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Abstract—Palygorskite and sepiolite show a high sorption capacity for organic molecules. Adsorption
of 2 organic cations, methylene blue (MB) and crystal violet (CV), by palygorskite and sepiolite were
examined. The maximum sorption of MB and CV far exceeded the cation exchange capacity (CEC) of
these minerals. This shows that, besides the contribution of free negative sorption sites (P~), the sites
satisfied with sorption of single cations (PXi’) and neutral sorption sites (N) on clay surfaces may con-
tribute to the sorption of organic cations. The number of neutral sites was determined by examining the
sorption of 2 neutral organic molecules, triton-X 100 (TX100) and 15 crown ether 5 (15C5), and by
application of the Langmuir isotherm.

To determine the contribution of different sites, an adsorption model that applies the Gouy-Chapman
equation and takes into account the formation of different clay-organic complexes in a closed system was
employed. Application of this model to sorption data provided the calculation of binding coefficients for
neutral sites, as well as the surface potential of the minerals at different sorbate concentrations.

At sorption maxima, for both palygorskite and sepiolite, the contribution of neutral sites for sorption
of organic cations was the highest, followed by the PXi® sites in case of CV sorption, while in sorption
of MB the contribution of P- sites was the second highest. The Fourier transform infrared (FTIR) patterns
of clay-organic cation complexes compared with pure clays confirm that the sorption of organic cations
is by silanol groups located at the edge of fibrous crystals, which account for neutral sorption sites.

Key Words—15 Crown Ether 5, Crystal Violet, Methylene Blue, Palygorskite, Sepiolite, Sorption Mod-

eling, Triton-X 100.

INTRODUCTION

Palygorskite and sepiolite are fibrous silicate clays,
the so-called ““special clays’, which are used in more
than 100 different applications (Galan 1996). One of
the principal applications of palygorskite—sepiolite
clays involves uses that take advantage of their sorp-
tive characteristics. In many applications, the sorptive
characteristics of the clay surfaces are modified using
organic cations {Gerstl and Mingelgrin 1979; Banerjee
and Dureja 1995) or neutral surfactants (Gerstl and
Yaron 1981). The sorption maxima of organic cations
exceed the CEC of these minerals, showing that be-
sides the contribution of CEC, sorption takes place on
neuiral sites and neutral complexes that are formed
through sorption of an organic cation on a negative
site.

Many studies have concluded that the silanol groups
(Si-OH) of palygorskite and sepiolite, acting as neutral
sites, can react directly with organic reagents to form
compounds with true covalent bonds between the min-
eral substrate and the organic reactant (Ruiz-Hitzky
and Fripiat 1976; Casal Piga and Ruiz-Hitzky 1977;
Hermosin and Cornejo 1986). The sorption of organic
cations on a negatively charged site that is already
neutralized has been discussed by Nir (1986), Mar-
gulies et al. (1988) and Rytwo et al. (1995). Organic
cation sorption on neutral sites and neutral complexes
results in a charge reversal of the surfaces that in turn,
alters the sorption characteristics and colloid behavior
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of the clays. Using a micro electrophoresis device,
Margulies et al. (1988) showed that the clay particles
moved to the negative electrode, if adsorption of the
organic cations was in excess of the CEC. Knowledge
of the quantity of different complexes and inversely
charged sites provides a better understanding of the
colloid behavior that, in turn, leads to the more effec-
tive use of the clay in various applications.

This study is an attempt to quantify the contribution
of different complexes in the sorption of 2 organic
cations, MB and CV, by palygorskite and sepiolite.
The contribution of the different complexes is assessed
by using the Gouy-Chapman solution and modification
of a sorption model described by Nir (1986) and Ry-
two et al. (1995). The sorption characteristics of pal-
ygorskite and sepiolite for neutral organic molecules
were also examined by the application of 2 neutral
organic molecules, TX100 and 15C5.

MATERIALS AND METHODS
Materials

The minerals examined in this study were palygor-
skite from Florida (CMS source clay minerals PFI-1)
and sepiolite from Eskishehir, Turkey. The clay sam-
ples were purified using the method described by Kun-
ze and Dixon (1986) and homoionized with 1 M KCI.
The excess salts were removed to an EC of 30 pS
m~', and the K-homoionized clays were then freeze-
dried. The external specific surface area of the clay
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Table 1. Surface area, CEC and chemical formula of palygorskite and sepiolite.

Chemical formula

(Sil 136Alg 14 )(Mg; 4Aly 07)O04(OH) (OH,), - 8H,O
(Si; g5Aly 1) (Mg; 1Al ;e 20)O20(OH),(OH,), - 4H,0

SSA CEC
Mineral (m? g (cmol, kg=!)
Sepiolite 384 =7 11 =1
Palygorskite 222 £ 4 14 £ 1
average n=10
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Figure 1.
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Chemical structure of TX100, 15C5, MB and CV.

minerals was determined using the N,-BET method
with an Autosorb-1 (Quantachrome Corp., New York),
and the CEC was measured using the BaCl, extraction
method described by Hendershot et al. (1993). The
chemical formula was established based on the total
chemical composition of the clay samples (Table 1).

MB and CV as chloride salts, together with TX100
and 15C5, were obtained from Aldrich Chemical
Company- and used as sorbates without further treat-
ment. The chemical structure of these sorbates is il-
lustrated in Figure 1.

Adsorption Isotherms

A 1% clay/distilled water suspension was prepared
and stirred gently overnight. The pH and electrical
conductivity (EC) of suspensions were adjusted to 7
and 0.2 dS m™! before the sorption experiment using
0.05 M HCI or NaOH and 0.05 M KCl, respectively.
Ten mL of the clay suspension was placed in a 50-mL
polypropylene screw-cap centrifuge tube. Then 25 mL
electrolyte contained sorbate, with the same pH and
EC as the clay suspension, was added to the tube,
while the suspension was being stirred. The sorbate
applied provided a concentration range of 0.00 to 1.25
mmol g~' clay in the final suspension. All samples
were duplicated. Blanks of sorbate adjusted to EC =
0.2 dS m~! and pH 7 were also run to correct the data.

The tubes were protected from light and placed in
a rotary shaker for 3 d at room temperature (24 = 1
°C) to ensure that a pseudo-equilibrium was reached
(Hermosin et al. 1993). The pH of the suspensions was
measured and reported as the pH of the equilibrium
solution. The suspensions were then centrifuged at
20,000 g for 15 min. The supernatants were analyzed
after filtering (Millipore, 0.2 pm). The non-adsorbed
dye was spectroscopically quantified in the filtrate. Af-
ter dilution, which is especially crucial in MB mea-
surement (Hang and Brindley 1970), the absorbance
was read at 662 nm for MB and 588 nm for CV so-
lutions using a Beckman Model DU Spectrophotom-
eter. The total carbon was measured using a Shimatzu
total carbon analyzer Model TOC-5050A as an indi-
cator of the TX100 and 15C5 concentration in the fil-
trates.

The amounts of sorbed organic cations and neutral
compounds were calculated as the difference between
the initial and equilibrium concentrations in the re-
spective solutions. The adsorption isotherms for or-
ganic cations were obtained by plotting the amounts
of sorption (mmol g~') versus the total amount of sor-
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bate added to the system. These isotherms were de-
scribed by using the intrinsic binding coefficients, as
explained below. The adsorption isotherms of neutral
organic molecules, TX100 and 15C5, were described
using a Langmuir type of equation by which the con-
centration of neutral sorption sites was estimated. The
validity of the models used to describe the sorption
data was evaluated based on the values of the deter-
mination coefficient (R?) and mean square of residuals
(MSR).

Diffuse Reflectance FTIR

The clay surfaces were examined by diffuse reflec-
tance Fourier transform infrared (DR-FTIR) spectrom-
etry as suggested by Nguyen et al. (1990). Freeze-
dried samples were examined by collecting 80 scans
per second with a resolution of 4 cm™', using a Bio-
Rad 3240 SPS microprocessor controlled spectropho-
tometer (Cambridge, Massachusetts). The spectra were
compared against the reference spectrum of pure KBr
and expressed in percent absorbance units. The spec-
trum of the homoionized clay was subtracted from that
of the organo-clay complex after the sorption reaction
to obtain the differential spectrum of the reaction prod-
uct.

Adsorption Modeling

An extension of the model applied by Nir (1984,
1986), Nir et al. (1994) and Rytwo et al. (1995) was
used to describe the sorption data. The main elements
accounted for in this procedure were:

1) the cations tightly bound to the surface, which
include cations sorbed to the neutral sorption sites in
addition to the free and neutralized negative sites,

2) cations residing in the diffuse double layer,

3) polymerization of organic cations, and

4) solution of the Gouy-Chapman equation for a
solid/liguid system containing monovalent cations and
particles with planar surfaces. The concentrations of
sorption sites in the solid/liquid system were included
in the calculations with the units of mole L-' (M).

In the case of monovalent cations, Xi*, that bind to
uniquely charged negative sites, P~, forming a neutral
complex, PXi’ on a clay surface, the reaction may be
described as:

P~ + Xi* = PXi’ {1]

In this reaction, the magnitude of the intrinsic binding
constant, Ki, is:

Ki = [PXi%)/[P][Xi*(0)] 2]

where the concentrations are given in units of mol L~!
or molar (M), and the unit of Ki is M~!. The concen-
tration of the cation, Xi*, at the colloid surface is
[Xi*(0)]. If it is assumed that the clay surface is a
plane with an evenly distributed negative charge, and
if the counter-ions can be considered point charges in
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a uniform liquid continuum, then the equilibrium dis-
tribution of exchange cations can be described quan-
titatively using the Boltzman equation (Van Olphen
1977) as:

Xit(0) = Xi*Y(0)# [3]

in which Xi* is the molar concentration of the cation
in its monomeric form in the equilibrium solution, Zi
is the valence of the given ion, and Y(0) is a parameter
defined as:

Y(0) = exp(—eV(OYKT) [4]

where e is the absolute magnitude of an electronic
charge, W(0) is the surface potential, £ is Boltzman’s
constant, and T is the absolute temperature. For a neg-
atively charged surface, Y(0) > 1, and the concentra-
tion of the cation at the surface, Xi*(0), may be sig-
nificantly larger than Xi*. However, if charge reversal
occurs, W(0) is positive and Y(0) < 1.

Another type of reaction is considered forming a
charged complex (PXi3):

PXi® + Xi* = PXij [5]
with a binding coefficient of:
Ki = [PXiz /[PXi’][Xi*(0)] (6]

In the case of cation sorption by neutral sites, another
reaction may also be considered forming a charged
complex:

N + Xi* = NXi* [71

where the binding constant for this reaction can be
defined as:

Kn = [NXi*)/[N][Xi*(0)] [8]

In a closed system, for a given cation i, the total
amount of the cation added to the system, Ci, consists
of different proportions of ions adsorbed, residing in
the solution and in the double layer regions. Analytical
expressions for the latter were given by Nir et al.
(1978). If Q, is the excess amount of monovalent cat-
ions in the double layer region above their concentra-
tion in the solution, the total amount of cation in the
system, Ci, is given by:

Ci = Xi+ + PXi® + 2PXij + NXi* + O, [9]

Some organic cations (such as MB) can form di-
mers, trimers and even higher order of aggregates in
solution {Spencer and Sutter 1979; Cenens and Shoon-
heydt 1988). Aggregation of molecules, which may be
considered a proportion of added dye, reduces the con-
centration of monomer, Xi*. The total concentration of
primary molecules, Xit, in solution was given by Nir

et al. (1983) as follows:
[Xit] = [X)/(1 — Kag[Xi])* [10]

in which Kag is the corresponding binding coefficient
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for aggregation in solution. The Kag may be deter-
mined from the adsorption spectrum of pure dye in
solution. The adsorption of dye dimers or higher order
aggregates may be ignored (Rytwo et al. 1991). Dye
aggregation is significant when the dye addition ex-
ceeds the CEC of the clay, because below the CEC,
almost all the dye is adsorbed.

If formation of PXi; is considered as complexation
between a divalent cation and a single negative site,
then according to Nir et al. (1994), in the absence of
cation binding to the neutral sites, the surface charge
density, o, is related to oy, the surface charge density
when no cation adsorbed to the surface, by:

. P- — > PXij
o, P+ PXi® + > PXis

The o, is charge per unit surface area, which is defined
as the ratio of the CEC to the specific surface area
(SSA) of the clay. If CEC and SSA are expressed in
units of cmol,. kg~! and m? g-!, respectively, the o, is
calculated as 0.96 X CEC/SSA in units of Coulomb
m~2 (C m~2). The o, corresponds to the total site con-
centration per unit area, PT, which is the sum of con-
centrations of all sites, both free and complexed. The
actual surface charge density, o, depends on the
amount of free sites and the charged complex. The
positively charged complex decreases the negative val-
ue of o. The possibility of charge reversal arises when
P~ < 3 PXi?. In cases where charged complexes due
to binding to neutral sites of the mineral also exist, the
actual surface charge density, o, changes to more pos-
itive values, while o, remains unchanged (Equation
12):

(11]

s P — 2 PXij — > NXi*
o, P-+ > PXi®+ > PXi}

{12]

The solution for the Gouy-Chapman equation by
Delahay (1965) and Nir et al. (1978) for a planar sur-
face gives a relation between the surface charge den-
sity, o, the Y(0) parameter and the concentrations of
ions in solution, as:

172
o =|> Xi*(Ye? — 1)] /g

where according to Nir (1986), g = 17 [80 X 298/
(eD)]* in which e is the bulk dielectric constant and 7
is the absolute temperature. The surface charge density
is given in units of Coulomb per unit of surface area
(C m™),

By substitution of Equation [3] and considering the
binding coefficients, Xi* may be calculated from
Equation [9] if the values of Y(0), P~ and N are
known, and the Xi* value may yield P~, N and Y(0)
values in Equations [12] and [13]. This calculation
may be done through an iterative procedure. The pro-
cedure consists of the following stages:

[13]
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1) A guess is made for the values of @, Y(0), [P~],
and [N],

2) the quantity of Xi* is calculated using Equation [9],

3) Y(0) is calculated by knowing that Y(0) > 1 if ¢
is negative, and Y(0) < 1 if the summation of
charged complexes exceeds the free sites, P,

4) the concentrations of the complexed sites, PXi’,
PXi; and NXi*, are calculated,

5) P~ is calculated by subtraction of summation of
PXi° and PXi2* complexes from PT, total negative
sites,

6) N is calculated by subtraction of NXi* from total
N sites, and

7) Q, is calculated with the analytical expressions in
Nir et al. (1978). The solution concentration is then
recalculated and another cycle of calculation of
Y(0) begins.

Steps 2) to 7) are iterated and the criterion for con-
vergence is the relative agreement of the values cal-
culated in the previous cycle with those obtained in
the current cycle. In case of MB sorption data, Equa-
tion [10] was also included to correct for the reduction
of Xi+ due to aggregation of dye molecules. The in-
trinsic binding coefficients, Ki, Ki and Kn, may be
chosen to provide the best estimation for the sorption
data, as suggested by Rytwo et al. (1995), who estab-
lished Ki and Ki in the sorption of acriflavin (AF),
MB and CV on montmorillonite. For the current work,
values of Ki and Ki are chosen as those determined
for sorption of MB and CV on montmorillonite by
Rytwo et al. (1995) to keep the calculation simple, and
only Kn was estimated.

Estimation of Neutral Sorption Sites Concentration
N)

Assuming that neutral molecules are sorbed only by
the neutral sorption sites, the sorption capacity of pal-
ygorskite and sepiolite for 2 neutral compounds,
TX100 and 15C5, was examined. The sorption data
were described by a Langmuir type isotherm and the
sorption maximum was assumed to equal the number
of neutral sorption sites. Using this equation, the molar
concentration of sorbed neutral molecules, X, was de-
scribed as:

KNI[C]

=+ KICD [14]

where [C] is the equilibrium molar concentration of
free molecules in the solution, K is the Langmuir con-
stant with a unit of M~', and N estimates the number
of maximum sorption sites in units of M. The model
was fitted to the sorption data based on R?> and MSR
values using NLIN PROC of the SAS program (SAS
Institute 1985).
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Figure 2.  Sorption of neutral and cationic organic molecules
by palygorskite and the pH of equilibrium solution.

RESULTS AND DISCUSSION

Sorption of TX100 and 15C5 by Palygorskite and
Sepiolite

To estimate the quantity of the neutral sorption sites,
the sorption of 2 neutral molecules, TX100 and 15CS5,
at different concentrations was examined. The justifi-
cation for this experiment arises from the report given
by Aznar et al. (1992) in which the sorption of sur-
factant TX100 by sepiolite did not replace the ex-
changeable Mg?* from the clay surfaces. Furthermore,
in our work, the sorption of TX100 and 15CS did not
decrease the pH, showing that the neutral molecules,
TX100 and 15CS, did not interact with the cation ex-
change sites. Figure 2 shows the equilibrium pH of
different suspensions. Sorption of organic cations, MB
and CV, decreases the equilibrium pH more than 1 unit
below the initial pH of the suspension, which was set
up at 7. This is in accord with Wang et al. (1996) and
Aznar et al. (1992), who reported that due to their high
binding constants, organic cations such as MB in
amounts above the CEC of clay minerals easily re-
place all inorganic exchangeable cations. The release
of exchangeable H* from the clay surfaces decreases
the pH of the clay suspension, but in case of neutral
molecules, sorption takes place on neutral sorption
sites and no decrease in the initial pH of suspension
was observed.

The molar concentration of sorbed molecules, when
compared with the equilibrium concentration of free
molecules, follows a Langmuir isotherm. Figure 3 il-

4.0

2.0

e
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N T

0 1 2 3

Sorbed molecules concentration (M x I(_)4)

-3
Equilibrium concentration (M x 10 )

Figure 3.  Sorption of neutral organic molecules, TX100 and
15CS5, by palygorskite and sepiolite.

lustrates the sorption isotherms for TX100 and 15C5
by palygorskite and sepiolite, respectively. The N, K
and statistical values that estimate the sorption of neu-
tral molecules by the 2 minerals are presented in Table
2. The sorption maximum of TX100 for palygorskite
is 9.3 X 107* M, which exceeds the CEC of this min-
eral by more than a factor of 2. The application of this
value as N, the total concentration of neutral sites, ad-
equately described the sorption of organic cations on
neutral sorption sites. The sorption maximum of pal-
ygorskite for 15C5 was 4.1 X 107* M, considerably
lower than that of for sorption of TX100. The lower
sorption of 15C5 may be due to its molecular size and
the orientation of molecules on the clay surfaces.

Sorption of neutral molecules by sepiolite takes
place in larger quantities than that of palygorskite,
which may be a reflection of the larger surface area
of sepiolite. The sorption maximum of TX100 by se-
piolite was 1.2 X 1073 M, which surpasses its CEC by
about 4 times. Adsorption of 15C5 by sepiolite was
lower than the adsorption of TX100, although it was
still twice as much as the CEC of this mineral. The N
value was also best estimated by the sorption maxi-
mum of sepiolite for TX100.

Sorption of Organic Cations

Sorption of organic cations, MB and CV, by paly-
gorskite and sepiolite was modeled to estimate the
contribution of different sites involved in sorption pro-
cesses. In this study, the intrinsic binding constants Ki
and Ki of both MB and CV in the formation of the
neutral complex, PXi% and the charged complex,

Table 2. N, K and statistical values describing sorption isotherms of neutral molecules on palygorskite and sepiolite.

Clay mineral Compound N (M) K MY R2*% MSR
Palygorskite TX100 9.3 X 10~ 4800 99.75 9.2 X 107
15C5 4.1 X 10 1060 99.95 2.1 X 10710
Sepiolite TX160 1.2 X 1673 3800 99.83 1.5 X 1079
15C5 7.0 X 104 4860 99.75 9.2 X 107
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Table 3. The intrinsic binding constants and statistical values describing sorption of CV and MB on palygorskite and sepiolite.

Clay mineral Compound Ki (M~ Ki (M Kn (MY R*% MSR

Palygorskite Ccv 1.0 X 10°¢ 8 X 10° 6 X 10° 99.18 6.68 X 109
MB 3.0 X 108 1 X 106 6 X 10° 99.31 1.78 X 10~

Sepiolite Ccv 1.0 X 10¢ 8 X 10° 6 X 10¢ 99.50 142 X 10~
MB 3.0 X 10® 1 X 106 6 X 106 99.43 3.44 X 10-°

PXis, on montmorillonite previously reported by Ry-
two et al. (1995) were applied. The logic behind this
application was that the cation exchange reaction in
different silicate clays may have a similar nature.
Sorption of the cations at a lower level of addition, in
which the formation of NXi* is still negligible, was
described satisfactorily using these coefficients. There-
fore, only Kn, the binding constant of charged com-
plex formation on neutral sites, NXi*, was estimated
in this work. A Kn of 6 X 10° M~! provides the best
estimate for the total CV sorption of sepiolite with a
determination coefficient of 99.50% and MSR of 1.42
X 107* (Table 3). This value of Kn was also used to
describe the sorption of the cations on neutral sites in
other systems. The intrinsic binding constants applied
in this study and statistical values evaluating the good-
ness of the estimations are presented in Table 3.

It is noteworthy that the quantities of cations resid-
ing in diffuse double layer that were calculated for
different amounts of added sorbate were very low, at
least 3 orders of magnitude smaller than the sorbed
cations. Therefore, they were not presented as a con-
stituent of total sorbed dye. This may reflect the rel-
atively low concentration of ions in the experimental
solution. Also, the high affinity of organic cations to
form different clay-dye complexes is another factor
that increases the proportion of sorbed cations over
those residing in the diffuse double layer.

The contribution of the different complexes in sorp-
tion of CV by palygorskite is presented in Figure 4.
The total sorption of CV by this mineral reached 0.5
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Figure 4. Contribution of different complexes, PXi°, PXiy
and NXi*, to total CV sorbed by palygorskite.

mmol g~!, which is 3.6 times as much as the CEC
(Table 1) of this mineral. The quantity of CV adsorbed
by montmorillonite, as reported by Rytwo et al.
(1995), leveled off at close to 200% of the CEC. This
suggests that in palygorskite, the neutral sites play a
more significant role than montmorillonite in sorption
of organic cations. The significance of neutral sorption
sites increases with the level of cation addition.

It seems that at levels of addition below the CEC,
the contribution of the NXi* complex to total sorption
is negligible. Due to the relatively high affinity of CV
to form the PXij complex, the concentration of neutral
complex PXi° constitutes an insignificant portion of
total clay-cation complexes. The amount of sorbed CV
was somewhat higher than that of MB for both clay
minerals. The higher affinity of this compound to form
charged complexes, PXi;, on negative sorption sites
may be a factor explaining the higher sorption of this
cation, but the main reason seems to be the tendency
of MB to form aggregates in the solution, thereby re-
ducing the monomer concentration (Cenes and Shoon-
heydt 1988; Rytwo et al. 1995). Rytwo et al. (1991)
also reported that CV shows a better diffusion into the
clay aggregates that leads to sorption of this cation,
even after flocculation of clay particles that may occur
due to sorption of cations. Inclusion of Equation [9],
which accounts for aggregation of MB in the solution,
in the iterative procedure, successfully described the
lower sorption of MB for both clay minerals. The con-
stant Kag, which shows the tendency of MB molecules
to form polymers, was chosen as 5880 M~!, which was
the value suggested by Bergmann and O’Konski
(1963) and also used by Rytwo et al. (1995).

The contribution of neutral sites in sorption of MB
by palygorskite is also quite significant, while the neu-
tral complex, PXi° forms a relatively large proportion
of total sorbed cations (Figure 5). MB seems to form
lower concentrations of charge reversal complexes,
PXij and NXi*, and therefore, in the case of sorption
of MB, the surface potential is expected to be lower
than that for the corresponding concentration of added
CV. In several studies, MB and/or CV have been used
to determine the CEC of silicate clay minerals (Rytwo
et al. 1991; Wang et al. 1996). Considering the results
of this work, it seems that MB sorption data would
better estimate the CEC of silicate clay minerals than
CV.
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Formation of different dye-sepiolite complexes is il-
lustrated in Figures 6 and 7. The CV sorption of se-
piolite levels off at close to 0.6 mmol g-!, which is
about 4.6 times as much as the CEC of this mineral.
The contribution of neutral sorption sites at the max-
imum CV sorbed reaches more than 60% of total sorp-
tion. Due to the larger surface area and lower CEC of
this mineral compared to palygorskite, the neutral sites
play a more important role in sorption processes by
sepiolite. Since the binding constant for neutral sites
is less than for the charge reversal complex, as PXiy
{(despite the higher sorption capacity of sepiolite for
organic cations), the release of sorbed cations is ex-
pected to be easier in this mineral than palygorskite.
This behavior makes sepiolite a more appropriate car-
rier for cationic organic molecules. In the case of MB
sorption by sepiolite, the contribution of neutral sites
reaches about 70% of the total sorption, which sup-
ports the above view.

Surface Potential of Dye-Clay Complexes

As suggested by Nir (1986), the surface potential of
the clay minerals at room temperature and different
levels of dye addition was estimated in mV using the
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Figure 6. Contribution of different complexes, PXi° PXi;

and NXi*, to total CV sorbed by sepiolite.

and NXi*, to total MB sorbed by sepiolite.

experimental data, by a simplified form of Equation
[4], as:

P(0) = —25 In[Y(0)] [15]

The calculated values of ¥(0) for palygorskite and se-
piolite at different levels of MB and CV addition are
given in Table 4. Charge reversal occurs when the total
dye of 0.2 mmol g~ was added, which exceeds the
CEC of palygorskite and sepiolite by about 40% and
60%, respectively. Sorption of CV seemingly induces
larger positive values of surface potential, which is
due to the larger quantities of sorbed CV that are ex-
ceeding the CEC of the minerals studied. As discussed
earlier, the reason for this may be the larger binding
coefficient of CV for the formation of charged com-
plex, PXij, as well as the higher concentration of
monomer in CV solution.

At very low levels of dye addition (for example,
0.05 mmol g™'), however, MB seems to be more ef-
ficient at reducing the surface potential of the miner-
als. The larger Ki value of MB than CV results in the
formation of a higher quantity of neutral complex,

Table 4. Calculated values for surface potential of palygor-
skite and sepiolite at different levels of MB or CV addition.

Total
addition
(mmol Surface potential, V() (mV)
sorbate/g
clay) Pal-MB Pal-CV Sep-MB Sep-CV
0.05 —129 —-137 —91 —109
0.10 —105 —-99 —-67 —54
0.20 97 102 88 96
0.30 128 172 108 151
0.40 150 194 134 172
0.50 161 206 150 175
0.60 184 215 183 191
Q.75 189 216 186 202
1.00 192 218 190 209
1.25 199 220 197 211

Key: Pal = palygorskite, Sep = sepiolite.
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Figure 8.
differential spectrum of (c¢) minus (a).

PXi% which is apparently the main sorption product at
fow levels of dye addition. This, in turn, results in a
higher neutralization of surface negative charges by
MB than CV at this level of dye addition.

The calculated surface potentials also showed larger
values for palygorskite than for sepiolite in corre-
sponding conditions. The difference between the 2
minerals may be explained by the larger surface area
and lower CEC of sepiolite, which results in lower
surface charge density and consequently lower surface
potential. Palygorskite colloids showed a higher dis-
persability than sepiolite during the experiment. How-
ever, they consist of larger particles as revealed by
surface area data and electron microscopy (Shariat-
madari 1998). Higher surface potential values may in-
duce more repulsion among the palygorskite colloids,
causing the larger dispersability of this mineral.

FTIR Spectroscopy of the Organo-Clay Complexes

To understand the sorption mechanisms of neutral
and cationic organic molecules, the clay-organic mol-
ecule complexes were examined by diffuse reflectance
FTIR. The FTIR patterns of pure sepiolite were plotted
against sepiolite-organic complexes. The FTIR pat-
terns for sorption of neutral molecules TX100 and

Wavenumbers (cm-1)

FTIR spectra of (a) sepiolite, (b) and (c) sepiolite with different levels of organic compound additions and (d) a

15C5 are presented in Figure 8. The v,y band at 3720
cm™!, representing the silanol group (Si-OH) in sepi-
olite (Ahlrichs et al. 1975), has disappeared due to the
sorption of neutral molecules upon saturation of the
mineral. Similar results were observed by Aznar et al.
(1992) in sorption of MB on sepiolite gels. Since the
silanol groups are located at the external edges of min-
eral fibers, they are easily accessible and interact al-
most totally with the sorbate molecules.

The differential spectra also show some perturbance
of the voy 3680 cm™! band that is related to the OH
group attached to octahedral Mg. Since these bands
are mainly located at the interior of crystal blocks, the
relative perturbance may be due to physical hindrance
by sorbate and involvement of these groups in sorption
at sites of crystal defects.

The FTIR spectra of sorbed organic cations, MB
and CV (Figure 8), show almost the same pattern as
neutral molecules. This suggests that organic cations
react with silanol groups by the same mechanism as
neutral molecules. Since the neutral sites are located
at the external surfaces of the fibrous clay particles,
the external surface area is a major criterion control-
ling the number of neutral sorption sites and the con-
tribution of these sites to total sorption.
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The FTIR spectra of palygorskite (not shown) re-
vealed a sharp band at 3625 cm™! assigned to vy in
Al,-OH of the octahedral structure (Serna et al., 1977).
The presence of Si-OH groups in palygorskite was ob-
served by a very weak shoulder at 3704 cm™! that was
perturbed by sorption of organic molecules. The inten-
sity of the 3625-cm~' band was also reduced possibly
due to physical coverage of particles by sorbates. The
low intensity of the Si-OH band in palygorskite indi-
cates fewer edge surfaces or less imperfections than
were observed for the sepiolite. The lower specific sur-
face area of this mineral, 220 m? g~!, in contrast to
380 m? g~' for sepiolite, also suggests that palygorskite
particles have fewer exposed edges.

CONCLUSIONS

Palygorskite and sepiolite clay minerals are widely
used in applications that take advantage of their sorp-
tive characteristics. Sorption of 2 cationic and 2 neu-
tral organic compounds on palygorskite and sepiolite
was examined. The sorption maxima and the contri-
bution of different sorption sites were compared for
the 2 minerals. A sorption model that considers for-
mation of different complexes described the sorption
isotherms of the organic cations on palygorskite and
sepiolite. Use of such a model in sorptive applications
of the clays may improve understanding of colloid be-
havior and lead to more efficient use of these minerals.

For both palygorskite and sepiolite, the sorption of
organic cations exceeds the CEC of minerals. The neu-
tral sorption sites become more important as the sorp-
tion approaches its maxima. The sorption maxima of
sepiolite, as well as the contribution of neutral sorption
sites in the sorption of the organic cations on sepiolite,
were larger than those of palygorskite. This shows that
sepiolite may be a more appropriate carrier for organic
cations than palygorskite. The calculated values of sur-
face potential for palygorskite were somewhat larger
than those for sepiolite which indicates a higher in-
trinsic surface charge density for this mineral. This
may explain the larger dispersability of palygorskite
over that of sepiolite in experimental suspensions.
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