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ADSORPTION MECHANISM OF
QUATERNARY AMINES BY SEPIOLITE

E. Sabah' and M. S. Celik**

'Mineral Processing Program, Kocatepe University, Afyon
03000, Turkey

*Mineral and Coal Processing Section, Mining Engineering

Department, Istanbul Technical University, Ayazaga, 80626
Istanbul, Turkey

ABSTRACT

A series of adsorption tests examined the uptake of typical
quaternary cationic surfactants, dodecyltrimethylammonium
bromide and hexadecyltrimethylammonium bromide from water
by a clay mineral, sepiolite. Adsorption tests conducted under
different conditions revealed that sepiolite is highly receptive to
adsorption of cationic surfactants. Adsorption of cationic
surfactants on sepiolite exhibits two distinct regions. The first
stage is characterized by low rate and is governed through an ion-
exchange process between ammonium ions and magnesium ions
in the octahedral sheet. The second stage is ascribed to a
combination of chain—chain interactions through van der Waals
forces and ion-exchange process. The incorporation of surfactant
ion is elaborated on the basis of experimental data and
thermodynamic equations.

*Corresponding author. Fax: 90-212-285-6128; E-mail: mcelik @itu.edu.tr
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Key Words: Adsorption; Clay minerals; Sepiolite; Cationic
surfactants; Amines; Waste water treatment

INTRODUCTION

Contamination of wastewaters stemming from industrial sites such as
mining and chemical industries is still a challenging problem. In particular,
transport of toxic chemicals through soil and contamination of both soil and
ground and surface waters is of imminent threat to human life and environment.
Even in the United States, the most developed country in the world,
approximately 52 billion liters of heavy-metal-bearing wastewaters are generated
currently. Cationic surfactants, mainly those of aliphatic and aromatic amines
used in the manufacture of pigments, dyestuffs, rubber products, and agriculture
chemicals!"*?! are also used in the flotation of silicates, soluble salts, and oxide
minerals.

Contamination of wastewaters and soil with toxic ions is a complex
problem. The removal of these contaminants has received considerable attention
in recent years. Conventional methods of removing organic contaminants include
chemical precipitation, ion exchange, filtration, and electrochemical treatment.'!
More sophisticated techniques like solvent extraction, biosorption, and
ultrafiltration are either expensive or cannot cope with high concentrations of
contaminants. All these methods have significant disadvantages such as
incomplete ion removal, high energy requirements, and production of toxic
sludge or other waste products that require further disposal.

For relatively less-contaminated waters, absorbents such as active carbon
or cation-exchange resins are used to abate wastewaters."! The use of some
natural clay minerals like zeolites in water treatment has attracted interest as
these minerals are abundant and also cheap commodities.>°! However, their
industrial utilization requires answers to some basic questions: the ability of
regeneration and their economic feasibility.

Sepiolite is a natural clay mineral with the formula of magnesium
hydrosilicate [(Sij2)(Mgy)O30(OH)s(OH,)4H,0] and exhibits a fibrous structure
composed of talclike ribbons.!”! This unique structure imparts sepiolite a fibrous
matrix with channels (3.6 X 10.6 /&) oriented in the longitudinal direction with a
theoretical surface area of 900 m?/g. Such interior channels allow the penetration
of organic and inorganic ions together with solutes into the crystal structure of
sepiolite.’® In addition to their high surface area, sepiolite exhibits relatively high
ion-exchange properties, which generate great potential to remove heavy metals
and those organics with cation base such as ammonia. Sepiolite is used in a
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variety of industries including cosmetics, ceramics, detergency, paper, and paint.
The great sorption capacity of these minerals makes them invaluable alternative
materials to other sorbents in processes such as wastewater treatment.'®

A number of investigators have studied the sorptive properties of various
organic cationic reagents with sepiolite. These include adsorption of aniline on
sepiolite,'”’ interaction of amines on sepiolite and palygorskite by infrared
measurements,''”’ and removal of aromatic amines from aqueous solutions by
activated sepiolite.'"! Amongst others, uptake of ammonia!'?! and adsorption of
primary amines'"?! are some of the examples related to our studies. However, no
study to date has been done on the adsorption of quaternary amines onto sepiolite.

It is therefore the objective of this study to investigate the ability of uptake of
typical quaternary amine surfactants, dodecyltrimethylammonium bromide
(DTAB), and hexadecyltrimethylammonium bromide (HTAB) on sepiolite and
elucidate the adsorption mechanism using experimental and thermodynamic data.

EXPERIMENTAL

The sepiolite sample used in this study was received from Mayas Mining
Co. in Sivrihisar, Turkey. This brown sepiolite ground to — 65 wm produced the
average particle size (dsp) of 1.98 um as determined by Zetasizer. The x-ray
diffraction together with the chemical analysis given in Table 1 indicates that
calcite and dolomite are the major impurities accompanying sepiolite."'*) The
surface area of untreated sepiolite was found to be 68 m*/g by means of BET
method using nitrogen as the adsorbent.

The study used DTAB (C12H25N(CH3)3BI') and HTAB (C16H33N(CH3)3,
Br) as the cationic absorbents and C;,H,5SO4Na, sodium dodecylsulfate (SDS),
as the anionic surfactant for the analysis of cationic surfactant. The schematic
view of the cationic surfactant molecules is shown in Fig. 1. All chemicals were
purchased from Fluka AG of Switzerland and specified to be of high purity.
Distilled and deionized water with a conductivity value of less than 2 X
10~® mhos/cm was used in all experiments. Experiments were conducted at 25°C
unless otherwise specified.

Adsorption tests were conducted in 20 or 40 mL glass vials. A sepiolite
sample of 500 mg was mixed in 10 cc or its multiples with a solid to liquid ratio of

Table 1. Chemical Analysis of Sepiolite Sample Used in This Study

Component Si0, MgO CaO AlLO; Fe,O; Na,O K,O TiO, LOI

% by weight 5193 2420 0.12 1.52 0.70 0.12 033 0.08 21.00
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Figure 1. Molecular structure of (a) dodecyltrimethylammonium bromide and (b)
hexadecyltrimethylammonium bromide.

0.05. The vials were shaken for 2 hr in a shaker and centrifuged for 15 min. The
supernatant was analyzed for the cationic surfactant by a two-phase titration
technique originally applied to anionic surfactants using dimidium bromide and
disulfine blue as indicators.!'> This technique is based on the formation of a
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Figure 2. Adsorption isotherms of sepiolite/DTAB system at different temperatures
(natural pH of 8.5, 2 hr conditioning time, S/L ratio of 0.05).

complex between an anionic surfactant (SDS) and a cationic reagent
dodecylamine hydrochloride (DAH). This complex is soluble in chloroform
and changes from blue to pink in the presence of indicators. The adsorption
density was calculated by the formula given elsewhere!"*! as follows:

I'=(C; — C,)V/(mS % 1000) (1)

where C; and C, represents the initial and residual concentrations in mol/L, m the
amount of solid in grams, V the volume of the solution in mL, S the specific
surface area of sepiolite, and I" the adsorption density in mol/m?.

RESULTS AND DISCUSSION
Adsorption of Cationic Surfactants on Sepiolite

The adsorption isotherms of sepiolite/DTAB and sepiolite/HTAB systems
at different temperatures are shown in Fig. 2. The adsorption isotherms are
marked by three distinct regions of different slopes. Each region corresponds to a
certain mechanism as will be described later. While the dependence of
temperature is not apparent in the rising branch of the isotherm, significant
differences are observed in the plateau adsorption densities, e.g., for DTAB,
6.18 X 1076 M /m?, at 25°C, an average of about 2 X 10~° M /m? at 40 and 60°C
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are noted. The corresponding residual concentrations at the plateau are 3.90 X
1072, 3.90 X 10_27 and 3.20 X 1072 M for 25, 40, and 60°C, respectively; these
values are close to the critical micelle concentration of 1.56 X 10~2 M reported
by Ottewill.1'®!

The cross-sectional area of a DTAB molecule in A/molecule can be
calculated as

Cross-sectional area = 10%° /T maxA 2)

where I',,,« is the adsorption density at the plateau region and A is the Avagadro
number. Using the values given in Fig. 1, the cross-sectional area of DTAB is
found to be 27 A/molecule, which is in agreement with the cross-sectional area of
25 A/molecule reported for an amine molecule.!'” The effect of temperature is
also reflected in the surface coverages () while 0 at 25°C is 0.92, at 40 and 60°C
is reduced down to about 0.3 indicating that at higher temperatures the surfactant
adsorption on sepiolite surface exhibits patches. These values for both surfactants
are listed in Table 2.

Previous studies indicated that sepiolite undergoes acid—base interactions at
pH 8.5 and the Mg*" concentration increases significantly in the acidic pH region.
Zeta potential measurements yielded an isoelectric point (IEP) of about 5.1*"
Adsorption isotherms obtained with HTAB (16 CH, groups) compared to that
obtained with DTAB (12 CH, groups) exhibited differences in the rising branch in
accord with the corresponding free energies of adsorption due to additional CH,
groups. Interestingly, this finding clarifies the controversy that it is adsorption rather
than absorption that governs the uptake of chemicals onto sepiolite."™ Indeed, the
molecular structure given in Fig. 1 was depicted with the aim of identifying whether
the molecule itself could be directly accommodated in the channels in the form of
absorption. The adsorption results against chain length definitively ruled out this
possibility, as the adsorption of a higher chain length amine should have exhibited

Table 2. Thermodynamic Data Obtained from Adsorption Isotherms of DTAB/Sepiolite
and HTAB/Sepiolite Systems as a Function of Temperature

Plateau Adsorption  Equilibrium
Temperature Density I'ipax X 107 Concentration Cross-Sectional ~— Degree of

°O) (M/m?) (M) Area (A%) Coverage (6)
DTAB (C)») 25 6.18 3.90x 1072 27 0.92

40 1.84 3.40%x 1072 90 0.28

60 2.35 320x 1072 70 0.36
HTAB (C,¢) 25 6.68 1.22% 1073 25 1

40 6.05 3.50x 1073 27 0.92

60 5.00 3.10x 1077 33 0.75
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even lower adsorption due to the larger size of the molecular structure and their
exclusion from smaller pores. This finding confirms that some type of physical or
chemical bond dictates the adsorption process.

Thermodynamic Evaluation of the Adsorption Process

The adsorption mechanism (i.e., chemical or physical) is often an important
indicator to describe the type and level of interactions between the adsorbate and
the adsorbent. If adsorption decreases with increasing temperature, it may be
indicative of physical and the reverse is generally true for chemisorption.
However, there are a number of contradictory cases in the literature.!"® In
sepiolite/DTAB system, the decrease in adsorption with increasing temperature
and fast adsorption kinetics, (e.g., adsorption of DTAB and HTAB on sepiolite
takes place in less than 5min) may suggest the presence of physical
adsorption.!'¥ Nevertheless, this alone is not sufficient to determine the type
of adsorption. The type of adsorption may be determined through thermodynamic
quantities such as free energy of adsorption (AGy,,) and the heat of adsorption
(AHY,,) both of which can be obtained from the adsorption data given in Figure 2.

A general adsorption isotherm for surfactant adsorption at the solid/liquid
interface, taking into account the effect of size ratio (n) and lateral interaction

coefficient (a) between adsorbed molecules, has the following form:'*!
L exp (—2a6) = KC 3)
1—or P -
where
1
K=<o5exp (AG®, /RT) 4)

is the adsorbability of the surfactant molecule at infinitively low coverage, C is
the equilibrium concentration in mol/L, 6 is the degree of surface coverage of the
mineral with the collector molecule at (I'/I'yax), R is the gas constant (8.1314), T
is the temperature in K, and I, is the adsorption density at the plateau. The free
energy of adsorption can be calculated from Eq. (4) as a function of 6.

The calculation of AGy,, has been made using four models: the Flory—
Huggins, Frumkin, Modified Frumkm and Langmuir equations. If the adsorption
data obey these equations, the above parameters, i.e., (1, a, and K) are plugged
into Egs. (3) and (4) and AGj,, is calculated. Equation 3 is essentially the
modified version of Frumkin equation with the size ratio of n taken into account.
The value of n in the case of the Flory—Huggins!'®*°! and modified Frumkin
equations depend on the size of the adsorbate. The cross-sectional area of the
DTAB molecule is approximately 27 A2, The value of n is defined as the ratio of
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cross-sectional area of the adsorbate molecule to the cross-sectional area of the
water molecule, which is 12.5 Az, i.e., 27/12.5 = 2. The a and n values for
different equations are given below:

Equation n a
Flory—Huggins 2 0
Frumkin 1 1
Modified Frumkin 2 1
Langmuir 1 0

For instance, by rearranging Eq. (3) and taking the logarithms for » = 2 and
a = 1, the modified Frumkin equation is obtained:

0

The a and K values can be determined graphically from a plot of In §/C(1 — 6)"
vs. 0 (for n = 2) for the modified Frumkin equation. The resultant straight line
has a slope of 2a and an intercept of In K. The results plotted in this manner are
given in Fig. 3.

Similarly, if a = 0 and n = 1, the Langmuir equation is obtained in the
following form:

0

The results of Langmuir Equation are shown in Fig. 4. The slopes and
intercepts of the straight lines in Figs. 3 and 4 and others, which are not shown
here for the sake of brevity, have been used to determine the value of AGy,, with
the results presented in Table 3.

While AGj, determines the affinity of the mineral surface towards the
surfactant molecules at very low coverage, a represents the strength of lateral
interaction forces between the amine molecules adsorbed on the surface. A
positive value of a indicates a repulsive interaction between the polar heads and a
negative value of a represents the chain—chain interactions. The negative a
values in Table 3 indicate the presence of chain—chain interactions among the
nonpolar molecules. The magnitude of a indicates the extent of interactions. The
larger a values in the case of C,4 amine compared to C;, amine again supports the
significance of chain—chain interactions in the system; the value of a increases
with both the chain length and the degree of coverage. In fact, the larger



10: 28 25 January 2011

Downl oaded At:

ﬂ MARCEL DEKKER, INC. ¢ 270 MADISON AVENUE « NEW YORK, NY 10016
™

ADSORPTION BY SEPIOLITE

11
DTAB ¢25°C
m40°C
10 ® 60 °C
D
ql:, y=-7.7761x + 9.8038
—
-’
<
D
=
[ ]
*
y=-17.482x + 8.2679
T T T T
03 04 05 06 07
0
12
*25°C
m40°C
@ 60°C
11 A
(o} -
= 10
=
<
D 9 -
E y=-12.625x + 11.586
g - [ ]
y=-14.454x + 11.784
7 T ' '

0 0.1

0.2
0

0.3

0.4

©2002 Marcel Dekker, Inc. All rights reserved. This material may not be used or reproduced in any form without the express written permission of Marcel Dekker, Inc.

3089

Figure 3. Illustration of Modified Frumkin Equation based on the data in Fig. 2.
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Figure 4. Illustration of Langmuir Equation based on the data in Fig. 2.

magnitude of a value corresponds to the more perpendicular orientation than
those of lower a values.!"”' It is evident from Table 3 that the values obtained in
the Frumkin and the modified Frumkin equations yield larger free energy of
adsorption values. Since the modified Frumkin equation takes into account both
the size ratio and the lateral interaction coefficient, it appears to make better
predictions than the Frumkin equation.
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Another very important thermodynamic parameter in determining the type
of adsorption is the heat of adsorption (AHY, ). This can be obtained from the
Clausius Clapeyron Equation."'®!

dlnk _ AHY,
d(1/7) R @

Using this equation, In K vs. 1/T are shown in Fig. 5. The slopes of these lines
have been substituted in Eq. (7) to calculate the AHY,. for each model. The results
of the modified Frumkin equation only are presented in Table 4 along with the
entropy values calculated using Eq. (8) given below:

AG = AH — TAS < 0 (8)

The adsorption process is composed of two contributions—enthalpic and entropic,
which characterize whether the reaction is spontaneous or not. Since the modified
Frumkin equation was selected to characterize the adsorption of cationic
surfactants onto sepiolite best, only the results of these calculations are presented
in Table 4. An examination of Table 4 reveals that AHy,  is rather small when
compared to the total adsorption energy. However, the entropic contribution is
even larger than the free energy of adsorption. Therefore, it is plausible to say that

the adsorption of cationic surfactants onto sepiolite is entropically governed.

3
% 25 F y=-0.3258x + 14544
B \
¢ HTAB
y =-0.4663x + 3.7083
. DTAII;
2 : : |
2.9 3.1 33 35

1E-3/T

Figure 5. Heat of adsorption data for sepiolite/DTAB system using Modified Frumkin
and Langmuir models.
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Table 4. Thermodynamic Values Calculated for DTAB and HTAB Adsorbed onto

Sepiolite
Modified Frumkin Equation
1/T [ max AGS, AH®, —TAS?,
System (°K) (M/m?) (kJ/mol) (kJ/mol) (kJ/mol)
DTAB/Sepiolite  3.35X 107>  6.18x107°  —14.36 8.29 22.65
3191072 229x10°° —16.03 8.29 24.32
3001073 235x10°° —17.04 8.29 25.33
HTAB/Sepiolite ~ 335% 107>  6.68 x 10~¢ —15.39 3.58 18.97
3191072 6.03x10°° —16.46 3.58 20.04
300107 5.09%x10°¢% —17.55 3.58 21.13

Mechanism of Adsorption Process

Aromatic amines and primary amines are well known to adsorb via
hydrogen bonding."”! However, quaternary amines such as DTAB used in this
study has no affinity to form hydrogen bonding. Therefore, the decrease obtained
cannot be solely attributed to the loss of hydrogen bonding.

The adsorption isotherms in Fig. 2 also show two distinct regions, each
characterized by different adsorption rates and mechanisms. In the first stage,
adsorption takes place at a lower rate and is governed by an ion-exchange process.
However, the adsorption continues to take place with increasing DTAB
concentration. In the second stage, the adsorption is mainly characterized by
chain—chain interactions through van der Waals forces. But the ion-exchange process
still continues to take place at a similar rate as the magnesium release continues even
in the plateau region.

The ion-exchange mechanism of DTAB and HTAB onto sepiolite can be
depicted as follows:

| \gi”
1 si” ’
| | (_) —I1
H-o. 9
2[CH; - (CH3)a - N—-CH;]"Br + Mg —> R-N'(CIL); OH' I MgBr,
| H=0 o 0 -H
H ! |
/SiN SIN

where n = 11 for DTAB and n = 15 for HTAB.
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o
ads

The free energy of adsorption (AGY; ) is composed of a number of

contributing forces. Among them, AGg.., AGle, AGY,, AGR, cxchanger and
AG? are relevant.”>?! Here AG?,__ is the electrostatic contribution to

chain—chain? elec
the total energy, AGg i chains OF AGgy, represents the interaction due to
association of hydrocarbon chains of the adsorbed surfactant molecule at the
interface, AGY,,.,, reflects the free energy change due to the formation of chemical
bonds such as covalent bonds with the surface, AGY,, is the contribution of the
solvation effects on the polar head of the adsorbate, and AGy,, .\ hange TEPresents
the exchange of similar ions (e.g., cations or anions) on the surface with those in
the bulk. In our system, AG{, cxchanges 30 AGghin _chain are responsible for the
adsorption reactions in the first and second regions of the adsorption isotherm.
The ion exchange occurs between Mg”" on the surface and positively charged
amine group in the bulk. The formation of hydrogen bond between the zeolitic
water and bound water has been proposed for a number of cationic surfactant
systems such as primary amines.''>"*! However, the quaternary amines, which
are surrounded by electron repulsive CH; constituents and the absence of vacant
electrons make it impossible for the hydrogen bond to form. The significant
increase in magnesium ion concentration in Fig. 6 clearly shows that ion-
exchange mechanism is the mechanism responsible for the adsorption in the first
region. The significant increase in the slope of adsorption isotherm in the second

Mg Ion Concentration (Cx10E4), mole/l
(9,1

O T T T
0 0.02 0.04 0.06 0.08

Initial Concentration, mole/l

Figure 6. The released magnesium ion concentration as a function of initial DTAB
concentration under the adsorption conditions of Fig. 2.
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region is ascribed to the chain—chain interactions among the adsorbed amine
molecules. Although C;, and C,¢ amines have different chain lengths and
consequently sizes, both form monolayer at the plateau region at 25°C and are
incorporated into the pores of sepiolite. The average pore size of sepiolite used in
this study is 37A and the diameter of the amine polar head is 5.69 A. This
indicates that both amine surfactants have no difficulties to be accommodated in
the pores of sepiolite. It should be noted that the whole molecule need not get into
the pore but rather the polar part. Correspondingly, the lateral interaction
coefficient for HTAB is larger than DTAB indicating that the longer adsorbed
molecules have greater affinity to be adsorbed at lower surfactant concentrations.
Indeed this is well shown in Figure 2 where the adsorption isotherm for HTAB is
much higher in the second region of the isotherm.

CONCLUSIONS

Adsorption studies conducted on sepiolite resulted in the following salient
points.

1. Adsorption of cationic surfactants on sepiolite exhibits two distinct
regions. The first stage is characterized by low rate and governed
through an ion-exchange process between ammonium ions and
magnesium ions in the octahedral sheet. The second stage is ascribed
to a combination of chain—chain interactions through van der Waals
forces and ion-exchange process.

2. Calculations using a surface area of 68 m?/g for sepiolite surface and a
cross-sectional area of 27 A%/molecule for DTAB molecule reveal that a
monolayer coverage is reached.

3. Calculated thermodynamic quantities, (i.e., the free energy of
adsorption, the heat of adsorption, and the entropy) using the Frumkin,
modified Frumkin, Flory—Huggins, and Langmuir models indicate that
the adsorption process is physical in nature and mainly controlled by the
entropic contribution. The Modified Frumkin model is found to yield
more realistic values compared to other models. Under these premises,
AGyy value of —3.5 and 4 Kcal/mole and AHy,  value of 1.98 and

0.86 kcal/mol for DTAB and HTAB, respectively. Such small values of

AH, and relatively large entropic contribution of (—5 to 6 kcal/mol)

indicate the physical nature of the adsorption process.
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