
RESULTS AND DISCUSSION
CHAPTER IV

4.1 Adsorption of CTAB and DOWFAX 8390 on Clinoptilolite

T h e  a d so rp tio n  iso th e rm  o f  c e ty l tr im e th y l a m m o n iu m  b ro m id e  (C T A B ) 
w as s tu d ie d  o n  c lin o p tilo lite  a t 30°c. T h e  a d so rp tio n  iso th e rm  w as p lo tted  on  
lo g a rith m  sca le , as  sh o w  in  F ig u re  4 .1 . T h e  m a x im u m  a d so rp tio n  o f  C T A B  on  
c lin o p tilo lite  w a s  d e te rm in e d  as th e  m e a n  v a lu e  a t th e  p la te a u  re g io n  o f  th e  su rfac tan t 
a d so rp tio n  iso th e rm  w h ich  w as a p p ro x im a te ly  80  p m o l o f  C T A B /g ra m  o f  
c lin o p tilo lite . In  a d d itio n , th e  c ritica l m ic e lle  c o n c e n tra tio n  (C M C ) o f  su rfac tan t is 
th e  a q u e o u s  su rfa c ta n t c o n c e n tra tio n  in  e q u ilib r iu m  w ith  th e  m a x im u m  ad so rp tio n . 
T h e  C M C  o f  C T A B  ad so rb e d  o n  c lin o p tilo lite  w as  a p p ro x im a te ly  9 6 0  p M . T he 
a d so rp tio n  d e n s ity  g iv e s  a  m o le c u le  p e r  a re a  o f  n e a r ly  4 .7 5  m o le c u le s /n m 2 w h ich  
w a s  c a lc u la te d  b y  a ssu m in g  th e  su rfa c ta n t m o le c u le  a d so rb e d  o n to  th e  en tire  
c lin o p tilo lite  su rfa c e  w ith  th e  sp e c if ic  a re a  o f  c lin o p tilo lite  b e in g  10.15 m 2/g.
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Figure 4.1 A d so rp tio n  iso th e rm  o f  C T A B  on  c lin o p tilo lite  a t 30  °c.
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From the adsorption isotherm, it cannot clearly indicate the amount o f  
CTAB adsorbed at monolayer on the surface o f  the zeolite. Consequently, the zeta 
potential o f  clinoptilolite surface was measured in order to find the amount o f  CTAB 
loading that provides a completed monolayer adsorption o f  CTAB on clinoptilolite. 
Figure 4.2 show s the zeta potential o f  clinoptilolite as a function o f  CTAB loading. 
Starting from negative charge o f  the original clinoptilolite surface, the zeta potential 
becom es less negative upon increasing CTAB loading and eventually became 
positive. This is due to the adsorption o f  CTAB m olecules on the oppositely charged 
clinoptilolite surface, thus reducing the negative charges on the surface o f  the zeolite. 
Further increase in CTAB loading caused the surfactant m olecules to orient outwards 
from the surface via tail-tail interaction, the positive charge o f  head group o f  
surfactant reverses the surface charge. The point where the net negative charge on 
zeolite surface w as neutralized (point o f  zero charge, PZC), where CTAB loading 
was approximately 40 pmol o f  CTAB/gram o f  clinoptilolite, indicates a completed 
m onolayer surface coverage by CTAB.

Figure 4.2 Zeta potential o f  clinoptilolite as a function o f  CTAB loading.
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After the formation o f  a monolayer adsorption o f  CTAB on clinoptilolite 
could be determined from the adsorption isotherm and the zeta potential results (an 
initial CTAB concentration o f  550 |iM ), SMZ was prepared by further adsorbing 
D O X FA X  to form a m ixed layer o f  the CTAB and DO W FAX on clinoptilolite. 
Initially, D O W FAX concentration was varied in the range o f  1 to 10 tim es o f the 
initial molar concentration o f  CTAB. The results showed that the ratio o f  DOW FAX- 
to-CTAB o f  10:1 yielded the highest adsorption o f  surfactant on SMZ which is 
approximately 20 pm ol o f  DO W FAX/g clinotilolite. The zeta potential o f  the 
resulting SMZ having DO W FAX adsorbed on CTAB-m odified clinoptilolite was 
found to be -70.74 mV. The SMZ prepared at this DOW FAX:CTAB ratio o f  10:1 
was further used in the subsequent studies on the removal o f  heavy metal and organic 
contaminants.

4.2 Characterization of Surfactant-Modified Zeolite (SMZ)

In addition to the zeta potential measurement as seen in the previous section, 
SMZ was also analyzed for its organic carbon content using elemental analyzer (EA) 
to determine the amount o f  organic adsorbed on the surface. It was found that, 
through the surface m odification using CTAB and DO W FAX, the organic carbon 
content o f  SM Z increased significantly from the original clinoptilolite (5%wt 
compared to 0.05% wt). SMZ was further characterized by using FTIR to examine 
the functional groups on the surface. Some fundamental IR absorption frequencies 
are showed in Table 4.1. The spectra show  the OH stretching o f  aluminum hydroxide 
o f  the base zeolite at 3629 cm '1. The absorption band at 1066 cm '1 indicate that the 
vibration o f  Si-O (A l) and A l-O (Si) bonds in the alum inosilicate oxygen framework 
which is the m ost intense band. The C-H stretching o f  aliphatic and the N-H  
stretching o f  quaternary amine salt in CTAB at 2851 and 2922 cm '1 respectively  
were identified only in SMZ samples. Furthermore, the aliphatic C -0  stretching 
frequency o f  phenyloxide group in DOW FAX 8390 at 1205 cm '1 was also observed 
only on the surface o f  SMZ.
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Table 4.1 Som e fundamental IR absorption frequencies o f  clinoptilolite and SMZ

Assignm ents Band o f  IR (cm -1)
Clinoptilolite SMZ

Si-O (A l) stretching 1066 1066
O-H stretching o f  aluminum hydroxide 3629 3629
C-H stretching o f  aliphatic group - 2851
Quartemary amine salts - 2922
C -0  stretching o f  phenyloxide group - 1205

4.3 Adsorption of Contaminants in Single-Solute System

4.3.1 Adsorption o f  Heavy Metal Ions in Single-M etal System
The adsorption o f  cadmium and lead by SM Z was carried out at 

ambient temperature o f  30 °c  and at a fixed pH o f  5 in order to ensure that the heavy 
metal ions were in their divalent cation form (Cd2+ and Pb2+) and to prevent an 
undesired precipitation o f  the metal ions. The chem ical equilibrium o f  both heavy 
metal ions at various pH was calculated by using M ED U SA  program (Cortes- 
Martinez e t  a l ,  2004) as shown in Figures 4.3 and 4.4  for cadmium and lead, 
respectively. From the diagrams, it can be seen that the formation o f  Cd(OH ) 2  

occurs at pH above 8 whereas the formation o f  Pb(OH ) 2  occurs at pH above 5.5. At 
pH 5, both metal ions are present mainly in Cd2+ and Pb2+ form, and thus, the pH o f  
the adsorption medium was fixed at 5 throughout the รณdy. The initial and final pH 
values after the adsorption were measured and were found to be nearly the same.

The adsorption isotherms for cadmium (Cd2+) and lead (Pb2+) by 
unm odified zeolite (clinoptilolite) and SMZ in single-m etal system  at 30°c are 
shown in Figures 4.5 and 4.6, respectively. The initial concentration o f  heavy metal 
ions was varied from 0.25 to 5 mM. After equilibrium, the amount o f  heavy metal 
ions adsorbed by clinoptilolite and SMZ was determined by A A S and then the 
adsorption isotherms were constructed. Both adsorption isotherms exhibit a 
Langmuir-type isotherm showing a sharp increase in the adsorption o f  both Cd2+ and 
Pb2+ in the range o f  heavy metal concentration between 0 -0 .5  mM and then the metal 
adsorption became relatively constant at higher concentrations.



[C d 2+J1.01. =  5 .0 0  mM 1= 0 .0 5 0  M

p H t= 25 °c

Figure 4.3 Chemical equilibrium diagram for cadmium at various pH.

[P b2+]TOT =  5 .0 0  m M  1= 0 .0 5 0  M

t= 25 °c

Figure 4.4 Chemical equilibrium diagram for lead at various pH.
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Figure 4.5 Adsorption isotherms o f lead and cadmium on clinoptilo lite in single
metal system at 30°c and pH 5.

Figure 4.6 Adsorption isotherms o f lead and cadmium on SMZ in single-metal 
system at 30°c and pH 5.
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To quantify the adsorption characteristics o f the adsorbents, the 
adsorption data were fitted w ith a Langmuir adsorption model by a nonlinear 
regression analysis using Sigma Plot 8.02, the model can be described by the 
fo llow ing equation:

■  Q m c .
q = K  + Ce

where q is the amount o f metal adsorbed on the adsorbent (mmol/g), c e is an 
equilibrium  concentration (mM), Qmax is the maximum capacity o f the adsorbent 
(mmol/g), and K is the a ffin ity constant (mM). Qmax is the parameter that reflects the 
ability o f the adsorbent in adsorbing particular adsorbate on its weight basis whereas 
K  indicates the a ffin ity o f the adsorbent towards the adsorbate (e.g., metal ions).

The Langmuir adsorption parameters determined from the 
isotherms for cadmium and lead adsorption on clinoptilo lite and SMZ in single-metal 
systems are listed in Tables 4.2 and 4.3, respectively.

Table 4.2 Langmuir parameters for the adsorption o f lead and cadmium on 
clinoptilo lite  in single-metal system

Metal Q max (mmol/g) K  (mM) R2
Lead 0.33 0.01 0.97

Cadmium 0.22 0.05 0.95

Table 4.3 Langmuir parameters for the adsorption o f lead and cadmium on SMZ in 
single-metal system

Metal Q max (mmol/g) K  (mM) R2
Lead 0.28 0.13 0.98

Cadmium 0.32 0.09 0.94

F r o m  th e  r e s u l t s ,  i t  c a n  b e  s e e n  th a t  c l i n o p t i l o l i t e  t e n d s  t o  a d so r b
le a d  m o r e  th a n  c a d m iu m  a s  s h o w n  b y  a  m u c h  h ig h e r  m a x im u m  a d s o r p t io n  c a p a c i ty
o f  l e a d  a d s o r p t io n  th a n  th a t  o f  c a d m iu m  a d s o r p t io n .  S im i la r  r e s u lt s  h a v e  a ls o  b e e n
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reported by Ouki and Kavannagh (1999). In contrast, for SMZ, the results show that 
cadmium is preferentially adsorbed by SMZ than lead. The maximum capacity o f  
cadmium adsorption on SMZ is much higher than that o f  lead. W hen comparing 
between the two adsorbents, clinoptilolite and SMZ, SMZ adsorbs cadmium to a 
greater extent than clinoptilolite does. The maximum capacity o f  cadmium 
adsorption by SMZ is approximately 1.45 times o f  clinoptilolite. On the other hand, 
SMZ adsorbs a lesser amount o f  lead than clinoptilolite does. This can be explained 
that SMZ and clinoptilolite have different sites for metal adsorption. For 
clinoptilolite, it possesses negative charges on the surface due to excess oxygen in 
the silica-alumina framework, and thus, the positively charged metal ions can be 
adsorbed on the clinoptilolite surface by ion-exchange mechanism. For SMZ, the 
sulfonate group o f  DO W FAX adsorbed on SMZ acts as adsorption site for metal 
ions. In general, the adsorption o f  transition metals can be explained by hard-soft 
acid base (H SA B ) principle (Shawabkeh e t  a l . ,  2004). Reactions are more favorable 
for hard-hard and soft-soft interactions than for a m ix o f  hard and soft in the 
reactions. In this principle, the cation that has high electronegativity and small ionic 
size is classified as a strong acid or hard acid. Consequently, this cation prefers to 
react or form com plexes with hard base. Lead has higher electronegativity (1.854) 
than cadmium (1.521), which yields a harder acid than cadmium. The excess oxygen  
o f  clinoptilolite surface is hard base and the sulfonate group o f  DOW FAX is 
borderline base as classified by M iessler and Tarr (2004). Thus, the excess oxygen is 
harder base than sulfonate. For this reason, it can be expected that the adsorption o f  
clinoptilolite has a preference towards hard acid as lead whereas the adsorption o f  
SMZ is directed towards soft acid such as cadmium. 1

4.3.2  Adsorption o f  Heavy Metal in M ixed-M etal Ions System
Figure 4.7 shows the adsorption isotherms o f  cadmium and lead on

SMZ in m ixed-m etal system  containing both cadmium and lead at pH 5. The initial 
concentration o f  metal was varied from 0.25 to 3 mM  using an equal normal 
concentration o f  cadmium and lead. Langmuir isotherm was also used to describe the 
adsorption data o f  mixed-metal system  for SMZ and the parameters are shown in 
Table 4.4. The results from the adsorption in the m ixed-m etal system  show  a similar
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trend as observed in the single-metal system. SMZ adsorbs cadmium more than lead 
as shown by the higher adsorption capacity o f  SM Z for cadmium than lead.

Figure 4.7 Adsorption isotherms o f  lead and cadmium on SMZ in mixed-metal 
system  at 3 0 °c  and pH 5.

Table 4.4 Langmuir parameters for the adsorption o f  lead and cadmium on SMZ in 
m ixed-m etal system

Metal Q max (m m ol/g) K (m M ) R 2
Lead 0.13 0.17 0.97

Cadmium• 0.16 0.14 0.99

Figures 4.8 and 4.9 show  the comparison o f  the adsorption o f  cadmium and 
lead by SMZ in single-m etal and mixed-metal system s. The results clearly show  that 
the amount o f  heavy metal adsorbed in m ixed-m etal system  w as lower than in single
metal system. Approximately 50-55%  decrease in the adsorption was observed for 
both cadmium and lead in mixed-metal system  when compared to the single-metal 
system  which is possibly due to the com petitive between cadmium and lead for the 
adsorption sites on SMZ in mixed-metal system.
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Figure 4.8 Comparison of the amount of cadmium adsorbed on SMZ in single-metal 
and mixed-metal systems.
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Figure 4.9 Comparison of the amount of lead adsorbed on SMZ in single-metal and 
mixed-metal systems.
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4.3.3 Adsorption of Toluene on SMZ in Single-Solute System
The adsorption isotherms of toluene on SMZ and clinoptilolite are 

shown in Figure 4.10. It can be obviously seen that the adsorption of toluene on both 
adsorbents exhibits a linear-type isotherm which can be described by the following 
equation:

where q is the amount of toluene adsorbed on the adsorbent (pmol of toluene/g of 
SMZ), c e is an equilibrium concentration (pmol/1) and Kp is partition 
coefficient(L/g). From this correlation, the partitioning coefficient is independent of 
the solute concentration. The adsorption data were fitted with the linear isotherms 
using linear regression method and the partitioning coefficients for toluene 
adsorption on both SMZ and clinoptilolite were determined as shown in Table 4.5.

Figure 4.10 Adsorption isotherms of toluene on SMZ and clinoptilolite in single
solute system at 30°c.

6000
Equilibrium concentration (fiM)
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Table 4.5 The partitioning coefficients of clinoptilolite and SMZ for toluene 
adsorption

Adsorbent Partitioning coefficient R2
clinoptilolite 0.023 0.985

SMZ 0 067 0.991

It can be seen that from the adsorption isotherms that SMZ adsorbs 
organic compound such as toluene at a much higher amount than unmodified 
clinoptilolite does. The partitioning coefficient of SMZ is approximately 2.87 times 
higher than that of clinoptilolite. At the same equilibrium concentration, SMZ can 
adsorb more toluene than clinoptilolite which can be attributed to the surface 
modification using surfactant. Due to its inorganic nature, the unmodified 
clinoptilolite has much lower organic content than SMZ which has been organically 
modified to become hydrophobic through surfactant adsorption. The linear 
adsorption chacrateristic reveals that the adsorption of toluene on SMZ is through 
partitioning of the organic solute to the organic phase of SMZ. This has been 
observed in other studies on the adsorption of organic solutes on organically- 
modified natural adsorbents such as clay minerals (Li and Bowman, 1998; Malakul 
et a l ,  1998). The results observed in this study clearly show that SMZ is a potential 
adsorbent for the effective adsorption of organic compound such as toluene.

4.4 Adsorption of Heavy Metal and Organic Contaminants in Mixed-Solute 

System «
In this part of the study, the adsorption of heavy metal (cadmium or lead) 

and toluene in mixed-solute systems in which both types of contaminants were 
adsorbed simultaneously by SMZ. Figures 4.11 and 4.12 show the adsorption 
isotherms of lead and cadmium in the presence of toluene at the concentration of 
4000 pM, respectively. The initial metal concentrations used in this experiment was 
varied from 0.25 mM to 5 mM. The adsorption isotherms were constructed as 
previously described.
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Figure 4 .11  Adsorption isotherms of lead on S M Z  in mixed-solute system at 3 0 ° c  
and pH 5.
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Figure 4.12 Adsorption isotherms of cadmium on SMZ in mixed-solute system at 
30°c and pH 5.
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T h e  re su lts  sh o w e d  th a t th e  a d so rp tio n  o f  b o th  m e ta ls  in  m ix ed -so lu te  
sy s te m  w a s  q u ite  s im ila r  to  th o se  o b se rv e d  in  s in g le -so lu te  sy s te m  w h e re  o n ly  m eta l 
io n s  w e re  p re se n t. O n ly  s lig h t d e c re a se  in  th e  a d so rp tio n  o f  c a d m iu m  w as  observ ed  
w h ic h  h as  a lso  b e e n  o b se rv e d  b y  V a c a -M ie r  e t  a l .  (2 0 0 1 ) w h e re  th ey  re p o rte d  3 -5%  
d e c re a se  in  th e  a d so rp tio n  o f  c a d m iu m  an d  lead  b y  c lin o p tilo lite  in  th e  p re sen ce  o f  
p h en o l. T h is  c a n  b e  e x p la in e d  th a t  m e ta l io n s  an d  to lu e n e  ad so rb  o n to  d iffe ren t 
so rp tio n  s ite s  o f  S M Z : h y d ro p h ilic  an d  h y d ro p h o b ic  s ites . T h e  h y d ro p h ilic  su lfonate  
g ro u p  o f  D O W F A X  o n  S M Z  p ro v id e s  a n  a d so rp tio n  s ite  fo r m e ta l io n s  w h e rea s  th e  
h y d ro p h o b ic  p a r t o f  S M Z , th e  ad so rb e d  o rg a n ic  p h a se  o f  C T A B  an d  D O W F A X , 
p ro v id e s  a d so rp tio n  s ite  fo r to lu e n e  p a r titio n in g . F o r  to lu e n e  ad so rp tio n , F ig u re  4.13 
sh o w s  th e  c o m p a r iso n  o f  th e  ad so rb e d  a m o u n t o f  to lu e n e  b e tw e e n  th e  s in g le -so lu te  
a n d  m ix e d -so lu te  sy s tem s. T h e  re su lts  sh o w e d  th a t  in  th e  p re se n c e  o f  h e a v y  m eta l, 
th e  a m o u n t o f  to lu e n e  a d so rb e d  b y  S M Z  w as  a p p ro x im a te ly  2 0 %  h ig h e r  th an  tha t 
o b se rv e d  in  th e  ab se n c e  o f  m e ta l ions. It can  b e  ex p la in e d  th a t, d u e  to  its  s ligh tly  
p o la r  n a tu re , to lu e n e  c a n  a d so lu b iliz e  in to  b o th  c o re  an d  p a lisa d e  re g io n s  o f  th e  
o rg a n ic  p h a se  o f  S M Z  (P ra d u b m o o k  e t  a i ,  2 0 0 3 ), th e  a d so rp tio n  o f  h e a v y  m e ta l on to  
th e  h y d ro p h ilic  (p o la r)  p a r t  o f  S M Z  m a y  re d u c e  th e  p o la r ity  o f  th e  p a lisa d e  reg ion , 
th u s  a llo w in g  m o re  to lu e n e  m o le c u le s  to  so lu b iliz e  in to  th e  o rg an ic  p h a se  o f  SM Z .
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Figure 4.13 C o m p a riso n  o f  th e  a m o u n t o f  to lu e n e  ad so rb e d  o n  S M Z  in  s in g le -so lu te  
an d  m ix e d -so lu te  sy s tem s.
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