
DIESEL REMOVAL BY CONTINUOUS FROTH FLOTATION: 
EFFECTS OF ULTRALOW INTERFACIAL TENSION AND 

FOAM CHARACTERISTICS

M s . S u n is a  W a tc h a r a s in g

A  T h e s i s  S u b m it te d  in  P a r tia l F u l f i lm e n t  o f  th e  R e q u ir e m e n t s  

fo r  th e  D e g r e e  o f  M a s te r  o f  S c ie n c e  
T h e  P e t r o le u m  a n d  P e t r o c h e m ic a l  C o l l e g e ,  C h u la lo n g k o m  U n iv e r s i t y  

in  A c a d e m ic  P a r tn e r s h ip  w i t h
C a s e  W e s te r n  R e s e r v e  U n iv e r s i t y ,  T h e  U n iv e r s i t y  o f  M ic h ig a n ,  

T h e  U n iv e r s i t y  o f  O k la h o m a , a n d  I n s t itu t  F r a n ç a is  d u  P é tr o le
2 0 0 4

I S B N  9 7 4 - 9 6 5 1 - 4 4 - 8



Thesis Title:

By:
Program:
Thesis Advisors:

D i e s e l  R e m o v a l  b y  C o n t in u o u s  F r o th  F lo t a t io n  ะ E f f e c t s  o f
U l t r a lo w  I n te r fa c ia l  T e n s io n  a n d  F o a m  C h a r a c te r is t ic s
M s . S u n is a  W a tc h a r a s in g
P e t r o c h e m ic a l  T e c h n o lo g y
A s s o c .  P r o f . S u m a e th  C h a v a d e j
A s s t .  P r o f. P r a m o c h  R a n g s u n v ig i t
P r o f . J o h n  F . S c a m e h o m

A c c e p t e d  b y  th e  P e t r o le u m  a n d  P e t r o c h e m ic a l  C o l l e g e ,  C h u la lo n g k o m  

U n iv e r s i t y ,  in  p a r t ia l  f u l f i lm e n t  o f  th e  r e q u ir e m e n ts  fo r  th e  D e g r e e  o f  M a s te r  o f  

S c ie n c e .

jK  1 y A tu 'sJ T .
.................................................................................  C o l l e g e  D ir e c to r

( A s s o c .  P r o f . K u n c h a n a  B u n y a k ia t )

Thesis Committee:

( A s s o c .  P r o f . S u m a e th  C h a v a d e j )  ( A s s t .  P r o f . P r a m o c h  R a n g s u n v ig i t )

....

(P r o f . J o h n  F . S c a m e h o m )

( A s s t .  P r o f . B o o n y a r a c h  K it iy a n a n )



IV

บทคัดย ่อ

สุนิสา วัชรสิงห์ : กระบวนการแยกน้ํามัน ดีเซลออกจากน้ําเสียโดยระบบทำให้ลอย
แบบต่อเน่ือง:ปิจจัยของแรงตึงผิวท่ีต่ํามากและลักษณะของฟอง (Diesel Removal by
Continuous Froth Flotation : Effects of Ultralow Interfacial Tension and Foam 
Characteristics) อ. ท่ีปรึกษา: รศ. ดร. สุเมธ ชวเดช ผศ. ดร. ปราโมช รังสรรค์วิจิตร และ ศ.
จอห์น เอฟ สเคม์มีฮอร์น 8 8  หน้า ISBN 974-9651-44-8

กระบวนการทำให้ลอย (froth flotation) เป็นหน่ึงในวิธีกระบวนการแยกสารโดยสาร 
ลดแรงตึงผิวซ่ึงเหมาะสำหรับบำบัดนำเสียท่ีมีการปนเปีอนของนำมันท่ีเจือจาง งานวิจัยน้ีมี
วัตถูประสงค์เพ่ือสีกษาความสัมพันธ์ระหว่างแรงตึงผิวท่ีมีค่าต่ํามากๆและประสิทธิภาพของการโ  1  ร  i l  7 1  Z  0 ' 1 ! 7 1กำจัดนำมันดีเซลออกจากนำโดยวิธีกระบวนการทำให้ลอยแบบต่อเนือง สารลดแรงตึงผิวแบบ
บรานช์ อัลกฮอล์ โพรพรอกซีเลต ซัลเฟต โซเดียม ซอลท์ (Alfoterra 145-5PO) และโซเดียมโด 
เดคซิล ซัลเฟต (SDS) ถูกนำมาใช้ในการศึกษาทดลองการเกิดไมโครอิมัลช่ันและกระบวนการทำ 
ให้ลอย ปิจจัยของความเข้มข้นสารลดแรงตึงผิว ความเค็ม และอัตราส่วนนำต่อนำมันได้ถูกศึกษา 
ในการทดลองการเกิดไมโครอิมัลช่ันเพ่ือหาสัดส่วนประกอบท่ีให้ค่าแรงตึงผิวท่ีต่ํามาก เๆพ่ือนำไป 
ทดลองต่อในส่วนของกระบวนการทำให้ลอย ในกระบวนการทำให้ลอยได้ทำการศึกษาปิจจัยของ 
ความเข้มข้นสารลดแรงตึงผิว ความเค็ม อัตราส่วนน้ําต่อน้ํามัน ความสูงของฟอง อัตราการเป่า 
อากาศ และเวลาเก็บกักต่อการกำจัดน้ํามัน จากผลการทดลอง ประสิทธิภาพของการกำจัดน้ํามัน 
พบว่าท่ีแรงตึงผิวท่ีมีค่าต่ํามากๆไม่ได้เป็นเพียงปิจจัยเดียวท่ีมีผลต่อกระบวนการทำให้ลอย ดดย
พบว่าความเสถียรของฟองเป็นอีก!เจจัยท่ีสำคัญต่อกระบวนการทำให้ลอย ระบบท่ีความเข้มข้นขอ 
งบรานช์ อัลกฮอล์ โพรพรอกซีเลต ซัลเฟต โซเดียม ซอลท์ 0.1 เปอร์เซ็นต์, ความเข้มข้นโซเดียม 
โดเดคซิล ซัลเฟต 0.5 เปอร์เซ็นต์, ความเข้มข้นของเกลือ 4 เปอร์เซ็นต์, อัตราส่วนนำต่อนำมัน 1 
ต่อ 19, อัตราการเป่าอากาศ 0.30 ลิตรต่อนาที, ความสูงของฟอง 26 เซนติเมตร และเวลากักเก็บ 22 
นาที ให้ประสิทธิภาพการกำจัดนำมันท่ีสูงท่ีสุดเท่ากับ 90.37 เปอร์เซนต์



I l l

ABSTRACT

4 5 7 1 0 2 6 0 6 3  : P E T R O C H E M I C A L  T E C H N O L O G Y
S u n is a  W a tc h a r a s in g :  D i e s e l  R e m o v a l  b y  C o n t in u o u s  F r o th  

F lo t a t io n  : E f f e c t s  o f  U l t r a lo w  I n te r fa c ia l  T e n s io n  a n d  F o a m  

C h a r a c te r is t ic s
T h e s i s  A d v is o r s :  A s s o c .  P r o f . S u m a e th  C h a v a d e j ,  A s s t .  P r o f .  
P r a m o c h  R a n g s u n v ig i t ,  a n d  P r o f . J o h n  F . S c a m e h o m , ,  8 8  p p .
I S B N  9 7 4 - 9 6 5 1 - 4 4 - 8

K e y w o r d s :  F r o th  f lo t a t io n  /  D i e s e l  r e m o v a l  /  U l t r a - lo w  in te r fa c ia l  t e n s io n  /
F o a m  s ta b i l ity

F r o th  f lo t a t io n  i s  o n e  o f  s u r f a c ta n t -b a s e d  s e p a r a t io n  p r o c e s s e s  w h ic h  i s  

s u i ta b le  fo r  tr e a t in g  d i lu te  o i l y  w a s t e w a t e r s .  T h e  o b j e c t iv e  o f  th is  s tu d y  w a s  to  

in v e s t ig a t e  th e  r e la t io n s h ip  b e t w e e n  th e  u l t r a - lo w  I F T  a n d  th e  e f f i c i e n c y  o f  d ie s e l  

r e m o v a l  fr o m  w a te r  b y  u s in g  c o n t in u o u s  fr o th  f lo t a t io n  te c h n iq u e .  B r a n c h e d  a lc o h o l  

p r o p o x y la t e  s u l fa te ,  s o d iu m  s a lt  ( A lfo te r r a  1 4 5 - 5 P O )  a n d  s o d iu m  d o d e c y l  s u l f a t e  

( S D S )  w e r e  u s e d  fo r  b o th  m ic r o e m u ls io n  fo r m a t io n  a n d  fr o th  f lo t a t io n  s tu d ie s .  
S u r fa c ta n t  c o n c e n tr a t io n ,  s a l in i t y ,  a n d  o i l  t o  w a te r  r a t io  w e r e  v a r ie d  in  th e  

m ic r o e m u ls io n  fo r m a t io n  e x p e r im e n t  in  o r d e r  to  d e te r m in e  th e  c o m p o s i t io n s  

r e q u ir e d  to  o b ta in  u l t r a - lo w  IF T . T h e  e f f e c t s  o f  s u r fa c ta n t  c o n c e n t r a t io n ,  s a l in i t y ,  o i l  

t o  w a te r  r a t io , fo a m  h e ig h t ,  a ir  f l o w  ra te , a n d  H R T  o n  th e  o i l  r e m o v a l  w e r e  

in v e s t ig a t e d .  F r o m  th e  r e s u lt s ,  th e  o i l  r e m o v a l  e f f i c i e n c y  o f  th e  fr o th  f lo t a t io n  

p r o c e s s  d id  n o t  c o r r e s p o n d  to  th e  m in im u m  IF T  o f  th e  s y s t e m  in d ic a t in g  th a t  th e  

u ltr a  l o w  I F T  a lo n e  c a n n o t  b e  u s e d  a s  a  s o l e  c r ite r ia  fo r  fr o th  f lo t a t io n  o p e r a t io n .  
F o a m  s t a b i l i t y  w a s  r e v e a le d  to  b e  a n o th e r  c r u c ia l  fa c to r  in  t h e  fr o th  f lo t a t io n  
o p e r a t io n . T h e  s y s t e m  w it h  0 .1  w t%  A lfo te r r a , 0 .5  w t%  S D S ,  4  w t%  N a C l ,  1 :1 9  

o ih w a t e r  r a t io , 0 .1 5  L /m in  a ir  f l o w  r a te , 2 6  c m  f o a m  h e ig h t ,  a n d  4 9  m in  H R T  g a v e  

th e  m a x im u m  o i l  r e m o v a l  ( 9 0 .3 7  % ).



V

ACKNOWLEDGEMENTS

This work has been a very memorable and valuable experience as well as a lot 
of knowledge to the author. It would not have been succeeded without the assistance of 
a number of individuals including organizations. The author would like to thank all of 
them for making this work a success.

First of all, my great appreciation is also extended to Assoc. Prof. Sumaeth 
Chavadej who acted as my Thai thesis advisor for providing many necessary things 
throughout this work. I would like to thank him for his constant valuable advice and 
support. This thesis would not have been succeeded without his professional aids.

I would like to express my highly gratefulness to Professor John F. 
Scamehom for serving as my US thesis advisor for his guidance, insightful discussion 
and professional advice throughout my work.

Thank is also offered to Asst. Prof. Pramoch Rangsunvigit, my co-advisor for 
his encouragement, vigorous assistance, and kindly useful suggestions.

The expenses of this research work were mainly supported by The Advanced 
Research Schlolar Grant from Thailand Research Fund (TRF), The Research Units of 
Applied Surfactants for Separation and Pollution c  ontrol from The Ratchadapisek 
Somphot Fund of Chulalongkom University and The Petroleum and etrochemical 
Consortium under The Ministry of Education.

The surfactant (branched alcohol propoxylate sulfate, sodium salt (Alfoterra 
145-5PO Sulfate)) used in this research work was supported by Sasol North America 
Inc., Texas, USA.

I would like to express my deep appreciation to Ms. Ummarawadee 
Yanatatsaneejit, a Ph. D. student who acted as my colleague in this work, for her 
excellent suggestions and encouragements as well as making this research to be a fun 
filled activity. Besides, I would like to especially thank for her efforts to develop my 
technical writing style.

I would like to express my sincerely gratitude to all faculties and staff of the 
Petroleum and Petrochemical College for their kind assistance to facilitate all works.



VI

Special thanks go to all PPC Ph.D. students and all PPC friends for their 
friendly assistance, cheerfulness, creative suggestions, and encouragement. The author 
had the most enjoyable time working with all of them.

Finally, the author would like to express deep appreciation to my parents, my 
sister, and my brother for their endless support and love throughout the two year รณdy 
period.



TABLE OF CONTENTS

Title Page i
Abstract (in English) iii
Abstract (in Thai) iv
Acknowledgements V

Table of Contents vii
List of Tables X

List of Figures xi

CHAPTER
I INTRODUCTION 1

II BACKGROUND AND LITERATURE SURVEY 4
2.1 Surfactants 4
2.2 Microemulsions 7
2.3 Froth Flotation 10

III EXPERIMENTAL 17
3.1 Materials 17

3.1.1 Surfactants 17
3.1.2 Studied Oil Contaminant 17
3.1.3 Water 18
3.1.4 Electrolyte 18

3.2 Experimental Procedure 18
3.2.1 Study of Microemulsion Formation 18
3.2.2 Froth Flotation Experiment 19
3.2.3 Foam Ability and Foam Stability Experiments 20

IV RESULTS AND DISCUSSION 21
4.1 Microemulsion Formation 21

PAGE



vm

4 .1 .1  E ffect o f  S in g le  Surfactant C oncentration  on  IFT 22
4 .1 .2  E ffect o f  M ix ed  Surfactant C oncentration  on  IFT 23
4 .1 .3  E ffect o f  N aC l C oncentration  on  IFT o f  S in g le

and M ixed  Surfactant S y stem s 24
4 .1 .3 .1  IFT w ith  S in g le  Surfactant S y stem  24
4 .1 .3 .2  IFT w ith  M ix ed  Surfactant S y stem  24

4 .1 .4  E ffect o f  O il to W ater R atio on  IFT 27
4 .2  Froth F lotation  E xperim ent 29

4 .2 .1  E ffect o f  S in g le  Surfactant C oncentration  on
Perform ance o f  Froth F lo ta tion  29

4 .2 .2  E ffect o f  M ix ed  Surfactant Surfactant C oncentration  30
4 .2 .2 .1  E ffec t o f  S D S  C oncentration  on

P erform ance o f  Froth F lo ta tion  31
4 .2 .3  E ffect o f  N aC l C oncentration  on  P erform ance o f

Froth F lo ta tion  38
4 .2 .4  E ffect o f  O il to W ater R atio on  P erform ance o f

Froth F lotation  45
4 .2 .5  E ffect o f  A ir F lo w  R ate on  P erform ance o f  Froth

F lotation  50
4 .2 .6  E ffect o f  H ydraulic R eten tion  T im e (H R T ) on

P erform ance o f  Froth F lo ta tion  56
4 .2 .7  E ffect o f  F oam  H eigh t on P erform ance o f  Froth

F lotation  61

V CONCLUSIONS AND RECOMMENDATIONS 64
5.1 C o n c lu sio n s 64
5 .2  R ecom m en d ation s 64

CHAPTER PAGE

REFERENCES 66



IX

CHAPTER PAGE

APPENDICES 69
Appendix A E xperim ental data o f  m icro em u lsio n  form ation . 69  
Appendix B E xperim ental data o f  froth flo ta tion  exp erim en t. 78 
Appendix c  E xperim ental data o f  fo am ab ility  and foam  83

stab ility  experim ent.

CURRICULUM VITAE 88



LIST OF TABLES

TABLE PAGE

3.1 G eneral properties o f  studied surfactants 18



X I

LIST OF FIGURES

1.1 Schem atic diagram  o f  froth flotation rem oval o f  oil from w ater 2
2.1 Schem atic o f  surfactant m olecule m onom er 4
2.2 Schem atic illustration o f  surfactant o f  surfactant association 6

Structures
2.3 Schem atic diagram  o f  an ionic surfactant solution show ing 6

m onom eric surfactant in solution and adsorbed at the air/so lu tion  
interface and m icelle aggregate

2.4 Schem atic diagram  for oil-in-w ater (O /W ) and w ater-in-oil ( พ /O ) 8 
m icroem ulsion structures

2.5 D em onstration o f  m icroem ulsion phase behavior for a m odel system  9
2.6 Schem atic diagram  o f  a froth flotation colum n 11
2.7 Experim ental configurations for froth flotation 13
3.1 Schem atic experim ent o f  m icroem ulsion form ation 19
3.2 Schem atic diagram  o f  the froth flotation apparatus 20
4.1 1FT as a function o f  A lfoterra concentration at 3 w t%  o f  N aC l 22 

w ith oil to w ater ratio = 1 :1  (v:v), and 30 °c
4.2.1 IFT as a function o f  SDS concentration at 0.1 w t%  A lfoterra, 24

3 w t%  N aCl, oil to w ater ratio = 1:19, and 30 °c.
4.3 IFT as a function o f  salinity at A lfoterra concentration =  0.1 w t%  25 

and initial oil to  w ater ratio = 1 :1  (v:v)
4.4 F oam ability  o f  m ixed surfactant system  at d ifferent N aC l 26

concentrations
4.5 Foam  stability o f  m ixed surfactant system  at d ifferent N aC l 27

concentrations
4.6 IFT  o f  the m ixed surfactant system  as a function o f  salinity  w ith 27 

an initial oil to  w ater ratio = 1:19 (v:v)
4.7 IFT as a function o f  oil to w ater ratio at 0.1 w t%  A lfoterra, 28

0.5 w t%  SDS, and 4 w t%  N aCl

FIGURE PAGE



X l l

4 .8  D y n a m ic  o i l  r e m o v a l  o f  b a tc h  fr o th  f lo t a t io n  u n it  o p e r a te d  a t 0 .1 0  

w t%  A lfo te r r a , 3 พ t%  N a C l ,  o ih w a t e r  r a tio  =  1 :1 9 ,
a ir  f l o w  ra te  =  3 0 0  m L /m in ,  a n d  fo a m  h e ig h t  =  2 6 .6  c m ,
h y d r a u lic  r e te n t io n  t im e  =  6 7  m in  3 0

4 .9  F o a m  s ta b i l i ty  o f  s in g le  s y s t e m  a t d i f f e r e n t  A lfo te r r a  

c o n c e n t r a t io n s  w h e n  ( N a C l  c o n c e n tr a t io n  =  3 w t% , a n d  

o ih w a t e r  r a tio  = 1 : 1 9  b e t w e e n  th e  n o n - a g it a t e d  s y s t e m
a n d  th e  w e l l - a g i t a t e d  s y s t e m  w it h  s p e e d  2 0 0 0  rp m  fo r  1 h o u r )  31

4 .1 0  O il  r e m o v a l  e f f i c i e n c y  o f  m ix e d  s u r fa c ta n t  s y s t e m  at d i f f e r e n t  f e e d
S D S  c o n c e n t r a t io n s  3 2

4 .1 1  F o a m  p r o d u c t io n  f l o w  ra te  o f  m ix e d  s u r fa c ta n t  s y s t e m  at d i f f e r e n t
f e e d  S D S  c o n c e n t r a t io n s  3 3

4 .1 2  F o a m a b i l i t y  o f  m ix e d  s u r fa c ta n t  s y s t e m  a t d i f f e r e n t  f e e d  S D S
c o n c e n t r a t io n s  3 3

4 .1 3  R a te  o f  fo a m  g e n e r a t io n  o f  m ix e d  s u r fa c ta n t  s y s t e m  at d i f f e r e n t
f e e d  S D S  c o n c e n t r a t io n s  3 4

4 .1 4  E n r ic h m e n t  r a tio  o f  m ix e d  s u r f  a c ta n t  s y s t e m  at d i f f e r e n t  f e e d  S D S
c o n c e n t r a t io n s  3 6

4 .1 5  F o a m  s ta b  i l i t y  o f  m ix e d  s u r fa c ta n t  s y s t e m  a t d i f f e r e n t  in i t ia l  S D S
c o n c e n t r a t io n s  3 6

4 .1 6  F o a m  w e t n  e s s  o f  m ix e d  s u r fa c ta n t  s y s t e m  a t d i f f e r e n t  f e e d  S D S
c o n c e n t r a t io n s  3 7

4 .1 7  S u r fa c ta n t  r e m o v a l  o f  m ix e d  s y s t e m  a t d i f f e r e n t  f e e d  S D S
c o n c e n t r a t io n s  3 7

4 .1 8  E n r ic h m e n t  o f  s u r f  a c ta n t  o f  m ix e d  s u r fa c ta n t  s y s t e m  a t d if f e r e n t
f e e d  S D S  c o n c e n t r a t io n s  3 8

4 .1 9  R e m o v a l  e f f i c i e n  c y  o f  d i e s e l  w i t h  d i f f e r e n t  f e e d  N a C l  c o n c e n t r a t io n s  4 0
4 .2 0  F o a m a b il i t  y  w i t h  d i f f e r e n t  in it ia l  N a C l  c o n c e n t r a t io n s  41
4 .2 1  F o a m  s t a b i l i t  y  w i t h  d i f f e r e n t  in i t ia l  N a C l  c o n c e n t r a t io n s  41

FIGURE PAGE



X l l l

FIGURE PAGE

4 .2 2  I F T  w i t h  d i f f e r e n t  in it ia l  N a C l  c o n c e n t r a t io n s  4 2
4 .2 3  E n r ic h m e n t  r a t io  o f  d ie s  e l  w i t h  d if f e r e n t  f e e d  N a C l  c o n c e n t r a t io n s  4 2
4 .2 4  F o a m  p r o d u c t io n  ra te  w i t h  d i f f e r e n t  f e e d  N a C l  c o n c e n t r a t io n s  4 3
4 .2 5  F o a m  w e t n e s s  w it h  a t d i f f e r e n t  f e e d  N a C l  c o n c e n t r a t io n s  4 3
4 .2 6  S u r fa c ta n t  r e m o v a l  w i t h  a t d i f f e r e n t  f e e d  N a C l  c o n c e n t r a t io n s  4 4
4 .2 7  E n r ic h m e n t  r a t io  o f  s u r fa c ta n t  w i t h  d i f f e r e n t  f e e d  N a C l

c o n c e n t r a t io n s  4 4
4 .2 8  R e m o v a l  e f f i c i e n c y  o f  d ie s e l  o f  s y s t e m  at d i f f e r e n t  f e e d  o i l  to

w a te r  r a t io s  4 6
4 .2 9  F o a m a b i l i t y  o f  s y s t e m  at d i f f e r e n t  f e e d  o i l  to  w a te r  r a t io s  4 7
4 .3 0  F o a m  s t a b i l i t y  o f  s y s t e m  at d i f f e r e n t  in it ia l  o i l  to  w a te r  r a t io s  4 7
4 .3 1  F o a m  p r o d u c t io n  ra te  o f  s y s t e m  at d if f e r e n t  f e e d  o i l  t o  w a te r  r a t io s  4 8
4 .3 2  E n r ic h m e n t  r a t io  o f  d ie s e l  o f  s y s t e m  a t d i f f e r e n t  f e e d  o i l  to

w a te r  r a t io s  4 8
4 .3 3  F o a m  w e t n e s s  o f  s y s t e m  at d i f f e r e n t  f e e d  o i l  to  w a te r  r a t io s  4 9
4 .3 4  S u r fa c ta n t  r e m o v a l  o f  s y s t e m  a t d i f f e r e n t  f e e d  o i l  to  w a te r  r a t io s  4 9
4 .3 5  E n r ic h m e n t  r a tio  o f  s u r fa c ta n t  o f  s y s t e m  a t d i f f e r e n t  f e e d  o i l  to

w a te r  r a t io s  5 0
4 .3 6  O il  r e m o v a l  o f  s y s t e m  at d i f f e r e n t  a ir  f l o w  r a te s  51
4 .3 7  F o a m a b i l i t y  o f  d i e s e l  o f  s y s t e m  a t d i f f e r e n t  a ir  f l o w  r a te s  5 2
4 .3 8  F o a m  w e t n e s s  o f  s y s t e m  a t d i f f e r e n t  a ir  f l o w  r a te s  5 3
4 .3 9  F o a m  p r o d u c t io n  ra te  o f  s y s t e m  at d i f f e r e n t  a ir  f l o w  r a te s  5 3
4 .4 0  F o a m  s t a b i l i t y  o f  d i e s e l  o f  s y s t e m  at d i f f e r e n t  a ir  f l o w  r a te s  5 4
4 .4 1  E n r ic h m e n t  r a tio  o f  d i e s e l  o f  s y s t e m  a t d i f f e r e n t  a ir  f l o w  r a te s  5 4
4 .4 2  S u r fa c ta n t  r e m o v a l  o f  s y s t e m  a t d i f f e r e n t  a ir  f l o w  r a te s  5 5
4 .4 3  E n r ic h m e n t  r a t io  o f  s u r fa c ta n t  o f  s y s t e m  a t d i f f e r e n t  a ir  f l o w  r a te s  5 5
4 .4 4  O il  r e m o v a l  o f  s y s t e m  a t d i f f e r e n t  F IR T s 5 7
4 .4 5  E n r ic h m e n t  r a t io  o f  d i e s e l  o f  s y s t e m  a t d i f f e r e n t  H R T s  5 7



X I V

FIGURE PAGE

4 .4 6  F o a m  w e t n  e s s  o f  s y s t e m  at d if f e r e n t  H R T s  5 8
4 .4 7  F o a m  p r o d u c t io n  ra te  o f  s y s t e m  a t d i f f e r e n t  H R T s  5 8
4 .4 8  S u r fa c ta n t  r e m o v a l  o f  s y s t e m  a t d i f f e r e n t  H R T s  5 9
4 .4 9  E n r ic h m e n t  r a tio  o f  s u r fa c ta n t  o f  s y s t e m  a t d i f f e r e n t  H R T s  5 9
4 .5 0  O il  r e m o v a l  o f  s y s t e m  at d i f f e r e n t  fo a m  h e ig h t s  61
4 .5 1  F o a m  p r o d u c t io n  ra te  o f  s y s t e m  at d i f f e r e n t  f o a m  h e ig h t s  61
4 .5 2  E n r ic h m e n t  r a tio  o f  d i e s e l  o f  s y s t e m  at d i f f e r e n t  f o a m  h e ig h t s  6 2
4 .5 3  F o a m  w e t n e s s  o f  s y s t e m  at d i f f e r e n t  f o a m  h e ig h t s  6 2
4 .5 4  S u r fa c ta n t  r e m o v a l  o f  s y s t e m  at d i f f e r e n t  f o a m  h e ig h t s  6 3
4 .5 5  E n r ic h m e n t  r a tio  o f  s u r fa c ta n t  o f  s y s t e m  a t d i f f e r e n t  fo a m  h e ig h t s  6 3


	Cover (English)


	Accepted


	Abstract (Thai)


	Abstract (English) 

	Acknowledgements 

	Contents 


