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bstract

The adsorption phenomena of Methylene blue (MB) and Methyl orange (MO) on a carboxylated diaminoethane sporopollenin (CDAE-S) solid
hase were investigated in a column arrangement by using breakthrough technique. The adsorption phenomena were evaluated using some common
dsorption isotherm models and Scatchard plot analysis, and obtained results were interpreted for evaluating the usability of CDAE-S for removal,
ecovery and preconcentration of the studied dyes both at the laboratory and industrial scales. On the basis of Scatchard plot analysis, the interaction
ypes between the CDAE-S and the studied dyes were criticized in terms of affinity phenomena. Thus, the usability of a biomacromolecule-derived

aterial, CDAE-S, as a cheap, environmentally-friendly and effective solid-stationary phase exhibiting both cation-exchange and anion-exchange

haracteristics at the same time, is discussed through the present study. Besides, from the obtained results, the protonated CDAE-S, which
unctionally resembles an amino acid structure, are presented as a two-in-one solid-stationary phase, and its adaptability to common processes
erformed under column conditions is also drawn in detail.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The colored materials and dyes pollute the environment,
eing released as effluents through versatile industrial processes
uch as textile, food and plastic. The nonbiodegradable nature
f most dyes in the environment makes their removal from efflu-
nts necessary. Various physicochemical processes/methods are
sed for removal of dyes from aqueous wastes and among them
he adsorption is one of the most effective one [1–4].

The studies involve the investigation of novel materials

adsorbents) to be used in adsorption process is promising, and
his is, surely, an esteemed struggle. As known, there exist a
reat deal of materials being used in adsorption processes for
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emoval, recovery and pre concentration of target compounds.
owever, the adsorbents suitable for particular operations are
ore general than that exhibit almost universal character for

very purpose [5].
Activated carbon has been widely used as an adsorbent for the

emoval of various pollutants due to its high adsorption capacity.
owever, it exhibits relatively high operation costs, regeneration

rouble, and it is difficult to separate the treated activated carbon
rom the bulk solutions after use. Usually, the effectiveness of
ny adsorption process largely depends on the physicochemical
roperties of the adsorbent used. Thus, the regerenability, avail-
bility and operational cost are becoming of prime importance
spects in adsorption process.

The literature search indicated that the adsorption behaviors

f dyes on different adsorbents had been investigated by using
specially batch method [6–12]. In fact, from the industrial point
f view, processing the removal of dyes and/or colored com-
ounds by using the adsorption techniques carried out in column
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ystems is thought to be very useful because of their adaptabil-
ty to versatile processes, low reagent handling, and accordingly
ow cost coming out.

Sporopollenin is a natural biomacromolecule obtained from
ycopodium clavatum, which is highly resistant to chemicals,
nd has a high-capacity, stable, constant chemical structure;
xhibits molecular structure stable to mineral acids and alka-
ines. The sporopollenin exhibits interaction ability with various
hemical species, and occurs naturally as a component of spore
alls [13–15]. The effectiveness of sporopollenin in adsorp-

ion process can be improved by functionalizing the main
etwork with functional groups suitable to adsorption of tar-
et compounds, and thus multiple interaction abilities can be
ained in addition to simple dispersive interactions. On this
ccount, the adsorption phenomena of various species in func-
ionalized (modified) sporopollenin mediated fixed-bed column
ystems has been reported elsewhere [16–20]. The adsorption
f some chlorinated anilines on Co(II)-loaded carboxylated
iaminoethane sporopollenin (CDAE-S) had been previously
tudied, and applicability of Langmuir model had been pro-
osed for adsorption of mentioned species [16]. Furthermore,
he adsorption kinetics of some chlorinated anilines on Co(II)-
oaded CDAE-S under the column conditions had been reported
n detail [20]. However, according to our knowledge, the stud-
es intensify on adsorption behavior of dyes on the CDAE-S are
ery few [21].

The present study deals with the potential usability of the
DAE-S as a solid phase for removal, recovery and preconcen-

ration of both cationic and anionic dyes from aqueous media.
n the study, a continuous column mode has been employed,
nd the recorded breakthrough profiles have been utilized to
erive equilibrium adsorption data. The adsorption characteris-
ics have been discussed in view of Langmuir and Freundlich
sotherm models, and the affinity phenomena have been eval-
ated by using Scatchard plot analysis. Finally, the interaction
ypes between the studied dyes and CDAE-S have been com-
rehensively evaluated, and feasible application ranges of the
DAE-S as a solid-stationary phase have also been discussed in
etail.

. Experimental

.1. Reagents

All solutions were prepared from reagent-grade purity chem-
cals without further purifications. Doubly-distilled water was
sed to prepare all solutions. Aqueous Methylene blue (MB) and
ethyl orange (MO) solutions were prepared from their respec-

ive chloride and sodium salts (Merck), respectively, without
urther purifications. The concentrations of MB and MO solu-
ions were within the ranges of 5.0 × 10−6 to 2.5 × 10−5 mol l−1

nd 1.0 × 10−5 to 4.5 × 10−5 mol l−1, respectively, and the
olutions were studied without any pH adjustment. During

he experimental course, an aqueous 0.5 mol l−1 HCl solution
nd methanol (Merck) were used as stripping agents. All the
olutions were filtrated through 0.45 �m Nylon filter before
se.

d
c
w
l

Scheme 1. The main steps for the modification of sporopollenin.

.2. Modification of sporopollenin

Sporopollenin with a particle size of 20 �m, which was pur-
hased from BDH Chemicals, was chosen as a support material
or this study and converted into CDAE-S through the proce-
ure described elsewhere [17]. The main steps of sporopollenin
odification are pictured in Scheme 1.

.3. Insolubility of CDAE-S

The solubility tendency and structural stability of the CDAE-
in aqueous media (dependent on pH) were investigated

pectrophotometrically according to the method previously
eported for characterization of (DAE-S) [22]. For this, a defi-
ite amount of the CDAE-S was added to a tube that included
oubly-distilled water at a defined pH and agitated vigorously a
ew minutes. Then, the suspension was centrifuged at 8000 rpm
or 5 min, and the supernatant and the (dried) solid phases
ere subjected to UV–vis and IR spectrophotometric analyses,

espectively. The obtained IR spectrums of the treated CDAE-
were compared with the spectrum of the untreated CDAE-S

o check if there was any structural changing. The UV–vis
pectrums were recorded within the range of 800–200 nm and
ompared with the spectrum of doubly-distilled water to check
f there was any changing in the spectrum that can be attributed
o the adsorbent dissolution. The UV–vis and IR spectroscopy
nalyses were recorded on a Shimadzu Model 160 A UV–vis
nd a JASCO FT/IR 300 E (as KBr pellets) spectrophotometers,
espectively.

.4. Apparatus and methods

All materials were analytical grade. A glass mini column of
2 mm in length and 4 mm internal diameter with Teflon fittings
as used. Firstly, the empty column was washed thoroughly
ith appropriate chemicals to remove all impurities adsorbed

o the internal surface of the column. Packing of the CDAE-
to the column was done as per the slurry method, so the

DAE-S was filled to the column as its aqueous suspension,
nd by means of gravity the solid CDAE-S was packed to the
olumn entirely. The height and volume of the bed embed-

ed in water were 10 mm and 0.13 ml, respectively. Then, the
olumn was conditioned for 48 h by pumping doubly-distilled
ater via an Alitea S2 peristaltic pump. Dye solutions were

oaded to the column at average flow-rates of 0.21 ml min−1
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∼97 BV h−1) and 0.65 ml min−1 (∼300 BV h−1) for MB and
O, respectively, and the effluents were passed through a contin-

ous flow-through cell adapted Shimadzu Model 160 A UV–vis
pectrophotometer, and monitored continuously. The loading
reakthrough profiles recorded on the detector were used in
valuations and quantifications. All experimental courses were
erformed at a constant temperature, 25 ◦C. The limit of detec-
ion, LOD, for MB (657 nm) and MO (468 nm) was found as
.6 × 10−7 mol l−1 and 3.1 × 10−6 mol l−1, respectively.

The solid-phase extraction (SPE) operations were performed
ccording to the methodology reported in [21,22]. The following
ummarizes the employed methodology:

i. Conditioning: this step includes subsequent pumping of (i)
doubly-distilled water, (ii) aqueous 0.5 mol l−1 HCl solu-
tion, and (iii) doubly-distilled water through the column.
Within 30 min time period, the conditioning of the column
was reached when a stable base-line was recorded on the
detector.

ii. Loading: dye solution was loaded to the column and at a
defined wavelength (MB, 657 nm; MO, 468 nm) the efflux
was monitored by the detector. The plot of detector response
versus time yielded an S-shaped profile that is called break-
through curve. When a particular breakthrough profiles
being recorded on the detector has reached a maximum
plateau, the loading step was terminated. The recorded
breakthrough profiles were used to derive amount of the
analyte adsorbed (q) by the CDAE-S.

ii. Washing: unsorbed dye molecules were removed from the
column by pumping of doubly-distilled water until a stable
and minimum signal was recorded on the detector, and then
the washing step was terminated.

v. Stripping–regenerating: the stripping–regenerating opera-
tions were executed according to the following methodol-
ogy:
– pumping an aqueous 0.5 mol l−1 HCl solution until end

of the peak recorded on the detector (∼20 min);
– pumping doubly-distilled water (∼10 min);
– pumping 99% methanol until end of the peak recorded on

the detector (∼20 min);
– executing the conditioning step i (pumping doubly-

distilled water–0.5 mol l−1 HCl–doubly-distilled water;
∼30 min).

In this way, most of the SPE steps were monitored contin-
ously, and the solid phase (CDAE-S) was done prepared for
oading step of subsequent SPE run.

.5. Reproducibility of the breakthrough curve data

To evaluate the precision with the data, further replicate runs
ere performed as described in [21]. Through a statistical eval-
ation, the precision between days was found as 7.1% (R.S.D.).
.6. Adsorption studies

The adsorption behaviors of MB and MO were investigated
n a continuous column mode where the breakthrough technique

M
t
s
h
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as utilized as deriving equilibrium adsorption data. In the tri-
ls, adsorption behavior of a cationic (MB) and an anionic (MO)
ye was studied. Because one of the main objectives of the study
as to investigate inherent adsorption of the studied dyes on

he CDAE-S, the pH of the influents was not adjusted. There-
ore, the unique studied parameter was the influent concentration
C0) that ranged between 5.0 × 10−6 and 2.5 × 10−5 mol l−1 and
.0 × 10−5 and 4.5 × 10−5 mol l−1 for MB and MO, respec-
ively. From the obtained breakthrough profiles, amount of
nalyte adsorbed (q) was calculated using breakthrough tech-
ique. The data obtained through breakthrough technique were
sed in evaluating adsorption phenomena and usability of the
DAE-S in common column operations as a solid-stationary
hase. Also, it was observed that through the employed col-
mn technique it was possible to obtain recoveries higher than
7% for each studied dye. This may indicate suitability of the
DAE-S in adsorption process of the studied dyes as a reusable
dsorbent. The reusability–regenerability of the CDAE-S was
lso confirmed by supplementary IR spectroscopic analyses.

. Results and discussion

.1. Insolubility of CDAE-S

In investigating the adsorption phenomena at liquid/solid
nterfaces, the adsorbents having an insoluble character (under
tudied experimental conditions) are sought for. Because of this,
he insolubility characteristics of the CDAE-S were investigated
or different medium pH values. The trials were executed in
queous media, and the results of both UV–vis and IR spec-
roscopy analyses revealed that the CDAE-S was insoluble
etween pHs 0.0 and 14.0. Such a wide pH range makes the
DAE-S a very useful material for various processes to be exe-
uted in aqueous media. Thus, it was deduced that there was no
esitation of adsorbent dissolution under the studied experimen-
al conditions.

.2. Adsorption studies

The aqueous wastes being released through some industrial
pplications contain dyes, and nonbiodegradable nature of this
ind of compounds necessitates their removal and/or recovery
efore the release of related industrial wastes to the environment.
s achieving this target, the adsorption process can provide

n inexpensive manner, and actually the effectiveness of this
rocess is usually dependent on the properties of adsorbent
sed. In this sense, the present study aimed at discussing the
dsorption phenomena of two common dyes, MB and MO, on
sporopollenin-derived material, CDAE-S. The molecular for-
ula and some physicochemical properties of MB and MO are

iven in Table 1.
In order to evaluate the adsorption phenomena of MB and
O on the CDAE-S, the effect of loading solution concentra-
ion (influent concentration) was investigated for single analyte
olutions. Amount of the analyte adsorbed at the equilibrium (q)
as been calculated by using breakthrough technique, which is
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Table 1
Some physicochemical properties of MB and MOa

Physicochemical
property

Methylene blue Methyl orange

Chemical formula C16H18ClN3S·xH2O (x = 2−3) C14H14N3NaO3S
S ◦ ◦
p

f

q

w
t
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w
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3

a
m
a
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r

olubility in water 50 g/l (20 C) 5 g/l (20 C)
H value ∼3.0 (10 g/l, H2O, 20 ◦C) ∼6.5 (5 g/l, H2O, 20 ◦C)

a The data were obtained from the Merck chemical databases.

ormulated as follows:

= C0V

W

AU

AU + AD
(1)

here C0 denotes the influent concentration for the analyte in
he aqueous phase, V is the volume of loaded analyte solution,
nd W is the dry mass of the adsorbent. The areas (AU and
D) on the upper and subjacent of the breakthrough curves are
roportional to the amounts of adsorbed and released analyte,

espectively [18,21,22].

The q values obtained through breakthrough technique are
raphically pictured in Fig. 1 a and b, and it is clear from the
gures that for each studied dye, amount of the analyte adsorbed

Fig. 1. (a) Binding curves for MB; (b) binding curves for MO.
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y the CDAE-S increases with increase in influent concentra-
ion. This situation is attributed to the increased concentration
radient between fluid and solid phases with increasing influent
oncentration. Furthermore, from the statistical point of view,
t is reasonable to say that the number of analyte molecules,
hich are available for functional groups of the CDAE-S, and

ccordingly the probability of analyte binding increases with
ncreasing influent concentration.

.3. Adsorption isotherms

The characteristic of a particular adsorption process is usu-
lly evaluated in terms of adsorption isotherms, and among the
odels being employed, those conceptualized by Langmuir [23]

nd Freundlich [24] are two most widely used. The monolayer
angmuir and the empirical Freundlich isotherms are usually

epresented in the following linearized forms:

C

q
= 1

qmKb
+ C

qm
(semi-reciprocal transformation of the

classical Langmuir equation) (2)

n q = ln k + 1

n
ln C (a linearized form of the Freudlich

isotherm equation) (3)

here q and C are the equilibrium analyte adsorption capacity
f adsorbent and the equilibrium analyte concentration in the
queous solution, respectively; qm, Kb, k, and n are the adsorp-
ion isotherm parameters. From the slopes and intercepts of the
/q versus C and ln q versus ln C plots, the isotherm parameters
an easily be calculated.

The Fig. 1a and b comparatively represent both (i) experi-
entally obtained and (ii) model-predicted binding data for MB

nd MO, respectively, and the isotherm parameters calculated
rom the applied models are listed in Table 2.

The fit of a model to the experimental data are usually evalu-
ted in terms of linear regression analysis where the r2 value is
sed as an indication for the goodness of model fit. With respect
o r2 values (Table 2), the adsorption of MO on the CDAE-S
an be evaluated as a process that mainly follows the Freundlich
odel. Considering the adsorption of MB on the CDAE-S, the
angmuir model seems representing the equilibrium adsorption
ata better with r2 value of 0.999.

In order to achieve more comprehensive information about
he affinity of binding sites toward analyte and to analyze
he results of employed adsorption isotherms, the equilibrium
dsorption data were analyzed in terms of the Scatchard plot
nalysis.

.4. Scatchard plot analysis

As evaluating the nature of a particular adsorption process

uitably, the equilibrium adsorption data are represented in var-
ous graphical manners by employing the coordinates related
o q and C. Hence, several mathematical transformations of the
lassical Langmuir equation are reported in the literature and
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Table 2
Some parameters calculated from the adsorption isotherms and from Scatchard plotsa

Analyte Freundlich fit Semi-reciprocal Langmuir fit Scatchard plot analysis

k n qm (�mol g−1) Kb (l mol−1) qm (�mol g−1) Kb (l mol−1)

MB 0.051 2.989 1.70 199121.62 1.74 182867.79
r2 = 0.952 r2 = 0.999 r2 = 0.986
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concentration ranges of (i) 1.0 × 10−5 to 3.0 × 10−5 mol l−1 and
(ii) 3.0 × 10−5 to 4.5 × 10−5 mol l−1. Considering the case (i),
the binding sites exhibit relatively low affinity but high capacity
toward MO, and so the binding sites taking role in the adsorp-
O 11.436 1.381 16.09
r2 = 0.972 r2 = 0.944

a H and L represent the “high-affinity” and “low-affinity” binding sites, respe

he Scatchard [25] transformation is one of them. The technique
ased on the Scatchard equation Eq. (4) is called “Scatchard
lot analysis” and as described in the literature [21,22,26–30],
t offers an intuition about the affinity phenomena in a simple

anner. The Scatchard equation is represented as follows:

q

C
= qmKb − qKb (4)

here q and C are the equilibrium analyte adsorption capacity
f the adsorbent and the equilibrium analyte concentration in the
queous solution, respectively, and qm and Kb are the adsorp-
ion isotherm parameters. The terms qm and Kb are respectively
elated to number of binding sites and affinity of the adsorbent
oward analyte.

The shape of a Scatchard plot is related to the number of
nteraction types between analyte and adsorbent. The presence
f a deviation from linearity on a plot based on Scatchard anal-
sis usually points out the presence of more than one type of
inding sites, whilst the linearity of the Scatchard plot indicates
hat the binding sites are identical and independent. So, if the
catchard plot is linear with a negative slope, it is related to inter-
ction between the analyte and the binding sites that follows the
angmuir model [16]. Namely, compared to other mathemat-

cal transformation of the classical Langmuir equation, more
nformative intuitions about the affinity of binding sites toward
nalyte can be acquired from a Scatchard plot.

The Scatchard plots derived for MB and MO are given in
ig. 2a and b, and from the shape of the plots it can deduced that

n the adsorption of MB on the CDAE-S, the binding sites exhibit
he same affinity toward MB, whereas the adsorption of MO

ainly realizes on two types of the binding sites having different
ffinities toward MO. Because MB is a cationic dye, its adsorp-
ion on the CDAE-S is mainly attributed to the carboxyl groups,
nd on the basis of Scatchard plot (Fig. 2a) it can be said that
he adsorption of MB on the CDAE-S exhibits a Langmuirean-
ype character for the studied concentration range (0.5 × 10−5

o 2.5 × 10−5 mol l−1). However, the Scatchard plot derived for
O (Fig. 2b) exhibits a curvilinear shape for whole studied con-

entration range (1.0 × 10−5 to 4.5 × 10−5 mol l−1), and this
ay indicate a deviation in the adsorption character from the
angmuirean behavior for the concentration range of 1.0 × 10−5

o 4.5 × 10−5 mol l−1. Hence, it is possible to suggest that for

he given concentration range the equilibrium adsorption data
f MO does not show a good fit to the Langmuir model. On
he other hand, when the Fig. 2b is investigated well, it can be
een that the data points form two separate arrangements that
20779.65 H; 10.88 H; 49388.33
L; 26.12 L; 11104.31

y.

ields two separate linear combinations. The linear combina-
ions of the data points (Fig. 2b, dashed lines) can be attributed
o two different populations of the binding sites that exhibit dif-
erent affinities toward MO. Therefore, the adsorption of MO on
he CDAE-S fits to the Langmuirean behavior for the individual
Fig. 2. (a) Scatchard plot for MB; (b) scatchard plot for MO.
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ion of MO can be defined as “low-affinity binding sites (L)”.
n the case (ii), the adsorption of MO on the CDAE-S mainly
ealizes on the binding sites exhibiting relatively high affinity
ut low capacity toward MO, and so this type of the binding
ites has been defined as “high-affinity binding sites (H)”. Con-
lusively, dependent on the influent concentration, the affinity of
he binding sites toward MO can vary and this property can be
seful in design of effective strategies in adsorption process of
O by the CDAE-S. It should be noticed that the adsorption of
O (an anionic dye) on the CDAE-S is mainly attributed to the

rotonated amino groups that exhibit anion-exchanger character.
Some parameters calculated from the Scatchard plots (affin-

ty constant (Kb) and theoretical saturation capacity (qm)) are
abulated in Table 2. Considering the qm and Kb values calcu-
ated from the C/q − C and Scatchard (q/C − q) plots of MB, it
an be seen that the isotherm parameters are individually very
lose to each other, and this may reveal that the adsorption of MB
n the CDAE-S is mainly characterized by the Langmuir model.
aking the plots of MO, the isotherm parameters calculated for
roposed high-affinity binding sites are close to those calcu-
ated from the C/q − C plot of MO and this may indicate that the
dsorption of MO on the CDAE-S is a process mainly based on
igh-affinity binding sites rather than low-affinity binding sites.

.5. Argumentation: innovative aspects

The breakthrough curves are very useful tools for monitoring
he distribution of analyte concentration between fluid and solid
hases. A breakthrough curve can give considerable informa-
ion about adsorption, adsorption kinetics and chromatographic
etention time phenomena [31–33]. Sometimes, the differenti-
tion in the shape of breakthrough profiles can be useful for

stimating the adsorption tendency of analytes on a same adsor-
ent, and so comparative breakthrough profiles of MB and MO
re given in Fig. 3. It is well known that the breakthrough time
s highly correlated with the chromatographic retention time of

ig. 3. Comparative breakthrough profiles for MB and MO. Influent
oncentration, C, 2.5 × 10−5 mol l−1; for MB: flow rate, 0.21 ml min−1;
etection wavelength, 657 nm; LOD, 7.6 × 10−7 mol l−1; for MO: flow rate,
.65 ml min−1; detection wavelength, 468 nm; LOD, 3.1 × 10−6 mol l−1.
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nalytes on the same stationary phase [33]. Therefore, the chro-
atographic separation of MB and MO can be discussed on

he basis of breakthrough profiles. In the light of this fact, the
reakthrough profiles were analyzed, and the breakthrough vol-
mes/times of MB and MO were found to be very close to each
ther for most cases. So, at first, the chromatographic separation
f studied dyes on the CDAE-S had been thought to be difficult
or given experimental conditions. However, after a collective
valuation of whole SPE process and the results of the Scatchard
lot analysis, more reasonable inferences about the usability of
he CDAE-S as a stationary phase in liquid chromatographic
nalyses of both anionic and cationic dyes were gathered.

The Scatchard plot analysis showed that the CDAE-S could
xhibit different affinities toward MB and MO, and the main
nteractions between the CDAE-S and the studied dyes were
ttributed to (i) carboxyl and (ii) protonated amino functional-
ties for MB and MO, respectively. The carboxyl groups of the
DAE-S are thought to have important role in the adsorption of
B (a cationic dye). However, in the case of MO (an anionic

ye), the carboxyl groups are thought not to be attractive, and
n the contrary to be repulsive toward anionic dyes because
f their cation-exchanger nature. For this reason, the binding of
O on the CDAE-S are attributed to the remaining functionality

f the CDAE-S, diaminoethane. It was observed that the high-
st observable capacities of the CDAE-S toward MB and MO
re close to each other, and thus it is believed that there must
e a close relation between the chemistry of the studied dyes
nd the functionalities (carboxyl and protonated amino groups)
f the CDAE-S. In order to conceive this situation well, it will
e beneficial to logically analyze the phenomena taking place
n the column system during the SPE steps, especially during
he conditioning step. Hence, the following part discusses the
ssue, “how may carboxyl and amino functionalities work in the
dsorption of anionic and cationic species (?)”.

The results showed that the protonated CDAE-S can inter-
ct with both anionic and cationic dyes at varying degrees. For
he studied experimental conditions, the observable adsorption
apacity of the CDAE-S for MB and MO was found to vary
n the ranges of 0.82–1.41 �mol g−1 and 2.60–7.48 �mol g−1,
espectively. The observable capacities of the CDAE-S for MB
a cationic dye) and MO (an anionic dye) were found being
lose to each other, indicating the suitability of the CDAE-S as a
olid phase both for anion- and cation-exchange processes at the
ame time. Hence, in the present study we tended to discuss the
easible application ranges of the CDAE-S as a solid-stationary
hase in anion- and cation-exchange processes at the same time.

The multifunctional characteristics of the CDAE-S have pre-
iously been reported by Gezici et al. [21] where the adsorption
ehavior of Crystal violet (CV; a cationic dye) on the CDAE-

has been discussed in view of pH point of zero charge
pHpzc) measurements. In the mentioned study, the surface
harge characteristics of the DAE-S and CDAE-S solid phases
re comprehensively discussed, and pHpzc values are reported

s 8.02 and 4.30, respectively. The carboxyl and amino func-
ionalities have been observed to have important effect on the
urface charge characteristics of the CDAE-S. The mentioned
tudy suggests that between the medium pH values of 4.30 and
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.02, the HCl treated-CDAE-S exhibits a zwitterionic character
hat can make it possible to perform both anion- and cation-
xchange processes on the same solid phase. Below the pH
.30, the CDAE-S is believed to almost lose its cation-exchange
bility, whereas its anion-exchange ability remains consider-
bly high under that condition. Besides, above the pH 8.02,
he CDAE-S almost losses its anion-exchanger character due
o the dissociation of the protonated amino groups. It should
e noticed that in order to take the benefit of the mentioned
ultifunctional characteristics of the CDAE-S, it is required to

nteract the CDAE-S with a suitable acidic aqueous solution
viz. 0.5 mol l−1 HCl) during the conditioning step. Because of
his, in the present study, during the conditioning step, an aque-
us 0.5 mol l−1 HCl solution was pumped through the column
s converting the CDAE-S in a protonated form. Briefly, car-
oxyl and protonated amino groups are respectively believed
o attract cationic and anionic species through ion-exchange

echanism. Therefore, the adsorption of MB and MO on the
reviously protonated CDAE-S is respectively attributed to car-
oxyl and amino functionalities of the CDAE-S. Due to the
act that the amino groups exhibit relatively weak basic char-
cter, they can be protonated in acidic media, and in a sense,
an form binding sites that can attract anionic species through
on-exchange mechanism. In view of these approaches it can be
uggested that the chromatographic separation of cationic and
nionic species can be achieved on the CDAE-S by determin-
ng the mobile phase composition suitably. It seems reasonable
o say that with increasing mobile phase pH, the previously
rotonated amino groups are gradually converted into their
espective unprotonated forms, and accordingly the retention
f MO on the CDAE-S diminishes, whilst that of MB rises.
ence, a selective separation of cationic dyes from anionic
yes can be achieved in the CDAE-S-mediated column systems
y determining appropriate chromatographic conditions, and
hese approaches can be interpreted for potential usability of the
DAE-S as a stationary phase in routine liquid chromatographic
nalyses of dyes. As a result, by careful determination of mobile
hase/loading solution pH several opportunities can be achieved
n column operations while the CDAE-S is solid-stationary
hase.

.5.1. CDAE-S works as a cation-exchanger
Because the studied CDAE-S has a pHpzc value of 4.30,

t is reasonable to say that the CDAE-S can easily bind the
ationic species through cation-exchange mechanism when
edium pH is higher than 4.30. Besides, similar to ethylenedi-

minetetraacetic acid (EDTA), the CDAE-S is thought to exhibit
ifferent acidic dissociation constants (pKa) between 3.0 and
0.0 in aqueous media, and because of this, the CDAE-S can
ct as a cation-exchanger and bind the cationic species through
ation-exchange mechanism.

.5.2. CDAE-S works as an anion-exchanger

The diaminoethane functionality of the CDAE-S is thought

o be useful in anion-exchange process, if amino groups are pro-
onated previously or simultaneously. As previously reported by
ezici et al. [21], the DAE-S has a pHpzc value of 8.02. So, it
Materials 146 (2007) 186–193

an be said that when medium pH value is roughly below 8.02,
he CDAE-S exhibits an anion-exchanger character via proto-
ated amino groups. As mentioned before, unexpected high and
trong adsorption of MO on the CDAE-S is attributed to the
ffect of protonated amino groups. Hence, from the experimental
esults it is deduced that the CDAE-S can also act as an anion-
xchanger after being interacted with a strong acid solution (e.g.
Cl). So, the medium pH is believed to be a very important

xperimental variable in controlling the effectiveness of separa-
ion processes where the CDAE-S is used as a solid-stationary
hase. For example, it seems reasonable to say that with increas-
ng medium pH, the dissociation of protonated amino groups and
arboxyls increases and this favors the cation-exchange process
ather than anion-exchange. In order to support these approaches
y the experimental results and to well understand the effect of
iaminoethane functionality, supplementary SPE experiments
ere carried out while DAE-S, the un-carboxylated form, was

he solid phase. During the supplementary SPE experiments, all
f the experimental parameters were fixed to those in the case of
he CDAE-S, unless being stated otherwise, and the trials were
erformed in two manners:

The stripping step was performed by pumping of 0.5 mol l−1

NH3 aqueous solution (instead of 0.5 mol l−1 HCl) and
followed by doubly-distilled water, methanol, and doubly-
distilled water again. After the stripping step, the conditioning
step was performed that involved pumping of (i) doubly-
distilled water, (ii) aqueous 0.5 mol l−1 HCl solution, and
followed by (iii) doubly-distilled water through the column.
In this way, the DAE-S was converted into an anion-exchanger
form through the protonation of amino group(s). Afterwards,
the dye solutions were separately pumped to the column. As
expected, amount of the MB (a cationic dye) adsorbed on
the DAE-S was found to be considerably lower than that
obtained on the CDAE-S, whereas amount of the MO (an
anionic dye) adsorbed on the DAE-S was slightly higher than
that obtained on the CDAE-S for most cases. The obtained
results are compatible with theoretical approaches, and effect
of the protonated diaminoethane functionality in the cases
of the CDAE-S and DAE-S is clear. The slight increment
observed in the amount of the MO adsorbed on the DAE-S in
comparison to that on the CDAE-S is attributed to decrease
in steric effects and elimination of repulsive effects may rise
from carboxyl groups of the CADE-S which complicates a
suitable binding of MO on protonated diaminoethane groups.
After the stripping step (0.5 mol l−1 NH3–doubly-distilled
water–methanol–doubly-distilled water), the conditioning
step was performed. The conditioning step consisted of pump-
ing the (i) doubly-distilled water, (ii) aqueous 0.5 mol l−1 NH3
solution (instead of 0.5 mol l−1 HCl), and followed by (iii)
doubly-distilled water through the column. So, during the con-
ditioning step, the DAE-S was not interacted with 0.5 mol l−1

HCl solution in order to well conceive the effect of amino

groups on the unprotonated DAE-S. Hence, the single dye
solutions were separately pumped through the column that
involved the unprotonated DAE-S. The results revealed a con-
siderably lower adsorption of each dye on the unprotonated
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DAE-S for most cases in comparison to those on the CDAE-
S and the protonated DAE-S, and the observed low bindings
were attributed to the simple dispersive interactions between
the DAE-S and dyes.

The obtained results are compatible with the results previ-
usly obtained on the CDAE-S [21] and DAE-S [22] for (i) CV
nd (ii) MB and MO, respectively. All the findings reveal the
ole of carboxyl and diaminoethane groups as well as experi-
ental conditions in the adsorption of studied dyes, and support

he usability of the CDAE-S as a two-in-one solid–stationary
hase in common column operations of ionic and/or ionizable
pecies.

. Conclusion

As a result, the CDAE-S seems to be a very useful material
n SPE and chromatographic separation of dyes as well as ionic
nd ionizable species, acting as a “two-in-one” solid–stationary
hase. The aminocarboxilic acid functionality with the CDAE-S
as found useful both in cation-exchange and anion-exchange
rocesses at the same time. Such a feature can provide var-
ous application and design possibilities in column processes
here the CDAE-S is used as a solid–stationary phase. Further-
ore, in view of pHpzc phenomenon, a number of combinations

an be derived for SPE and chromatographic separations of
onic and ionizable chemical species on the CDAE-S by care-
ul determination of medium pH. The adsorption isotherms
evealed that the adsorption of MB on the CDAE-S mainly fit-
ed to Langmuirean-type bindings, whereas the adsorption of

O on the CDAE-S was found followed mainly Freundlich
odel. Through the Scatchard plot analysis it was proposed that

n the adsorption of MO on the CDAE-S, two binding types
high- and low-affinity bindings) took role, whilst the adsorp-
ion of MB on the CDAE-S was observed to be mainly based
n a one-type binding for the studied experimental conditions.
he obtained findings support the utility and multifunctional-

ty of the CDAE-S in a variety of processes, and are believed
o be improved through further investigations. This point of
iew can be an important step for development of novel solid-

tationary phases, and selective interactions that similar to those
etween enzyme and substrate can be achieved between amino
cids and the CDAE-S by evaluating the isoelectric point matter,
omprehensively.
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