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Adsorption of cationic surfactants
and subsequent adsolubilization of organic
compounds onto cellulose fibers

Abstract Cationic surfactants with
different hydrophobic chain length
were adsorbed onto cellulose fibers
in an aqueous medium. The
adsorption isotherms exhibited three
characteristic regions which were
interpreted in terms of the mode of
aggregation of the surfactant mole-
cules at the solid-liquid interface.
The hydrophobic layers were used as
a reservoir to trap various slightly
water soluble organic molecules. A
quantitative study of these phenom-
ena suggested typical partition
behavior of the organic solutes
between the aqueous phase and the

surfactant layer. The surfactant
chain length (from C12 to C18) was
shown to play an important role in
terms of the capacity to retain the
organic solute and the capacity
increased with the number of carbon
atoms.
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Introduction

Surfactant adsorption at the solid-liquid interface is a
phenomenon of significant importance for many indus-
trial processes, such as selective flotation [1], cosmetic
formulation, paint technology, and ceramic processing.
The study of the adsorption of ionic surfactants on
charged surfaces has led to the concept of aggregation
and seclf-assembly of the surfactant at the solid—liquid
interface [2, 3, 4, 5, 6]. Three models for the adsorbed
layer structure have been proposed. The reverse orien-
tation model, first proposed by Somasundaran and Fu-
erstenau [7, 8], is based on a sequence of four steps for the
surfactant adsorption. The first involves the individual
surfactant adsorption via an ion-exchange mechanism
exclusively; in the second step, the aggregation into
hemimicelles takes place as a result of the reorganization,
accompanied by an association process, which led to the
formation of a surfactant monolayer oriented with the

head groups in contact with the solid surface; the third
step considers the increase of the density of the aggre-
gated domains through further surfactant adsorption;
finally, the fourth step involves the formation of bilayer-
organized structures which saturate the surface. The
second model, proposed by Harwell et al. [9], differs
slightly from the previous one, in that patches of bilayer
structures, termed admicelles, are formed as soon as the
concentration of free surfactant attains a critical level,
without hemimicelle formation at lower surfactant con-
centrations. A different model was proposed by Gu and
coworkers [10, 11], according to which the surfactant
adsorption proceeds through two phases: the first results
from electrostatic interactions between the surfactant
head groups and the surface charges and the second in-
volves lateral interactions among the alkyl chains which
induce the formation of a bundle of adsorbed surface
micelles that become progressively more closely packed
as further surfactant is adsorbed.
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In all of these models, the adsorption process is a
result of two mechanisms. First, the electrostatic inter-
action between the surface and the ionic surfactant head
groups give rise to an adsorption characterized by the
lack of any particular configuration of the surfactant
molecules at the solid-liquid interface. Subsequently,
following the attainment of a critical concentration,
lateral hydrophobic interactions among the hydrocar-
bon chains bring about the reorganization and the
aggregation of the adsorbed surfactant molecules at the
substrate surface. The driving force for this association
process is the reduction in contact area between the
hydrocarbon lyophobic tails and the surrounding water
molecules, which gives rise to an increase in the config-
urational entropy.

Many experimental techniques, such as zeta potential
[5, 12] and contact angle measurements [13], fluorescence
intensity [4, 14], Fourier transform IR spectroscopy [15]
and electron spin resonance [16, 17], have been used to
study the aggregation of surfactant molecules at the
solid-liquid interface. Only recently the use of atomic
force microscopy has provided clear-cut evidence of self-
assembly by direct imaging of the interface [18, 19].

The aggregation of surfactant molecules at the solid—
liquid interface generates hydrophobic cores formed by
the associated surfactant tails on which organic com-
pounds can be trapped. This process, termed adsolubi-
lization, stimulated much research and has found many
applications in different domains, such as surface mod-
ification using admicellar polymerization [20, 21], chro-
matographic separation [22], wastewater treatment [23,
24, 25, 26] and drug carrier targeting in pharmacology
[27]. However, to the best of our knowledge, all these
studies concentrated on the adsolubilization behavior of
inorganic oxides [25, 26, 27, 28, 29, 30, 31, 32], partic-
ularly SiO,, Al,O5 and TiO,. Much effort has been de-
voted to understand the different mechanisms involved
in the adsolubilization process using these substrates, by
investigating the effect of various parameters, such as the
medium pH [32], the ionic strength [33], and the sur-
factant [34] and solute structures [35]. Among the
drawbacks related to inorganic oxides, one finds their
vulnerability to the medium characteristics (pH, ionic
strength) and the requirement of extremely fine particles
in order to attain surface areas high enough for appre-
ciable surfactant uptake.

In this work, we pursue our investigation on the
interactions of surfactants with a poorly charged organic
substrate [21, 36], namely cellulose fibers and the aptitude
of these treated substrates to trap organic compounds in
aqueous media. Our interest in cellulose fibers was
motivated by the abundance of this natural polymer, its
worldwide availability at a low cost and in numerous
varieties and its biorenewable character. The surface
properties of cellulose fibres at the solid-liquid interface
were first investigated by de Groot and Dékany [37].

Experimental
Materials

The fibers used in this work were a commercial TECH-
NOCEL-150DM sample of microcrystalline cellulose.
Their average length was about 250 um and their specific
surface, measured by the Brunauer—-Emmett—Teller
technique using nitrogen as the probe was found to be
2.5 m? g~'. The presence of negative surface charges was
confirmed by zeta potential measurements which gave an
average value of —10 mV at pH 6.5-7 and ionic strength
of 10*. Conductivity measurements provided a value of
about 55 umol of negative charges per gram.

Four commercial analytical grade cationic surfac-
tants were used, namely octadecyltrimethylammonium
bromide (C18), hexadecylpyridinium chloride (C16),
tetradecyltrimethylammonium bromide (C14) and
dodecylpyridinium chloride (C12). Their critical micelle
concentrations (cmes) at 25 °C are 2.1x107%, 7.5x107%,
3.4x107* and 1.2x107% M, respectively.

All the organic solutes used in this study were of
analytical grade commercial products.

Adsorption and adsolubilization isotherms

The adsorption isotherms related to the surfactants were
obtained in the presence of 1 wt % cellulose dispersed in
water. The suspensions were then stirred for 24 h at
room temperature to reach adsorption equilibrium. The
coadsorption of organic solutes was performed as
follows. To equilibrated aqueous surfactant-cellulose
suspensions, prepared as previously described, a known
amount of the selected organic solute was added using a
microsyringe for liquid solutes or by weighing the solid
powder counterpart. The ensuing suspension was then
shaken for 4 h at room temperature to reach the
adsolubilization equilibrium.

The dispersions were then centrifuged at 2,500 rpm
for 15 min. The supernatant concentrations of the
organic solute and the surfactant were determined by
UV spectroscopy and colorimetric titration, respectively.
In the case of sparingly soluble solutes (solubility lower
than 5x10™* M), the adsolubilized amount was deter-
mined by UV spectroscopy after its extraction from the
cellulose fibers with ethanol and the supernatant
concentration was determined by the difference. The
colorimetric titration of the cationic surfactant was
performed using a starch solution and iodine. The
principle of the method is based on the aptitude of ionic
linear surfactants to form stable inclusion complexes
with amylose [38]. The details of the procedure have
already been described [36]. Both the UV and the
colorimetric analyses were conducted on the basis of
previously established calibration curves.
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Results and discussion
Surfactant adsorption onto cellulose fibers

The adsorption isotherms of each cationic surfactant
onto cellulose fibers are shown in Fig. la and b following
two different modes of presentation, viz., linear—linear
and linear—log plots, the latter being useful to amplify the
low concentration range of the isotherms. In this figure
the amount of surfactant adsorbed is plotted against the
surfactant equilibrium concentration. The linear—linear
plots display an initial steep rise followed by a smooth
ascent towards an asymptotic value. The initial steep rise
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Fig. 1 Adsorption isotherms of cationic surfactants on cellulose
fibers: a according to a linear—linear scale, b according to a linear—
log scale

suggests a high affinity of the cationic surfactants to-
wards the cellulose fiber surface. The plateau value, on
the other hand, increases as the surfactant chain length
increases. The linear—log representations clearly show
sigmoidal behavior similar to that already observed for
long-chain surfactants adsorbed on charged inorganic
oxide surfaces [39]. The isotherms plotted in this way can
be subdivided into three regions, following previous
studies [32, 33, 34, 35, 39, 40], reflecting different modes
of surfactant—surface interactions:

1. At low surfactant concentration, the amount ad-
sorbed increases very slowly with increasing surfac-
tant concentration; in this domain, adsorption occurs
principally through electrostatic interactions between
negative surface charges of cellulose (essentially
carboxylic groups arising from certain hemicelluloses
and/or oxidative bleaching of cellulose) and the po-
sitive ammonium surfactant head groups. The max-
imum amount of adsorbed surfactant in this region
does not exceed 30 pmol g~', with this relatively low
value probably being related to the low surface
charge of cellulose of 50 umol g '.

2. The second region starts with a sharp increase in the
amount of the adsorbed surfactant, which indicates
the onset of the lateral hydrophobic interactions
among surfactant tails which gives rise to the
aggregation of the surfactant molecules at the solid—
liquid interface.

3. The third region is characterized by the approach to
a saturation value in the amount of the surfactant
adsorbed and therefore a major increase in the sur-
factant concentration does not lead to a corre-
sponding change in the amount adsorbed. This
behavior suggests that the packing density of the
surfactant molecules on the cellulose surface is such
that the lateral electrostatic repulsion between the
charged head groups balances the attractive hydro-
phobic interactions of adjacent hydrocarbon tails.
The onset of this region appears to be close to the
cmc of the corresponding surfactants as indicated by
the arrows in Fig. 1b.

An increase in the alkyl chain length led to an
increase of both the slope of region 2 and the plateau
level. These trends are in agreement with the aggregation
hypothesis of the adsorbed surfactant molecules. Indeed,
the addition of CH, groups to the surfactant tail
enhances the extent of hydrophobic interactions among
alkyl chains, thereby increasing the adsorption, just as in
the well-known correlation between the increase in the
surfactant chain length and the corresponding decrease
of its cmc.

Even though the surface charge density of the cellu-
lose fibers is much lower than that of typical inorganic
oxides, the adsorption behavior of the surfactants
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appears to take place in a similar manner at both sur-
faces. This fact highlights the predominant role of the
hydrophobic interactions among the surfactant tails in
the adsorption process. The adsorption mechanism is
likely to be entropy-driven, since when surfactant mol-
ecules associate themselves at the substrate surface, the
water molecules surrounding the hydrocarbon tails are
released into the bulk aqueous medium, thus increasing
the entropy of the system.

In spite of the low surface area measured for the
cellulose fibers used in this study (2.5m”g™'), the
maximum amounts of surfactants adsorbed were rela-
tively high, considering that other substrates display
such adsorption levels only with specific surface areas
higher than 150 m? g '[30, 31, 41]. This apparent dis-
crepancy can be rationalized by assuming that the sur-
factant molecules were adsorbed not only at the external
surface of the fibers, but could also diffuse inside their
porous structures thanks to their swelling in the aqueous
medium. In other words, the actual cellulose surface
available for surfactant adsorption in the aqueous
swollen state was much larger than that measured on the
dry substrate. Assuming that the adsorbed surfactant
molecules were oriented perpendicularly to the cellulose
substrate and 65 A” [42] is taken as the surface covered
by the trimethylammonium group, the specific surface
area of the swollen cellulose substrate was estimated to
be about 110 m? g~!, which is more than 40 times the
corresponding value for the dry material.

The effect of the medium pH and ionic strength on
the adsorption isotherm was studied using the C16 sur-
factant. Figure 2 shows that, regions 1 and 2 were little
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Fig. 2 Adsorption isotherms of the C16 surfactant on cellulose
fibers at three different pH values

affected by the pH modification, whereas the plateau
value of region 3 increased by a factor 1.5 as the pH was
raised from 3 to 10. Since the carboxylic groups are fully
ionized up to a pH value of 5-5.5, we attribute the latter
effect to the well-known swelling of the cellulose matrix
induced by the rise in pH which led to an increase in the
available solid-liquid interface [43].

The effect of the ionic strength on the adsorption
isotherm is shown in Fig. 3. Again, the basic qualitative
features related to regions 1 and 2 were not drastically
modified and again a significant quantitative change
occurred, with regard to the plateau value, which in-
creased as the electrolyte concentration was increased.
This behavior is most probably related to a growing
screening effect of electrolyte ions inducing a corre-
sponding decrease in electrostatic repulsion among the
charged head groups of the adsorbed surfactant. The net
effect of this phenomenon was therefore a progressive
increase of the surfactant surface density as the ionic
strength increased.

Figure 4 displays the adsorption kinetics related to
the four surfactants. The time needed to attain equilib-
rium was found to be inversely related to the length of
the hydrophobic chain, namely, about 20, 17, 15and 7 h
for C12, C14, C16 and C18, respectively. In the case of
C12, an induction period of about 5 h occurred before
the slow adsorption feature. On the whole, these
adsorption times are particularly long, but are consistent
with a mechanism based on the slow diffusion of the
surfactant molecules inside the cellulose fibers. The in-
verse trend can be rationalized by the fact that the longer
the hydrophobic chains are, the easier it is to overcome
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Fig. 3 Adsorption isotherms of the C16 surfactant at pH 6.7-7 and
three different ionic strengths (addition of KCl)
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Fig. 4 Time evolution of the amounts of the different cationic
surfactants adsorbed on cellulose fibers at a constant surfactant
concentration of 107> M

the capillary pressure inside the fiber micro pores and
thus hasten the diffusion process of the surfactant
molecules.

Adsolubilization behavior of organic solutes

The second part of our study concerned the effect of the
surfactant adsorption on the adsolubilization behavior
of the cellulose fibers. The relationship between the
equilibrium C18 adsorbed surfactant concentration and
the corresponding amount of 2-Naphthol coadsorbed is
shown in Fig. 5. The comparison of these two isotherms
clearly indicated a progressive 2-Naphthol adsolubili-
zation accompanying the corresponding increase of C18
adsorption, up to a sharp critical value, after which the
extent of 2-Naphthol retention decreased dramatically.
This drastic downturn occurred at a CI18 surfactant
concentration very close to its cmc. The increase in ad-
solubilization at surfactant concentrations below the
cmc clearly suggests that the formation of admicellar
structures around the fibers constitutes an efficient res-
ervoir for the added organic compound (it is important
to emphasize that 2-Naphthol was adsorbed onto the
cellulose fibers in negligible amounts in the absence of
surfactant). This hypothesis was corroborated by the
observation that the C18 adsorption isotherm did not
change significantly in the presence of the organic
compound, which indicated that the latter was indeed
adsolubilized inside the aggregated surfactant domains.

The coincidence of the occurrence of the sharp
downturn and the C18 cmc strongly suggests that once
free micelles began to form in the aqueous solution,

-1 -1
Nadsorb'um()l'g Nadsol’"mOLg
350 300
300 | [ s 250

250 1 —&— 2-naphthol
200
200 |
— 150
150 |
- 100
100 |
50 | [ 50
0 w 0
7 6 5 4 3 2 -1

log(Csol)

Fig. 5 (Cl8adsorption isotherm and 2-Naphtholadsolubilization
isotherm as a function of the equilibrium CI8 concentration at
pH 6.5-7

2-Naphthol could distribute itself between the adsorbed
layer and the bulk micelles, which led to a progressive
decrease of its presence in the former (as clearly shown
in Fig. 5) as the concentration of the latter increased.

Several other organic compounds were tested in this
context and the results obtained, again using C18, are
shown in Fig. 6. A common trend was observed, irre-
spective of the specific structure of the molecules added,
confirming that they were indeed adsolubilized within
the hydrophobic adsorbed surfactant layer, rather than
fixed by structure-specific interactions with the surfac-
tant head groups.
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Fig. 6 Adsolubilization isotherms of different organic compounds
as a function of the equilibrium C18 concentration at pH 6.5-7
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Fig. 7 Adsolubilized solute fraction versus its equilibrium concen-
tration

In the same way as for the solubilization process in
the presence of free surfactant micelles, the adsolubili-
zation phenomenon can be viewed as the partition of the
organic compound between the hydrophobic core of the
adsorbed surfactant layer and the aqueous phase.

It follows that the partition coefficient can be defined
as the ratio between the mole fraction of solute in the
adsorbed surfactant layer (X,qs01) and the solute con-
centration in the aqueous phase (Cyq):

Xadsol
)
Cyq

Kads =

where Xadsol = Cadsol/Csurf adsor-

Convincing evidence for the validity of this parti-
tion approach was obtained thanks to the linear
behavior of the corresponding plots of all the organic
solutes tested, four of which are shown in Fig. 7. The
relevant partition coefficient data are provided in
Table 1. The relatively high values obtained indicate
that the cellulose fibers treated with C18 possessed a
high affinity towards organic compounds. It is inter-
esting to note that both the partition coefficient and
the maximum adsorbed concentration seemed to
depend on the extent of the polar character of the
molecular structure in the sense that the lower this
contribution, the higher the amount that was adsolu-
bilized, as shown in Table 1.

The effect of the surfactant chain length on the ad-
solubilization capacity was studied using 2-Naphthol.
The adsorption isotherms of this compound in the
presence of each of the four surfactants are shown in
Fig. 8, and the corresponding quantitative parameters
are given in Table 2.
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Fig. 8 Adsolubilization isotherms of 2-Naphthol onto cellulose
fibers as a function of the surfactant alkyl chain length

Table 1 Results related to the adsolubilization of different organic
compounds on C18-treated cellulose fibers

Organic solute Kadsol Cmax adsol
(umol )
Benzene 8,900 390
Cholrobenzene 6,450 310
1,3,5-Tricholorobenzene 5,000 185
Nitrobenzene 1,920 194
2-Naphthol 1,960 290
Naphtalene 6,750 304
2-Cholorophenol 980 169
Quinoline 1,050 202

Table 2 Results related to the adsolubilization of 2-Naphthol as a
function of the surfactant alkyl chain length

Surfactant K‘ddsol Cmax adsol
(pmol 171
C18 1,963 295
Cl16 1,310 180
Cl4 928 140
C12 730 120

The features of the four curves were qualitatively the
same but followed quantitatively two clear-cut trends,
viz., (1) a decrease in the maximum amount adsorbed
with decreasing hydrophobic chain length, and (2) a
shift in the position of that maximum related to the
corresponding surfactant cmc. The first trend gave rise
to the changes in the partition coefficient shown in Ta-
ble 2 and suggested that the increase in the surfactant
chain length, which gives rise to a larger hydrophobic
volume of the adsorbed layer, provided a correspond-
ingly higher capacity of storage of the organic molecules.
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Conclusion

Surfactant-modified cellulose fibers appeared to be
effective sorbents for the removal of organic compounds
dissolved in aqueous media. Given the ready availability
of this type of substrate and its low cost, the present
approach could be promising in applications related to
the removal of organic pollutants and toxic substances
in wastewaters. However, the possible desorption of the

surfactant molecules from the cellulose surface should
be impeded, for example, by their chemical coupling
through covalent bonding. Work is in progress to study
this possibility.
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