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Abstract

The effect of raw and cation exchanged bentonite (CEB) samples on the aggregation of a cresol based dye, bromocresol green, was studied by
spectrophotometric method. The changes in the absorption spectra were explained in terms of the layer charge of the clay surfaces which
controls the stability of the dye aggregates.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

It is known that clay minerals possess attractive properties
as solid acids [1e3]. Fripiat et al. [4] and Bailey et al. [5] spec-
ified that the degree of dissociation of these water molecules in
the interlayers of NaC and Ca2C montmorillonite is small and
is some orders of magnitude higher than in the bulk solution.
The reactivities of SieOH and AleOH groups, exhibiting am-
photeric properties based on their affinity for protons [6e8],
which are located at the broken edges and basal spaces, are
also affected by isomorphic substitutions [9e11]

J-aggregation of pigments and dyes plays an important role
in many technical applications, such as photography, opto-
electronics, solar cells, photobiology and as supra-molecular
fibres. Several types of aggregates have been described with
respect to their spectral behaviour. These spectral changes
may be reflected by a monomer (one molecule), dimer (two
molecules), H- or J-aggregates. When a monomer or dimer
is formed, the absorption shifts slightly to higher energy
(lower wavelength) and the absorption spectrum narrows
slightly. The absorption spectrum of an H-aggregate shifts to
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higher energy and broadens as compared to the monomer. A
J-aggregate is formed when the dye molecules arrange into
a slanted stack. The absorption spectrum of a J-aggregated
dye will shift to lower energy [12].

Earlier investigations have shown that dye/clay interactions
affect the optical properties of adsorbed dyes [13,14], adsorp-
tion kinetics [15], irreversibility of the process [16], basal
spacing of clay [17] and stability of J-aggregate [18]. When
a solution of dye is mixed with a clay dispersion, dye aggre-
gates may occur as a consequence of the dye accumulation
at the interface and this is likely to be enhanced by the pres-
ence of inorganic ion at the clay surfaces [19]. Clay surfaces
significantly affect the aggregation of dye species either by
stabilizing or leading to decomposition of the aggregates
[20e22].

Our focus in this study is to gain more insight into the
influence of the nature of clay surface on the features of
J-aggregates of bromocresol green at different pH values.

2. Experimental

2.1. Materials

The bentonite sample (from Unye, Turkey) was ground
and washed in deionized water several times at a 1:10
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clay/water ratio. The mixture was stirred for 3 h and then
kept undisturbed overnight. After the clear liquid was dec-
anted off the top, the solid was exposed to slow evaporation
to dryness, and then ground and sieved to 78e120 mm size.
The clay samples were rehydrated with deionized water and
10 g metal chloride of corresponding salts was added to
homoionic form. The resulting mixtures were stirred for
24 h and centrifuged at 3000 rpm for 5 min until attaining
chloride-ion-free form (AgNO3 test). Bromocresol green
was obtained from Merck. The structure of the dye is shown
below:

2.2. Electronic spectroscopy

A 50 mg sample was mixed with a 50 ml dye solution of
known concentration in the polyethylene bottle. Supernatants
were separated by centrifuge 3000 rpm for 5 min and the elec-
tronic spectra of dye were obtained with a Unicam UV2-100
Spectrophotometer in the 200e800 nm range. The spectra
were recorded 5 h following the preparation of the dyeeclay
suspension. The pH values were adjusted by adding a few
drops of dilute NaOH or HCl and were measured by a Jenway
3040 model pH-meter. Buffer solutions with pH Z 4.0 and 9.0
were used for calibration.

3. Results and discussions

3.1. The electronic absorption spectra of dye

3.1.1. Effect of dye concentration
The electronic absorption spectra at different dye concen-

trations in aqueous solutions are shown in Fig. 1. Inspection
of Fig. 1 reveals that absorption maximum in the presence of
2 ! 10�5 mol l�1 dye concentration shifts from 399 to
442 nm with increasing the concentration from 4 ! 10�5 to
1.2 ! 10�4 mol l�1. But the intensities of absorption bands
at 442 and 615 nm do not linearly increase in this concentra-
tion range (Fig. 2). These spectral behaviours show that the
electronic absorption band at 399 nm can be attributed to
the monomeric form of dye. Shifting of the absorption
band to higher wavelengths arises from the increasing of
the interactions between the hydrophobic molecular planes
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of heteroaromatic groups of dye molecules with dye concen-
tration, and thus J-aggregate takes places between the dye
molecules.

3.1.2. Effect of pH
The electronic absorption spectra of 1 ! 10�4 mol l�1 dye

solution within the pH range from 2.7 to 8.7 were recorded in
deionized water. As shown in Fig. 3, molecular form of dye
(HA) is shown by the band at l Z 442 nm, which is attributed
to J-aggregate form, formed as a consequence of interactions
between dye molecules and polar water molecules [23] at
the pH value below 5.5.

At the pH values above 5.5, acidic form dissociates into
monomer in the anionic form [24], which is shown by the ad-
sorption band with a maximum at l Z 615 nm. Therefore,
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Fig. 1. The electronic absorption spectra of dye in the concentration range of

ca. 1 ! 10�5e1.2 ! 10�4 mol l�1.

0,0

0,5

1,0

1,5

2,0

0,0 0,5 1,0 1,5

[Dye]x10+4mol l-1

A
bs

or
ba

nc
e

616 nm 
440 nm 

Fig. 2. The absorbanceeconcentration plots at different wavelengths in the

concentration ranges of 2 ! 10�5e1.2 ! 10�4 mol l�1.
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It can be concluded that the ionisation to A� passes through
the formation of the monomer intermediate, HA [Eq. (1)]

ðHAÞ2
442 nm

�������!below pH 5:5
2HA
399 nm

�������!above pH 5:5
2A

615 nm

�C2HC ð1Þ

3.2. Interactions with CEBs

3.2.1. Influence of J-aggregates on absorption spectra
As shown in Table 1, pure dye is mainly J-aggregate form

in the experimental conditions. When metal-exchanged
bentonite particles were introduced into dye solution, shifting
of the absorption band was observed. These spectral shifts
depend on geometric and steric aspects of an intermolecular
association and the number of interacting dye molecules.
Hence, the intensities and positions of the absorption bands
assigned to the J-aggregates reflected qualitatively the
amount and size of the J-aggregates and the degree of the
aggregation [12].

FeeEB and CreEB surfaces showed acidic properties,
which is in fact due to extensive hydrolysis of water molecules
as a consequence of the polarization power of these cations. If
the acidification of dye proceeds on these clay surfaces, an in-
teraction would occur as a result of the hydrolysis of hydrated
Fe and Cr cations. Acidic properties of these surfaces may sta-
bilize ordered J-aggregates of dye, thus absorption maxima
shifted to higher wavelengths than that of the pure dye either
at pH 5.5 or 3.5.

In the other CEBs (AleEB, ZneEB, CueEB, CaeEB,
NieEB, CoeEB, PbeEB, raw, BaeEB) dye absorption max-
ima shifted below the pure dye absorption maximum either at
pH 5.5 or 3.5. This behaviour can be explained by the proton-
ation of the surfaces through binding of HC to oxygen
containing surface groups. The distortions in the electrical
potential at the basal surface caused by the isomorphic substi-
tutions resulting in a stronger reactivity of oxygen containing
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Fig. 3. The electronic absorption spectra of 1.0 ! 10�4 mol l�1 dye at pH

2.7e8.7 range.
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Table 2

Visible absorption bands position of 1.0 ! 10�5 mol l�1 in the different clay suspensions

Sample Pure dye Raw Cue Cae Nie Bae Pbe Zne Coe Ale Cre Fee

pH 5.5 l of first peak 399 e e e e e e e 399 425 442 428

l of second peak 616 614 614 616 614 616 615 614 614 613 e e

pH 3.5 l of first peak 399 437 431 402 403 401 427 409 407 440 443 444

l of second peak e 617 614 615 615 615 615 615 615 615 611 e
surface groups support this. Different intensities and positions
of the absorption bands arise from the different layer charge
which controls the distribution of the dye molecules on the
clay surface and in this way affects both the extent and the
type of dye molecular aggregation [19].

Because the interactions between the anionic dye and CEBs
do not bring about any ion-exchange process, metal cations
may not be found in the solutions. Thus, both direct and indi-
rect effects of the cations to absorption spectra were not taken
into account. This phenomenon supports the tendency of the
more aggregated form in the raw bentonite suspension than
the tendency of ZneEB, CueEB, CaeEB, NieEB, CoeEB,
PbeEB suspensions (Table 1).

3.2.2. Influence of monomer on absorption spectra
The dyeebentonite suspensions were prepared at pH 3.5

and 5.5. The visible spectra of pure dye solution show an
absorption band maxima at 399 and 615 nm, due to the molec-
ular and ionic forms of dye in the 2 ! 10�5 M dye concentra-
tion, respectively, at pH 3.5 and 5.5 values (Table 2).
Comparison of absorption maxima of dye in clay suspensions
with pure dye absorption maxima (Table 2) leads to the finding
that dye aggregation was strongly affected by the exchange-
able cation. At pH 5.5, first visible absorption band of the
dye was observed, of which intensities and positions reflect
qualitatively the amount, size and degree of the J-
aggregate in the Al3C, Cr3C, Fe3C exchanged bentonite sus-
pensions. The second visible absorption band belongs to the
anionic form of dye, and likely arises from proton binding
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Fig. 4. Effect of bentonite type and dye concentration to absorption band

position.
of dye to negative charge on bentonite surfaces. At pH 3.5,
all bentonite suspensions showed the first visible absorption
maximum at different wavelengths, of which positions corre-
lated with degree of the dyes J-aggregate. Although second
visible absorption band is not observed in the pure dye solu-
tion, it is observed in other bentonite suspensions except
from FeeEB suspensions. This is due to the negative charge
at broken edges which is still effective on these CEB surfaces
at pH 3.5. FeeEBedye suspension does not show second vis-
ible absorption band. This behaviour can be explained by the
highest surface acidity in the presence of the Fe3C cations.

3.2.3. Effect of surface type and dye concentration
Absorption band maximum positions as a function of the

added amount of dye is plotted in Fig. 4. Different Dl values
of a number of bentonite suspension show that formation of
J-aggregates is largely dependent on the CEBs surface fea-
tures, and concentration effect is less important in the dye
specification in the experimental conditions.

4. Conclusions

The aggregation of bromocresol green in bentonite
suspensions is highly affected by the bentonite surface fea-
tures. The observed experimental results may be concluded
as following:

� Formation of aggregates appears as changes in the absorp-
tion spectra.
� A change in the intensities and positions of absorption

bands that correlated with aggregate size and volume,
which may be affected by CEB suspensions.
� Decomposition of J-aggregates is increased depending on

the type of clay surfaces. This change is due to the attrac-
tion of HC ions to the surface edge sites of clay.
� Different absorption band intensities and positions ob-

served are mainly related to acidic properties of clay sur-
faces. This interpretation is based on the observation that
dye absorbs light at same wavelength in acidic or basic
solutions.
� Intensities and positions of the absorption bands in the

clay suspensions can be concluded with the fact that the
ionisation step from (HA)2 to A� passes through the for-
mation of the monomer form HA. This behaviour can be
explained by the fact that isomorphic substitution in-
creases negative charges, thus clay surface can form strong
affinity for protons.
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