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นางสาว อัจฉรา วรศิลป ็ช ัย : กลไกการดูดซับของการแลก เปลี่ยนอิออนในคอลัมน ์ท ี่ม ี
ท ิศทางไหลลง : ผลการทดลองถูกทำนายโดยรูปแบบจำลองอย่างง ่าย (Adsorption Kinetics o f an 
Ion-Exchange Column in Fixed-Bed Operation: A Simple Model Approach) อ. ทปรึกษา : ศ. 
เจมส ์ โอ ว ิลค ์, ดร. ปมทอง มาลากุล ณ อยุธยา และ ดร. ปราโมช รังสรรค์ว ิจ ิตร 104 หน้า ISBN 
974-13-0698-9

การวิจัยน้ีศึกษาพฤติกรรมของการแลกเปล่ียนอิออนของแคลเซียมอิออนและแมกนีเซียม 
อิออนสำหรับไฮโดรเจนอิออนบนเรซินท่ีมีประจุบวกและชอบกรดแก่ (Dowex50-x8) กลไก 
การดูดซับนีได้ถูกศึกษาในคอลัมน์แบบฟิกเบดท่ีอุณหภูมิห้อง ก่อนท่ีจะทำการศึกษาการดูดซับใน 
คอลัมน์ ความสัมพันธ์ระหว่างปริมาณแคลเซียมอิออนในเรซินและในสารละลายท่ีสมดุล. qe, ce, 
จะถูกพัฒนามาจากการทดลองแบบกะ(Batch) ความสัมพันธ์น้ีจะถูกนำไปรวมกับสูตรการดูดซับ 
อย่างง่ายซ่ึงจะถูกใช้ในการคาดเดาการดูดซับของอิออนในคอลัมน์แบบฟิกเบดต่อไป ลักษณะการ 
ไหลของของเหลวในคอลัมน์ได้ทำการตรวจสอบโดยการทดลองแบบไม่มีการดูดซับ จากการ
ทดลองแบบไม่มีการดูดซับน้ีพบว่า การรวมตัวของ CSTR ขนาด 2.5 มิลลิลิตร 1 ตัว และ PFR 1 
ตัว สามารถถูกใช้เป็นรูปแบบของลักษณะการใหลของของเหลวในดอลัมนํได้เป็นอย่างดี ในท่ีน้ี 
การแข่งขันการดูดซับของแคลเซียมและแมกนีเซียมอิออนในสารละลายเชิงผสมได้ถูกศึกษาเช่น 
กัน เม่ือได้ทำการทดลองการแลกเปล่ียนอิออนในคอลัมน์แบบฟิกเบดพบว่าเรซินท่ีมีประจุบวก
และชอบกรดแก่ (Dowex50-x8) ชอบท่ีจะดูดซับแคลเซียมอิออนมากกว่าแมกนีเซียมอิออน 
อัตราการถูกดูดซับและจำนวนของอิออนท่ีถูกดูดซับท่ีสมดุลของแคลเซียมอิออนมีค่ามากกว่า 
แมกนีเซียมอิออน การชอบท่ีจะดูดซับของเรชินท่ีมีประจุบวกและชอบกรดแก่ (Dowex50-x8) 
ได้ถูกสนับสนุนโดยการศึกษาการคายอิออนจากเรซิน
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The adsorption kinetics of Ca2+ and Mg2+ ions on a strongly acid 
cation resin (Dowex50-X8) in packed-bed column were studied at room 
temperature. Prior to the column studies, the adsorption of the metal ions from 
single-ion and mixed-ion solutions was carried out in batch operation in order 
to develop a correlation between equilibrium adsorption capacity (qe) and 
equilibrium metal concentration (ce). The correlation was then incorporated 
into a simple expression for the adsorption rate which, subsequently, was 
shown to predict the adsorption of metal ions in fixed-bed operation 
reasonably well. In addition, the no adsorption experiment was performed so 
as to investigate the flow characteristics of the ion-exchange column. It was 
found that the column could be modelled by one CSTR and one ideal PFR 
connected in series with a CSTR volume of 2.5 ml. Lastly, the competitive 
adsorption of Ca2+ and Mg2+ in mixed-ion system was examined. The results 
strongly suggested that Ca2+ was preferentially adsorbed by the Dowex50-X8 
resin than Mg2+. The adsorption rate and adsorbed amount at equilibrium of 
Ca2+ were higher than those of Mg2+. This preferential adsorption was also 
supported by the results obtained from the desorption studies.



V

A C K N O W L E D G E M E N T S

I would like to express my heart-to-heart gratitude to my kindhearted 
advisor, Professor James o . Wilkes, for his esteemed suggestions and essential 
comments. I am also intensely under my co-advisor, Dr. Pomthong Malakul, 
obligation. He is not only provide the standard in theory and practice but 
suggest the appreciate ideals as well.

I wish to extend my profundity for all professors who furnished the 
plenty of learning to me at the Petroleum and Petrochemical College, 
Chulalongkorn University.

I greatly thank to all of my friends for their helpful and the college 
staffs who rejoiced to give sufficient assistance.

Ultimately, I would like to praise to my father and mother, Worachai 
and Pensri Worasinchai, for their love, willpower, understanding and infinite 
financial aid.



T A B L E  O F  C O N T E N T S

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

Table of Contents vi
List of Tables ix
List of Figures xi
Notation xiv

C H A P T E R
I IN T R O D U C T IO N  1

II L IT E R A T U R E  S U R V E Y  A N D  IO N -E X C H A N G E
K IN E T IC S  3
2.1 Literature survey 3
2.2 Theory 4

2.2.1 Classification 4
2.2.2 Mechanisms 5
2.2.3 Selectivity/Affinity 8

2.3 Theoretical Consideration of Ion-Exchange
Kinetics 9
2.3.1 Batch Operation 9
2.3.2 Fluidized-Bed Operation (Upflow

Direction) 11
2.3.3 Fixed-Bed Operation (Downflow

Direction) 13



v i l

C H A P T E R PA G E

2.4 Description of Process Kinetic Models 
2.4.1 Modeling the Response Time of

13

pH Electrode 14
2.4.2 Modeling No Adsorption with

Downflow Operation 15
2.4.3 Modeling Adsorption with

Downflow Operations 16
2.5 Method of Characteristics for Solving the 

Hyperbolic System of Equations for 
the Ion-Exchange Column 18

2.6 Completely Implicit Approach 20

III M E T H O D O L O G Y /M A T E R IA L S  A N D  M E T H O D  23
3.1 Materials / Sample Preparation 23

3.1.1 Ion Exchange Resin 23
3.1.2 Other Chemicals 23

3.2 Experimental Setup 24
3.3 Experimental Procedure

3.3.1 Response Time of the pH Electrode
24

Experiment 24
3.3.1.1 Batch Operation Mode 24
3.3.1.2 Continuous Operation Mode 25

3.3.2 Batch Experiment 25
3.3.3 Dynamic Continuous Flow Experiment 26

3.3.3.1 No Adsorption Experiment with
Downflow Direction 27

3.3.3.2 Adsorption Experiment with



V l l l

CHAPTER PAGE

Downflow Direction 28
3.3.3.3 No Adsorption Experiment with

Upflow Direction 28
3.3.3.4 Adsorption Experiment with

Upflow Direction 28

IV  R E S U L T S  A N D  D IS C U S S IO N  29
4.1 Determination of Response Time Constant 29
4.2 Batch Adsorption 31
4.3 No Adsorption Experiment 37
4.4 Adsorption Kinetics of Ion-Exchange Column

with Downflow or Fixed-Bed Operation 38
4.5 Adsorption Kinetics of Mixed-Ion (Ca2+/

Mg2+) System 40
4.5.1 Batch Operation 40
4.5.2 Fixed-Bed Operation 43

V C O N C L U S IO N S  A N D  R E C O M M E N D A T IO N S  46
5.1 Conclusions 46
5.2 Recommendations 48

R E F E R E N C E S  49

A P P E N D IC E S  51

C U R R IC U L U M  V IT A E 104



IX

L IST O F  T A B L E S

T A B L E  PA G E

2.1 Types and properties of some resins 5
4.1 Summary of average value of response time 

constant of pH electrode for batch operation at
various mixing speeds 29

4.2 Summary of response time constant of pH 
electrode for continuous operation at various
flow rates of HC1 solution 30

4.3 Summary of initial adsorption rates and fractions of
ion adsorbed onto the resins in various batch systems 40

4.4 Summary of maximum desorption rate and time 
at maximum desorption rate for various type of 
metal ion in mixed-ion solution in fixed-bed
operation 43

4.5 Summary of average values of fraction of ion in
mixed-ion solution adsorbed onto the resins 44

A1 The experimental and predicted hydrogen 
concentration for batch system at flow rate 
250 rpm. 53

B 1 The experimental and predicted hydrogen
concentration of No-Adsorption Test 59

B2 Performance of No-Adsorption Test (flow 
characteristic of the column) (completely 
implicit approach) 60



X

c  1 The experimental and predicted hydrogen
concentration of ion-adsorption in fixed-bed 
operation 66

C2 Performance of ion adsorption in fixed-bed
operation (completely implicit approach) 77

D1 The Ca2+ ions concentration as a function of time
in batch operation 87

D2 The Mg2+ ions concentration as a function of time
in fixed-bed operation 89

D3 The Ca2+ ions concentration vs. time and number
of Ca2+ ions adsorbed onto the resins 92

D4 The Ca2+ ions concentration vs. time and number
Of Ca2+ ions desorbed from the resins 94

D5 Amount of Ca2+ ions desorbed and adsorbed onto
the resins as a function of time for fixed-bed operation 97

TABLE PAGE



XI

L IST  O F  FIG U R E S

F IG U R E  P A G E

2.1 Rate determining steps in ion exchange 5
2.2 Representation of the response time experiment 14
2.3 Representation of no adsorption experiment as

one CSTR and one ideal PFR in series 15
2.4 Representation of ion-exchange column as one

CSTR and one ideal PFR in series 16
2.5 Representation of ion-exchange column in fixed-

bed operation 18
2.6 A diagram of grid points together with C l  and c2

direction 19
3.1 Schematic diagram of apparatus of response time

constant of the pH electrode for continuous system 25
3.2 Schematic diagram of experimental apparatus for

batch operation 26
3.3 Schematic diagram of experimental apparatus for

continuous flow operation 27
4.1 Plot between equilibrium value of cation ion on the

resin (qe) and equilibrium concentration (ce) 33
4.2 Plot between natural log of equilibrium value of 

cation ion on the resin (In qe) and cation concentration
in the solution (In ce) of four sets of experiment 33

4.3 Adsorption of calcium ion onto the resin with
various initial concentration as a function of time 34



Xll

4.4 Representation of relationship between In (l-q/qe)
and time (initial concentration 0.05 N) 34

4.5 Representation of relationship between In (l-q/qe)
and time (initial concentration 0.1 N) 35

4.6 Representation of relationship between In (l-q/qe)
and time (initial concentration 0.2 N) 35

4.7 Representation of relationship between In (l-q/qe)
and time (initial concentration 0.4 N) 36

4.8 The comparison of the experimental data and the
the predicted data of the no adsorption test 37

4.9 The comparison of the experimental data and the 
predicted data of the ion adsorption in the column
with fixed-bed operation 39

4.10 Comparison of adsorption rate of Ca2+ ions onto the
resin between the single-ion and mixed-ion solutions 41

4.11 Comparison of adsorption rate of Mg2+ ions onto the
resin between the single-ion and mixed-ion solutions 42

4.12 Diagram of mathematical modeling steps for no 
adsorption test and adsorption of ions in downflow
or fixed-bed operation 45

A1 Diagram of response time constant determination 52
A2 Comparison between measured and theoritical 

hydrogen ion concentration of response time of 
pH electrode experiment in batch operation at 
mixing speed 750 rpm.

FIGURE PAGE

57



Xlll

B 1 Diagram of volume of CSTR calculation in no­
adsorption Test 58

c  1 Diagram of c, q and h calculation in fixed-bed
operation 64

D 1 Diagram of fraction of ion adsorbed onto the resin
calculation for batch operation 86

D2 Correlation between Ca2+ ions concentration and
time in batch operation 88

D3 Correlation between Mg2+ ions concentration and
time in batch operation 90

D4 Diagram of fraction of ion adsorbed onto the resin
calculation for fixed-bed operation 91

El Diagram of how the trigger cell work 99
FI Diagram of how the under-relaxation work 100
G1 Diagram of iteration method (Completely Implicit

Approach) 101
HI Diagram of solution preparation for AAS test 102
H2 Method of conversion from AAS result to real

Concentration 103

FIGURE PAGE



XIV

N O T A T IO N

Sym bol D efin ition
Co initial concentration of calcium chloride
c concentration of NaCl, CaCl2 or MgCl2 in 

the solution phase
Cl calcium ion concentration at the exit of 

CSTR
C2 calcium ion concentration at the exit of PFR
ce calcium ion concentration in the solution at 

equilibrium
Ci, ท calcium ion concentration in the solution at 

time i and distance subscript ท
Ci, n+1 calcium ion concentration in the solution at 

time i and distance subscript n+1
h hydrogen ion concentration in the solution 

phase
ho entering hydrogen ion concentration
h , hydrogen ion concentration at the exit of 

CSTR
h2 hydrogen ion concentration at the exit of 

PFR
h in hydrogen ion concentration measured by 

the pH electrode
h e hydrogen ion concentration in the solution 

at equilibrium
q concentration of NaCl, CaCl2 or MgCl2 in 

the resin phase
q, total exchange capacity of the resin



XV

q e calcium ion concentration onto the resin at 
equilibrium

q>, ท calcium ion concentration onto the resin at 
time i and distance subscript ท

qi, n + l calcium ion concentration onto the resin at 
time i and distance subscript n+l

Vr volume occupied by the resin bed
Vl volume occupied by the liquid bed
V, volume of CSTR.
V superficial velocity
H height of fluidized bed
Ho height of compacted bed
ร bed void fraction.
So compacted bed void fraction, 0.41
X length of column
a e response time constant of the pH electrode
d q /d t adsorption rate
d c /d t desorption rate
K rate constant
p constant, v*dtIV 1

ท constant
( p under-relaxation
eq amount of ion divided by its ion charge 

named equivalent
eq molar mass - mole of ion

ion charge ion charge


	Cover (English)


	Accepted


	Abstract (Thai)


	Abstract (English)


	Acknowledgements


	Contents



