
C H A P T E R  IV

R E S U L T S  A N D  D IS C U S S IO N

4.1 Emulsification properties of PCTS

4.1.1 Characterization of PCTS

Chitosan derivative w as syn th esized  by substitution of phosp hate  
groups onto chitosan main chain by phosphorylation to obtain phosphorylated chitosan. 
Sodium salt formation w as u sed  to improve water solubility of phosphorylated chitosan. 
Therefore, the obtained sodium  phosphorylated chitosan (PCTS) w as water soluble. The 
structure of the obtained PCTS w as analyzed  by FT-IR spectrom eter. Figure 4.1 sh ow s  
FT-IR spectra  of chitosan and PCTS. Chitosan sh ow s characteristic p eak s of O-H 
stretching and N-H stretching at 3434  c m ', C = 0  stretching and N-H bending at 1666  
and 1604 cm ’1, respectively and C -0  stretching of pyranose ring at 1072 cm"‘. W hereas, 
PCTS exhibits similar p eak s a s  chitosan including new sp ecific  p eak s at 823  cm"11 980  
cm"1, and 1263 cm ’1 which are characteristic p eaks of P-O-C, P-OH and p = 0  stretching, 
respectively [127], Furthermore, the absorption peak at 823 cm"1, and 980  cm  1 tend to 
increase with the m ole ratios of phosphorous pentoxide to chitosan residue increased .
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Wavenumber (cm 1)

Figure 4.1 FT-IR Spectra of chitosan, PCTS0.1, PCTS11 and PCTS 2.

The molecular weight of PCTS and the degree of phosphate 

substitution to chitosan residue were shown in Table 4.1. From FT-IR spectra and 

degree of phosphate substitution indicate that sodium phosphorylated chitosan can be 

synthesized with higher phosphate groups as increasing mole equivalent of phosphorus 

pentoxide.
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Table 4.1 The characteristic of PCTS at various d eg ree  of substitution.

Sam ples

D egree of 
phosp hate  

substitution of 
PCTS b

W eight A verage  
M olecular W eight 
of PCTS (k D a)c

Number A verage  
Molecular W eight 

(kDa)c

Polydispersity
Index

PCTSa 0.1 0.04 58 50 1.16
PCTS3 1 0.25 69 65 1.06
PCTSa 2 0.62 78 74 1.05

a Synthesis from chitosan with d eg ree  of deacetylation 85
b Determination by a Scanning Electron M icroscope, JSM -5800, JEOL eq u ip p ed  with an 

Energy -D isp ersiv e  X-ray spectrom eter calculating from Eq.3.1 
c Determination by gel perform ance chrom atography (Shim adzu class-V P V 6.14, 

Japan).

4 .1 .2  Hydrophilic-Lipophilic B alance (HLB) of PCTS

The HLB is d escr ib ed  by a number which indicates the relative affinity 
of emulsifier for the oil and aq u eou s p h ase  [62]. A m olecule with a high HLB number has 
a high ratio of hydrophilic groups to lipophilic groups, and v ice  versa. The HLB number 
of emulsifier sh ow s a useful to indicate its solubility in oil or water p h a se  and can  be  
u sed  to predict the type of em ulsion that will b e  formed by emulsifier. The emulsifier with 
a low HLB number (3-6) preferably d isso lved  in oil and stabilized w /o  em ulsion. The 
emulsifier with a high HLB number (10-18) preferably d isso lved  in water and stabilized  
(ว/พ em ulsion [30].

A drop of toluene diam eter over PCTS solution w as 5 .848  ± 0 .1 8 3  mm, 
illustrated that HLB value of PCTS around w as 19 calibrating from the calibration curve 
in Figure 4.2. The structure of PCTS contains acetam ido groups to the pyranose main 
chain that support the hydrophobicity. Furthermore, it contains hydrophilic parts of 
phosp hate and amino groups. The d eg ree  of deacetylation of initial chitosan w as around
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85 resulting in p o sse s s in g  more amino groups than acetam ido groups c a u se  the high 
number of HLB or high balance of strength of the hydrophilic to lipophilic groups.

13

15 20 25 30 35 40
HLB

Figure 4 .2  Calibration curve betw een  HLB valu es and diam eter of the toluene drops 

over mixed emulsifier solutions at 25 ° c .

4 .1 .3  Critical Micelle Concentration (CMC) of PCTS

A Critical Micelle Concentration (CMC) is well known a s  the low est 
concentration of emulsifier that prom otes m icelles formation. Furthermore, CMC value is 
important for sy stem s which em ulsifiers’ effect is primary consideration [36]. For 
exam ple, low concentrations of emulsifier are desirable in personal care product in 
order to red u ce irritation [36]. เท order to investigate the low est concentration for PCTS 
to form m icelle, CMC w as determ ined by m easuring surface tension of PCTS solution as  
a function of PCTS concentrations.

Equilibrium valu es of surface tension of PCTS at 2 5 °c  are show n in 
Figure 4.3. The CMC of PCTS w as determ ined a s the concentration at the inflection point 
of the surface tension curve which w as 0 .13  %w/v. Therefore, PCTS has potential to from
m icelles over CMC.
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Figure 4 .3  Surface tension of PCTS0.1 aq u eou s solutions related to its concentrations 

determ ined at 25°c. CMC w as read at intersection point.

4 .1 .4  Preliminary em ulsion type evaluation of PCTS

เท order to preliminary evaluate em ulsion type, the aq u eou s solution to 
oil ratios w ere varied to 2:8, 4:6, 5:5, 6:4 and 8:2. The concentration of PCTS0.1 w as  
fixed at 1%w/v which higher than the CMC of PCTS0.1. The preferable em ulsion type 
w as evaluated from em ulsion index, surface m ean diam eter and drop test.

Figure 4 .4  sh ow s relationship betw een  em ulsion index, surface m ean  
diam eter (d32) of the system  using PCTS0.1 a s  emulsifier and water to oil ratios. The 
em ulsion index is founded to b e d ep en d en t on the PCTS a q u eou s solution to oil ratios. 
The em ulsion index increased  with increasing volum e ratio of PCTS aq u eo u s solution in 
the system . This result indicates that PCTS would rather suitable em ulsified in the 
system  which the volum e of a q u eou s p h a se  w as higher than that of oil p hase. It should  
be noted that oil w as significantly rem ained in higher volum e a s increasing volum e ratios 
of oil p h ase . A ccording to HLB number, b e c a u se  of high HLB number indicating that
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PCTS has higher hydrophilic moiety than hydrophobic moiety. Therefore, PCTS would 
rather promote the formation of oil-in-water em ulsions ((ว/พ em ulsions). This HLB 
number can  confirm type of the produced  em ulsion a s  o /w  em ulsion. The HLB number 
w as con sid ered  a s  a factor directly influenced to the em ulsion type. This result w as also  
corresponded  to a previous report [30]. The emulsifier with a low HLB number (3-6) 
preferably d isso lved  in oil and stabilized พ/(ว em ulsion. The emulsifier with a high HLB 
number (10-18) preferably d isso lved  in water and stabilized (ว/พ em ulsion [30],

Furthermore, the drop test of a s prepared em ulsion in distilled water 
or mineral oil w as ob served  to preliminary investigate the continuous p h ase . The results 
sh ow ed  that all a s  prepared em ulsions using various concentrations of PCTS, a drop of 
em ulsion d isp ersed  in distilled water, while it a ggregated  in mineral oil. Therefore, it is 
indicated that the continuous p h a se  w as an aq u eou s p h ase. This phenom enon also  
supported that PCTS w as suitable functioned a s  emulsifier to prepared o /w  em ulsion.

To find optimum water to oil ratio for preparing em ulsion, the droplet 
s ize  and droplet s ize  distribution of em ulsion w as a lso  con sid ered . The d32, the m ean  
surface diam eter of droplet, d ec r e a se d  with increasing water to oil ratios. The d32 
reached  a constant when the ratios of water to oil b eca m e betw een  6:4 and 9:1.

The droplet s ize  distribution of em ulsion is one of the m ost important 
characteristic of em ulsion b e c a u se  it is on e factor to control dominant m echanism  of 
instability su ch  a s flocculation, O stwald ripening, droplet c o a le a se n c e  [95,128], The 
droplet s ize  distribution a lso  influenced to viscosity  of the em ulsion [129]. An em ulsion  
with sa m e m ean droplet s ize  may exhibit different behavior d ue to d ifferences in their 
droplet s ize  distribution [95]. Som e research reported that the em ulsion within the sam e  
range of m ean droplet s ize  having a bimodal distribution exhibited lower m agnitude of 
viscosity than the em ulsion having a unimodal distribution [130].

Figure 4 .5  sh ow s droplet s ize  distribution of em ulsion at various 
PCTS0.1 aq u eou s solutions to oil volum e ratios in em ulsion. The result sh ow ed  that the 
em ulsions prepared at the ratios of water to oil of 2:8, 4:6, 5:5 sh ow ed  bimodal droplet 
s ize  distribution 1 w h ereas the em ulsions prepared at the ratios of water to oil of 6:4, 8:2, 
9:1 sh ow ed  unimodal with narrow droplet s ize  distribution. The em ulsion had bimodal
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droplet s ize  distribution, it tended  to occur Ostwald ripening after storage em ulsion for a 
period of time. Ostwald ripening is the main m echanism  for nano-em ulsion  
destabilization [61,79]. Ostwald ripening occu rs from the different pressure of internal 
p h ase  within the small and big droplets containing in the em ulsion. As a result, the 
internal p h a se  tends to diffuse from small droplets into b igger on e leading to a 
progressive d isp lacem en t of the droplet s ize  distribution up to higher average s ize s  
[105]. The em ulsion having unimodal s ize  distribution, in contrast, can  b e  predicted to 
have stability.

From the ab ove results, the POTS aq u eou s solution to oil ratio of 8:2 
and 9:1 sh ow ed  the sm allest droplet size , unimodal droplet s iz e  distribution and  
p o s s e s s e d  em ulsion index around 1. But the water to oil ratio of 8:2 could contain higher 
volum e of oil p h a se  than 9:1. This result sh ow ed  that water to oil ratio of 8:2 w as the 
m ost effective condition to prepare em ulsion using PCTS0.1 a s emulsifier. This w as  
b e c a u se  of no rem ained oil at the surface of a s  prepared em ulsion including the 
sm allest droplet size . Therefore, this proportion w as se le c te d  to prepare the em ulsion for 
further evaluating emulsifying efficiency of PCTS0.1 and em ulsion stability.
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Figure 4 .4  Emulsion index and surface mean diameter (d32) at various PCTS0.1 aqueous 

solutions to oil volume ratios. Concentration of PCTS0.1 was fixed at 1%w/v for all 

emulsions.
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Figure 4 .5  Droplet size distribution of emulsion at various PCTS0.1 aqueous solutions to 

oil volume ratios. Concentration of PCTS0.1 was fixed at 1%w/v for all emulsions.
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4 .1 .5  Emulsifying efficiency and em ulsion stability

4.1.5.1 Emulsifying efficiency

The droplet size of fresh prepared emulsion at room tem perature was 

shown in Figure 4.6. The droplet size decreased as increasing PCTS concentrations 

until reach constant at PCTS concentration of 1%w/v. Obviously, the droplet sizes of as 

prepared emulsions below CMC (0.063%w/v) was large, whilst that of as prepared 

emulsions above CMC was smaller and constant. It is im plied that there were enough 

emulsifiers presented to form a strong layer at the interface of oil droplets and to 

stabilize the emulsion resulting เท constant emulsion droplet size.

This result could be confirm ed under confocal scanning laser 

m icroscopy (CLSM) by visualization of the interfacial PCTS distribution between oil and 

water phase. PCTS was labeled with fluoresceine isothiocyanate and visualized the 

fluorescent emission through the m icroscope.

C oncentration  (% w/v)

Figure 4 .6  Surface mean diam eter (d32) of emulsion droplets prepared from 

various PCTS concentrations at fixed water to oil ratio of 8:2, m easuring at room 

temperature. Insert p icture showed CLSM m icrograph of emulsion droplet at 

magnification of 40x, fluorescence light image (left), Nomarski image (right).
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The CLSM micrograph sh ow ed  that em ulsion can  form at PCTS 
concentration below  CMC (0.063% w/v), but PCTS d o e s  not clearly covered  all over oil 
droplet. This may b e  influenced to em ulsion stability. Whilst at concentrations of PCTS 
ab ove CMC, PCTS rearranged in high density covering around oil droplets to stabilize 
m icelle and produce small droplets.

4.1.5.2 Emulsion stability

4.1.5.2.1 Storage ap p earan ce  alteration

The storage a p p earan ce  of em ulsions for 1 1 7 and 90 d ays w as  
presented  in Figure 4.7. Almost all fresh em ulsions prepared from various 
concentrations of PCTS sh ow ed  h om ogen eou s white colloidal solution, ex cep t only the 
em ulsion prepared by using the concentration of PCTS below  CMC (0.13% w/v). They 
provided the gradient cream ing, an op aq u e white gradient on the top of em ulsion

After 7 d ays, the em ulsion prepared from the PCTS 
concentrations around CMC in the range of 0 .06-0.25%  w/v and m uch ab ove CMC 

( >  2%w/v), sh ow ed  gradient cream ing at upper p h ase  and in a clear lower serum  
occurred at bottom p h ase. While, the em ulsion contained  0 .5-1 .0  %w/v of PCTS 
produced  only gradient cream ing at upper p h a se  T hese p henom enon s a lso  were  
occurred after storage em ulsion after 90  d ays but significantly increased  for serum and
cream ing.
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Figure 4 .7  Schem atic drawing represented appearance of a) fresh prepared emulsion, 

and that of emulsions after ช) short term storage (7 days), c) long term storage (90 

days).
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4.1.5.22 Droplet size alteration

The alteration of droplet s ize  after storage at room temperature 
for short term (7 days) and long term (90 days) com paring with fresh prepared  
em ulsions w as analyzed  in order to study the stability of a s prepared em ulsions. Figure
4 .8  sh ow ed  droplet s ize  alteration from that of the fresh prepared em ulsions using  
various concentrations of PCTS.

For both short term (Figure 4 .8a) and long term storage (Figure 
4.8b), it is evident that the significant ch a n g e  in droplet s ize  d ep en d en t on PCTS 
concentrations. For short term storage, below  CMC (0.13%w/v) and much ab ove CMC 
(above 3%w/v), the em ulsions w ere quite unstable. Larger em ulsion droplets were  
rapidly formed at very high concentrations. At CMC or ab ove CMC (less  than 3%w/v), 
the em ulsions w ere obviously stab le  owing to stability in droplet s ize  alteration. For long 
term storage sh ow ed  similar ev id en ce  on droplet s ize  alteration to short term storage, 
but exhibiting obviously ob served  in droplet s ize  alteration. However, the em ulsion w as  
unstable at CMC. It w as implied that over CMC there w as enough em ulsifiers presented  
to form a strong layer at the interface of oil droplets and stabilized the em ulsion resulting 
in constant em ulsion droplet.

A bove CMC to 3% w/v, the droplet s ize  slightly ch an ged . It w as  
implied that it p o s s e s s e d  optimum th ickness of interfacial layer to gen erate  protective 
m em brane for em ulsion droplet. A bove 3%w/v, the droplet s iz e  of em ulsion increased
again.
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Figure 4 .8  Droplet size differences of emulsions after a) short term storage (7 days) and 

ช) long term storage (90 days) from that of fresh prepared emulsions.
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4.1.6 Physical mechanism of unstable emulsions

4.1.6.1 Visualization of the PCTS distribution on the emulsion droplet

The em ulsion using PCTS concentration below  CMC and much ab ove  
CMC after storage for a given periods of time, they tend to increase in droplet s ize  
(Figure 4.8) in a c o n se q u e n c e  of p h a se  separation (Figure 4.7) into cream ing (white 
cream  at upper p h ase) and syn eresis (clear serum at lower phase). An unstable  
em ulsion mostly sh ow s two phenom ena d ep en d in g  on the com parative density of 
d isp ersed  p h a se  to continuous p h ase, which are (i) cream ing at upper p h a se  and  
syn eresis clear serum  at lower p h a se  and (ii) sedim entation at lower p h a se  and  
syn eresis clear serum  at upper p h ase. Therefore, it is our interests to investigate the 
physical m echanism  suit to explain th ose  phenom ena. Physical m echanism  of an 
unstable em ulsion can  b e  classified  into two main categories which are reversible  
process:- flocculation and irreversible p r o c e ss :-c o a le sc en c e  and Ostwald ripening. เท 
this research, the physical m echanism  of the unstable em ulsion form by using PCTS0.1 
concentrations of 0.063% w/v and 4%w/v w as preliminary investigated by visualization of 
the PCTS distribution on the em ulsion droplets via confocal scanning laser m icroscope.

Figure 4 .9  sh ow s CLSM micrograph of em ulsion droplet E85/0.1 
(using PCTS 0.1 a s  emulsifier) after storage for 7 d ays at PCTS concentrations of 
0.063% w/v and 4%w/v. The em ulsion prepared by using PCTS concentration of 
0.063% w/v sh ow ed  big droplets (Figure 4 .9a), w h ereas that prepared by using PCTS 
concentration of 4%w/v sh ow ed  individual small droplets clum p together containing of 
polymer bridging at the center (Figure 4 .9b). Therefore, this can  b e  explained that an 
unstable m echanism  of em ulsion prepared by using PCTS concentration of 0.063% w/v  
might b e  c o a le sc e n c e , w hereas that prepared by using PCTS concentration of 4%w/v 
might b e  flocculation. C o a le sc e n c e  can  occur when droplets c lo se  with ea ch  other due  
to Brownian motion and van der W aals attraction [Sing, A.J.F., Gracia, A., L achaise, J., 

Brochette, p., 1999]. Furthermore, thin film of emulsifier distorts and the d isp erse  p h ase  
in droplet is drained leading to rupture of separating film. Then, two or more liquid 
droplets fu se  together to form a single larger droplet [104], Flocculation is generally a
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reversible aggregation of droplets, leads to separation in a gravity field, i.e., creaming. 

The droplets, however, retain their integrity [131],

Figure 4 .9  CLSM micrograph of emulsion droplet E85/0.1 (after 7 days) using PCTS0.1 

at a) 0.063%w/v, ช) 4%w/v, respectively as emulsifier a) fluorescence light image, b) 

Nomarski image.

4 .1 .7  Physical reversibility of the unstable em ulsion under pH variation

The physical mechanism of an unstable emulsion after storage for the 

emulsion prepared by using PCTS concentration of 0.063%w/v and 4%w/v were further 

investigated in detail to support the above data. For the limited data, the physical 

reversibility of emulsion prepared by using PCTS concentration of 4%w/v will be 

explained in this dissertation. However, the physical reversibility of emulsion prepared
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by using PCTS concentration of 0.063% w/v should b e studied further. The reversibility of 
the em ulsion prepared from PCTS concentration of 4%w/v w as investigated under pH 
variation after storage the em ulsion for 7 days. Surface ch arge and surface mean 
diam eter w ere m easured  to explain the m echanism .

4.1.7.1 (^-Potential of emulsion droplets

Figure 4 .10  sh ow s (^-Potential of em ulsion droplets a s function of 
pH. It sh ow ed  that the zeta  potential of droplet d ecrea sed  with increasing pH of the 
environment. At lower pH, the amino groups on PCTS structure w ere protonated and 
ch a n g ed  to NH3+1 so  the surface of droplets sh ow ed  positive ch arges. When increased  
pH of system , the phosp hate groups on PCTS structure were deprotonated and  
ch an ged  to P 0 32 resulting in negative ch a rg es at the surface. The negative potential 
w as strong or w eak d ependin g  on the amount of phosp hate substitution. PCTS0.1 had  
phosp hate substitution only 0 .04  units per chitosan residue. Therefore, the em ulsion  
prepared from PCTS 0.1 sh ow ed  quite low negative ch arges at the surface. Interestingly, 
the em ulsion droplets ag g reg a ted  at pH around 5 which w as an isoelectric point of
PCTS0.1.
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Figure 4.10 (^-Potential of em ulsion droplets a s  function of pH. The 4%w/v PCTS0.1 as  
emulsifier.

4.1.7.2 The droplet size of emulsion at various pH

Since the significant increase in droplet s ize  after storage at am bient 
tem perature for 7 and 90 d ays w as first ob served  in em ulsion using PCTS concentration  
of 4%w/v. Therefore, to verify assum ption about flocculation of em ulsion when using 
PCTS0.1 at concentration much a b ove CMC, the em ulsion prepared from PCTS0.1 
concentration of 4%w/v w as ch o sen  to investigate the physical m echanism  of an 
unstable emulsion.

Generally, many m ethods w ere utilized to verify flocculation of 
em ulsion, for exam ple, (i) investigation the v iscosity  of em ulsion or the shear stress  
under applied various shear rates [102-103] The low droplet-droplet interaction in 
em ulsions and non-flocculation, are su p p o sed  to b e responsib le for the Newtonian 
behaviors of the fluids. เท contrast, the shear-thinning behavior of em ulsions could be  
attributed to the formation of clusters or flocculated of droplet [102-103], (ii) investigation  
the floes of droplet using m icroscop e [132]. The optical im age sh ow s droplets clump  
together.
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Owing to POTS w as an amphoteric m olecule consisting both positive 
and negative ch a rg es  in the sam e m olecule. เท this research, flocculation of emulsion  
w as verified at the first time through investigating changing in em ulsion droplet size  
under various environmental pH. The emulsion droplets clum ped together in a loose  
arrangem ent and formed big particles w as defined a s  flocculation, so  that, the emulsion 
droplets surrounding with am photeric PCTS ex p ected  to ch a n g e  their droplets size  
under changing pH of the continuous p h ase  .

The surface m ean diam eter (d32) of em ulsion droplets using 4%w/v 
PCTS0.1 as emulsifier w as plotted against various pH in Figure 4 .11. As mentioned  
above, PCTS0.1 mainly exhibited positive ch arges at lower pH. The results show ed  that 
the. surface m ean diam eter d ecrea sed  with d ecreasin g  pH of system . It could be implied 
that at lower pH the amino groups on PCTS structure w ere protonated to be NH3* and 
induce electrostatic repulsion of the positive ch arges betw een  the droplets in 
concom itant with separating into small particles, a s  a result of small surface mean  
diameter. When pH of system  increased , the phosp hate group on PCTS structure w as 
deprotonated to b e P 0 32’. As m entioned above that at pH over than 6, PCTS0.1 show ed  
very low negative surface ch arges that may not enough to repulse ea ch  droplet, so  each  
droplets clum p together, resulting เท large surface m ean diameter.

This phenom enon show ed  that the clum p of em ulsion droplets using 
4%w/v PCTS a s  emulsifier could separate into individual droplet at lower pH, so  m eans 
the physical m echanism  of this emulsion w as flocculation, not c o a le a c e n c e .
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Figure 4.11 Surface mean diameter of emulsion droplets as function of pH. Emulsions 

were prepared from PCTS0.1 concentration of 4%w/v.

4 .1 .8  Effect of ionic levels of PCTS on the physical m echanism  of unstable 
emulsion

Ionic levels were also considered as a factor influenced to physical 

mechanism of unstable emulsions. Therefore, the physical mechanism of unstable 

emulsions formed from various ionic levels of PCTS was also explained in terms of 

surface charges and surface mean diameter under variation of pH.

4.1.8.1 (^-Potential of em ulsion droplets

The zeta potential of emulsion prepared by using 4%w/v PCTS0.1, 

PCTS1, and PCTS2, respectively as emulsifiers plotted as function of pH was shown in 

Figure 4.12.
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Figure 4 .12  (̂ -Potential of emulsion droplets as function of pH. PCTS0.1, PCTS1, and 

PCTS2 at concentration of 4%w/v were used as emulsifiers for E85/0.1, E85/1, and E 

85/2. respectively.

The zeta potential of emulsion using PCTS 0.1 as emulsifier (E85/0.1) 

started with quite high positive surface charges of around +30 in the pH range of 1-3. 

The surface charges decreased as increasing pH until reached the isoelectric point 

aroud pH 5.6 and kept constantly low negative charges in the pH range of 6-13. This 

result can be explained follow this, at lower pH, the amino groups on PCTS structure 

were protonated to be NH .\ so the surface charge of droplet showed positive charges. 

When pH of system increased, the small amount of phosphate group on PCTS structure 

was deprotonated to be POT. However, NH was not protonated at pH over than 8. The 

negative potential was strong or weak depending on the amount of phosphate 

substitution. For PCTS0.1 had phosphate substitution only 0.04 per chitosan residue. 

Therefore, the emulsion prepared from PCTS 0.1 showed quite low negative charges at

the surface.



7 6

The em ulsion using PCTS 1 sh ow ed  ten d s of zeta  potential a s  sam e  
a s  that using PCTS2. The zeta  potential of em ulsion using PCTS 1 a s  emulsifier 
d e c r e a se s  from -14 mV to -19 mV and that of em ulsion using PCTS 2 a s  emulsifier 
d e c r e a se s  from -20 mV to -30 mV w hen pH in system  increased  from 5.0 to 12.8. It may 
b e b e c a u se  phosp hate groups on PCTS structure w ere additionally deprotonated. The 
d ecreasin g  in zeta  potential at higher pH can  b e  more significantly ob served  in em ulsion  
using PCTS 2 a s  emulsifier than PCTS 1 a s  emulsifier b e c a u se  PCTS 2 contained more 
phosp hate groups than PCTS 1 around 2.5 times.

4.1.8.2 The droplet size of emulsion at various pH

To evaluate the effect of ionic levels of PCTS on the physical 
m echanism  of unstable em ulsion, so  PCTS w as syn th esizes at various d eg ree  of 
substitution (อร) follow this PCTS 0.1, PCTS 1, PCTS 2 (The characteristics of th ese  
PCTS w ere show n in Table 3.1) to u se  a s  emulsifiers at concentration of 4%w/v.
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Figure 4 .13  Surface mean diameter of emulsion droplets as function of pH. 

E85/0.1, E85/1 and E85/2 defined as the emulsion prepared by using PCTS0.1, PCTS1, 

and PCTS2 as emulsifier, respectively 1 with PCTS concentration of 4%w/v.

Surface mean diameter of emulsion droplets plotted as function of pH 

was shown เท Figure 4.13. The result of these PCTS showed different feature for each 

PCTS. The emulsion using PCTS 0.1 as emulsifier displayed increase in droplet size 

when the pH of system increased from pH around 1.5 to 12.8. It showed small droplet 

size during pH range of 1.5-4, increased in droplet size abruptly during pH range of 4-7 

and kept constantly เท large droplet size as increasing pH more than 7. The emulsion 

using PCTS 1 as emulsifier exhibited constant of droplet size at pH in range of 5.0-8.0 

and dramatically decrease at pH in range of 8.0-10.25, then it possessed constant value 

of droplet size. Meanwhile, the emulsion using PCTS 2 as emulsifier showed constant 

value of droplet size even increase pH from 4.8 to 12.8.

These phenomena can be described as follows: first, the emulsion 

using PCTS 0.1 as emulsifier, at lower pH the large amount of amino groups on PCTS 

structure were protonated to be NH3+ and induced electrostatic repulsion of each 

droplet resulting in small surface mean diameter. When increasing pH of system, the
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phosphate groups on PCTS structure w ere deprotonated to b e  P 0 3". As m entioned  
ab ove that at pH over than 6, PCTS0.1 sh ow ed  very low negative surface ch arges that 
may not enough  to repulse ea ch  droplet, so  ea ch  droplet clum p together, resulting in 
large surface m ean diameter.

S econ d , the em ulsion using PCTS 1 a s emulsifier, owing to it has low 
negative potential. Therefore, in pH range of 5 .0-8 .0, during this pH range so m e of the 
amino groups can  be protonated to b e  NH3\  Therefore, the deprotonated PO3" can  
induce electrostatic attraction with protonated NH3+ and clum p ea ch  droplet together, 
resulting in large surface m ean diameter. Then, droplet s ize  of em ulsion using PCTS 1 
a s emulsifier sh ow ed  dramatically d e c r e a se  at pH in range of 8 .0 -1 0 .25  b e c a u se  the 
p hosp hate groups w ere deprotonated to PO3 to contain negative ch arged  enough to 
repulse adjacent droplet resulting in d e c r e a se d  in droplet size . The E85/1 maintained 
constant in droplet s iz e s  un less pH in system  increased  over 10.25. The phosphate  
groups of PCTS 1 had b een  deprotonated totally to b e PO3" s in ce  pH 10.25, resulting in 
constant value of zeta  potential a s  m entioned above, in a co n se q u e n c e  of constant 
em ulsion droplets size. This implied that the constant droplets s ize  over pH 10.25 w as a 
m ean individual em ulsion droplets size.

เท fact, the em ulsion droplets prepared from PCTS2 should show  
similar behavior with em ulsion droplets prepared from PCTS1. Interestingly, the 
em ulsion droplets prepared from PCTS2 sh ow ed  constant small droplets s ize  in a w ide 
range of pH. This may b e due to PCTS2 has strong negative potential enough  to repulse  
into individual droplets.

Schem atic drawing of droplets of em ulsion E85/0.1, E85/1, and E85/2 
prepared by using 4% w/v PCTS 0.1 , 1, and 2, respectively a s emulsifier w as show ned  
in Figure 4 .14. This sc h e m e  w as d escr ib ed  about the physical m echanism  in m ean  
droplet s ize  when increasing or d ecreasin g  the environmental pH. All em ulsions were  
prepared in distrilled water at pH 5.6. After changing environmental pH, the physical 
m echanism  can  be explained a s  follows. E85/0.1 droplets dom inated in positive surface  
ch arges, they replused into individual dropltes when d ecresin g  pH and agglom erated



7 9

into large particles b e c a u se  of ch arge neutralization. E85/1 droplets dom inated in weak  
negative surface ch a rg es, they agglom erated  at pH 5.6 due to electrostatic interaction 
betw een  NH3+ and P 0 32 , and a ggregated  at pH below  5.6 b e c a u se  of ch arge  
neutralization, but replulsed into individual droplets when increasing pH. Meanwhile, 
E85/2 droplets dom inated in strong negative surface ch arges, they maintained their 
droplet s ize  in a w ide range of pH owing to their strong negative potential. They also  
a ggregated  at pH below  5.6 a s  sa m e a s  E 85/1.

This sch em e  sh ow ed  that the clum p of em ulsion droplets using 4%w/v 
PCTS a s  emulsifier w ere reversible into individual droplet at lower pH for E85/0.1 and at 
higher pH for E85/1. E85/2 maintained individual droplet over w ide pH range. 
Furthermore, PCTS u sed  a s  emulsifier should p o s s e s s e d  e x c e s s  negative ch arges to 
stabilize em ulsion, in other words, PCTS u sed  a s  emulsifier in this system  should  
p o s s e s s e d  d eg ree  of phosp hate substitution ab ove or equal 0 .65  (PCTS2).

From this limitation of data, it can  be con clu d ed  that the physical 
m echanism  of unstable em ulsion w as flocculation for the em ulsion preparing by using 
PCTS with อ ร  lower than 0 .65. When using PCTS with อ ร  over than or equal to 0 .65, the 
em ulsion did not represent an unstable m echanism .
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Figure 4 .14  Schematic drawing represented the physical mechanism of emulsion 

E85/0.1, E85/1, and E85/2 using 4% w/v PCTS 0.1, 1, and 2, respectively as emulsifiers 

which ocuured after increased or decreased pH of system.

4.2 Effect of system atic conditions (pH, ionic strength, and temperature) on em ulsion  
stabilization

Because PCTS is amphoteric containing both amino groups from 

chitosan and phosphate substituted groups, a change of some systematic conditions 

such as pH may be possessed effect on stability of emulsion using PCTS as emulsifier. 

Furthermore, emulsion using PCTS as emulsifier exhibited ionic characteristic in distilled 

water, so we hypothesized that ionic strength may also effect on stability of emulsion.
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Moreover, PCTS also  sh ow ed  amphiphilic property. Therefore, the environmental 
temperature might effect to its hydrophilicity. To proof our hypothesis, in this part, the 
stability of em ulsion in various system atic conditions viz. pH, ionic strength, and 
temperature w as studied.

The PCTS u sed  in this part only varied d eg ree  of phosphate  
substitution on PCTS around 0 .04, 0 .25, and 0 .62 which w as called  PCTS0.1, PCTS1, 
and PCTS2, respectively. It should b e noted that the number followed PCTS w as  
denoted  equivalent m ole of P20 5 feed ing in the phosphorylation reaction with chitosan. 
Furthermore, The PCTSs p o s s e s s e d  w eight average m olecular w eight and number 
average m olecular w eight in the range of 58-78 kDa and 50-74 kDa, respectively (Table
4.1). The em ulsion prepared by using PCTS0.1, PCTS1, and PCTS2 a s  emulsifiers were 
nam ed E85/0.1, E85/1 and E85/2, respectively.

4.2.1 Effect of pH on stability of emulsion using PCTS at various degree of 

substitution as emulsifiers

4.2.1.1 Surface charge of emulsion at various pH

The surface ch arge of ‘dilute em ulsion’ with various pH (1-13) at fix 
concentration of 1%w/v PCTS w as illustrated in Figure 4.15. The surface ch arges for all 
sa m p les of em ulsion droplet gradually ch a n g ed  from positive to negative ch a rg es when  
pH of the system  increased .

E85/0.1, which w as prepared by using PCTS0.1, sh ow ed  positive 
surface ch a rg es in pH range of 1-7. Surface ch a rg es of E85/0.1 w as gradually ch a n g ed  
from positive to b e  neutral around pH 8 (isoelectric point), then constant negative  
ch arge at pH 9-13 due to le ss  d eg ree  of ph osp h ate  substitution on chitosan structure. 
Since PCTS is am photeric and sh ow s an isoelectric point (pi), the pH value at which 
PCTS is neutral. Therefore, the em ulsion prepared by using PCTS a s  emulsifier also  
exhibits am photeric property.
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E85/1 and E85/2, which were prepared by using PCTS1 and PCTS 2, 

respectively, shifted their isoelectric point to be lower at pH 5.5 and 3.9, respectively. At 

given pH, surface charges of emulsion droplets dominated to be positive or negative 

depending on degree of phosphate substitution. The higher the degree of phosphate 

substitution, the lower the isoelctric point was. The emulsion droplets exhibited positive 

surface charges below the isoelectric point, and exhibited negative surface charges 

above the isoelectric point. Negative charges of surface droplets occurred from the 

presence of deprotonated phosphate groups along its side chain in condition over 

isoelectric point.

It should be noted that the emulsions using PCTS 1 and 2 as 

emulsifiers aggregated at low pH (1-3). It is possibly because phosphate groups were 

neutralized at low pH [33],

40 ♦E85/0.1
■  E85/1

30 : *E85/2

-50

Figure 4 .15  Surface charge of emulsion droplets as function of pH. Emulsions were 

prepared from PCTS0.1, PCTS1, and PCTS2 at concentration of 1%w/v and were 

definded as a) E85/0.1, b) E85/1, and E85/2, respectively.
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4.2.1.2 Droplet size and droplet size distribution of emulsion at various 

pH

As m entioned in Table 4.1, PCTS w as synthesized  from chitosan with 
d eg ree  of deacetylation of 85  and substituted with phosp hate groups with various 
d eg ree  of phosp hate substitution a s  0 .04, 0 .25  and 0 .62, so  nam ed a s  PCTS0.1, PCTS1 
and PCTS2, respectively. It should b e noted that the number following the PCTS w as  
den oted  equivalent m ole of P20 5 feed ing in the phosphorylation reaction with chitosan. 
On the other word, PCTS0.1, PCTS1 and PCTS2 had percent of phosp hate to amino 
groups of 4:85, 25:85 and 62:85, respectively.

Figure 4 .16  sh ow ed  surface m ean diam eter under pH variation of the 
em ulsion prepared by using PCTS0.1, PCTS1 and PCTS2 which w ere nam ed a s  E85/0.1, 
E85/1 and E85/2, respectively. The results sh ow ed  that E85/0.1 ch a n g ed  the droplet 
s ize  in the op p osite  manner with E85/1 and E85/2 when pH in system  w as ch an ged .

E85/0.1, containing percent of amino groups more than phosphate  
groups, sh ow ed  small droplet s iz e  in range of 200-500  nm and kept constant even  
increased  the environmental pH during pH range below  the isoelectric point (pH 1-7). It 
w as b e c a u se  at pH below  isoelectric point, the amino groups w ere protonated, resulting 
in electrostatic repulsion betw een  adjacent droplets into individuals droplets. Therefore, 
the droplets s ize  w as constant without considering the strength of positive surface  
ch arges. Furthermore, at pH ab ove the isoelectric point, it w as found that droplet s ize  
increased  with increasing environmental pH. The p hosp hate groups should b e  
deprotonated to b e P 0 32" . While NH2 w as not protonated at pH over than 8. The 
negative potential w as strong or w eak d ep en d in g  on d eg ree  of phosp hate substitution. 
For PCTS0.1 had phosp hate substitution only 0 .04  per chitosan residue. Therefore, the 
em ulsion prepared from PCTS 0.1 sh ow ed  quite low negative ch a rg es at the surface  
that may not enough to repulse adjacent droplets and induced the agglom eration of the 
droplets.
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On the other hand, E85/1 and E85/2 which had higher percent of 
phosp hate groups than E85/0.1 (percent of amino groups w as fixed at 85) show ed  more 
negative surface ch a rg es in w ide range of pH. Even percent of amino groups w as  
higher than that of phosp hate groups, the total surface ch arges still be negative. It may 
b e b e c a u se  the different in ionization ability betw een  phosp hate groups and amino 
groups. From the ab ove reason, E85/1, E85/2 sh ow ed  the different phenom ena of 
ch a n g e  in droplets s ize  to E85/0.1. Both E85/1 and E85/2 sh ow ed  quite constant in 
droplet s ize  over a w ide pH range from pH 4.6 to pH 12.6 without considering the 
strength of negative charge at surface area. E85/1 and E85/2 a g g regated  below  their 
isoelectric points, thus, the droplet s ize  w as not p ossib le  to be m easured. This indicated  
that the environmental pH did not effect to the stability for the em ulsion using anionic 
PCTS with d eg ree  of phosp hate substitution more than 0 .25. From ab ove phenom enon  
can b e  con clu d ed  that amino group in E85/0.1 and p hosp hate group in E85/1 and E85/2 
played an important role to repulse adjacent droplets through electrostatic repulsion and  
to stabilize the em ulsion without considering the strength of surface ch arge (zeta  
potential). From zeta potential and droplet s ize  data, it should b e noted that the em ulsion  
should had surface ch a rg es over than +5 for E85/0.1 and lower than -10 for E85/1 and  
E85/2. The strength of ch arge did not influence to s ize  of individual em ulsion droplets.

Furthermore, not only droplet s ize  of em ulsion w as con sid ered  for the 
stability of em ulsion but also droplet s ize  distribution. The droplet s ize  distribution plays 
a key on em ulsion properties su ch  a s  texture, long-term stability, and optical 
ap p earan ce [133]. M onodisperse em ulsions and a narrow s iz e  distribution lead to 
em ulsion stability and facilitate control of their properties [134],

Figure 4 .17  sh ow s droplet s ize  distribution of E85/0.1, E85/1, and  
E85/2, respectively at various environmental pH. The droplet s iz e  distribution of E85/0.1 
show ed  unimodal and had s ize  in range of 350-500  nm at pH below  isoelectric point, 
which co m p o sed  in term nano-em ulsions (20-500 nm) [69] and gradually increased  to 
600-2000  nm at pH ab ove isoelectric point.
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The droplet size distribution of E85/1 and E85/2 also showed unimodal 

droplet size distribution (droplet size 200-600 ททา) over wide pH range (over their 

isoelectric points). Except only E85/1 still showed bimodal droplet size distribution below 

its isoelectric point, indicating the aggregation stating point.
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Figure 4 .16  Surface mean diameter of emulsion droplets under pH variation. Emulsions 

were prepared from PCTS0.1, PCTS1, and PCTS2 at concentration of 1%w/v and were 

definded as a) E85/0.1, b) E85/11 and c) E85/2, respectively.
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Schem atic drawing of droplets for em ulsion E 85/0 .11 E 85/11 and E85/2 
prepared by using 1% w/v PCTS 0.1, 1, and 2, respectively a s emulsifiers w as show ned  
in Figure 4 .18. This sch em e  w as d escr ib ed  about the physical m echanism  in m ean  
droplet s ize  under pH variation.

All em ulsions w ere prepared in distrilled water at pH 5.6. After 
changing environmental pH, the physical m echanism  can  b e  explained a s  follows. 
E85/0.1 droplets dom inated in positive surface ch arges, they replused into individual 
dropltes when d ecresin g  pH. When pH of system  increased , they clum ped together at 
isoelectric point (pH8) d u e to zero net ch arge and agglom erated  into large particles at 
pH over 8 b e c a u se  of le ss  of ch arge to stabilize droplets .

E85/1 droplets dom inated in w eak negative surface ch arges, when  
d ecrea sed  pH, they clum p together at isoelectric point (pH 5.3) d ue to zero net charge, 
and aggrea te  at pH le ss  than isoelectric point d u e to charge neutralization. However, 
they replused into individual dropltes w hen pH a b ove isoelectric point.

Meanwhile, E85/2 droplets dom inated in strong negative surface  
ch arges, they maintained their droplet s ize  over wide pH range owing to their strong 
negative potential. E85/2 exhibited isoelectric point at pH 3.9. They ag g reg a ted  at pH 
below  isoelectric point d ue to ch arge neutralization and no steric repulsion.
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Figure 4.18 Schematic drawing represented the physical mechanism of emulsion 

E85/0.1, E85/1, and E85/2 using 1% w/v PCTS 0.1, 1, and 2, respectively as emulsifiers 

which occured under pH variation.

4.2.2 Effect of ionic strength on stability of emulsion using PCTS at various 

degree of substitution as emulsifiers

4.2.2.1 Surface charge of emulsion at various ionic strengths

Figure 4.19 shows surface charge of emulsion droplets as a function 

of NaCI concentrations. The zeta potential of E85/0.1 droplets gradually decreased with 

increasing salt concentrations owing to salt complex between NH3 and Cl. Whilst, the 

zeta potential of E85/1 and E85/2 decreased with increasing salt concentrations until 

reaching the concentration of 0.8 ทาM, indicating that ionic strength promoted ionization 

of phosphate groups. Above this concentration, the zeta potential of E85/1 and E85/2 

increased with increasing salt concentrations. From this result, it should be noted that 

Na+ or Cl- may neutralize the emulsion surface charges in a consequence of reducing
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the electrostatic repulsion of the individual droplets, so called electrostatic screening 

effect 1 [31,116]: counter-ions in the aqueous phase shielded the charges on the 

emulsion droplet surfaces [103], However, the zeta potential of E85/2 droplets in NaCI 

500 and 1000 mM were not available due to their aggregation and precipitation.
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Figure 4 .1 9  Surface charge of emulsion a) E85/0.1, b) E85/1, and c) E85/2, using PCTS

as emulsifier at concentration 1%w/v under various ionic strengths.
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4.2.2.2 Droplet size and droplet size distribution of emulsion at various 

ionic strengths

The droplet size of E85/0.1, E85/1, and E85/2 in various ionic 

strengths was shown in Figure 4.20. The results showed that all emulsions were constant 

in droplet size around 350-500 nm with NaCI concentrations below 1 ทาM. E85/0.1 

started to increase in size at NaCI concentration of 2mM and increase abruptly at NaCI 

concentration of 6mM. Whereas, E85/1 and E85/2 increased their size abruptly when 

concentration of NaCI above 1mM.

One possible explanation for the agglomeration of emulsion droplets, 

the increasing in salt concentrations may cause to compress the electric double layer in 

a consequence of reducing the electrostatic repulsive force and in strength of charge 

potential lead to agglomeration of emulsion droplets which was according to the 

explaination of J.N Israelachvili [31] who reviewed about emulsion in high salt 

concentration.
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Figure 4 .20  Surface mean diameter of emulsion a) E85/0.1, ช) E85/1, and c) E85/2,

using PCTS as emulsifier at concentration of 1 %w/v under various ionic strengths.
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The d ro p le t s ize  d is tribu tio ns  are g iven  in F igure 4.21. It show ed  tha t 

the  d ro p le t s ize  d is tribu tio n  d e p e n d  on conce n tra tio n  o f NaCI, the d ro p le t size 

d is tribu tio n  w as un im oda l w hen NaCI concen tra tion  be low  6 ทาM fo r E85/0.1 and  be low  2 

เท M fo r both  E85/1 and  E85/2. A  b im oda l w as o b se rved  tha t one la rge  peak ce n te re d  at 

la rge d ro p le t s ize  w ith  a sm all add itio na l peak ce n te re d  at sm all d ro p le t size. Likew ise, 

the  la rge  d ro p le t s ize o c c u rre d  from  a gg lom e ra tion  o f the d rop le ts . Furtherm ore, in case  

o f the fo rm ation  o f la rge  peak  o f d ro p le t s ize  d is trib u tio n  ce n te re d  at la rge  d ro p le t size 

w as the m ain reason fo r increas ing  the  to ta l su rface  m ean d iam eter.

It is know n tha t s trong  e lec tro ly tes  p ro d u c e d  o/w  unstab le  em uls ion 

be ca u se  o f the rem arkab le  d e c re a se  in the  th ickness  o f the e lec trica l d o u b le  layer o f the 

oil d ro p le t [135].
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Figure 4.21 Droplet size distribution of emulsion a) E85/0.1, ช) E85/1, and c) E85/2,

using PCTS0.1, PCTS1, and PCTS2, respectively as emulsifier at concentration of1%w/v

under various NaCI concentrations.
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S chem atic  d ra w in g  o f d ro p le ts  fo r em uls ion  E 85/0 .1 , E 85/11 and E85/2 

p re p a re d  by  using 1% w /v  PCTS 0.1, 1, and  2, respec tive ly  as em uls ifie rs  w as show ned 

in F igure 4.22. This schem e w as d e s c rib e d  a bou t the phys ica l m echan ism  in m ean 

d ro p le t s ize w hen increas ing  e lec tro ly te  concen tra tions . E85/0.1 w as dom inan t in 

pos itive  cha rg e s , w h ils t E85/1 and  E85/2 w ere  dom inan t in nega tive  c h a rg e s  w ithout 

e lectro ly te . W ith increas ing  e lec tro ly te  conce n tra tio n s  in the range  o f 0.1 -4m M , the 

d e c lin in g  in pos itive  su rface  c h a rg e s  o f E85/0.1 m ay be  due  to  sa lt co m p le x  be tw een 

N H 3’ and  C l . M eanw hile , w ith increas ing  e lec tro ly te  co ncen tra tions  in the range  o f 0.1- 

1mM, the  ris ing  in nega tive  su rface  ch a rg e s  o f E85/1 and  E85/2 in d ica te d  tha t ionic 

s treng th  p rom oted  ion ization  o f phosp h a te  g roups. The d ro p le t s ize  fo r those  E85/0.1, 

E85/1 and  E85/2, in con trast, m a in ta ined  co n s ta n t w ithou t co n s id e rin g  the su rface  

cha rges. W ith increas ing  e lec tro ly te  co n cen tra tions  m ore than o r equa l 6 mM fo r E85/0.1 

and  2 mM fo r E85/1, E85/2, m ay cause  to co m p re ss  the e lec tric  d o u b le  layer in a 

co n se q u e n ce  o f re d u c in g  the e le c tro s ta tic  repu ls ive  fo rce  and in s treng th  o f ch a rg e  

po tentia l lead to  a gg lom e ra tion  o f em uls ion d ro p le ts  w ith b im oda l s ize  d is tribu tion .
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Figure 4 .22  Schem atic drawing represented the physical mechanism of emulsion 

E85/0.1, E85/1, and E85/2 using 1% w/v PCTS 0.1, 1, and 2, respectively as emulsifiers 

which occured after incrasing electrolyte concentrations.

4.2 .3  E ffect o f tem pera tu re  on stab ility  o f em uls ion using PC TS at various 

ionic levels as em uls ifie rs

To determ ined effect of tem perature on the stability of emulsion using 

PCTS at various ionic levels as emulsifiers, emulsions system were varied at five 

tem perature points (3 0 °c , 4 0 °c , 5 0 ° c ,6 0 ° c ,  and 70°C ) and their surface charge, 

surface mean diam eter of droplets, and droplet size distribution were determ ined along 

the tem perature axis.
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4.2.3.1 S urface  charge  o f em uls ion at various tem pera tu res

Surface charge of the emulsion was seem ed to be depended on 
temperature. Figure 4.20 shows the surface charge of emulsion as function of 
temperatures. The zeta potential of E85/0.1 emulsion droplets was gradually decreased 
in positive range from +30 mV to +15 mV and that of E85/1 and E85/2 emulsion droplets 
was gradually changed in negative range from -1 mV to -6 mV and from -48 mV to -18 
mV, respectively, when increasing the temperature from 30°c  -70°c.
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-40
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Figure 4 .23  surface charge of emulsion droplets under temperature variation. Emulsions
were prepared from PCTS0.1, PCTS1, and PCTS2 at concentration of 1%w/v and were 
definded as E85/0.1, E85/1, and E85/2, respectively.
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4.2 .3 .2  D rop le t s ize  and drop le t size d is tribu tion  o f em ulsion at various 

tem pera tures

The su rface  m ean d ia m e te r of E 85/0 .1 , E 85 /11 and E85/2 w h ich  used 

PCTS 0 .1 1 PCTS 11 and PCTS 2 as em uls ifie rs, respec tive ly  unde r various tem pera tu res  

w ere  show ed  in F igure 4.24.
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Figure 4 .24  S urface  m ean d ia m e te r o f em uls ion d ro p le ts  u n d e r tem p e ra tu re  varia tion. 

Em ulsions w ere  p re p a re d  from  PC TS0.1, PCTS1, and  PCTS2 at conce n tra tio n  of 1% w/v 

and  w ere  d e fin d e d  as E85/0.1, E85/1, and  E85/2, respective ly .

The surface  m ean d ia m e te r o f E85/0.1, E 85 /1 , and E85/2 exh ib ite d  

s im ila r trend  tha t the  su rface  m ean d ia m e te r increased  from  300-800 nm at tem pera tu re  

range of 3 0 -5 0 °C . Then, the su rface  m ean d ia m e te r d ra m a tica lly  increased  du rin g  50- 

6 0 ° c  from  300-800 nm to 4000-5000 nm and show ed  a lm ost co n s ta n t va lue a fte r that at 

70°c.
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It co u ld  be assum ed th a t the PCTS cha in  w as rearrangem e n t w hen 

increase  tem p e ra tu re  and  c le a rly  o b se rve d  at te m pera tu re  in range  o f 5 0 -6 0 °C . Below  

5 0 ° c ,  the hyd ro p h ilic  su rfaces  o f PCTS cha ins  in te rac t w ith  w ater, so the  m o lecu le  is 

e longa ted . A t te m pera tu re  in range  o f 5 0 -6 0 °C  and above  6 0 ° c ,  the  w a te r m o lecu les 

a round  m ain cha in  be co m e  d ehyd ra te , so the  PCTS cha ins  ch a n g e d  into a so lub le  

g loba l w ith  m ore h yd ro p h o b ic  surfaces.

From the  zeta  po tentia l (F igure 4.19) and  su rface  m ean d iam e te r 

(F igure 4.20) da ta  in d ica te d  tha t the  PCTS m o lecu le  rea rranged  its s truc tu re  at 

tem pera tu re  abo ve  5 0 ° c .  The ch a n g e  o f ze ta  po tentia l w hen increas ing  tem pera tu re  

m ay in fluence  from  increas ing  in d ro p le t s ize  resu lting  เท d e cre a s in g  the  su rface  area in 

a c o n se q u e n ce  o f low ering  the s treng th  o f ch a rg e  potentia l.

The d ro p le t s ize  d is tribu tio n  o f E85/0.1, E85/1, and  E85/2 unde r 

various tem pera tu res  w as illustra ted  in F igure 4.25. It show ed  tha t the d ro p le t size 

d is tribu tio n  d e p e n d  on tem pera tu re , the  d ro p le t s izes d is tribu tio n  w as un im oda l w hen 

tem pera tu re  b e low  5 0 ° c  in all em uls ions. A  b im oda l d is tribu tio n  w ith  one la rge  peak 

ce n te re d  a t la rge  d ro p le t size w ith  a sm all add itio na l peak  ce n te re d  a t sm all d ro p le t size 

w as o b se rve d  at tem pera tu re  above  5 0 ° c  in all em ulsions. Therefore, the fo rm ation  of 

la rge  peak  o f d ro p le t size d is tribu tio n  ce n te re d  at la rge  d ro p le t s ize  w as the m ain reason 

fo r increas ing  the  to ta l su rface  m ean d iam eter.
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Figure 4.25 Droplet size distribution of of emulsion under pH variation. Emulsions were 

prepared from PCTS0.1, PCTS1, and PCTS2 at concentration of 1%w/v and were 

definded as a) E85/0.1, b) E85/1, and c) E85/2, respectively.
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S chem atic  d raw ing  o f d ro p le ts  fo r em uls ion E 85/0 .11 E 85/11 and E85/2 

p re p a re d  by  using 1% w /v  PCTS 0.1, 1, and  2, respec tive ly  as em uls ifie rs  w as show ned 

in F igure  4.26. This schem e w as d e s c rib e d  a b o u t the p h ys ica l m echan ism  in m ean 

d ro p le t s ize un d e r tem pera tu re  varia tion . The su rface  m ean d ia m e te r o f E85/0.1, E85/1, 

and  E85/2 exh ib ite d  s im ila r trend  to  increase  as tem pera tu re  increase , and  increased  

a b ru p tly  a round  5 0 ° c .  This m ay be  due  to the  w a te r m o lecu les a round  m ain cha in  

be co m e  d ehyd ra te , so the PCTS cha ins  c h a n g e d  into a so lub le  g lo b a l w ith m ore 

h y d ro p h o b ic  su rfaces. Therefore, the  ind iv idu a l d ro p le ts  b e ca m e  c lo se r w ith 

h y d ro p h o b ic  in te raction , resu lting  in agg lom e ra tion . S urface  ch a rg e  o f the  em ulsion 

E85/0.1, E85/1, and  E85/2 w as seem ed  to be d e p e n d e d  on tem pera tu re . เท fact, the 

la rge r in d ro p le t size in fluen ced  to less su rface  area. Therefore, the m ean su rface  

ch a rg e s  o f the la rge r s ize  d ro p le ts  tre n d e d  to  exh ib it w eake r pos itive  o r nega tive  su rface  

charges.
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Figure 4 .26 S chem atic  d raw ing  represen te d  the phys ica l m echan ism  of em ulsion 

E85/0.1, E85/1, and  E85/2 using 1% w /v PCTS 0.1, 1, and 2, re sp e c tive ly  as em uls ifie rs  

w h ich  o c c u re d  un d e r tem pera tu re  varia tion.
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