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Abstract

A systematic study on the adsorption behavior of decylethoxylene nonyl phenol (NP-10) on silica has been carried out in order to elucidate
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he mechanism that governs the formation of the adsorbed layer of the nonionic surfactants. Effects of pH and silica–water ratio on
sotherm indicate that the adsorption of NP-10 at silica–water interface results from the contribution of both hydrophobic and h
arts of the surfactant and the surface charge of silica. The cooperative association of the hydrocarbon chain at silica–water interfa
roposed. Measurements of the electrokinetic properties of the silica with adsorbed surfactants reveal the adsorbed layer to mas
harge of silica significantly.
2004 Published by Elsevier B.V.
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. Introduction

Adsorption of surfactants at the solid/liquid and the liq-
id/gas interface plays a very important role in many in-
ustrial processes[1–3]. The polyoxyethylated alkyl phe-
ols show strong adsorption on silica but not on alumina

2,4,5]. Such preferential adsorption on silica renders a great
dvantage for the beneficiation of minerals and the separa-

ion of surfactants from mixtures[6–8]. In our earlier studies
9–12], we have reported the organization of nonionic surfac-
ants in homogeneous and microheterogeneous media. In the
resent paper, a systematic study of the adsorption behavior
f NP-10 at silica–water interface has been carried out with
view to investigate the microstructure of the adsorbed layer
f decylethoxylene nonyl phenol (NP-10) at silica–water in-
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terface and to know the orientation of the surfactants a
silica–water interface.

2. Experimental

2.1. Materials

2.1.1. Silica
Synthetic silica used for experiments were sphe

XOB75 (Rhone-Poulenc, Lyon, France) with diamete
2.5–64�m and a BET surface area of 100 m2/g with a spher
ical ball like structure. The average pore size on silica su
was specified to be 1200̊A2.

2.1.2. Surfactant
The decylethoxylated nonyl phenol surfactants were

tained from Nikko chemicals, Tokyo, Japan under the pro
name NP-10 (1). These surfactants were used to study w
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Fig. 1. Adsorption isotherm of NP-10 in presence and absence of pyrene
[S/L= 0.01,I = 0.01, temperature = 23 + 0.2◦C, pH 5.0± 0.2].

out further purification. The absence of a minimum in the
surface tension concentration curve confirmed the high pu-
rity (>99%) of the surfactants[11,13].

Triple distilled water (conductivity = 1× 10−6 mho cm−1)
was used within 7 days of its preparation. The solutions of
surfactants in 0.01 M NaCl solution containing 3× 10−7 M
pyrene were prepared just before use.

The adsorption study was carried out in presence of pyrene
and 0.01 M NaCl to obtain information on structure of the
adsorbed layer[14]. The solution properties and the adsorp-
tion behavior of NP-10 are, however, not affected in pres-
ence of 3× 10−7 M of pyrene or 0.01 M NaCl[10,15,16]
(seeFigs. 1 and 2).

F
t

Fig. 3. Variation of adsorption density of NP-10 with time [S/L= 0.01,
I = 0.01, temperature = 23 + 0.2◦C, pH 5.0± 0.2].

Sodium chloride used for maintaining the constant ionic
strength was supplied by Fisher Scientific Co., Fairlawn, New
Jersey, and was certified as A.C.S. grade (purity > 99.9%). It
was used without further purification. Pyrene was obtained
from Aldrich Chemicals, USA and was used as such.

3. Methods

3.1. Determination of adsorption isotherms

For adsorption test silica (0.2 g) was mixed with 10 ml of
0.01 M NaCl in a capped glass vial and was shaken for 3 h in
an orbital shaker. The conditioned silica was then treated with
10 ml of the surfactant solution of desired concentration (in
0.01 M NaCl and silica/water = 0.01) at a pH of 5.0± 0.2. The
pH was adjusted by adding 0.1 M HCl or 0.1 M NaOH when-
ever necessary. The adsorption density attains its maximum
value within 2 h (Fig. 3). However, the sample was subjected
to shaking for 12–15 h at 23± 0.2◦C to ensure complete ad-
sorption and for convenience. The residual concentration of
the surfactant in supernatant was determined by UV analysis
at 223 nm (λmaxof NP-10) using Shzimadzu-1201A UV–Vis
spectrophotometer. The effect of porosity on the adsorption
of the surfactant has been neglected since the pore size (1200
A2 2
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ig. 2. Effect of salt concentration on surface tension of NP-10 [I = 0.01,
emperature = 23 + 0.2◦C].
˚ ) is much larger than the size of the surfactant (∼200Å ).
t the end of equilibration the solid was separated by

rifugation for 40 min at 300 rps (300009). The adsorp
ensity was calculated as follows:

dsorption density (Γ ) = (Ci − Cr) × V

100× X × A
(mol cm−2) (1)

here Ci is the initial concentration of surfactant
ol dm−3, Cr is the equilibrium concentration in mol dm−3

f surfactant (after adsorption),V is the volume of the aliquo
n cm3,X is the mass of the adsorbent in g andA is the surfac
rea of the adsorbent in m2/g.
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Fig. 4. Adsorption isotherm of NP-10 in original spherosil XOB75 and
treated silica [S/L= 0.01,I = 0.01, temperature = 23 + 0.2◦C, pH 5.0± 0.2].

3.2. Measurement of zeta potential of silica

The zeta potential of silica in 0.01 M NaCl was measured
at 23 + 0.2◦C using a PEN KEM, Inc. Bedford Hills, Laser
Zee Zeta meter model 501 system before and after adsorp-
tion of surfactants onto it. The virgin silica particle settled
down immediately when it was subjected to zeta potential
measurements. To obtain a suitable size for zeta potential
measurement the supplied silica was subjected to stirring us-
ing a bar for∼72 h to break down the aggregate. The resulting
silica particles were allowed to settle down and were dried
in oven at about 140–160◦C for 24 h. The BET surface area
of this treated silica was also found to be 100 m2/g and the
particle size was <1�m. Dispersion of the silica aggregates
was found not to affect its surface properties as the adsorp-
tion density of NP-10 on this treated sample was found to be
same as that on the original silica (Fig. 4).

4. Results and discussion

4.1. Effect of silica/water ratio

Adsorption of NP-10 on silica was determined at a given
initial concentration (Ci = 2.1× 10−4 M) as a function of
s t of
s d is
s the
s ater
r the
d ver
s uid
r r all
s

Fig. 5. Effect of silica/water ratio on the adsorption of NP-10 on silica
[I = 0.01, temperature = 23 + 0.2◦C, pH 5.0± 0.2,Ci(NP-10)=2.1× 10−4 M].

4.2. Effect of pH

The effect of pH on the adsorption of NP-10 on silica was
obtained at the two initial concentrations at the silica/water
ratio of 0.01. The results obtained are shown inFig. 6. The ad-
sorption density remains constant in the pH range of 2.5–7.0
and decreases above pH 8.0. The adsorption of NP-10 on sil-
ica depends on H-bond formation of silanol groups with the
oxygen of the ethoxyl units of the surfactants[17]. At low
pH, the ethoxyl oxygens are protonated[18], and as a result,
probability of formation of H-bond between ethereal link-
age of NP-10 and silanol –OH group is lower. With increase
in pH, the ionization of silanol groups, on the other hand,
increases (point of zero charge of silica = 2.0[19], Fig. 7)
and therefore, their proton-donating ability decreases, result-

F
I

ilica–water ratio (0.01–0.125) to investigate the effec
olid to liquid ratio on adsorption and the result obtaine
hown inFig. 5. Interestingly, the adsorption density of
urfactant is found to decrease with increase in silica–w
atio. This behavior can be rationalized by considering
ominance of the particle–particle interaction of silica o
ilica particle–surfactant interaction at a higher solid–liq
atio. The silica/water ratio was maintained at 0.01 fo
ubsequent experiments.
ig. 6. Variation of adsorption density of NP-10 with pH [S/L= 0.01,
= 0.01, temperature = 23 + 0.2◦C, pH 5.0± 0.2].



172 P.K. Misra et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 252 (2005) 169–174

Fig. 7. Variation zeta potential of naked silica with pH [S/L= 0.01,I = 0.01,
temperature = 23 + 0.2◦C].

ing in a decrease in adsorption density. Thus, in this system
two competing forces, i.e. ionization of silanol –OH (SiOH)
groups leading to decrease in adsorption and deprotonation
of ethoxyl oxygen leading to increase in adsorption, operate.
As a result the adsorption density remains constant till pH
∼7.0. With increase in pH above 7.0, increased ionization
of the silanol groups predominates resulting in decrease of
adsorption of the surfactants. This experimental findings sug-
gest that adsorption of nonionic surfactants at silica surface
is mainly because of the H-bonding between oxygen of the
polyoxyethylene group of the surfactants and the hydrogen
of the silanol group. Somasundaran et al.[20] and Keller and
David[21] have also suggested a hydrogen bonding between
the ethereal oxygen of the ethylene oxide group and the sur-
face silanol groups.

4.3. Adsorption isotherm

The adsorption isotherm of NP-10 was obtained at dif-
ferent pH values at the ionic strength (0.01 M NaCl), and
silica–water ratio 0.01. The adsorption density of NP-10 is
found to be unchanged within the range of experimental pH.
The adsorption isotherms at various pHs are also constructed.
The adsorption isotherms in all cases are found to be sig-
moidal nature (Figs. 4 and 8). At very low concentrations of
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Fig. 8. Adsorption isotherm of NP-10 at various pH [S/L= 0.01, I = 0.01,
temperature = 23 + 0.2◦C].

gests that the appearance of plateau adsorption in adsorption
isotherm is a micellar limited phenomenon. The formation of
micelles, limits the monomer activity in solution which leads
to the leveling up of the adsorption isotherm. It has been also
suggested by many workers that the adsorption of surfactants
involves surfactant monomer rather than micelles[30,31].

Effect of ionic strength was determined by carrying out
adsorption studies at high ionic strength (1 M NaCl). The
adsorption density is found to overlap on the adsorption
isotherm at 0.1 M NaCl at low and relatively moderate con-
centration of NP-10. Near and above the onset of plateau
the adsorption density increased remarkably with increase in
ionic strength (Fig. 9). This may be attributed to the salting
out of NP-10 from the water clusters. Such salting out of the
surfactants from aqueous phase due to increase of salinity has
been observed[32,33].

F gth
[

he surfactant, the adsorption density is low, followed b
harp increase and finally reaching a plateau. At the b
ing of the adsorption isotherm the adsorption of surfac

s attributed to the monomeric adsorption of the surfacta
he surface of silica through H-bonding[17]. The conspicu
us increase in adsorption density in the pre-plateau re

s attributed to the cooperative association of the hydro
ic groups of the surfactants through lateral interaction.

ype of cooperative association has been observed by e
orkers[22–27]and the aggregate on the surface colloid
een called “Hemi-micelle and Solloid”[28].

The onset of plateau in adsorption isotherm (Figs. 4 and 8)
s found to be at the CMC of the surfactants[11,29]. This sug
ig. 9. Adsorption isotherm of NP-10 with different ionic stren
S/L= 0.01, temperature = 23 + 0.2◦C, pH 5.0± 0.2].
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Fig. 10. Variation of zeta potential of silica along the adsorption isotherm
of NP-10 [S/L= 0.01,I = 0.01, temperature = 23 + 0.2◦C, pH 5.0± 0.2].

4.4. Hemi-micellar aggregation number

The aggregation number of hemi-micelles was determined
by applying mass action model to the formation of hemi-
micelle as shown below[34].

S+ nD
K�SDhm

where S is the solid site, i.e. silica site, D is the surfactant
monomer, SDhm is the surfactant aggregate at the interface
(hemi-micelle),n is the number of surfactants constituting a
hemi-micelle and

K = Γ/(Γ∞ − Γ )Cn (2)

Γ is the amount of surfactant adsorbed at concentration
C andΓ ∞ is the amount adsorbed in the limiting adsorp-

of NP-

tion at high concentrations. The logarithm of Eq.(2) results
in Eq.(3)

log[Γ/(Γ∞ − Γ )] = logK + n logC (3)

The logK and n values obtained from the plots
log [Γ /(Γ ∞−Γ )] versus logC for the adsorption of the on
silica surface are found to be 14.99 and 3.60, respectively
(correlation coefficientR2 = 0.99). This suggests that dur-
ing the hemi-micellization in pre-plateau region, three to
four surfactant molecules are attached laterally to form the
two-dimensional closely packed aggregates, hemi-micelle
[22–27].

4.5. Zeta potential

The adsorption isotherms of NP-10 at pH 5.2 and 9.55 are
given inFig. 10along with the zeta potential. The naked silica
has a negative zeta potential in the complete pH range and at-
tains a value of−30 mV (Fig. 7) at pH 12.0. Upon adsorption
of surfactant the negative potential of silica decreases and it
exactly follows the adsorption isotherm, and finally attains a
constant value in the plateau region (Fig. 10). The minimum
zeta potential at pH 5.2 is around−5.5 and−10 mV at pH
9.55. It can be seen that the zeta potential change parallels
the adsorption isotherms. The decrease in zeta potential can
b et of
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o f sil-
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o

Fig. 11. Schematic representation
 10 hemi-micelle at silica–water interface.

e attributed to covering the silica surface by the she
olyoxyethylene (Fig. 11) layer, leading to the displaceme
f the shear plane thus, reducing the surface charge o

ca. Above the plateau, masking of surface charge of s
emains same due to constant adsorption in this region.
s in line with our earlier observation for the adsorption
ctaethylene glyco mono-n-dodecyl ether on silica surfa

35]. The structure of hemi-micelle of NP-10 on the surf
f silica is represented inFig. 11.
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Thus, the adsorption of nonionic surfactant NP-10 is very
different from that of the ionic surfactants. NP-10 adsorbs
on silica mainly due to hydrogen bonding and lateral alkyl
chain association, the latter leading to masking of the surface
potential. NP-10 evolves hemi-micelles of lower aggregation
number at silica–water interface compared to ionic surfac-
tants with relatively small head groups, such as sodium do-
decyl sulfate at alumina–water interface[36] possibly due to
size of the large polyoxyethylene head group of the former.
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