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ADSORPTION OF FAST GREEN AND ERYTHROSIN-B TO
MONTMORILLONITE MODIFIED WITH CRYSTAL VIOLET
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Adsorption of erythrosin-B (EB) and fast green (FG) to a non-charged organosmectite based on crystal violet adsorbed up to 100%
of the cation exchange capacity (CEC) was tested. Adsorption isotherms of EB and FG were prepared at 3, 24 and 50°C. All iso-
therms are of H-type reaching loads of approximately up to 20% of the original CEC of the crude montmorillonite (up to 0.15 and
0.10 mol dye kg™' clay for EB and FG, respectively). Adsorption decreases with temperature, indicating an exothermic process.
Enthalpy was evaluated using van’t Hoff equation, yielding approximately —20 kJ mol™ for both dyes.
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Introduction

Adsorption of dyes to smectitic clays was widely stud-
ied and extensively reviewed [1-3]. In this study we
tested the adsorption of two anionic dyes, erythrosin-B
(EB) and fast green (FG), to an organoclay prepared by
pre-adsorbing crystal violet (CV) to Wyoming montmo-
rillonite (SWy-1) up to 100% of the cation exchange ca-
pacity (CEC). Fast green FCF and Erythrosin-B are an-
ionic dyes, highly soluble in water, and widely used in
biology [4, 5]. CV is a cationic tri-arylmethane dye,
used industrially in inks and dyes. Sorptive properties of
smectite to organic molecules can be modified by ex-
changing the inorganic and hydrated exchangeable cat-
ions with large organic cations. The presence of organic
cations creates a hydrophobic surface, efficient for sorp-
tion of large organic compounds [6]. Investigators dif-
ferentiate between ‘organophilic’ and ‘adsorptive
clays’: the first term is used for large quaternary ammo-
nium cations, whereas the latter- for smaller ions [3].
The covering changes the surface and interfacial proper-
ties of the sorbent. The organoclay then takes on the sur-
face properties of the organic moiety that is at or near
the new surface [7].

The organoclay used in this study was prepared by
exchanging the inorganic cations with CV. Previous
studies show that all the inorganic cations of the crude
montmorillonite are exchanged when the CV adsorption
is at 100% of the cation exchange capacity (CEC) [8].

Borisover et al. (2001) [9] define organo clays,
based on an organic- cationic dye as adsorptive
organoclays, and assume that by using such organic
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molecules it will be possible to combine the effective-
ness of the adsorptive mechanism with a more capa-
cious organic layer as in organophilic clays.

Organoclays based on montmorillonite and CV
were widely studied for analytical purposes or practi-
cal applications [9-12]. IR measurements show that
when CV was adsorbed up to the CEC of the clay, the
organoclay complex has no hygroscopic water in
it [13], and the nanoparticles interact strongly with
other organic molecules.

The goal of this study is to test the adsorption of
two large organic molecules to a CV-montmorillonite
organoclay, aiming the development of nanomaterials
with high sorptive properties, which might be applied
in industrial and environmental applications.

Materials and methods

Wyoming montmorillonite was purchased from the
Source Clays Repository of The Clay Minerals Society
(Columbia, MO). Detailed specification of the clay pa-
rameters can be found in Rytwo and Tropp (2001) [14].
CV was obtained from Fluka Chemica (Fluka Chemie
AG, Buchs, Switzerland). EB and FG were purchased
from Spectrum Inc. (Gardena, Ca). All materials were
used without further treatment or purification.

An organoclay with CV up to 100% of the CEC
was prepared by adding 1 g dry clay to 200 mL of dis-
tilled water, and stirring it for several minutes. When the
suspension was homogenous CV powder was added,
and stirring continued for two hours. For the particle
charge density (PCD) and thermal analysis measure-
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ments small amounts of organoclays containing CV at
several ratios of the CEC were prepared following the
same guidelines. The suspensions were filtered, and the
powder was dried and used for the measurements.
Amount of CV adsorbed in all cases was calculated by
sampling and filtering the suspension, and measuring
the remaining dye by UV-Visible spectroscopy using an
HP 8452A spectrophotometer, at 588 nm for CV.

Adsorption experiments of EB and FG to the
CV-clay suspensions were performed at three differ-
ent temperatures: an industrial refrigerator (3+1°C),
room temperature (24+1°C), and a laboratory incuba-
tor (50£0.5°C). For each dye (EB or FG) stock 1 mM
solutions were prepared. To 1 mL of the organoclay
suspension the desired amount of dye was added, and
the volume was completed to 30 mL with distilled
water. The final clay concentration in suspension was
0.15 g L™'. Experiments were performed in triplicate,
and all solutions, distilled water and bottles were
brought to equilibrium at the desired temperature, be-
fore preparing the samples. All samples were stirred
manually at their equilibrium place (refrigerator,
room or oven) 4 times per day.

After 3 days suspensions were filtered using a
0.47 pm Whattman filter, and concentrations of the
dyes were calculated after measuring optical density
by UV-Visible spectroscopy using an HP 8452A
spectrophotometer, at 526 nm for EB, and 624 nm for
FG. No adsorption of the anions was measured on the
filters. CV remaining in solution is very low, since al-
most all of it was adsorbed, however a mathematical
elaboration of the spectra was performed in order to
cancel the influences of the remaining CV, by a spec-
tra-subtraction computer program prepared using
MATLAB (Gonen, 2003, unpublished results). Com-
petitive adsorption experiments were prepared fol-
lowing the same procedure.

The surface charge density of the organoclay CV
clays with different loads was measured by a titration
with polyelectrolytes [15, 16] using a particle charge de-
tector (MUTEK; PCD 03). For the determination of the
microstructure an environmental scanning electron mi-
croscope (Fei, Quanta 200) was used. Back scattered
electron images were taken at room temperature and at
high vacuum. The thermogravimetric (TG) and the dif-
ferential thermal analysis (DTA) measurements were
carried out simultaneously with a Netzsch STA 429 in-

strument. The heating rate was 5°C min ™.

Results and discussion
Electrokinetic effects are widely used to characterize

the charge distribution around aqueous colloid parti-
cles [15]. In Table 1, crude montmorillonite shows a
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Table 1 Electrokinetic surface charges for CV-organoclays, as
measured using a particle charge detector. The load of
CV appears as percentage of the CEC of the clay

Electrokinetic surface charge/

Sample average sd. dev.
mmol, kg’1

Crude smectite -137.9 2.9

CV 60% CEC -16.2 3.8

CV 100% CEC 7.0 0.4

CV 150% CEC 82.3 1.3

CV 200% CEC 127.1 0.3

high negative value (-138 mmol, kg'), as is ex-
pected, considering isomorphic exchanges at the clay
lattice that lead to negative charges compensated with
inorganic exchangeable cations [6]. Adsorption of
CV at loads lower than the CEC changes the surface
properties causing decrease in the electrokinetic sur-
face potential, but the value measured is still negative.
Adsorbed amounts of 100% of the CEC, neutralize
completely the negative charge, and particles became
slightly positive. Similar values (close to zero) were
measured using the same technique, for the adsorp-
tion of mepiquat and difenzoquat on montmorillonite
up to the CEC [16]. Whereas in those previous studies
no charge reversal was observed, increase in the
amount of CV leads to very high positive charge, al-
most 100% of the initial charge (with opposite sign).
These results indicate that at high loads of CV the ad-
sorption of additional cations to a positively charged
surface can not be ascribed to coulombic interactions,
and arise from hydrophobic interactions between the
organic adsorbed moieties.

The lack of hygroscopic water in the organoclay
based on CV up to 100% CEC is confirmed by ther-
mal analysis. Figure 1 shows TG and DTA analysis of
CV-montmorillonite complexes, with added amounts
of up to 400% CEC. For loads of up to 120% CEC al-
most all the added CV adsorbed to the clay, as ob-
served in previous studies [8, 13]. Atno CV adsorbed,
an endothermic peak is observed at 105°C indicating
dehydration. This peak decreases gradually, and dis-
appears at 80% of the CEC. Those results are con-
firmed with TG measurements, that show loss of mass
up to 100% CEC, and almost no additional loss at
higher adsorbed amounts, up to 200°C. Further losses
of mass are found at about 600°C in all samples, and
are ascribed to the dehydroxylation of the montmoril-
lonite [17]. TG plot shows that the thermal decompo-
sition of the adsorbed CV starts at about 250°C. These
findings coincide with thermo-XRD recent stud-
ies [18], where several adsorbed dyes oxidize forming
charcoal at similar temperatures. DTA plot shows in
the course of the thermal decomposition of the CV,
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Fig. 1 TG and DTA plots for SWy-1 with CV added between 20-400% of the CEC. Amounts added and adsorbed as a function

of the CEC appear at the figure

two main exothermic reactions with maxima at 380
and 570°C. A reaction at about 180°C is found with
increasing levels of CV saturation. It is difficult to de-
termine due to the shape of the line, but it seems as a
slightly exothermic process. Previous studies [10,
19], ascribed a similar exothermic peak at 215°C to
the formation of ‘organic water’. Such peak has not
been detected in CV not bound to clay.

Figure 2 shows adsorption isotherms of both
dyes to the organoclay based on CV adsorbed up to
100% CEC. It can be seen that EB (Fig. 2a) adsorbs
completely at all temperatures up to added amounts of
0.08 mol kg'. Complete adsorption reaches higher

values at low temperature (0.10 mol kg at 3°C). Ad-
sorption decreases with temperature, implying an
exothermic process [20]. In the case of FG (Fig. 2b),
complete adsorption is up to added amounts of 0.05
and 0.07 mol kg for high and low temperature, re-
spectively. As in the case of EB, decrease with tem-
perature is observed, but amounts adsorbed are lower
than those measured for the other dye. Lower adsorp-
tion is ascribed to the fact that FG molecules are con-
siderably larger than EB molecules, leading to steric
effects that limit the maximum amount of FG that
might be accommodated upon the sorbent. It should
be emphasized that adsorption of both dyes to crude
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Fig. 2 Adsorption isotherms of a — EB and b — FG to CV-clay, at 3°C (asterisks), 24°C (rectangles) and 50°C (triangles)
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montmorillonite is less than 0.02 mol kg ' in all cases
tested (Gonen and Ganigar, 2005, unpublished re-
sults). Thus, the modification of the clay surfaces
making it an organophilic clay, makes it suitable to
adsorb those dyes at large amounts. Even though the
possibility of electrostatic interaction between the
slightly positive organoclay (Table 1) and the anionic
dyes cannot be rejected, the relatively large amounts
adsorbed insinuate that organophilic interactions play
an important role in the adsorption.

When considering the amounts of dye adsorbed,
and transforming it to mass, it should be noted that the
organoclay particles with anionic dye adsorbed con-
tain per gram of clay mineral 0.8 mmol CV" (M.W. of
the cation: 372 g mol "), and about 0.1 mmol EB or
FG (app. 800 g mol™"). Thus, it contains 0.38 g or-
ganic compounds, meaning 27% of the total mass. In
addition to that, the mass of anionic dye adsorbed per
gram of organocation in the organo clays, may reach
0.4 g EB g' CV, as calculated for an adsorption of
0.14 mol kg '. Accommodation of such large amount
of organic molecules, needs a large open surface area.
Figure 3 shows an environmental scanning electron
microscope (ESEM) photograph at a 25 kV voltage
(x8000 magnification) of the crude SWy-1 clay
(Fig. 3a), and the organoclay used in this study
(Fig. 3b). As the surface of the crude clay seems pla-
nar and smooth at this magnification, adsorption of
CV up to the CEC, increases the porosity, giving the
compound a sponge-like texture. Large amounts of
organic molecules might sorb to the increased surface
area exposed.

All the adsorption isotherms presented in Fig. 2,
are of H-type, indicating high affinity between the
sorbent and the adsorptive [21]. Langmuir equation is

HV  |Spot| Det [Sig| HFW | WD | Mag |Pressure
250kV| 4.5 |ETD|SE|32.00 ym|9.9 mm|8000x

10.0pm
Montm

usually used for L-type isotherms, but it might be ap-
plied for H-type by avoiding the points with complete
adsorption. The basic assumptions of the Langmuir
equation are [20] (a): adsorption cannot proceed be-
yond monolayer coverage, (b): all sites are equivalent
and surface is uniform, (c): the ability of molecules to
adsorb is independent of the occupation of neighbor-
ing sites. Although most assumptions are not valid for
heterogeneous surfaces, Langmuir isotherm is widely
used for qualitative and descriptive processes in soil
and clay minerals [21], and can be expressed as:

_ KLSmaxC

LY e )

where ¢ is the amount adsorbed (mol kg "), C is the
equilibrium concentration of the adsorptive (mol L™),
Smax 18 the maximum amount of adsorptive that can be
adsorbed at monolayer coverage (mol kg '), and K , is
a coefficient related to the binding strength of the ad-
sorptive to the sorbent, at the specific experimental
conditions (L mol ). Since the amount adsorbed ()
and the equilibrium concentration (C) were measured,
we may evaluate Sp.x, and the Langmuir coefficient
(Ky) for each temperature.

Smax, Was evaluated from all isotherms of each dye,
assuming it is not affected by the temperature, since it
represents the relationship between the area of the
sorbent, and the contact area of the adsorptive. The val-
ues of Sy were deduced from Fig. 2 as 0.14 and
0.10 mol kg ' for EB and FG, resepectively. The lower
value for FG is ascribed to the larger size of the mole-
cule: the triarylmethane skeleton of FG is bounded to
two additional aromatic rings connected to SO; groups.
EB structure is based on a relatively smaller xanthene
skeleton. K values were calculated for each isotherm,
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Fig. 3 ESEM backscattered images of the microstructure of a — the original SWy-1 crude montmorillonite and b — montmorillo -
nite with CV adsorbed up to 100% CEC. Both images are at x8000 magnification
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Table 2 Langmuir coefficient (Kr) and maximum amount of
dye that can be adsorbed as monolayer (Sy.x), for the
adsorption of EB and FG on CV-clay

Dye  T°C Ku/L mol”! miﬁzé L R

EB 3 9.32-10° 0.14 0.897
EB 24 5.62-10° 0.14 0.907
EB 50 3.15-10° 0.14 0.936
FG 3 2.51-10° 0.10 0.916
FG 24 1.32-10° 0.10 0.787
FG 50 0.72:10° 0.10 0.919

and are concentrated in Table 2. Determination coeffi-
cients (R?) were evaluated by comparing the measured
adsorbed amounts (Fig. 1) with those calculated by Eq.
(1) using the parameters presented at Table 2.

K for both dyes decreases with temperature, im-
plying exothermic reactions [20]. Such assumption is
reinforced below; with calculations using van’t Hoff
equations. Both K and S, are larger for EB at all
temperatures, as expected, considering the adsorbed
amounts shown in Fig. 2.

The larger binding affinity of EB is confirmed in
competition experiments (Table 3): when adding
identical amounts of dye to the organo clay, EB ad-
sorbed amounts remained unaffected by the presence
of FG, and adsorbed amounts were almost the same
than those at Fig. 2, with complete adsorption when
added amounts are up to 0.10 mol kg '. On the other
hand, adsorption of FG is strongly influenced by com-
petition, and total adsorption at low temperature is be-
low 0.05 mol kg '. The differences between the dyes
increase at higher temperatures (50°C): total adsorp-
tion of FG reaches 0.032 mol kg ', about 60% of the
total adsorption measured without competition at the
same temperature (Fig. 2b).

The variations of K values with temperature
(Table 2) can be used to determine A4 H°, the isosteric
enthalpy of adsorption [20], which is the standard
enthalpy of adsorption at a fixed surface coverage.
Since K7 is essentially an equilibrium constant, van’t
Hoff equation might be used:

olnkK A H?
L] =S 2)
or ), T°R
in which R represents the gas constant

(R=8.314 T mol™' K™"). Adapting Eq. (2) to a more
convenient way, yields:

(amKL] _ AH 3
P

ouT R

Then, by plotting In(X}) as a function of 1/7, a linear re-
lationship is obtained, in which A,4H° can be directly de-
duced by the slopes of the lines. Figure 4 shows such
plots presenting a very good fit between the linear line
and the In of the Langmuir coefficients for both dyes
(R*0.98). Such linearity indicates that A, H° almost
does not change with temperature, within the range the
experiments were performed (3—50°C). The slopes in
Fig. 4 imply AuH’gs= —17.1 kI mol”, AuH%c=
~19.7 kJ mol™. As it can be seen adsorption of both an-
ionic dyes to CV-clay is exothermic, and with relatively
similar change of enthalpy. Enthalpies of adsorption of
organic molecules to clay minerals are generally exo-
thermic [20], since molecules leaving the solution and

16.5
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16 | A,¢Hgg=-17.1kJ mol _ A
-
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- L d
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1354 = ; .
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0.003 0.0032 0.0034 0.0036 0.0038
1/Temperature/K !

Fig. 4 Logarithm of K| as a function of the reciprocal of the
absolute temperature. EB and FG values are indicated
using triangles and squares, respectively. Lines are cal-
culated by linear regression for each dye, and in both
cases R*>0.98. Isosteric enthalpies of adsorption
(A,4H") are evaluated from the slopes, using Eq. (3)

Table 3 Adsorbed amounts of EB and FG in competitive adsorption experiments, as a function of the amount of dye added, at

3 and 50°C

Total dye added/ 7 FG EB

mol kg added/mol kg’ adsorbed/mol kg' added/mol kg’ adsorbed/mol kg'
0.100 3 0.050 0.046+0.2% 0.050 0.05+0.1%
0.150 3 0.075 0.045+1.1% 0.075 0.074+0.2%
0.204 3 0.102 0.047+6.3% 0.102 0.092+2.2%
0.100 50 0.050 0.033+3.0% 0.050 0.050+0.0%
0.150 50 0.075 0.029+4.5% 0.075 0.073£0.3%
0.204 50 0.102 0.032+0.3% 0.102 0.092+1.1%
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becoming attached to the surface, lead to a decrease in
the dispersion of the energy — meaning a decrease in the
entropy [22]. Processes with decreasing entropy might
be spontaneous only if they are exothermic. However
sorption processes in crude clays are usually exchange
processes, and the release of inorganic cations and
hydration shells might cause an overall increase in en-
tropy [23], and endothermic adsorption processes were
indeed reported [23-25] in several cases.

In this specific study, the adsorption is not accom-
panied by exchange or release of ions. Neither release of
water molecules is expected, since CV-clay at this load
has almost no hygroscopic water, as was measured by
infrared measurements [13], and confirmed in our ther-
mal analysis measurements. Thus, no increase in en-
tropy is observed, and since the adsorption of the dyes to
CV-clay is spontaneous and occur, exothermic pro-
cesses were expected, as they were indeed evaluated by
means of the van’t Hoff equation.

Conclusions

An organo-clay with CV up to 100% of the CEC was
prepared, leading to almost neutral sorbent. Particle
charge density of the compound demonstrated that the
remaining charge was about 5% only of the initial
montmorillonite charge density, and with an opposite
sign, indicating slightly positively charged particles.
TG and DTA demonstrate complete dehydration at
the loads used for this adsorption study. Adsorption
isotherms of EB and FG to such organoclay at three
different temperatures: 3, 24 and 50°C are of H-type
indicating high affinity between sorbent and adsorp-
tive, reaching loads up to 0.15 and 0.10 mmol dye g '
clay mineral for EB and FG, respectively. We assume
that such high affinity might be induced by interac-
tion between phenyl rings [26]. Lee et al. (2001) [27]
studied adsorption of two dyes to CV clay and re-
ceived considerably lower values. We ascribe the dif-
ference between our results, to the fact they per-
formed the experiments at pH=3. In their study they
also show that adsorption of CV at pH=7 is two folds
the adsorption at pH=3.

Adsorption of both dyes decreases with tempera-
ture, indicating that the process is exothermic.
Isosteric enthalpies of adsorption (A H°) were evalu-
ated by means of the van’t Hoff equation, based on
the changes in Langmuir adsorption coefficients as
calculated from the adsorption isotherms. Calcula-
tions yielded enthalpies of —17.1 and —19.7 kJ mol ™
for EB and FG, respectively. Competitive adsorption
experiments show that adsorption of EB is not influ-
enced by temperature, and it is almost complete up to
0.10 mmol g'. Adsorption of FG decreases with tem-
peratures, and reaches values considerably lower than
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those obtained without competition. The relative
mass of organic molecules adsorbed to the organoclay
is high, implying that such compound might have in-
dustrial and environmental applications as sorbent.

Abbreviations

CEC cation exchange capacity

CV  N-[4-[Bis[4-(dimethylamino)-phenyl|methylene]-2,5-
cyclohexadien-1-ylidine]-N-methyl-methanaminium
chloride (chrystal violet)

DTA differential thermal analysis

EB 2°,4°,5° 7’-tetraiodofluorescein disodium salt
(erythrosin-B)

FG N-Ethyl-N-(4-[(4-ethyl[(3-sulfophenyl)methyl]
aminophenyl)-(4-hydoxy-2-sulfophenyl)methylene]-
2,5-cyclohexadien-1-ylidene)-3-sulfobenzenemethan-
aminium hydroxide inner salt, disodium salt (fast green)

PCD particle charge density

TG thermogravimetric analysis

SWy-1 Wyoming montmorillonite

UV ultraviolet

A, H® isosteric enthalpy of adsorption
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