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1. Introduction

ABSTRACT

In the present study, metal binding property of humic acid (HA) was successfully adapted to the ligand-
exchange concept, and metal-loaded immobilized humic acid was used as a ligand exchanger stationary
phase for separation of some nucleosides. Humic-acid bonded aminopropyl silica (EC-HA-APS) was
turned into ligand exchanger forms by loading aqueous solutions of Cu?*, and Co?* to the column
(4.6 x 150; as mm) packed with EC-HA-APS. Metal ion solutions were loaded to the column in a step-
wise manner where the concentration of metal ion solution being loaded to the column was increased
gradually between 5 and 100 mM. The progress of metal loading process was monitored via the break-
through curves propagated stepwise. Ligand-exchange chromatography (LEC) studies were performed
on an HPLC system, and chromatographic behaviors of the studied nucleosides (i.e. uridine, Urd; thymi-
dine, Tyd; cytidine, Cyd; adenosine, Ado; and guanosine, Guo) were investigated on Cu?* and Co?* loaded
forms of the EC-HA-APS (Cu-EC-HA-APS and Co-EC-HA-APS). Effect of mobile phase composition, tem-
perature, and the type of metal ion loaded to the column on the retentive behaviors of the compounds
was studied, in detail. The studied solutes exhibited mixed-mode RPLC/LEC behavior on the stationary
phase. Metal-loaded column (M-EC-HA-APS) was easily regenerated into its original form, EC-HA-APS,
with 98 + 2% metal recoveries, by using aqueous mixture of EDTA + NH; at pH="7.5. Thus, the stationary
phase exhibited a high flexibility between RPLC and LEC modes. This property, also, made it possible to
convert the stationary phase into various ligand exchanger forms by loading different metal ions. Hence,
capacity and selectivity of the stationary phase towards the studied species was manipulated easily by
loading different metal ions to the stationary phase. Baseline separation for the studied species was
achieved on Cu-EC-HA-APS and Co-EC-HA-APS and some differentiations were observed in capacity
and selectivity, depending on the type of metal loaded. Thus, being as the first endeavor on usability
of immobilized HA as a ligand exchanger stationary phase, the present study is believed to be useful to
understand multifunctional character of HA-based solid/stationary phases.

© 2011 Elsevier B.V. All rights reserved.

for a special application (e.g. RPLC, NPLC, HILIC, etc.). Application of
different modes of HPLC on the same stationary phase is an inter-

Despite the recent developments in detection techniques, qual-
itative and quantitative analyses of the components in a sample
seem not to be possible, unless a supplementary separation method
has been used before detection. HPLC is one of the most popu-
lar techniques being used for this target, because of its versatile
application range in separation of various types of compounds. The
performance of the technique is highly dependent on the properties
of the stationary phase used, and so applicability of various types
of materials as stationary phase has been investigated [1,2]. How-
ever, commercially available stationary phases are usually suitable
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esting area, and recent developments in design of stationary phases
exhibiting multifunctional character are promising [1].

LEC has been, first, conceptualized by Helfferich [3]. The
method is, classically, based on the distribution of analyte (which
bear electron-donor atoms with lone electron pairs; i.e. ligand)
between mobile phase (which contains molecules exhibiting ligand
character) and a metal ion-immobilized stationary phase. Metal
immobilized to the stationary phase contains vacant orbitals, and
thus formation of (kinetically) labile metal-ligand bonds between
analyte and metal ion held by the stationary phase is the main prin-
ciple of the method. This is a reversible process, so that analyte
bonded to the immobilized metal can be exchanged by another
ligand in mobile phase (and vice versa), and this leads migration
of analyte through the column. The ligands are separated accord-
ing to their ability to enter into the coordination ion sphere of
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metal held by the stationary phase. With increasing ligand char-
acter of the mobile phase, analytes elute faster. Hence, selectivity
of a ligand exchanger depends upon the electron-donor proper-
ties of analytes and mobile phase molecules as well as the type of
metal immobilized to the stationary phase. Moreover, type and per-
centage of organic modifier in the mobile phase, and temperature
can affect the retentive behaviors. For this reason, in LEC, there
are many experimental variables that can be used to manipulate
the degree of interactions in the system, and thus to improve the
chromatographic separation [4].

The selectivity in LEC is, usually, higher compared to that
observed in separation processes based on ion-exchange and phys-
ical adsorption. So, LEC is very popular to separate ligands as well
as the compounds with very similar properties, such as geometric
and positional isomers, homologues, isotopes, and optical isomers
[4]. The efficiency of LEC is highly affected by the binding stability
of the metal immobilized to stationary phase, and the column per-
formance, usually, tends to diminish in course of time due to the
metal leakage from the stationary phase. However, metal leakage
is inevitable for most of the ligand exchangers, and this situation
necessitates regenerating the ligand exchanger by loading metal
ion to the stationary phase, occasionally [5].

Humic acid (HA) binds heavy metal ions through various mech-
anisms, such as adsorption, ion-exchange and complex formation,
depending on the conditions. Comparing with some common com-
plexing agents (such as EDTA and ammonia), HA interacts with
heavy metal ions moderately [6]. So, metal bindings to HA can be
evaluated as (i) sufficiently tight in aqueous media, and (ii) suffi-
ciently weak to strip the metal ion in presence of a complexing
agent. Owing to this property, HA-immobilized materials may act
as flexible ligand-exchange stationary phases.

Despite the extensive knowledge on HA-metal ion interactions,
there appears no study that deals with applicability of HA-based
materials as ligand-exchange stationary phase in the literature.
Carboxyl groups are highly preferred functionalities in the station-
ary phases used in LEC [7], and it is well known that these groups
present within the structure of HA, abundantly. The studies deal-
ing with HA-immobilized materials mainly concentrate on RPLC
and HILIC behavior [8-10]. We have, recently, intensified on the
stationary phase characteristics of humic acid (HA)-bonded amino-
propyl silica (EC-HA-APS), and both RPLC and HILIC behaviors of
this material towards some nucleosides and nucleobases have been
proven [11]. Further studies showed that EC-HA-APS could also be
used as a ligand-exchange chromatography (LEC) stationary phase
by loading a suitable metal ion. In this sense, the present study has
been devoted to ligand exchanger behavior of the metal-loaded
EC-HA-APS (M-EC-HA-APS) in order to represent the applicabil-
ity of the third mode of HPLC on EC-HA-APS. EC-HA-APS was
turned into Cu?* or Co?* loaded forms (Cu-EC-HA-APS and Co-
EC-HA-APS), and ligand exchanger behavior was investigated on
two different M-EC-HA-APS forms. Some nucleosides were the test
solutes used throughout the study.

2. Experimental
2.1. Chemicals

All the chemicals used were of analytical reagent grade or HPLC
grade, and supplied from Merck, Fluka, Sigma and LabScan. Aldrich
humic acid in sodium form (NaA) was purified and converted
into its protonated form (HA) before use. Aminopropyl silica (APS;
15-35 wm particle size; ~9 nm pore size; Fluka) was used as a solid
support in immobilization of HA. Immobilization and end-capping
processes were performed in dimethylformamide (DMF; included
<0.01% water and stored on molecular sieves; Fluka). Aqueous

solutions of Cu?* and Co%* were prepared from their respective
nitrate and chloride salts, respectively. Those solutions were used
to turn EC-HA-APS to M-EC-HA-APS. The studied nucleosides (i.e.
uridine, Urd, thymidine, Tyd, cytidine, Cyd, adenosine, Ado, and
guanosine, Guo) were supplied from Sigma, and their test solutions
were prepared in methanol (MeOH)-Water mixture. MeOH (Lab-
Scan) and acetonitrile (MeCN; LabScan) were the organic modifiers
used in HPLC analyses. In some experiments, aqueous solutions of
ammonia (Merck), sodium acetate (NaAc; Merck), and sodium chlo-
ride were used in the mobile phase. All the chemicals were used
without further purification, and ultra-pure water (0.059 p.Scm~1)
was used throughout the experiments.

2.2. Immobilization of HA, and characterization

Purified HA was immobilized to APS through a slightly modi-
fied form of the method proposed in Ref. [12]. In this method, HA
is thought to be immobilized via amide-bond formation mecha-
nism, yielding HA-APS. Residual -NH, groups remained on APS
were acetylated (end-capping) in DMF medium by addition of acetyl
chloride drop by drop. The product (EC-HA-APS) was rinsed suc-
cessively with DMF, dichloromethane (Merck) and acetone (Merck)
till colorless. The product was dried at 105-120°C, and afterwards
stored for further use [11].

HA, APS, HA-APS and EC-HA-APS were characterized in terms
of elemental analysis, FTIR, potentiometric titrations, thermo-
gravimetric analyses, surface charge characteristics, contact angle
measurements and stability tests.

Elemental analyses were performed in Middle East Technical
Universtiy, and C, N, H, and S compositions of APS, HA, HA-APS
and EC-HA-APS were determined directly using LECO, CHNS-932
equipment. Composition of O element in HA was calculated by
subtracting C, N, H, and S elemental compositions, and ash con-
tent determined by thermogravimetry from the total mass of HA.
Amount of HA bonded to APS was calculated on the basis of C/N
ratio obtained for APS, HA and EC-HA-APS.

FTIR analyses were performed for APS, HA, HA-APS and
EC-HA-APS by using Pelkin-Elmer (Spectrum 100 model) instru-
ment, and the spectra were recorded between 4000 and 400 cm™!
range. The spectra were recorded directly using solid materials,
and thus KBr pellets were not prepared. FTIR spectra were also
recorded for Cu?* and Co?* loaded EC-HA-APS; Cu-EC-HA-APS
and Co-EC-HA-APS, respectively. So, EC-HA-APS was brought into
interaction with 0.1 M metal ion solutions for 1 h, and then the solid
phase was rinsed thoroughly with water to remove unbounded and
weakly bonded metal ions from the surface of EC-HA-APS. After
drying the products at 105-120°C, FTIR spectra were recorded on
the same instrument.

Number of carboxyl and phenolic hydroxyl groups in HA was
determined through direct potentiometric titration of solid HA
in NaCl solutions having different concentrations (0.01; 0.05 and
0.10 M). In titrations, aqueous solution of NaOH (~0.100 M) was
used as titrant. Number of —-COOH and phenolic -OH groups was
calculated from the titration curves according to the method pro-
posed in Refs. [11,13-15].

Thermogravimetric (TG) and differential thermogravimetric
(DTG) analyses were performed for APS, HA, HA-APS and
EC-HA-APS on a TA instruments Q500 model in 10°C increments
per minute from 40°C to 1100 °C, using Al,03 pans under dynamic
air atmosphere of 60 mL/min. Differentiation in ash content of APS
and EC-HA-APS was related with amount of HA bonded to APS.

Surface charge characteristics of APS, HA-APS and EC-HA-APS
were evaluated in terms of pH point of zero charge, pHp,c, by using
pH-drift and mass-titration methods [11,16]. The measurements
were done in 0.01 M Nacl solution, using a combination pH mea-
surement system (Jenway).
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Contact angle measurements were performed for APS, HA,
HA-APS and EC-HA-APS by using KSV (CAM 200 model) instru-
ment. Contact angles for each material were calculated from the
recorded images of water and MeOH drops on the pellets of the
solids. Contact angles were automatically calculated by the instru-
ment software on the basis of Young-Laplace equation. Mean
values of the contact angles calculated from left and right sides
of the drop images were used in evaluations.

0.01 M NapyH,Y +0.01 M NH3 (NayH,Y, dissodium form of EDTA)
and 0.01 M NacCl solutions having different pH values between
7 and 11 were used in the stability tests of EC-HA-APS. In all
cases, EC-HA-APS was introduced to mentioned aqueous media,
and shaken intermittently over 24h at ambient temperature.
Afterwards, the supernatant was analyzed by a UV-vis spec-
trophotometer (Shimadzu 1700) at 410 nm wavelength to evaluate
amount of HA released from EC-HA-APS.

2.3. HPLC system

HPLC analyses were performed on an Agilent 1100 series sys-
tem consisted of quaternary pump with degasser, thermostatted
column compartment, variable wavelength detector, and a man-
ual injection port. EC-HA-APS was packed into a commercially
available stainless steel HPLC column (4.6 x 150 in mm; internal
diameter x length) as its aqueous suspension by using a slurry
packer. The column was used after being rinsed thoroughly with
water and MeOH. A laboratory-made 2 L injection loop was used
throughout the experiments.

2.4. HPLC studies

2.4.1. Converting EC-HA-APS to M-EC-HA-APS

At first, EC-HA-APS was conditioned enough time by a mobile
phase system consisted of water and MeOH. Afterwards, aqueous
solutions of metal ions (Cu?* and Co%*) were loaded to the column
in a stepwise mode where the influent concentration was increased
gradually in the range 5-100 mM. The progress of the metal loading
was monitored via the breakthrough curves propagated in course
of time, at wavelengths 595 and 507 nm for Cu?* and Co?*, respec-
tively. After having been reached the equilibrium conditions for
the highest influent concentration (that corresponds to the last
plateau), water was loaded to the column to remove unbounded
and/or weakly bonded metal ions from the column. In this way,
EC-HA-APS was turned into M-EC-HA-APS. To test the binding sta-
bility of the metal ions to EC-HA-APS, approximately 1.5 L of water
was passed through the column and the effluent was collected for
subsequent atomic absorption spectrophotometry (AAS) analyses.
Also, stripping efficiency of the studied metal ions by Na,H, Y + NH3
(pH=7.5) was studied through AAS analyses.

2.4.2. HPLC analyses of nucleosides

In HPLC analyses, some nucleosides (i.e. Urd, Tyd, Cyd, Ado
and Guo) were used as the test solutes. In the experiments per-
formed by using single-solute-samples, relation between retention
factor (k') and experimental parameters studied was evaluated.
Effect of mobile phase composition, temperature and the type
of metal loaded to EC-HA-APS was investigated. Thus, reten-
tive behaviors were evaluated on two ligand exchanger forms of
EC-HA-APS (i.e. Cu-EC-HA-APS, and Co-EC-HA-APS). Tempera-
ture studies were performed for 25, 35, and 45°C. The results
obtained from single-solute experiments led determining the con-
ditions suitable for separation of the studied compounds from
their mixtures. Chromatograms recorded on EC-HA-APS and M-
EC-HA-APS were compared with each other to understand effect
of metal loading. Signals were acquired at UV 254 nm wavelength
for the studied nucleosides, and processed by ChemStation data

processor. MS Excell and OriginPro 7.5 were used for calculations
and graphical demonstrations.

3. Results and discussion
3.1. Characterization

After immobilization of HA, a significant change was observed
in C-element content, and it was attributed to organic backbone
of HA, which is rich in C. From the elemental analyses results,
amount of HA bonded to APS was calculated as 170 mgHA/gAPS.
Immobilization of HA to APS via chemical bond formation was
confirmed by the band appeared around 1655 cm~! after immobi-
lization. This band is attributed to the vibrations arising from C=0
groups of amide structures, and implies the formation of amide-
bond between HA and APS. Intensity of the bands around 1707 and
1655 cm~! was found to be decreased in the case of metal loaded
EC-HA-APS (figure not shown). These are the bands related with
carbonyl groups, and such a decrement in the intensity of the bands
has been attributed to the interaction of metal ions via carbonyl
groups [17].

Number of -COOH and phenolic -OH groups was determined
through direct titration method [15]. In 0.05 M NacCl solution, num-
ber of carboxyl and phenolic hydroxyl groups was calculated as 5.2
and 2.1 meq/gHA, respectively. Derivative titration curves revealed
the presence of at least three types of carboxyl groups having dif-
ferent pK, values distributed between 3 and 7, and two types of
phenolic hydroxyl groups having pK, values between 7 and 10.

Another important finding about the immobilization of HA was
acquired from thermogravimetric analyses. Mass-loss in the case
of EC-HA-APS was found to be higher, and it was attributed to the
organic backbone of HA immobilized to APS. Also, thermal stability
was found to be increased after end-capping process.

Surface charge characteristics of APS, HA-APS and EC-HA-APS
were evaluated in terms of pHp,c measurements. An obvious
increment was observed in surface acidity after immobilization
of HA to APS, so that pHpzc value of APS, 9.8, diminished to 6.6
(HA-APS). After end-capping process that value diminished to 2.7
(EC-HA-APS).

Stability tests were performed for EC-HA-APS in 0.01M
NayH,Y+0.01M NH3 (pH=7-11) and 0.01M NaCl (pH=7-11)
media revealed high stability of EC-HA-APS. Amount of HA
released into solution never exceeded 2% at pH=7 and 8. All the
results confirmed high stability of EC-HA-APS, and accordingly
immobilization of HA via chemical bond formation.

3.2. M-EC-HA-APS

EC-HA-APS was turned into ligand exchanger forms through
a practical methodology where metal ion solution was loaded to
the column packed with EC-HA-APS using the HPLC system. So,
100 mM aqueous solution of the studied metal ion was diluted
to a desired concentration in the HPLC system, and the influent
concentration was increased stepwise. When the column became
equilibrated with the solution having the highest concentration
(100 mM), the column was rinsed with water till base-line (Fig. 1).
Afterwards, aliquots of water were passed through the column
for a complete conditioning. Through the mentioned stepwise
manner, M-EC-HA-APS is thought to gain a stable conformation
and/or geometric structure, gradually. Amount of the metal held
by EC-HA-APS for the ith step was calculated via the following
formula, which is used in stepwise frontal analysis [18]:

Vei—V, G -G
( R,i O)VTIS( i 1—1); Ci - Ci—] >0

qi =qi-1 +
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Fig. 1. Breakthrough curves recorded during the stepwise manner followed in metal
loading process. Loading solution: CoCly; flow rate: 0.50 mL/min; temperature:
25°C; detection wavelength: 507 nm; column: 4.6 x 150 (i.d. x length; as mm).

where Vg; and Vj represent retention volume and dead vol-
ume (mL), respectively. Equilibrium concentration of metal ion in
mobile phase and stationary phase is represented by C; (mol/L) and
g; (mmol/g), respectively. Mass of the stationary phase packed to
the column is given by Ws (g). Observable capacities for the condi-
tions correspond to the equilibrium concentration of 100 mM were
found as 0.278 and 0.297 mmol M/gEC-HA-APS for Cu?* and Co?",
respectively.

In order to evaluate the metal binding stability, approximately
1.5L of water was passed through the column and effluent was
subjected to AAS analyses. Results showed that ~75+2% of the
metal held by the stationary phase was stable in the column at 25 °C.
95 4 2% of the total metal held by the stationary phase was found to
be stripped by the mixture of 0.1 M Nay;H,Y+0.1 M NH3 (pH=7.5)
as stripping agent. This property made it possible to switch between
RPLC and (different) LEC conditions, easily.

3.3. HPLC analyses of nucleosides

HA has a macromolecular structure that bears different func-
tionalities. For this reason, nucleosides are expected to interact with
M-EC-HA-APS through hydrophilic, hydrophobic, -1, hydrogen-
bonding, and ligand-exchange mechanisms at varying degrees,
depending on the conditions. So, retentive behaviors are thought to
resulting from a combination effect of the mentioned mechanisms.

To express the role of metal loading to the stationary phase, in
the first set of the experiments, relative k’ values were calculated
for different mobile phase compositions. So, k' values recorded on
EC-HA-APS and Cu-EC-HA-APS were used to calculate relative k'
values (Fig. 2). As can be seen from figure, k’ values recorded on Cu-
EC-HA-APS are higher than those recorded on EC-HA-APS. This
situation is clearly seen in the case of Cyd, Ado and Guo rather
than that in the case of Urd and Tyd. Longer retention of Cyd, Ado
and Guo was related with the presence of -NH, group within their
molecular structure. Presence of this group was thought to increase
the ligand character of species, and thus they might exhibit higher
affinity towards the metal held by the stationary phase in compar-
ison to Urd and Tyd. Also, as shown in Fig. 2, with increasing ligand
character of the mobile phase, k’ values of Cyd, Ado and Guo were
found to decrease, while the retention of Urd and Tyd was little
affected by the changes in mobile phase composition.

In order to prove higher interaction character of -NH;-bearing
species with metal ion, some supplementary experiments were
carried out. In that set of experiments, Cu®* solutions having

10

Mobile phase systems
o o MeOH-Water (1:3; viv)
4  MeOH-NH, (1:3; viv)
8- ¥ MeOH-NaAc (1:3; viv)
7 0  MeOH-NaCl (1:3; viv)
:
LB 6
x
o
o
:
3
S a] a
2 X %
a
2 X
o4 X
0 T ” 1 v 1 - ] ol T
Guo Ado Cyd Tyd Urd

Fig. 2. Relative k' values calculated for nucleosides when mobile phase had different
compositions. Flow rate: 1.00 mL/min; temperature: 25°C; detection wavelength:
254nm; injection volume: 2 L. (K (ec_a-aps) and K'(cu-ec-na-aps) represent the k'
values recorded on EC-HA-APS and Cu-EC-HA-APS, respectively).

different concentrations were used as mobile phase, and change in
k’ values of Urd, Tyd and Cyd was evaluated. The results are graph-
ically shown in Fig. 3, and reveal that the retention of Cyd is very
dependent on the concentration of metal ion in the mobile phase.
Decrement observed in retention of Cyd with increasing concen-
tration of Cu?* in mobile phase might be due to the formation of
mixed Cu-Cyd complexes in mobile phase. Because of this effect,
the solubility of Cyd in mobile phase might be increased in pres-
ence of Cu?* in the mobile phase. This situation may explain why
Cyd, Ado and Guo exhibited higher retention on Cu-EC-HA-APS
compared to Urd and Tyd. As expected, k' values of Urd and
Tyd was found to be almost independent of the Cu?* concen-
tration. The results acquired from the experiments proved that
ligand-exchange behavior of the stationary phase could be better
observed in the case of Cyd, Ado and Guo which bear -NH, group.
As be seen from the chromatogram recorded on M-EC-HA-APS
(Fig. 4), retention times of the studied compounds decrease in
the order Urd < Tyd < Cyd < Ado < Guo. The chromatogram recorded
on EC-HA-APS under same conditions was also given in figure
for comparison purposes. In all cases, though Urd and Tyd were
little affected, retention times of the compounds were higher

1
1 T

4 \A

—m— Urd
—O—Tyd
—A—Cyd

K .
‘___—___————_
3 oo
2 -
[ R
1 u
S —
0 5 10 15 20

Cu® concentration in mobile phase (mM)

Fig. 3. Relation between k' values of some nucleosides and Cu?* concentration of
mobile phase. Mobile phase: Cu(NOs ), ; flow rate: 1.00 mL/min; temperature: 25°C;
detection wavelength: 254 nm; injection volume: 2 L.
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R EC-HA-APS (4.6x150)
MeOH - Water (1:3; viv)
1.76 mLimin; 25 °C; 254 nm

Tyd Co-EC-HA-APS (4.6x150)
cyd MeOH - Water (1:3; viv)
1.75 mL/min; 25 °C; 254 nm|
Ado
Guo

T T T T T T T T T T T
0 10 20 30 40 50 60

Cu-EC-HA-APS (4.6x150)
MeOH - Water (1:3; viv)
o 1.75 mL/min; 25 °C; 254 nm

Guo
s i

T T T T T T T T T T T

1] 10 20 30 40 50 60

t (min)

Fig. 4. Some chromatograms recorded on EC-HA-APS, Co-EC-HA-APS and Cu-
EC-HA-APS by isocratic elution (effect of metal loading process as well as type of
metal loaded on chromatographic separation). Experimental conditions are anno-
tated on the chromatograms.

when M-EC-HA-APS was used instead of EC-HA-APS. Also, elu-
tion orders of Ado and Guo switched after metal loading. Longer
retention of Ado and Guo was related with their higher molec-
ular weight, and accordingly increased degree of London forces
between the stationary phase and the mentioned compounds. So,
M-EC-HA-APS was understood to have a mixed-mode RPLC/LEC
character towards the studied compounds, and both capacity and
selectivity of EC-HA-APS were found to be improved through the
metal loading process. Finally, type of the metal loaded to the
stationary phase was observed to have effect on capacity and selec-

Tyd
Urd Cyd
Ad
DA
T T T T T T T
Tyd
Cyd
Urd
Ado
/\/suo\
) T ~ 1 . T

0 4 8 12 16 20
t (min)

Fig. 5. Chromatograms recorded on Co-EC-HA-APS at different temperatures.
Mobile phase: MeOH-water (25:75, v/v); flow rate: 1.75 mL/min; detection wave-
length: 254 nm; injection volume: 2 pL; temperature: (a) 25°C, (b) 35°C, (c) 45°C.

tivity, so that the retention of Cyd, Ado and Guo was found to be
higher in the case Cu-EC-HA-APS compared to Co-EC-HA-APS. This
might be due to higher affinity of copper towards -NH, bearing
nucleosides, compared to cobalt. Thus, separation efficiency was
found to be improved by loading a metal ion, which is suitable for
special application, to the stationary phase.

The effect of temperature on chromatographic behaviors was
also studied within the range 25-45 °C. The experiments were per-
formed by using MeOH-water (25:75, v/v) mobile phase system,
and the chromatograms recorded on Co-EC-HA-APS were given
in Fig. 5. Despite the fact that the elution of Urd and Tyd was
little affected by the changes in temperature, Cyd, Ado and Guo
eluted more easily with increasing the temperature from 25°C to

Urd Cyd

Without a temperature gradient

O -

By applying a temperature gradient -

t (min)

Guo - 60
-1 50
o
1 C
-1 40
=1 30
T y T T v T : T v T
12 16 20 24 28 32

Fig. 6. Comparative chromatograms to express the influence of temperature gradient on separation efficiency. Form of the stationary phase: Co-EC-HA-APS; mobile phase:
MeCN-water (10:90; v/v); flow rate: 1.00 mL/min; detection wavelength: 254 nm; injection volume: 2 pL; temperature gradient is shown on the chromatogram.
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Table 1
Ratio of peak area recorded by HPLC and FIA techniques.?

Ratio of peak area (HPLC/FIA)

Urd Tyd Cyd Ado Guo
EC-HA-APS 0.99 1.02 1.10 1.03 1.01
Cu-EC-HA-APS 1.10 1.05 1.05 0.99 0.98
Co-EC-HA-APS 1.15 1.10 1.12 0.96 0.95

2 Experimental conditions: mobile phase, MeOH-water (60:40; v/v); flow-
rate: 1.00 mL/min; temperature: 25°C; detection: 254 nm; column: 4.6 x 150 (i.d.
(mm) x length (mm)).

45°C. So, temperature was thought to be useful to improve the
chromatographic separation of the studied compounds. Since Ado
and Guo had high retention on Cu-EC-HA-APS, chromatographic
separation on this ligand exchanger form could be improved only
after applying suitable gradients both in mobile phase composi-
tion and temperature (chromatogram not shown). On the other
hand, Co-EC-HA-APS offered mild conditions for elution of all the
studied compounds. Base-line separation on Co-EC-HA-APS was
achieved by applying a gradient program in temperature and by
using MeCN instead of MeOH as organic modifier (Fig. 6). In this
way, the importance of temperature-gradient, which is not a com-
mon experimental parameter in HPLC separations, has been shown,
as well.

Metal binding stability and capacity of the column was found
to be better when the stepwise manner was followed instead of
one-step metal loading manner. Standard deviation in k’ values of
the studied compounds did not exceed 0.03 even after multiple
metal loading and stripping steps performed at different times. So,
stepwise metal loading process is proposed as a useful method-
ology to convert EC-HA-APS to M-EC-HA-APS under column
conditions.

Supplementary experiments have been performed in order to
understand elution efficiency of nucleosides on EC-HA-APS and
M-EC-HA-APS. So, peak areas obtained by flow injection analysis
(FIA) were compared with those obtained by single solute HPLC
studies. Obtained results are tabulated in Table 1, revealing good
elution efficiency of the studied nucleosides on EC-HA-APS and
M-EC-HA-APS. Therefore, there found no evidences that could be
attributed to irreversible sorption of the studied nucleosides under
the studied conditions.

Together with its efficiency in HPLC separations, M-EC-HA-APS
made it possible to study at high flow rates, under relatively low
system pressures. The system pressure did not exceed 120 bars
at the flow rate of 4.00 mL/min, when Water and MeOH-water
(25:75, v/v) mobile phase systems were used. This superior prop-
erty seems promising in separations to be performed under high
pressure. So, immobilization of HA to smaller particular-size
APS is thought to be useful as improving the separation effi-
ciency.

Comparing the results we obtained on M-EC-HA-APS under
so-called mixed-mode RPLC/LEC conditions with those previously
obtained on different stationary phases under RPLC (C18) [19] and
ion-pairing RPLC (ZORBAX SB-Aq) [20] conditions, it can be said
that the order of elution is quite different. This situation implies dif-
ferentiation in the mechanism of separation when M-EC-HA-APS
has been used as stationary phase. Analysis time for the separa-
tion of the studied nucleosides was found to be shorter than those
recorded on the mentioned stationary phases, and as a general
trend, M-EC-HA-APS exhibited good separation efficiency. More-
over, it was possible to manipulate the retentive behaviors easily by
loading a different type of metal to EC-HA-APS. Hence, EC-HA-APS

made it possible to switch between RPLC/HILIC [11] and RPLC/LEC
mixed-mode conditions, easily. So, M-EC-HA-APS was found to be
advantageous because of the mentioned reasons.

4. Conclusion

Metal-loaded immobilized HA was found to be efficient for chro-
matographic separation of nucleosides as an HPLC stationary phase.
The observed retentive behaviors were thought to be resulting
from a mixed-mode RPLC/LEC behavior of the stationary phase.
Both capacity and selectivity of the column were easily manipu-
lated by loading different metal ions to the column. This property
is believed to be useful for chromatographic separation of vari-
ous chemical species having ligand character. Furthermore, a good
flexibility was observed to switch between different forms of the
stationary phase, by using suitable complexing agents for metal
stripping purposes. So, different modes of HPLC were found to be
applicable on the same column. The studied compounds were eas-
ily separated by using MeOH-water and MeCN-water mobile phase
systems. M-EC-HA-APS made it possible to study at high flow rates,
and therefore separation efficiency could be improved by studying
at high flow rates with low system pressure. Finally, it is under-
stood that EC-HA-APS can exhibit high flexibility between different
modes of HPLC, and so it seems promising as a stationary phase to
build new concepts based on chromatographic separations.

Acknowledgement

The experimental results given in the present paper is a part
of Ph.D. Thesis entitled “Investigating The Stationary Phase Char-
acteristics of Immobilized Humic Acid by Using Flow Injection -
Chromatographic Methods” by Orhan Gezici, Selcuk University, Insti-
tution of Natural and Applied Sciences, 2010, Konya/Turkey.

Authors gratefully acknowledge the financial support provided
by Selg¢uk University BAP. Project Number: 082011043.

References

[1] S. Kowalska, K. Krupczynska, B. Buszewski, Biomed. Chromatogr. 20 (2006)
4-22.
[2] O. Gezici, M. Tabakci, H. Kara, M. Yilmaz, ]. Macromol. Sci. A: Pure Appl. Chem.
43 (2006) 221-231.
[3] F. Helfferich, Nature 189 (1961) 1001-1002.
[4] V.A. Davankov, A.V. Semechkin, J. Chromatogr. 141 (1977) 313-353.
[5] Z. Maté&jka, R. Weber, React. Polym. 13 (1990) 299.
[6] E. Tipping, Cation Binding by Humic Substances, Cambridge University Press,
West Nyack, NY, USA, 2002.
[7] V.A. Davankov, J.D. Navratil, H.F. Walton, Ligand Exchange Chromatography,
CRC Pres Inc., USA, 1988.
[8] Q.W.Yu, B.Lin, Y.Q. Feng, F.P. Zouy, ]. Lig. Chromatogr. Relat. Technol. 31 (2008)
64-78.
[9] K. Kollist-Siigur, T. Nielsen, C. Gren, P.E. Hansen, C. Helweg, K.E.N. Jonassen, O.
Jorgensen, U. Kirso, J. Environ. Qual. 30 (2001) 526-537.
[10] N.Casadei, M. Thomassin, Y.C. Guillaume, C. André, Anal. Chim. Acta 588 (2007)
268-273.
[11] O. Gezici, H. Kara, Talanta 85 (2011) 1472-1482.
[12] LK. Koopal, Y. Yang, AJ. Minnaard, P.L.M. Theunissen, W.H. Van Riemsdijk,
Colloids Surf., A 141 (1998) 385.
[13] E.M. Thurman, R.L. Malcolm, Environ. Sci. Technol. 15 (1981) 463-466.
[14] H. Ma, H.E. Allen, Y. Yin, Water Res. 35 (4) (2001) 985-996.
[15] ].D. Ritchie, E.M. Perdue, Geochim. Cosmochim. Acta 67 (1) (2003) 85-96.
[16] ]J.P. Reymond, F. Kolenda, Powder Technol. 103 (1999) 30-36.
[17] R.A.Alvarez-Puebla, ].]. Garrido, C. Valenzuela-Calahorro, P.J.G. Goulet, Surf. Sci.
575 (2005) 136-146.
[18] G. Guiochon, S. Golshan-Shirazi, A.M. Katti, Fundamentals of Preparative and
Nonlinear Chromatography, Academic Press, Boston, MA, 1994.
[19] L.-S.Li, M. Liu, S.-L. Da, Y.-Q. Feng, Talanta 63 (2004) 433-441.
[20] F.Q. Yang, D.Q. Li, K. Feng, D.J. Hu, S.P. Li, J. Chromatogr. A 1217 (2010)
5501-5510.



	Towards multimodal HPLC separations on humic acid-bonded aminopropyl silica: RPLC and LEC behavior
	1 Introduction
	2 Experimental
	2.1 Chemicals
	2.2 Immobilization of HA, and characterization
	2.3 HPLC system
	2.4 HPLC studies
	2.4.1 Converting EC–HA–APS to M-EC–HA–APS
	2.4.2 HPLC analyses of nucleosides


	3 Results and discussion
	3.1 Characterization
	3.2 M-EC–HA–APS
	3.3 HPLC analyses of nucleosides

	4 Conclusion
	Acknowledgement
	References


