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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
the mechanism that governs the formation of the adsorbed layer of the nonionic surfactants. Effects of pH and silica—water ratio on adsorption
isotherm indicate that the adsorption of NP-10 at silica—water interface results from the contribution of both hydrophobic and hydrophilic
parts of the surfactant and the surface charge of silica. The cooperative association of the hydrocarbon chain at silica—water interface has beer
proposed. Measurements of the electrokinetic properties of the silica with adsorbed surfactants reveal the adsorbed layer to mask the surface
charge of silica significantly.
© 2004 Published by Elsevier B.V.
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1. Introduction terface and to know the orientation of the surfactants at the
silica—water interface.
Adsorption of surfactants at the solid/liquid and the lig-
uid/gas interface plays a very important role in many in-
dustrial processefl-3]. The polyoxyethylated alkyl phe- 2. Experimental
nols show strong adsorption on silica but not on alumina
[2,4,5]. Such preferential adsorption on silica renders agreat2.1. Materials
advantage for the beneficiation of minerals and the separa-
tion of surfactants from mixturg6—8]. In our earlier studies  2.1.1. Silica
[9-12], we have reported the organization of nonionic surfac-  Synthetic silica used for experiments were spherosil
tants in homogeneous and microheterogeneous media. In theXOB75 (Rhone-Poulenc, Lyon, France) with diameter of

present paper, a systematic study of the adsorption behavioR.5-64um and a BET surface area of 108fgwith a spher-
of NP-10 at silica-water interface has been carried out with jcal ball like structure. The average pore size on silica surface

aview to investigate the microstructure of the adsorbed layer was specified to be 12082,
of decylethoxylene nonyl phenol (NP-10) at silica—water in-

2.1.2. Surfactant
The decylethoxylated nonyl phenol surfactants were ob-
* Corresponding author. Tel.: +91 663 243 1078; fax: +91 663 243 0158. tained from Nikko chemicals, Tokyo, Japan under the product
E-mail addresspramilamisra@rediffmail.com (P.K. Misra). name NP-101). These surfactants were used to study with-

0927-7757/% — see front matter © 2004 Published by Elsevier B.V.
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Fig. 3. Variation of adsorption density of NP-10 with tim&L[=0.01,

Fig. 1. Adsorption isotherm of NP-10 in presence and absence of pyrene 1=0.01, temperature =23 + 0.2, pH 5.0+0.2].

[SL=0.01,1 =0.01, temperature =23 + £, pH 5.0+ 0.2].
Sodium chloride used for maintaining the constant ionic
out further purification. The absence of a minimum in the strength was supplied by Fisher Scientific Co., Fairlawn, New

surface tension concentration curve confirmed the high pu-Jersey, and was certified as A.C.S. grade (purity > 99.9%). It
rity (>99%) of the surfactantd1,13] was used without further purification. Pyrene was obtained

from Aldrich Chemicals, USA and was used as such.

CgH1g..@>7O(CHZCHZO)1O H
3. Methods

Triple distilled water (conductivity = k 10~ mho cnr?)
was used within 7 days of its preparation. The solutions of
surfactants in 0.01M NaCl solution containing<3.0~"M For adsorption test silica (0.2 g) was mixed with 10 ml of
pyrene were prepared just before use. 0.01 M NaClin a capped glass vial and was shaken for 3h in
The adsorption study was carried outin presence of pyrenep, orhital shaker. The conditioned silica was then treated with
and 0.01 M NaCl to obtain information on structure of the 1 m of the surfactant solution of desired concentration (in
adsorbed layef14]. The solution properties and the adsorp- 91 M NaCl and silica/water = 0.01)atapH of £@.2. The
tion behavior of NP-10 are, however, not affected in pres- pH was adjusted by adding 0.1 M HCI or 0.1 M NaOH when-
ence of 3« 10-"M of pyrene or 0.01M NaC[10,15,16]  gyer necessary. The adsorption density attains its maximum
(seeFigs. 1 and 2 value within 2 h Fig. 3). However, the sample was subjected
to shaking for 12—15 h at 28 0.2°C to ensure complete ad-

3.1. Determination of adsorption isotherms

— sorption and for convenience. The residual concentration of
60 . the surfactant in supernatant was determined by UV analysis
©0.01M NaCl at 223 nm {max 0f NP-10) using Shzimadzu-1201A UV-Vis
§ 50 4 21M NaCl spectrophotometer. The effect of porosity on the adsorption
<3 2 gf the surfactant has been neglected since the pore §ize (1200
2_ 40 4 ¢, A?) is much larger than the size of the surfactan2Q0A2).
2 N At the end of equilibration the solid was separated by cen-
§ 30 + s o oa @&t aa trifug_ation for 40 min at 300 rps (300009). The adsorption
Q density was calculated as follows:
@ 20
3 (Ci—ChxV
® Adsorption density )=~~~ (molcnm™2) (1
Jo- p Y0 = T ¢ ) (1)
04— . . . . where C; is the initial concentration of surfactant in
0.00  1.E06 1E05 [NF‘)E'(?]“M 1E03  1E02 1.EO01 moldm 3, C; is the equilibrium concentration in mol dra

of surfactant (after adsorptiory,is the volume of the aliquot
Fig. 2. Effect of salt concentration on surface tension of NP+:0[01, in e, X s the mass Of_the adsorbentin g aid the surface
temperature = 23 + 0L, area of the adsorbent in%hy.
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DL =0.02 femp & PSS D.2l [1=0.01, temperature = 23+ 0°Z, pH 5.04 0.2, Gynp.10/=2.1x 104 M].

4.2. Effect of pH
3.2. Measurement of zeta potential of silica
The effect of pH on the adsorption of NP-10 on silica was

The zeta potential of silica in 0.01 M NaCl was measured obtained at the two initial concentrations at the silica/water
at 23+0.2C using a PEN KEM, Inc. Bedford Hills, Laser ratio of 0.01. The results obtained are showfii 6. The ad-
Zee Zeta meter model 501 system before and after adsorp-sorption density remains constant in the pH range of 2.5-7.0
tion of surfactants onto it. The virgin silica particle settled and decreases above pH 8.0. The adsorption of NP-10 on sil-
down immediately when it was subjected to zeta potential ica depends on H-bond formation of silanol groups with the
measurements. To obtain a suitable size for zeta potentialoxygen of the ethoxyl units of the surfactafis]. At low
measurement the supplied silica was subjected to stirring us-pH, the ethoxyl oxygens are protona{é8], and as a result,
ing abar for~72 hto break down the aggregate. The resulting probability of formation of H-bond between ethereal link-
silica particles were allowed to settle down and were dried age of NP-10 and silanol —OH group is lower. With increase
in oven at about 140-16@ for 24 h. The BET surface area in pH, the ionization of silanol groups, on the other hand,
of this treated silica was also found to be 109gnand the increases (point of zero charge of silica=210], Fig. 7)
particle size was <fum. Dispersion of the silica aggregates and therefore, their proton-donating ability decreases, result-
was found not to affect its surface properties as the adsorp-
tion density of NP-10 on this treated sample was found to be 7

same as that on the original silidai§. 4). N . © o R
§ 61
=
= o
4. Results and discussion 5 0
- o
x
4.1. Effect of silica/water ratio ‘E, 1
() a
o
Adsorption of NP-10 on silica was determined at a given g 3
initial concentration C;=2.1x 1074M) as a function of 3
silica—water ratio (0.01-0.125) to investigate the effect of @ 21 v e e s .
solid to liquid ratio on adsorption and the result obtained is < .
shown inFig. 5. Interestingly, the adsorption density of the L o C= 6.525x1 E-4M
surfactant is found to decrease with increase in silica—water ?Ci=8.796x1 E-4M .
ratio. This behavior can be rationalized by considering the 0 . é A : : o T
dominance of the particle—particle interaction of silica over ,
silica particle—surfactant interaction at a higher solid—liquid pH of NP-10 solution

ratio. The silica/water ratio was maintained at 0.01 for all

. Fig. 6. Variation of adsorption density of NP-10 with pI¥I[=0.01,
subsequent experiments.

1 =0.01, temperature =23 + °Z, pH 5.0+ 0.2].
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temperature =23 +0.L]. Fig. 8. Adsorption isotherm of NP-10 at various pHL=0.01,1=0.01,

N . . . Lo t ture =23 +0L].
ing in a decrease in adsorption density. Thus, in this system emperature =23+0:Z]

two competing forces, i.e. ionization of silanol —OH (SiOH)

groups leading to decrease in adsorption and deprotonatiorgests that the appearance of plateau adsorption in adsorption
of ethoxyl oxygen leading to increase in adsorption, operate. isotherm is a micellar limited phenomenon. The formation of
As a result the adsorption density remains constant till pH micelles, limits the monomer activity in solution which leads
~7.0. With increase in pH above 7.0, increased ionization to the leveling up of the adsorption isotherm. It has been also
of the silanol groups predominates resulting in decrease ofsuggested by many workers that the adsorption of surfactants
adsorption of the surfactants. This experimental findings sug- involves surfactant monomer rather than micef831]

gest that adsorption of nonionic surfactants at silica surface  Effect of ionic strength was determined by carrying out
is mainly because of the H-bonding between oxygen of the adsorption studies at high ionic strength (1M NaCl). The
polyoxyethylene group of the surfactants and the hydrogen adsorption density is found to overlap on the adsorption
of the silanol group. Somasundaran ef20] and Keller and isotherm at 0.1 M NaCl at low and relatively moderate con-
David[21] have also suggested a hydrogen bonding betweencentration of NP-10. Near and above the onset of plateau
the ethereal oxygen of the ethylene oxide group and the sur-the adsorption density increased remarkably with increase in

face silanol groups. ionic strength Fig. 9). This may be attributed to the salting
out of NP-10 from the water clusters. Such salting out of the
4.3. Adsorption isotherm surfactants from aqueous phase due to increase of salinity has

been observefB2,33]

The adsorption isotherm of NP-10 was obtained at dif-
ferent pH values at the ionic strength (0.01 M NacCl), and

silica—water ratio 0.01. The adsorption density of NP-10 is e

found to be unchanged within the range of experimental pH. «

The adsorption isotherms at various pHs are also constructed. iE> 1.E-09 o o o
The adsorption isotherms in all cases are found to be sig- 2 °

moidal natureKigs. 4 and ® At very low concentrations of > e
the surfactant, the adsorption density is low, followed by a 2 &1 5 ¢

sharp increase and finally reaching a plateau. At the begin- 2 ®

ning of the adsorption isotherm the adsorption of surfactant %1511 OA“

is attributed to the monomeric adsorption of the surfactantat “

the surface of silica through H-bondifity7]. The conspicu- & o

ous increase in adsorption density in the pre-plateau region  1.E-12 0.00 oa

is attributed to the cooperative association of the hydropho- ‘ £0.01M NaCl
bic groups of the surfactants through lateral interaction. This (e °1M NaCl

type of cooperative association has been observed by earlier
workers[22—27]and the aggregate on the surface colloid has
been called “Hemi-micelle and Solloid28].

The onset of plateau in adsorption isotheFigé. 4 and $ Fig. 9. Adsorption isotherm of NP-10 with different ionic strength
is found to be atthe CMC of the surfactafit$,29]. This sug- [SIL=0.01, temperature =23 + G2, pH 5.0+ 0.2].
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tion at high concentrations. The logarithm of Ef) results
in Eq.(3)

log[l/(Ieo — I')] =logK + nlogC 3)

The logK and n values obtained from the plots
log [I'/(I'so—1T")] versus logC for the adsorption of the on
silica surface are found to be 14.99 and 3.60, respectively
(correlation coefficienR?=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

Fig. 10. Variation of zeta potential of silica along the adsorption isotherm given inFig. 10along with the zeta potential. The naked silica
of NP-10 [¥L=0.01,1 =0.01, temperature =23 + £, 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 beloy34].

S+ D2 SDy

has a negative zeta potential in the complete pH range and at-
tains a value 030 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 regidfid. 10. The minimum

zeta potential at pH 5.2 is arouneb.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
be attributed to covering the silica surface by the sheet of

where S is the solid site, i.e. silica site, D is the surfactant polyoxyethyleneffig. 11) layer, leading to the displacement
monomer, Sk, is the surfactant aggregate at the interface of the shear plane thus, reducing the surface charge of sil-
(hemi-micelle) n is the number of surfactants constituting a ica. Above the plateau, masking of surface charge of silica

hemi-micelle and

K =I)(I's — INC"

)

remains same due to constant adsorption in this region. This
is in line with our earlier observation for the adsorption of
octaethylene glyco monn-dodecy! ether on silica surface

I is the amount of surfactant adsorbed at concentration [35]- The structure of hemi-micelle of NP-10 on the surface
C and I's, is the amount adsorbed in the limiting adsorp- Of silica is represented iRig. 11

SILICA SURFACE

Fig. 11. Schematic representation of NP-10 hemi-micelle at silica—water interface.
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Thus, the adsorption of nonionic surfactant NP-10 is very [12] L. Sahoo, G.D. Hota, P.K. Misra, Indian J. Chem. Tech. 10 (2003)
different from that of the ionic surfactants. NP-10 adsorbs 269. _ _
on silica mainly due to hydrogen bonding and lateral alkyl [13] T- Okano, T. Tamura, Y. Abe, T. Tasuchida, S. Lee, G. Sugihara,

. . . . Langmuir 16 (2000) 1508.
chain association, the latter leading to masking of the S‘urf"’lce[m] (a) P.K. Misra, B.K. Mishra, P. Somasundaran, J. Colloid Interf. Sci.

potential. NP-10 evolves hemi-micelles of lower aggregation 265 (2003) 1;

number at silica—water interface compared to ionic surfac- (b) P.K. Misra, P. Somasundaran, J. Surfactant Detergent, in press.
tants with relatively small head groups, such as sodium do-[15] T.T. Ndou, R. von Wandruszka, Anal. Lett. 21 (1988) 2091.

decyl sulfate at alumina—water interfg86] possibly due to [16] D. Patra, S. Mohapatra, P.K. Behera, B.K. Mishra, Colloid Surf.,

. accepted for publication.
size of the large polyoxyethylene head group of the former. [17] H. Rupprecht, H. Liebl, Kolloid Z. Z. Polym. 250 (1972) 719.
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