
CHAPTER II 
LITERATURE REVIEW

2.1 Surfactants Characteristics

A  surface-active agent, surfactant, is a substance that can  adsorb onto the 
surfaces or interfaces o f  the system  ,w h ich  can be occurred in liquid-liquid  phase, 
gas-liqu id  phase and liq u id -so lid  phase, and reduce a marked d egree the surface or 
interfacial free energies o f  those surfaces or interfaces even  the concentration o f  
system  is low . D ue to the remarkable properties o f  surfactants to a ffect the properties 
o f  interfaces, surfactants are w id ely  studied and for various applications such as 
detergents, the drilling m uds, pharm aceuticals and flotation  agents. A t su ffic ien t h igh  
concentration, surfactant is able to form  the co llo id -s ized  aggregates, called  m icelle , 
in solution . The lo w est surfactant concentration at w h ich  the first m ice lle  occurs, 
called  the critical m ice lle  concentration (C M C ) (R osen , 2004).

A  characteristic m olecular structure o f  surfactants, ca lled  an am phipathic 
structure, con sists o f  a lyophobic group (hydrophilic), w h ich  has very strong  
attraction for the water, together w ith  a lyop h ilic  group (hydrophobic), has strong 
attraction for the organic solvents. The am phipathic structure o f  the surfactant show s  
the orientation o f  the m olecu le  at the surface w ith  its hydroph ilic  group in the 
aqueous phase and its hydrophobic group oriented aw ay from  it, in  additions, this 
structure can reduce the surface ten sion  b etw een  liqu id  and air phases.

Surfactants are d ivided  into four groups according to the charged o f  their 
head group as:

A n ion ic  surfactant: The surface-active portion bears a negative charge  
e.g . am ine salts, sodium  and potassium  salts o f  co co n u t o il fatty acids. 
C ationic surfactant: The surface-active portion o f  the m olecu le  bears a 
p ositive  charge e.g . acylated  diam ines and p o lyam in es and their salts.

- N o n io n ic  surfactant: The surface-active portion bears no apparent ion ic  
charge e.g . sulfated p o lyoxyeth y len ated  (P O E ) alkylph en ols and 
alkylph en ol ethoxylates.
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Z w itterionic surfactant: B oth p ositive  and n egative  charges m ay be 
present in the surface-active portion e.g . im id azolin e carboxylates.

2.2 Surfactants Adsorption at the Solid/Liquid Interface

A dsorption  o f  surfactants at the so lid /liqu id  interface is basic phenom enon  
in industry and agriculture, e.g . to control stability  and floatability , detergency and 
the surface treatm ent o f  fibers, rem oval o f  trace am ounts o f  surfactants from  w aste 
water and boundary lubrication o f  m etal to concentrate va lu ab le ores. B ehavior o f  
surfactants is d ifferent on  hydrophobic surfaces (e .g . T eflon ) com pared to 
hydrophilic surfaces (e .g . metal ox id es).

The surfactants adsorption at the so lid /liqu id  interface w as related to 
chem ical potential (H uang e t a l ,  1996), consequently , it depended on  these  
param eters (R osen , 2004):

The structural groups on  the so lid  surface (the adsorbent).
The structure o f  the surfactant bein g  adsorbed (the adsorbate).
The condition  o f  the aqueous phase, for exam ple; pH, electro lyte  
content, additives and temperature.

2.2.1 M echanism s o f  Surfactant A dsorption
R osen  (2004) d ivided  the m echanism s o f  surfactant adsorption onto  

so lid  surfaces as sh o w n  below :
Ion exchange: The replacem ent o f  counterions adsorbs onto the surface 
from  the solu tion  by sim ilarly charged surfactants.

- Ion pairing: The ion s o f  surfactant so lu tion  are adsorbed onto the 
op p osite ly  charged sites unoccupied  by counterions.
A cid -B a se  interaction: The adsorption process occurs by hydrogen bond  
producing betw een the surface and adsorbate.
A dsorption  by polarization o f  TC electrons: T he adsorption form s the 
attraction betw een  electron-rich arom atic n u cle i o f  adsorbate and 
p ositive  sites on the adsorbent.
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A dsorption  by dispersion force: This m echanism  is done by London- 
van der W aals d ispersion forces acting b etw een  adsorbent and adsorbate 
m o lecu les, and generally  increases w ith the increasing m olecular w eight 
o f  the adsorbate.
H ydrophobic bonding: The attraction occurs betw een  a hydrophobic 
group o f  adsorbed m olecu le and a m olecu le  present in the solution.

2 .2 .2  A dsorption Isotherm
R esults from  adsorption experim ents are u su ally  expressed  in  the 

form  o f  adsorption isotherm , w h ich  is p lotting o f  the am ount o f  surfactant adsorbed  
per unit m ass or unit area o f  the so lid  adsorbent versus the equilibrium  concentration  
o f  the adsorbate. This isotherm  correlates the concentration o f  adsorbate at the 
interface to the equilibrium  concentration in the liquid phase (R osen , 2 0 0 4 ), for 
describ ing the adsorption at the so lid /liqu id  interface or the extent o f  the so lid  surface  
that is covered  b y  the adsorbate m olecu les at the g iven  con d ition  (Paria and Khilar,
2 0 0 4 ).

2 .2 .3  A dsorption on  H ydrophobic Surface
Gupta et al. (2 0 0 5 ) รณdied the adsorption behavior o f  anionic, 

cation ic and n on ion ic  surfactants at the solid -liqu id  interface. From  the anionic  
surfactant adsorption isotherm , the adsorption attained for sod ium  d od ecylbenzene  
sulfonate (S D B S ) solution  w as higher than that o f  sod iu m  d od ecyl su lfate (S D S )  
so lu tion  w h ich  w as ascribed to the greater C M C /C 20 va lu e  (the higher C M C /C 20 
denoted the adsorption w as facile  m ore than m icelliza tion .). Furthermore, carbon  
black p ossessed  a large num ber o f  31 electrons; it offered  arom atic properties to 
carbon black. T he arom atic ring o f  S D B S  attached it s e lf  to the surface o f  carbon 
black thus resulting in higher adsorption o f  S D B S  in com parison  to S D S  w hich  did  
not contain an arom atic ring. For cationic surfactants, their m axim um  adsorption  
value w as higher than both o f  the nonion ic and anionic surfactants (excep t S D B S )  
sin ce  carbon black  surface had negative charge w hich  w as confirm ed b y  m easuring  
the zeta potential. For nonion ic surfactants, their alkyl chain  attached to carbon black  
surface and eth ylen e ox id e (EO ) chain extended into aqueous phase in order to
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provide the steric stab ilization  to carbon black particles. Thus, the am ounts o f  
surfactant adsorbed and the stability o f  d ispersion  increased in the order: 
nonylp henol eth oxylates (N P ) 40  EO <  N P 20  < 4 -octy lp h en ol p o lyeth oxy la te  (Triton  
X -1 0 0 ) as the num ber o f  EO units (hydrophilic) decreased.

Soria-Sânchez e t al. (2 0 1 0 ) clarified  the adsorption behavior o f  a 
series o f  n on ion ic  surfactants (Triton X - l  14, Triton X -1 0 0 , Triton X -1 6 5  and Triton  
X -305 , w here the ethoxylation  degree w as increasing in the series) on carbon  
m aterials (non-m icroporous graphite surface and m ain ly  m icroporous activated  
carbon). A t m axim um  adsorption, sim ilar trends w ere observed for all adsorbents. 
A n  increasing o f  the oxyeth y len ic  length caused a decreasing in the adsorbed  
am ounts. In the case  o f  surface area, the adsorbed am ounts o f  surfactants m o lecu les  
on graphite w ere higher than on activated carbon, w h ich  w as attributed to the  
in accessib ility  o f  m ice lles  to sm aller m icropores o f  the activated carbon.

2 .2 .3.1 M o d ifica tio n  o f  the B undles o f  N a n o tu b es to  In d iv idu a l
C a rb o n  N anotube
M ost carbon nano tubes (C N T s) are naturally found in bundles 

or ropes through van der W aals force, w h ich  is able to  attract each o f  C N T s into the  
clusters. T h ese  bundles change both the m echanical and electrical properties, nam ely  
the on e-d im en sion a lity  character o f  the bundles is low er than the iso lated  C N T s. The 
alteration o f  on e-d im en sion a lity  character effects to study the unique properties o f  
C N T s in order to ach ieve a desired product, thus, debundling o f  C N T s are necessary  
condition. T he m ain approaches o f  unbundles C N T s can be d ivided  into three groups 
(T asis e t a l ,  2004):

- T he covalent attachm ent o f  chem ical groups onto 71- 
conjugated structure o f  C N T s, such as sid ew all ha logén ation  o f  C N T s (M ick elson  et 
a l ,  1998 and P eng e t a l ,  2 0 0 3 ), hydrogenation (Pekker e t a l ,  2 0 0 1 ), cycloadditions  
(C hen e t a l ,  1998 and H olzin ger e t a l ,  2 0 0 1 ), radical additions (K hare e t a l., 2004 ), 
electrophilic  additions (Tagm atarchis e t a l , 2 0 0 2 ), additions o f  inorganic com pounds  
(N unzi e t a l., 2 0 0 4 ), o zo n o ly sis  (B anerjee and W ong, 2 0 0 4 ), m echanical 
functionalizations (Barthos e t a l ,  2 0 0 5 ), plasm a activation  (C hen e t a l., 2001), 
nu cleop h ilic  additions (C hen  e t a l., 2 0 0 5 ) and grafting o f  polym ers (Q in  e t a l ,  2004  
and Zhu e t al., 2004 ).
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- The non-covalent adsorption o f  various m olecu les onto the 
M W C N T s surface, such  as polym er com posites (T ang and X u, 1999 and Sabba and 
Thom as, 2 0 0 4 ), interactions w ith  b iom olecu les and ce lls  (K eren e t a l ,  2 0 0 3 ) and 
surfactants (O 'C onnell et a l ,  2002).

- The endohedral filling o f  their inner em p ty  cavity, such as 
encapsulation  o f  fu llerene derivatives and inorganic sp ecies (S lo a n  et a l ,  2000), 
encapsulation  o f  b iom olecu les (D av is et a l ,  1998) and encapsu lation  o f  liquids 
(W erder e t a l ,  2001).

A m on g  the m odification  m ethods, the n on -cova len t adsorption  
is particularly attractive, since the adsorbed m olecu les do not change the chem ical 
and electrica l properties o f  C N T s. Therefore, the C N T s structures are m aintained  
after the m odification . E sp ecia lly , a w ide variety o f  surfactants (anionic, cationic, 
nonion ic) as the adsorbed m olecu les is kept an eye from  m any scien tists due to its 
low  cost, sim p le  experim ental procedure and com m ercial availab ility  e .g . 
hexadecyltrim ethyl am m onium  brom ide (C T A B ) (B ai e t a l ,  2 0 1 1 ), sodium  dodecyl 
sulphate (S D S ) (Islam  e t a l ,  2 0 0 3 ), sodium  d od ecy lb en zen e sulfonate (S D B S , 
N a D D B S ) (B ystrzejew sk i e t a l ,  2 0 1 0  and Tan e t a l ,  2008 ), T w een  20  and T w een  
80 (R astogi e t a l ,  2 0 0 8 ) and Triton X -series (B ai e t a l ,  2 0 1 0 ). T he m echanism  o f  
surfactant adsorption on  M W C N T s is the hydrophobic tail o f  surfactants interacted  
w ith the C N T s surface through van der W aals forces (ท-ท stacking) or hydrophobic  
interaction, w h ile  the hydrophilic head groups are oriented toward the aqueous phase.

Islam  e t al. (2 0 0 3 ) reported that SD S surfactant did not have  
benzene ring to interact w ith  the graphic stm cture o f  C N T s. T hus, SD S sh ow ed  a 
low er adsorption than S D B S  (both have a 12-carbon alkyl chain). M oreover, S D B S  
had the higher adsorption com pared to Triton X -1 0 0 , the head group o f  Triton X -1 0 0  
w as polar and larger than that o f  S D B S  w hich  m ade the low er packing density. In 
terms o f  chain interaction, S D B S  had a longer a lkyl chain (12  carbons) to lie  flat on  
the graphitic structure o f  SW C N T s than Triton X -1 0 0 , that is, the longer chain length  
could  im prove surfactant energetically . They also  speculated that the tubes were  
stabilized  by h em im ice lles  as depicted in Figure 2 .1 . From Figure 2 .1 , the alkyl 
chains o f  a surfactant m olecu le  adsorb flat a long the length o f  tube instead o f  the 
diameter.
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N a D D B S

C12H25'~0” S03 Na*
S D S

C H 3(C H 2) , 1 ๐  S O / N a *
T riton  X -1 0 0

o ( C H 2C H  2๐ ) IN- H - Q ~  C SH , 7 
N= approx. 9.5

Figure 2.1 Schematic representation of how surfactants may adsorb onto the 
SWCNT surface (Islam et a l ,  2003).

Bai et al. (2011) studied the dispersion ability of surfactant- 
modified MWCNTs. They found that the dispersing power of Triton X-100 
surfactant was higher than that of SDS and cetyltrimethyl ammonium bromide 
(CTAB) surfactants (without aromatic unit factor). The suspension of MWCNTs in 
aqueous phase closely involved in the surfactant adsorption capacity which was also 
depended on the chemical structures such as the number of benzene rings of the 
adsorbates and the 71-71 electron donor-acceptor interaction for the adsorption benzene 
ring-containing chemicals on MWCNTs.

Bystrzejewski et al. (2010) revealed the suspensions of 
MWCNTs in aqueous solutions of SDS and SDBS surfactants that their 
concentrations were close to the critical micelle concentration (CMC). The results 
showed that both two anionic surfactants were able to form stable suspension of 
MWCNTs even at the concentration lower than their CMC. It was attributed to the 
non-agglomerated surfactant molecules adsorbed on the graphitic structure of 
MWCNTs and decreased the attractive forces between adjacent MWCNTs. In 
comparative studies, the SDBS surfactant had the higher suspension ability than the 
SDS surfactants due to the existence of benzene ring and its existence raised the 
attraction to graphene layers.

Rastogi et al. (2008) analyzed the dispersing parameters of 
four surfactants -  Triton X-100, Tween 80, Tween 20 and SDS. Seeing that the 
dispersing power of surfactants and efficiency of surfactant adsorption were 
significantly affected by chemical structures of the surfactants e.g. the hydrophobic
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tail length and benzene ring factor. However, the presence of benzene ring in the tail 
group of Triton X-100, had the shortest chain length of the four, exhibited the higher 
dispersion power in comparison to Tween 80 which had the greater hydrocarbon tail 
length and none the aromatic ring, they concluded that the benzene ring factor 
enjoyed reigning status compared to the tail length factor.

Bai et al. (2010) investigated the adsorption of a series of 
surfactants with a same hydrophobic functional group but different hydrophilic 
polyethoxyl chain lengths on MWCNTs and the dispersion of MWCNTs in aqueous 
phase. They found that the capacity of surfactant adsorption increased with 
decreasing hydrophilic chain length follow the trend: Triton X-l 14 > Triton X-l 10 > 
Triton X-l65 > Triton X-305. It was ascribed to the hydrophobic and 71-71 interactions 
between the MWCNTs and surfactants. Furthermore, the stabilization of MWCNTs 
in water could be enhanced by surfactant adsorption and decreased with the 
increasing hydrophilic fraction ratio of the X-series surfactants.

Tan et al. (2008) elucidated the adsorption of anionic 
surfactant (SDBS) and nickel on MWCNTs which the adsorption mechanism 
depended on chemical interaction. n-Stacking interactions of the aromatic rings on 
the graphitic structure were able to enhance the capacity of surfactant adsorption as 
well as of other highly benzene molecules.

Yu et al. (2007) studied the sonication-driven dispersion 
process of MWCNTs in aqueous SDS (sodium dodecyl sulfate) solution. The UV-vis 
absorbance of the dispersion showed that the increasing sonication time resulted in 
an increasing area below the absorbance which implied to the increasing amount of 
dispersed MWCNTs. They expected that the bundle ends of MWCNTs were frayed 
by the high local shear during the sonication process. Besides, it was able to 
overcome the van der Waals forces in the MWCNTs agglomerates. This became the 
space for SDS adsorption which can prevent the reaggregation of MWCNTs by 
electrostatic repulsion.

Matarredona et al. (2003) investigated the interactions of 
SDBS with single-walled carbon nano tubes (SWCNT) by varying the surfactant 
concentration, pH and sonication time, and also developed a simple-model for the 
SWCNT - SDBS interaction. The adsorption isotherms of SDBS on SWCNT
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indicated that the interaction between the surfactants and the SWCNT was mostly 
hydrophobic in natural condition, and the Coulombic forces of attraction or repulsion 
became a central role only at pH values far from the point of zero charge (pHpzc). 
Their expected model was a monolayer of adsorbed surfactant in which the 
headgroups of SDBS directed outward to the aqueous solution while the tails 
remained in contact with the surfaces of SWCNT as illustrated in Figure 2.2. 
Furthermore, they also found that the concentration of added surfactant and 
sonication time were the key factors in the dispersion of SWCNT due to the fact that 
the increasing feed concentration of SDBS or time of sonication resulted in the 
higher amount of suspended SWCNT.

"Tails o n " nanotube

Figure 2.2 Model for the surfactant-nanotube interaction (Matarredona et a l., 2003).

Geng et al. (2008) studied the effects of surfactant treatment of 
MWCNTs on the thermo mechanical, mechanical and electrical properties of 
MWCNTs -  epoxy nanocomposites. A non-ionic surfactant, OP(EO)io was 
successfully used to improve the dispersion of MWCNTs, as given in Figure 2.3 
which showed the OP(EO)io molecule and micelle, and the corresponding 
interactions with MWCNTs. The alkyl chain length (red color) acts as the 
hydrophobic group, while the other side is the hydrophilic section (Figure 2.3 a). At 
CMC, the interface between the MWCNTs surface and surfactant solution becomes 
saturated (Figure 2.3 b), and above the CMC the OP(EO) 10 molecules begin to form 
micelles (Figure 2.3 c). Since, at very high surfactant concentration, the larger the
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micelle size, the stronger the steric repulsion induced by micelles, it was effectively 
able to disentangle the MWCNTs agglomerates (Figure 2.3 d).

Figure 2.3 Schematics of (a) single OP(EO)io molecule; (b) a MWCNT wrapped by 
OP(EO)io molecules (1 CMC); (c) a OP(EO)io micelle; (d) a MWCNT wrapped by 
OP(EO)io micelles (10 CMC) (Geng et a l , 2008).

2.3.4 Point of Zero Charge
Point of zero charge or pHpzc is the pH at which that surface has a net 

neutral charge. Surface will have positive charge at solution pH values less than the 
pHpzc and thus be a surface on which anions may adsorb. On the other hand, that 
surface will have negative charge at solution pH values greater than the pHpzc and 
thus be a surface on which cations may adsorb.
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H * io n s  re s id e  อก s u r f a c e  r a th e r  th a n
e n tie r  low -pH  (H *-rich) so lu tio n , re su ltin g  in
p o sitiv e ly  c h a rg e d  (H +-rtch ) su rfa c e :  N e u tra 1 su tfa c 6 .

c a tio n

H * io n s  e n te r  h igh -pH  so lu tio n , resu lting  
เก n e g a tiv e ly  c h a rg e d  ( l-T -p o o r) su rfa ce :

0.2 - r

0.1-

Charge on -
surface 0 - -
(C/m2) -

-0.1- 

-0 .2 --

p ^  P o in t o f z e ro  c h a rg e  for th is  m in e ra l 13 pH  =  6 .6

Figure 2.4 An explanation of point of zero charge of one mineral (Railsback, 2006).
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