Hg(II), Zn(II), Fe(III)
nd Pb(II) were obtained from Ajax Finechem (Austra
hereas Ni(II) was purchased from BDH (England). Cr(
xide was obtained from Merck (Germany). Aqueous solut
ere prepared with deionized water obtained from RiOsTM type
simplicity 185 (Millipore Waters, USA) throughout the exp

ment. Standard solutions of metal ions were prepared
y stepwise dilution of 1000 mg L−1 stock solution with wate
tock PAR solution (0.001 mol L−1) was prepared by dissolvin
n accurately weighed amount of 4-(2-pyridylazo)resorc

n water and stored in a dark bottle. Working solution
repared daily with water and appropriate volume of
iethylaminoethanol was added to make the concentrati
.5× 10−4 mol L−1 in such a PAR solution.

.2. Instruments

A schematic representation of the rFI coupled with the HP
ystem is shown inFig. 1.

The rFI system used a 505s 505LA peristaltic pump (W
on Marlow, England). PFA Teflon tubes (1.5 mm i.d.) w
f

PLC was in the load mode throughout this step to mainta
teady baseline of mobile phase.

During the prefill step, an aliquot of PAR was filled into
oop connected to V2 (at LOAD position).

Step 2, the complexation step, was started by switchin
o INJECT position. The metal ions merged with PAR and c
lexation occurred during their passage through the reactio
RC). To avoid a dilution edges of the zone and to allow only
iddle zone of the PAR chelates to pass into the HPLC-l

he valve V3 was switched after 8 s of injection of PAR. T
ubsequent time period of 2 s, was enough to rinse and fi
PLC-loop (20�L).
Then, step 3 (separation step), was initiated via HPLC-v

V4). The PAR-chelates were introduced and then separa
he HPLC system.

Finally, step 4 (washing step), was to wash the rFI and HP
oop for the next analysis, while separation was taking plac
he HPLC column.

. Results and discussion

.1. Coupling of rFI to IP-RPHPLC

The rFI was chosen instead of normal FI because of its
ackground noise for HPLC baseline as well as lower PAR
umption. The rFI was coupled to the HPLC by switching v
V3) shown in the diagram (Fig. 1).

Factorial design was used to investigate the influenc
arameters of the rFI system on the peak height (absorba
he four variables studied were: flow rate of metal ions stre

njection volume of PAR, length of the mixing coils and conc
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Fig. 1. Diagram of FI-HPLC in-line derivatization system: P, peristaltic pump; RC, reaction coil; V1, three way valve; V2, low pressure injection valve; V3, switching
valve; V4, high pressure injection valve; C, analytical column; M.P., mobile phase; D, UV–vis detector/photodiode array detector; D.P., data processor; W, waste.

tration of PAR. A factorial design for four variables at two levels
(24 resolution, 16 experiments) was performed. According to the
results obtained from the factorial design, the chosen parameters
to be optimized were the concentration of PAR, injection vol-
ume of PAR solution and flow rate of metal stream. The variable
size simplex was then employed for optimization. The mixing
coil length of 150 cm was used throughout the experiment.

In-line complexation of metal-PAR chelates was performed
using the rFI which the optimum conditions were: mixing
coil length of 150 cm, injection volume of PAR 85�L, flow
rate of metal stream 4.5 mL min−1 and concentration of PAR
1.8× 10−4 mol L−1. The PAR chelates were then separated via
IP-RPHPLC.

Synchronization of the FI manifold and the HPLC is very
important to achieve good performance of the coupling system.
The time intervals and valve positions of the rFI-HPLC were
investigated using the results obtained from the study of the opti-
mization of the rFI. Manual operation of the rFI-HPLC system
was found to provide satisfied precision.

The complete cycle of rFI coupling to IP-RPHPLC was 120 s,
where as the analysis time of the HPLC was 14 min. Operating
periods and valve position for rFI-IPRPHPLC are summarized
in Table 1andFig. 2.

3.2. IP-RPHPLC of metal-PAR chelates

In IP-RPHPLC, the metal chelates, which are successfully
separated, have to be stable and kinetically inert[25]. It is known
that the retention behavior of chelates in IP-RPHPLC depends
strongly on complex composition (metal:ligand), which is gov-
erned by the nature of the central metal ion. The mobile phase
composition is also govern the separation. The principal param-
eters of interest in the mobile phase are pH, buffer (type and
concentration), organic modifier and ion pairing agent (long-
chain alkyl ions with a charge opposite that of analytes). There
are several mechanisms[26–28]explaining the retention behav-
ior of IP-RPHPLC, such as the ion-exchange mechanism, the
solvophobic theory and dynamic equilibrium.

r ope
Fig. 2. Diagram of timing control fo
 ration of valves in the FI-HPLC system.
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Table 1
Valves positions and operating times for rFI-HPLC

Step Time (s) Valve position In-line complexation operation

V1 V2 V3 V4 Medium pump Stage of operation

Sample 1
1 30 To V2 Load To waste Load Metals Prefill
2 38 To V2 Inject To V4 Load Metals Complexation
3 40 To V2 Inject To V4 Inject Metals Separation
4 120 To V2 Load To V4 Load Water Washing

Sample 2

Typically, PAR forms anionic chelates with metals at the
metal to ligand ratio of 1:2[29]. Thus, cationic ion pairing agent,
tetrabutyl ammonium bromide was used. The optimum mobile
phase was obtained by slightly adjusting the one obtained in our
previous work[24]. The mobile phase composition was 37%
acetonitrile, 6.2 mmol L−1 TBABr and 3.0 mmol L−1 acetate
buffer pH 6.0.

Baseline separation of three metal-PAR chelates was achi-
eved within 14 min, with the elution order of Co(II)-PAR, Ni(II)-
PAR and Cu(II)-PAR. The excess PAR was detected at the
retention time of 9.6 min. The chromatogram is shown inFig. 3.

Using the optimum mobile phase and the detection at 440 nm,
Cr(VI) was retained shortly (4.9 min) after unretained peak (at
3.3 min), as shown inFig. 4. The spectrochromatogram corre-
sponding toFig. 4 is shown inFig. 5. For the condition used,
Cr(VI) might present as its oxyanion (HCrO4

−) [30]. Thus, it
could interact with ion pairing agent in the same manner to
the anionic chelates. The peak at 4.9 min which was identified
as Cr(VI) gives the absorption spectrum (as shown inFig. 6)
identical to the spectrum of Cr(VI) detected by UV–vis spec-
trometer. The resolutions between pairs were as follow: 1.4 for
Cr(VI) and Co(II)-PAR, 1.0 for Co(II)-PAR and Ni(II)-PAR,

F
p r
p ;
p
C

2.4 for Ni(II)-PAR and excess PAR, and 1.3 for excess PAR and
Cu(II)-PAR.

3.3. Performance of rFI-IP-RPHPLC

Quantitative features including linearity and reproducibility
for retention time and peak area were studied using the optimum
condition. Calibration graphs were prepared by plotting the con-
centration of each metal ion (�g mL−1) against the peak area.
The limit of detection (LOD) was deduced based on three times
of baseline signal. The calibration equation, coefficient of corre-
lation (r2), recovery, reproducibility and LOD are summarized
in Table 2.

3.4. Interferences

The effect of interferences on the chromatography of metal-
PAR chelates was investigated. The chosen ions are the ions
able to form chelate with PAR including Cd(II), Cr(III), Hg(II),
Mn(II), Fe(III), Pb(II) and Zn(II). These metal ions were individ-
ually injected into the rFI-HPLC. All of the studied ions could
not form chelates with PAR under the condition used. Only peak,
which was identified as PAR (9.6 min) was observed.

F
C d
0 n
a

ig. 3. Chromatogram of metal-PAR chelates; condition: C18 column, mobile
hase 37% acetonitrile, 6.2 mmol L−1 TBABr and 3.0 mmol L−1 acetate buffe
H 6.0, flow rate of mobile phase 1.0 mL min−1 visible detection at 530 nm
eak: 0.10�g mL−1 Co(II), 0.20�g mL−1Ni(II), excess PAR and 0.80�g mL−1

u(II).
ig. 4. Chromatogram for Cr(VI) and metal-PAR chelates; peaks: 5.0�g mL−1

r(VI), 0.10�g mL−1 Co(II), 0.10�g mL−1 Ni(II), excess PAR an
.40�g mL−1 Cu(II) (condition as described inFig. 3, except visible detectio
t 440 nm).
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Fig. 5. 3D plot of Cr(VI) and metal-PAR chelates of chromatogram inFig. 4.

Table 2
The quantitative features of rFIA-HPLC

Chelates Concentration of
metal ion (�g mL−1)

Linear equations
Y = AX + C

Correlation
coefficient (r2)

R.S.D.a (%) (n= 11) LOD (3σ) (�g mL−1) Percent recovery

tR Area

Cr(VI) 1.00–6.00 473.51X− 0.17 0.9961 2.0 0.94 1.00 113
Ni(II)-PAR 0.01–0.20 341.66X− 4.73 0.9983 2.1 0.91 0.02 84
Co(II)-PAR 0.01–0.40 547.21X− 0.61 0.9952 0.6 0.97 0.03 96
Cu(II)-PAR 0.05–0.60 293.80X+ 5.49 0.9986 2.4 0.71 0.15 102

a Concentration of each metal was described inFig. 4.

The study on tolerance level of the metal ions which could
not form chelates with PAR was studied by individually spik-
ing the metal ions at difference amounts (ranging from 0.5
to 10.0�g mL−1) into the mixture of 0.10�g mL−1 Co(II),
0.20�g mL−1 Ni(II), 0.40�g mL−1Cu(II) and 5.0�g mL−1

Cr(VI). It was found that the presence of the foreign ions did not
affect the retention time of the PAR chelates of Co(II), Ni(II)
and Cu(II). However, the quantitative signals (both peak height
and peak area) were affected by the addition of the foreign ions.
Cu(II)-PAR was strongly influenced when the concentrations

of the foreign ions increase to 2.5 times resulted in decreased
of peak height and peak area. The effect on Ni(II)-PAR was
observed when the foreign ions increase to five times greater than
Ni(II), resulted in the decreasing of peak height and peak area.
This effect was also observed for Co(II) when the concentration
of the foreign ion was 10 times to Co(II). The peak area of Cr(VI)
was not affected by the addition of the foreign ion. However, the
obtained spectra and the 3D plots (results not shown) revealed
that neither PAR chelates of the foreign ions nor the ternary com-
plexes were formed. According to the obtained results indicating
that in such a condition, quantity of PAR was enough for all of
metal ions. Furthermore, to ensure the excess amount of PAR,
10 times higher concentration of PAR, i.e., 1.0× 10−3 mol L−1

was used. Similar results were obtained and large peak of excess
PAR overlapped the analyte peaks. The effect of interference on
the present method was obviously seen when compared to the
previous work[24] on precomplexation of metal-PAR chelates
by batch method prior to the analysis by IP-RPHPLC. This may
attribute to the nature of the flow system, which a short time that
stream of reagents are reacted. Neither physical equilibrium nor
chemical equilibrium (i.e., the completeness of reaction) has
been attained by the time it was detected.

3.5. Analysis of real sample

VI)
s d to
t were
c ere
Fig. 6. The absorption spectra of chromatogram inFig. 4.
According to the study, it is possible to analyse Cr(
imultaneously with Ni(II). The present method was applie
he analysis of chrome plating waste water. The samples
ollected from chrome plating plant in Khon Kaen and w
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Table 3
Results of analysis of chrome plating waste water

Metal Concentration (�g mL−1)

Sample 1 Sample 2

FI-HPLC AAS FI-HPLC AAS

Cr(VI) 984.5± 6.4a 980.8± 7.9a 69.3± 10.7a 72.6± 9.3a

Co(II) N.D.b N.D.b N.D.b N.D.b

Ni(II) 1574.6± 10.2a 1580.9± 12.0a 121.4± 7.4a 126.8± 8.2a

Cu(II) N.D.b N.D.b N.D.b N.D.b

a S.D. (n= 3).
b Not detected.

analysed after dilution, pH adjustment and filtration through
0.45�m membrane. The results obtained are listed inTable 3,
which were in good agreement with that of AAS.

4. Conclusion

In the present study, a simple combination of rFI and HPLC
resulted in a powerful technique for simultaneous analysis of
metal ion as their PAR chelates. The rFI was coupled to HPLC
with simple operation. Using the developed rFI for in-line com-
plexation gives benefit of less PAR consumption, less analysis
time and less waste disposed comparison to the batch derivati-
zation. The analysis cycle consists of in-line complexation (ca.
2 min) and separation by IP-RPHPLC (14 min). The method
was successfully applied for the separation of Co(II), Ni(II) and
Cu(II) as their PAR chelates.

Acknowledgements

The authors are grateful for the financial support from the
Thailand Research Fund (TRF) and the Postgraduate Educatio
and Research Program in Chemistry (PERCH).

References

[1] J.F.K. Huber, J.C. Kraak, H. Veening, Anal. Chem. 44 (1972) 1554.
[2] E. Gaetani, C.F. Laureri, A. Mangia, G. Parolari, Anal. Chem. 48 (1976)

1725.
[3] D.F. Gasparrini, M.N. Galli, J. Chromatogr. 161 (1978) 356.
[4] Y. Nagaosu, H. Kawabi, Anal. Chem. 63 (1991) 28.
[5] S.J. Tsai, H.T. Yan, Analyst 118 (1993) 521.
[6] T. Yasui, A. Yochi, H. Yamada, H. Wada, J. Chromatogr. A 659 (1994)

359.
[7] L. Qiping, W. Yuanchao, L. Jinchum, C. Jieke, Talanta 42 (1995)

901.
[8] R.M. Cassidy, S. Elchuk, Anal. Chem. 54 (1982) 1558.
[9] N. Cardillicchio, J. Chromatogr. 640 (1993) 207.

[10] W. Shotyk, J.J. Potthast, J. Chromatogr. A 706 (1995) 163.
[11] D.P. Wittmer, N.O. Nuessle, Haney, Anal. Chem. 44 (1975) 743.
[12] S.P. Sood, L.E. Sartori, D.P. Wittmer, W.G. Haney, Anal. Chem. 48

(1976) 1422.
[13] E. Kaneko, H. Hoshino, T. Yotsuyanagi, Anal. Chem. 63 (1991) 2219.
[14] J.J. Lucena, P. Barak, L.H. Apaolaza, J. Chromatogr. A 727 (1996) 253.
[15] Z.L. Ma, Y.P. Wang, C.X. Wang, F.Z. Miao, W.X. Ma, Talanta 44 (1997)

743.
[16] N. Vachirapatama, G.W. Dicinoski, A.T. Townsend, P.R. Haddad, J.

Chromatogr. A 956 (2002) 221.
[17] S.J. Tsai, Y. Lee, Analyst 116 (1991) 615.
[18] J.R. Jezorek, H. Freiser, Anal. Chem. 51 (1979) 373.
[19] H.L. Sun, H.M. Lui, S.J. Tsai, Analyst 115 (1990) 133.
[20] M.D.H. Amey, D.A. Bridle, J. Chromatogr. 640 (1993) 323.
[21] N. Cardellicchio, P. Rogone, S. Cavalli, J. Riviello, J. Chromatogr. A

770 (1997) 185.
[
[ 83.
[ a 56

[
[ 671.
[ .
[
[ 69.
[ Con-
n

22] K. Grudpan, Talanta 64 (2004) 1084.
23] M.D. Luque de Castro, M. Valcarcel, J. Chromatogr. 600 (1992) 1
24] S. Srijaranai, R. Burakham, R.L. Deming, T. Khammeng, Talant

(2002) 655.
25] P. Janos, Anal. Chim. Acta 414 (2000) 113.
26] J.C. Kraak, K.M. Jonker, J.F.K. Huber, J. Chromatogr. 142 (1977)
27] C. Horv́ath, W. Melander, I. Molńar, J. Chromatogr. 125 (1976) 129
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