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Interlamellar adsorption of organic
pollutants in hydrophobic montmorillonite

Abstract The adsorption of nitro-
benzene, 2-chlorophenol, and
4-chlorophenol from water on or-
ganophilized derivatives of n-hexa-
decylpyridinium-montmorillonite
(HDP-montmorillonite) was stud-
ied. Adsorption excess isotherms
were obtained by the immersion
method and were analyzed to deter-
mine the adsorption capacity of
organic pollutants on the hydro-
phobized surface. The basal spacings
of the clay minerals were determined
by X-ray diffraction. The results of
X-ray diffraction measurements are
in good agreement with excess iso-
therms: whenever a region of the
isotherm indicates an increase for
the adsorption of organic compo-
nent, an increase in basal spacing

(interlamellar swelling) is also
observed. By combining these two
independent methods, composition
and structure of the interlamellar
space between the silicate layers
could be accurately calculated. The
free enthalpy of adsorption, the
adsorption capacity, and the sepa-
ration factor for adsorption are
calculated by analyzing the adsorp-
tion isotherm on the basis of the
Gibbs equation and Everett-Schay
method. The results are utilizable for
planning environmental procedures
and systems (water clarification and
soil remediation).

Key words Clays - Montmorillo-
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Introduction

The adsorption of organic compounds on soil compo-
nents — particularly on clay minerals — and their
organophilized derivatives has lately attracted much
interest [1, 2, 9, 10]. Clay minerals are among the most
reactive soil components which, due to their large
specific surface area and ion exchange capacity, are
capable of adsorbing organic pollutants.

Our former results have greatly contributed to the
progress of studies on selective adsorption from binary
mixtures and solutions on clay minerals [3—12]. In the
last few years studies have become increasingly focused
on solutions of water with organic molecules very poorly
miscible with water [9-12], not least because of their
outstanding environmental significance. These solutions
are excellent models for water polluted with toxic

aromatic compounds. The exact description of their
adsorption on clay minerals is essential for environmen-
tal protection, and the experimental results will open the
way for the development of new procedures for the
immobilization of pollutants in flowing systems.

The surface polarity of clay minerals is altered by
hydrophobization via treatment with cationic surfac-
tants. As a consequence, the modified minerals become
capable of adsorbing organic components very effec-
tively [13—18]. The concentration of organic molecules in
the interlamellar space enclosed by the silicate lamellae
can be calculated from the adsorption excess isotherm.
The knowledge of experimentally determined excess
isotherms also allows the calculation of thermodynamic
properties of the adsorption layer at the solid/liquid
interface. Using the Gibbs equation [26-29], the free
enthalpy of adsorption is determined and combined with
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the adsorption excesses to calculate adsorption capaci-
ties [11] which, in the case of adsorption in dilute
solutions, are often impossible to determine from the
Langmuir adsorption isotherm equation. Changes in
interlamellar distances due to the interlamellar adsorp-
tion are monitored by X-ray diffraction (XRD) If the
basal spacing is determined by XRD, one can calculate
the interlamellar space volume — knowing the amount
and volume of alkyl chains and using the excess
isotherms — and also its composition in the entire
concentration range. The combination of results
obtained by two independent methods yields detailed
additional information on adsorption equilibrium and
on the structure of the adsorption layer.

Adsorption from solution and the structure
of the interlamellar space

Adsorption on a solid/liquid interface is a displacement
process. Consequently the positive adsorption of one
component (i.e., the increase in its concentration in the
interfacial layer) is accompanied by the negative
adsorption of the other. Based on the relationships
postulated by Gibbs’ model of S/L interfaces, the
reduced excess amount normalized to unit mass of
adsorbent (n‘f(")) and the Ostwald-de Izaguirre equation
derived from the material balance of the components
can be formulated in the following way [19-21]:

n(lr(") =n(x) — x1)/m = n"Ax| /m

(1)
(2)

where n° is the total material amount of the liquid, x
and x; are the initial and equilibrium molar fraction,
respectively, of component 1 in the liquid phase, m is the
mass of the adsorbent, »*=nj+ n} is the material
content of the adsorption layer and xj = (1 —x3) =
nj/n’ is the equilibrium molar fraction of component 1
in the adsorption layer. If component 1 is preferentially

adsorbed as compared to component 2, the excess n‘f(m
approximately equals the material amount #3 [19, 20]. In
dilute solutions, in the case of preferential adsorption of
the dissolved material, the volume of the dissolved
material in the adsorption layer is approximately
VE =niVp =~ n’f(”) Vo1 [3-5]. The adsorption capacity
of pure component 1 is

ny g =ny +rmy =n'x; +rm'x;

a(n) _ s s s s L S(S
ny" = nixy +nix; = n] —n'x; =n'(x] —xp)

(3a)

where r="V,2/Vy1 = no/nsg, ie., the ratio of the
molar volumes of the pure components. After
the introduction of the separation factor S = xjx, /x$x;
the equation

n' = m o[Sx1 + x2]/[Sx1 + rx2)] (3b)

is obtained for the material content of the adsorption
layer. The value of nj, may be determined from the
slope and the intersection of the Everett-Schay linear
representation [22-25], i.e.,

+S—r
s—17"!

(4)

X1X2 - 1 r
n‘lr(") a ny S —1

Using the integrated form of the Gibbs equation
describing solid/liquid interfaces [26-29], the free enth-
alpy of adsorption can be formulated in the following
way:

. ntlf(n)
Ay G = —RT 1
2 0/ (1 —xl)x1< +

The index ““,;” indicates that the molecules of compo-
nent 2 are exchanged for those of component 1 and v, is
the activity coefficient of component 1 in the bulk phase.
In ideal solutions or in solutions considered to be ideally
dilute (like our systems), the value of the parenthetic
term containing the derivative of the activity coefficient
is 1. Using the molar free enthalpies of the components
(g5), the equation Ay G = n(g} — g5/r) holds for the
entire concentration range. After combination with
Egs. (2) and (5) and appropriate rearrangements, the
following relationship is obtained [5]:

Ay G

nY(ﬂ) -

(5)

dlny,
dlnxl)dxl

Aoig+n'Ayg— (6)

X
nrlf(n)
The linear representation of the equation yields the
molar free enthalpy of adsorption, A,;g and the material
content of the interfacial layer, #n°. The volume per unit
cell of the alkyl chains hydrophobizing the silicate layer
(in units of nm?/[Si,Al],0,0) for n-alkylpyridinium
montmorillonite as the adsorbent is

Vak = {0.205[0.127(nc_c + nc_N) + 0.28] + 0.1 18}C
(7)

The parenthetic term expresses the length in nm of the
alkyl chains attached to the surface. (nc_c and nc_ are the
number of carbon-carbon and carbon-nitrogen bonds,
respectively.) The cross-section of the straight-chain
aliphatic hydrocarbon chain is 0.205 nm?. V,y includes
the volume of the pyridine ring (0.118 nm®). The number
of charges per formal unit (surface charge density,
@w=0.32) may be obtained from the concentration of
alkyl chains by thermogravimetric analysis. The thickness
of the silicate layer is 0.96 nm and the surface of the base
of the formal unit is 0.232 nm?; thus the interlamellar
volume may be formulated in the following way [3, 4]:

Vi = 0.232(d;, — 0,96)(nm? /[Si, Al|,O1) (8)

The volume of the ““free” interlamellar space is the
difference Viy — Va
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Ve = Varr = VE+ 137" (9a)

1= @y + O + 05 (9b)
where 1;” = V5 + V? is the combined volume of the
water molecules present in the adsorption layer and the
so-called bulk liquid, filling the adsorption space [10].
The latter does not participate in the formation of the
adsorption layer; it is, however, controlled by the forces
of adsorption, like all molecules in the interlamellar
space. Due to preferential adsorption of the dissolved
material, V® consists mostly of water, which is the
reason why it may be combined with V;. Dividing of
Eq. (92) by Vi, and subsequent rearrangement yield
Eq. (9b) for the volume fractions of the alkyl chain, @,
and the components, ®;. Representation of @} as a
function of the equilibrium concentration, or the real
volume fraction of the bulk phase, gives a demonstrative
view of the interlamellar concentrations of the various
components of the system.

Materials and methods

Liquid sorption experiments

The dilute solutions studied were saturated solutions of pollutant
aromatic pollutant (nitrobenzene, 2-chlorophenol, and 4-chlor-
ophenol =component 1, distilled water =component 2) and a
series of dilutions made thereof (at 10-12 points in the range of
X1 relative = X1 saturation = 0—1). Saturated solutions were made up at
20 + 0.5 °C by addition of the organic compounds to distilled
water under continuous mechanical shaking, for a saturation time
of 2 weeks. The upper, aqueous phase of lower density is the stock
solution, which was stored in a dark bottle for protection against
photodecomposition.

Adsorption of the solution series obtained was studied on
n-hexadecylpyridinium montmorillonite (HDP-montmorillonite)
as the adsorbent. The original montmorillonite samples (Mad,
Tokaj mountains, Hungary, cec (cation exchange capacity) =
0.851 mmol/g) were organophilized at 338 K by the addition of the
cationic surfactant (hexadecylpyridinium chloride) in a 1.5-fold
amount related to the cec (i.e., 150% of the cec was added from the
cationic surfactant to the montmorillonite suspension). The ion
exchange time was 48 h. The samples were washed with 1:1
propanol-water mixture, dried and pulverized [3, 4, 11].

The adsorption excess isotherms were determined by the
immersion method. Known volumes (9 cm?) of the solution were
added to 0.03-0.3 g of the HDP-montmorillonite. After equilibra-
tion the samples were centrifuged. The concentration of the
supernatant and the original solution was determined by a Zeiss
liquid interferometer [3-5].

X-ray diffraction measurements

The XRD experiments were carried out in a Philips X-ray
diffractometer (PW 1930 generator, PW 1820 goniometer) with
CuK-o radiation (A=1.5418 ) at 20 =1-10°. In order to prevent
the evaporation of the aquatic solution, the hydrophobic clay
suspension in equilibrium solution was coated by a thin Mylar foil.
The basal spacing (dr) was calculated from the (001) reflexion by
the Bragg equation.

Results and discussion

In the systems studied in this work, adsorption on the
HDP-montmorillonite is positive (preferential) with
respect to the organic component in the entire compo-
sition range: in other words, the interfacial layer is
enriched in aromatic molecules. For example, adsorp-
tion from an aqueous solutions of nitrobenzene reaches
saturation at an adsorption excess around n{" =
0.9 mmol/g (Fig. la). The course of adsorption is
significantly affected by the surface polarity of the clay
mineral, since on surfaces of polar character either the
entire adsorption isotherm or its initial segment
indicates preferential adsorption of water. As an exam-
ple the adsorption of nitrobenzene from aqueous
solutions is shown for Ca-montmorillonite (Fig. 1b).
The initial segment of the excess isotherm shows
preferential adsorption of water (negative adsorption
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Fig. 1 a Adsorption excess isotherms of nitrobenzene from water on
HDP-montmorillonite (A). b Adsorption excess isotherms of nitro-
benzene from water on Ca-bentonite (@)
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for nitrobenzene). Only at nitrobenzene concentrations
higher than a molar fraction of x;,=0.4, i.e., at the
azeotropic composition, the organic molecule is prefer-
entially adsorbed. The reason behind this phenomenon
is the excellent hydratation of Ca’" ions and the
hydrophilic character of the surface.
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Fig. 2 Adsorption excess isotherm of 2-chlorophenol from water on
HDP-montmorillonite
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Fig. 3 Adsorption excess isotherm of 4-chlorophenol from water on

The value of adsorption excess in the vicinity of
saturation concentration is 2.5 mmol/g and 1.8 mmol/g
for adsorption of 2-chlorophenol (Fig. 2) and 4-chlor-
ophenol (Fig. 3), respectively, from aqueous solution.
The isotherms of the two chlorophenol isomers have
similar shapes; the reason for the slightly higher
adsorption of 2-chlorophenol is that this molecule is
more polarizable and is therefore adsorbed in the
interlamellar space to a higher extent.

Adsorption capacities calculated using the Everett-
Schay linear representation (Eq. 4) are nj , = 2.86 mmol/g
for 2-chlorophenol and 1.99 mmol/g for 4-chlorophenol
(Fig. 4). The adsorption capacity calculated from the
excess isotherm of nitrobenzene is nj,=1.27 mmol/g
(Table 1). '

The free enthalpy functions determined according to
Gibbs’ equation (Eq. 5) are plotted against relative
molar fractions in Fig. 5. The change in free enthalpy
accompanying the adsorption of the chlorophenols is
quite considerable, 9.5 J/g and 11.6 J/g, while it is as low
as 2.8 J/g for nitrobenzene. When values of A,;G are
plotted against the absolute molar fractions (Fig. 5b), it
becomes obvious that the three functions increase in a
similar way; due to the poor solubility of nitrobenzene,
however, in the nitrobenzene/water system demixing
occurs at a considerably lower concentration, making

0,0020
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0,0010 -

X X2/n,°®, g mmol?!

0,0005 -

0,0000 T T T ]
0,000 0,001 0,002 0,003 0,004

X3

Fig. 4 Everett-Schay representation of adsorption excess isotherms
(2-chlorophenol-water (@) and 4-chlorophenol-water ((J) on HDP-

HDP-montmorillonite montmorillonite)

Table 1 The adsorption . 1 s ) )

capacity from the Everett-Schay Pollutant nj g, mmol g™ 7°, mmol g =A2,G, J mmol Ssep Ssep

representation, adsorption (Eq. 4) (Eq. 6) (Eq. 6) (x1=0,0002) (x;=0,002)

excess and free energy data and -

the separation factor S, Nitrobenzene 1.27 - - 360 -
2-Chlorophenol 2.86 0.94 3.59 230 40
4-Chlorophenol 1.99 0.97 3.85 210 30
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Fig. 5 a Free enthalpy of adsorption in 2-chlorophenol (@)-, 4-
chlorophenol ((J)-, and nitrobenzene (A)-water on HDP-montmorill-
onite (plotted against x;,). b The first section of thermodynamic
function is also plotted against x;
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Fig. 6 Combination of adsorption excess and free enthalpy data on
HDP-montmorillonite in 2-chlorophenol-water (@) and 4-chlorophe-
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Fig. 7 Basal spacings of HDP-montmorillonite in aqueous solution
of 2-chlorophenol-water (@), 4-chlorophenol-water ((J), and nitro-
benzene-water (A)

Table 2 Calculated and

experimental basal spacings of Hydrophqbic‘HDP Aquatic solution Calculated dp, nm Experimental
HDP-montmorillonite in water ~Montmorilonite di, nm
and in different solutions
Dry 1.86 (2=0°) 1.77
Suspended in water 2.29 (=35°, monolayer) 2.18
In saturated solution of Nitrobenzene 3.06
2-Chlorophenol 3.61 (x=35°, bilayer) 3.43
4-Chlorophenol 3.65
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the calculation of further data at higher concentrations
impossible.
Based on the free enthalpy function, the representa-

tion Ay G/n") = £ (x1/n7™) can also be drawn, yielding

the values of molar free enthalpies and n°® (Fig. 6,
Table 1). The change in molar free enthalpy of adsorp-
tion determined from the linear representation is char-
acteristic of the water/pollutant exchange. This enthalpy
change is larger for 4-chlorophenol than for 2-chlor-
ophenol. (In the case of nitrobenzene this function may
not be used for the above evaluation, since — due to the

a
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L © Q [

3,61 nm
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Fig. 8a—d Schematic structure of HDP-montmorillonite with increas-
ing concentration of the pollutant (nitrobenzene: x=NO,, y=H,
z=H; 2-chlorophenol: x=0OH, y=Cl, z=H; 4-chlorophenol:
x=O0H, y=H, z=C])
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Fig. 9 a Viy — Vi, V®, and V§ for HDP-montmorillonite in nitro-
benzene-water. b The same as a for HDP-montmorillonite in
2-chlorophenol-water. ¢ The same as a for HDP-montmorillonite in
4-chlorophenol-water
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weaker adsorption interactions — the slope of the initial
segment of the isotherm is too small.)

Changes of the basal spacing of HDP-montmorill-
onites as a function of relative molar fraction of the
solution are shown in Fig. 7. The excess isotherms are
in good correlation with the results of the X-ray
diffraction measurements: a significant increase of
basal spacing is observed in each system and the
breakpoints of the curve are in accordance with the
increase of the adsorption excess. The increase is
caused by the intercalation of aromatic molecules in
the interlamellar space. The layers, together with the
alkyl chains bound to them, move apart while the
concentration of the organic component in the adsorp-
tion layer increases. Due to the para position of the
chlorine atom, the size of the 4-chlorophenol molecule
is larger than that of 2-chlorophenol and expands the
interlamellar space by 0.2-0.3 nm in comparison with
the ortho compound.

As shown in Fig. 8, the expansion of the interlamellar
space proceeds in three steps, corresponding to three
interlamellar phases. In the dry state the alkyl chains are
lying between the silicate layers (Fig. 8a). The basal
spacing in Fig. 8b calculated on the basis of Egs. (7) and
(8): dp=[[0.127(nc_c + ncN) + 0.28]sin 35° + 0.96]
=2.29 nm, assuming that the orientation of the alkyl
chains is 35° [30]. At low relative molar fractions the
aromatic molecules form a monomolecular adsorption
layer in the interlamellar space. An intermediate stage is
shown in Fig. 8¢ where the alkyl chains overlap only
partially; further aromatic molecules can be intercalated
and now form multimolecular layers.

In Fig. 8d, the calculated basal spacing is dp = [2
[0.127(nc_c + ncn) + 0.28]sin 35° + 0.96]=3.61 nm,
assuming a 35° bilayer orientation of the organophilic
cations in the interlamellar space. In this case as many as
four aromatic compound layers may be formed,
depending on the size of the aromatic molecules.

These theoretical calculations are corroborated by
our experimental results. The basal spacings measured
by X-ray diffraction are: 2.18 nm in water, 3.06 nm for
nitrobenzene close to saturating concentration, 3.43 nm
for 2-chlorophenol, and 3.65 nm for 4-chlorophenol
(Table 2). This means that the bilayer orientation is
indeed established in the case of 4-chlorophenol, while in
the two other systems the organophilic chains partially
overlap.

The results of adsorption and X-ray diffraction
measurements may be combined by plotting the change

<

Fig. 10 Composition of the interlamellar space of the HDP-mont-
morillonite in nitrobenzene-water. b Composition of the interlamellar
space of the HDP-montmorillonite in 2-chlorophenol-water. ¢
Composition of the interlamellar space of the HDP-montmorillonite
in 4-chlorophenol-water
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in the so-called “free” interlamellar space (Viy — Vai)
(see Eq. 9a) against the material excess of the adsorp-
tion layer (Fig. 9) and may also be compared with the
volumes V*=n; oV, calculated from the Everett-
Schay representation. This representation allows us to
follow the progressing changes in the interlamellar
volume, brought about by the excess being adsorbed.
The first molecules are adsorbed mainly on the external
surfaces and in the monomolecular layer. The interlayer
space expands only slightly (stage I). When the
concentration of the solution is further increased, the
available volume is suddenly expanded and, as the alkyl
chains no longer span the space separating the layers,
aromatic molecules have easy access to the space
around the hydrophobic chains and the basal spacing
increases to the second plateau. Stage II is followed by
continuous expansion until the system reaches the
saturation concentration. This mechanism is supported
by the phenomenon observed in the case of the
relatively concentrated chlorophenols (Fig. 9b): within
such a stage, V5 or V*® in the adsorption space is
practically constant while the amount of organic matter
steadily increases.

Calculations concerning the structure of the interla-
mellar space (Eqgs. 7-9) and examination of the dia-
grams of interlamellar compositions (Fig. 10) reveal the
ratio of the various components (alkyl chains, organic
component, water) filling the available space. The above
concept of the adsorption layer structure is also
supported by the fact that the volume fraction for water
(I)‘;"}7 is larger in water/4-chlorophenol than in water/2-
chlorophenol, i.e., when 4-chlorophenol is adsorbed,
more water is retained in the interlamellar space. The
reason for this is that the extent of interlamellar swelling
is larger when 4-chlorophenol is adsorbed than in the
case of 2-chlorophenol. The adsorption isotherms reveal
that higher amounts of 2-chlorophenol are adsorbed
than of 4-chlorophenol, in spite of the fact that the
expansion of the interlayer space is smaller in the case of
2-chlorophenol. Thus, the interlamellar space “opens”
wider by 4-chlorophenol, but — due to its smaller
adsorption — more water is incorporated than in the
case of 2-chlorophenol.

The extent of the enrichment of the organic pollutant
can be characterized by the ratio Sy, = [®]/ (1—
Dk )] / ®,. This value varies as a function of concentra-
tion (Fig. 11). Sy, is a descriptive measure of the ratio
between the volume occupied by component 1 of the
liquid phase adsorbed in the interlamellar space and the
volume of the bulk phase. This ratio reaches its
maximum at low molar fractions of the aromatic
component and can be as high as 600-800. Among the
three aromatic molecules, nitrobenzene has the highest
Ssep values (Table 1); in this system, however, phase
separation occurs at low concentrations. The two
chlorophenol isomers yield similar curves; S, is slightly

800 15

600 -

0 -(v: T T T 1
0,0000 0,0005 0,0010 0,0015 0,0020

Xy
Fig. 11 Separation factor Sy, for 2-chlorophenol (@)-water, 4-

chlorophenol (O)-water, and nitrobenzene (A)-water on HDP-
montmorillonite in aqueous solutions

higher for 2-chlorophenol as a consequence of the higher
extent of adsorption.

Conclusions

In summary, nitrobenzene and chlorophenols are
adsorbed from aqueous solutions on montmorillonite
hydrophobized with a cationic surfactant. Analysis of
the isotherms reveals that the extent of adsorption
depends on the adsorption of pollutant molecules in the
interlamellar space and on how they solvate the alkyl
chains of the cationic surfactant. As a consequence, an
ordered interlamellar structure develops, with phase
transitions in three stages: (i) a monolayer orientation at
low pollutant concentrations with pollutant molecules
replacing water molecules; (ii) a state intermediate
between mono- and bilayer orientation where the alkyl
chains overlap (Fig. 8); (iii) a bilayer orientation with
the alkyl chains solvated by pollutant molecules. Ac-
cording to the composition diagrams, the water content
is 25-35%; the rest of the interlamellar material is made
up of organic molecules. The basal spacing ranges from
3.06 nm to 3.65 nm, depending on the structure of the
pollutant and the adsorbed material amount.
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