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∫∑§—¥¬àÕ

∫∑§«“¡∫∑π’È‰¥â°≈à“«∂÷ß°“√∑”„ÀâÕπÿ¿“§‡´√“¡‘°·¢«π≈Õ¬Õ¬à“ß‡ ∂’¬√ (stabilization of ceramic slip)

µ—Èß·µà “‡Àµÿ¢Õß°“√∑’ËÕπÿ¿“§¥Ÿ¥®—∫°—π (agglomeration) ‰ª®π∂÷ß«‘∏’°“√ ”§—≠∑’Ë∑”„ÀâÕπÿ¿“§·¢«π≈Õ¬

Õ¬à“ß‡ ∂’¬√«‘∏’µà“ß Ê ‡π◊ËÕß®“°∫∑§«“¡¡’§«“¡¬“«‡°‘π°«à“∑’Ë®–µ’æ‘¡æå„πµÕπ‡¥’¬« ®÷ß‰¥â·∫àßµ’æ‘¡æåÕÕ°‡ªìπ

2 µÕπ µÕπ∑’ËÀπ÷Ëß°“√∑”„ÀâÕπÿ¿“§‡´√“¡‘°·¢«π≈Õ¬Õ¬à“ß‡ ∂’¬√„ππÈ” ≈‘ª I ( ÿ∏√√¡  »√’À≈à¡ —°, 49)

Õ∏‘∫“¬∂÷ß “‡Àµÿ¢Õß°“√‡°‘¥ agglomeration ·≈–«‘∏’°“√∑”„ÀâÕπÿ¿“§·¢«π≈Õ¬Õ¬à“ß‡ ∂’¬√·∫∫ Electro-

static stabilization µÕπ∑’Ë Õß (Stabilization of Ceramic Slip II) °≈à“«∂÷ß«‘∏’°“√∑”„ÀâÕπÿ¿“§

·¢«π≈Õ¬Õ¬à“ß‡ ∂’¬√·∫∫ Electrostatic stabilization µàÕ‰ª®π®∫ ·≈–µ“¡¥â«¬«‘∏’°“√∑”„ÀâÕπÿ¿“§

·¢«π≈Õ¬Õ¬à“ß‡ ∂’¬√·∫∫ Steric stabilization ·≈– Electrosteric stabilization

Abstract

Stabilization of ceramic slip is reviewed starting from the cause of agglomeration to important
stabilization methods. Due to the fact that this article is too long to be published in one part, it is divided
into 2 parts. Causes of agglomeration and electrostatic stabilization are explained in part one, Stabilization
of Ceramic Slip I. Part two, Stabilization of Ceramic Slip II consists of Electrostatic stabilization
(continued), Steric stabilization and Electrosteric stabilization.
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»—°¬å‰øøÑ“‡´µâ“ (Zeta Potential) ·≈–

Iso-electric Point

»—°¬å‰øøÑ“‡´µâ“ (zeta potential; ζ) ‡ªìπ»—°¬å‰øøÑ“

∑’Ë shear plane ¢Õß double layer ‡π◊ËÕß®“°°“√«—¥

zeta potential ∑”‰¥âßà“¬°«à“°“√«—¥»—°¬å‰øøÑ“∑’Ëº‘«

Õπÿ¿“§ (Nernst potential; ψ0) ·≈– zeta potential

¡’§«“¡ —¡æ—π∏å‚¥¬µ√ß°—∫æ≈—ßß“π»—°¬åº≈—° (Repulsive

potential energy; VR) ¥—ßπ—Èπ®÷ß¡’°“√»÷°…“ zeta

potential ‡æ◊ËÕπ”‰ª‡ªìπµ—«∫Õ°§«“¡‡ ∂’¬√¢Õß

Õπÿ¿“§∑’Ë·¢«π≈Õ¬„ππÈ” ≈‘ª Õπÿ¿“§∑’Ë¡’ zeta

potential ¡“°®–¡’§«“¡‡ ∂’¬√¡“°°«à“Õπÿ¿“§∑’Ë¡’

zeta potential πâÕ¬‡æ√“–«à“Õπÿ¿“§∑’Ë¡’ zeta potential ¡“°

®–¡’ VR ¡“° ∑”„ÀâÕπÿ¿“§º≈—°°—π‰¥â¡“° ‚Õ°“ ∑’Ë

Õπÿ¿“§®–™π°—π·≈â«¥Ÿ¥®—∫°—π®÷ß¡’πâÕ¬≈ß ( ÿ∏√√¡

»√’À≈à¡ —°, 2549) zeta potential ¢ÕßÕπÿ¿“§„¥

¡’§à“‡ª≈’Ë¬π·ª≈ß‰ªµ“¡ªí®®—¬ ”§—≠ 2 ª√–°“√§◊Õ

1) §«“¡‡ªìπ°√¥-¥à“ß (pH) ¢ÕßπÈ” ≈‘ª 2) §«“¡

‡¢â¡¢âπ¢ÕßÕ‘‡≈Á°‚∑√‰≈µå∑’Ë≈–≈“¬Õ¬Ÿà„ππÈ” ≈‘ª

√Ÿª∑’Ë 1 · ¥ß°√“ø§«“¡ —¡æ—π∏å√–À«à“ß zeta

potential ·≈– pH ¢Õß α-Fe2O3 ∑’Ë·¢«π≈Õ¬„ππÈ”

‡°≈◊Õ (NaCl solution) ∑’Ë§«“¡‡¢â¡¢âπµà“ß ®–‡ÀÁπ«à“

‡ âπ°√“ø¢Õß zeta potential ¡’≈—°…≥–‡ªìπ√Ÿªµ—« S

°≈—∫´â“¬‡ªìπ¢«“ ·≈– zeta potential ¡’§à“µ—Èß·µà‡ªìπ

∫«°¡“° ‰ª®π∂÷ßµ‘¥≈∫¡“° ¢÷Èπ°—∫ pH ¢Õß

 “√≈–≈“¬ ‡√’¬° pH ∑’Ë zeta potential ‡ªìπ»Ÿπ¬å«à“

"Isoelectric point" ‡¢’¬π¬àÕ Ê «à“ IEP ∑’Ë pH µË”°«à“

IEP zeta potential ¡’§à“‡ªìπ∫«° · ¥ß«à“∑’Ë pH π’È

Õπÿ¿“§¡’ª√–®ÿ‡ªìπ∫«° ¥—ßπ—Èπ∑’Ë pH π’ÈÕπÿ¿“§®÷ß¡’

counter-ion ‡ªìπ‰ÕÕÕπ∑’Ë¡’ª√–®ÿ‡ªìπ≈∫ (anion)

º≈°Á§◊Õ∑’Ë pH µË”°«à“ IEP Õπÿ¿“§®÷ß¥Ÿ¥®—∫ anion

‰¥â¡“°°«à“ cation „π∑“ßµ√ß°—π¢â“¡∑’Ë pH  Ÿß°«à“ IEP

zeta potential ¡’§à“‡ªìπ≈∫ · ¥ß«à“Õπÿ¿“§¡’ª√–®ÿ

‡ªìπ≈∫ ¥—ßπ—Èπ∑’Ë pH π’ÈÕπÿ¿“§¡’ counter-ion ‡ªìπ

‰ÕÕÕπ∑’Ë¡’ª√–®ÿ‡ªìπ∫«° (cation) º≈°Á§◊Õ∑’Ë pH  Ÿß

°«à“ IEP Õπÿ¿“§®÷ß¥Ÿ¥®—∫ cation ‰¥â¡“°°«à“ anion

®“°√Ÿª∑’Ë 1 ®–‡ÀÁπ«à“ α-Fe2O3 ∑’Ë·¢«π≈Õ¬„π

πÈ”‡°≈◊Õ¡’ IEP ∑’Ë pH ª√–¡“≥ 6.5 ¥—ßπ—Èπ∑’Ë pH

µË”°«à“ 6.5 Õπÿ¿“§ α-Fe2O3 ®–¥Ÿ¥®—∫ Cl- ‰¥â¡“°°«à“

Na+ ·µà∑’Ë pH  Ÿß°«à“ 6.5 Õπÿ¿“§ α-Fe2O3 ®–¥Ÿ¥

®—∫ Na+ ‰¥â¡“°°«à“ Cl- Õ“®®–°≈à“«‰¥â«à“ IEP ‡ªìπ

®ÿ¥∑’ËÕπÿ¿“§‡ª≈’Ë¬π·ª≈ßæƒµ‘°√√¡°“√¥Ÿ¥®—∫‰ÕÕÕπ

°√“ø zeta potential µàÕ pH ¢ÕßπÈ” ≈‘ª∑’Ë

¡’Õπÿ¿“§¢Õß¢Õß·¢Áß™π‘¥Õ◊Ëπ·¢«π≈Õ¬Õ¬Ÿà°Á®–¡’

≈—°…≥–∑—Ë«‰ª§≈â“¬ Ê °—∫°√“ø zeta potential ¢Õß

α-Fe2O3 „ππÈ”‡°≈◊Õ ¥—ß√Ÿª∑’Ë 1 °≈à“«§◊Õ ‡ªìπ√Ÿªµ—«

S °≈—∫´â“¬‡ªìπ¢«“‡À¡◊Õπ°—π ®–·µ°µà“ß°—π∫â“ß

µ√ß®ÿ¥ IEP ‡π◊ËÕß®“°«— ¥ÿ·µà≈–™π‘¥®–¡’ IEP ∑’Ë pH

·µ°µà“ß°—π ¥—ßπ—Èπµ”·Àπàß®ÿ¥ IEP ¢Õß°√“ø zeta

potential ¢Õß«— ¥ÿµà“ß ®÷ßÕ¬Ÿà∑’Ë pH ·µ°µà“ß°—π

Figure 1. Variation of zeta potential of goethite ααααα-Fe2O3⋅⋅⋅⋅⋅H2O with pH and NaCl concentration
(Adapted from Reed, 1995)
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µ“√“ß∑’Ë 1 · ¥ßµ”·Àπàß®ÿ¥ IEP ¢Õß “√ª√–°Õ∫

‡´√“¡‘°™π‘¥µà“ß Ê ®“°µ“√“ß®–‡ÀÁπ‰¥â«à“ Al2O3

¡’ IEP ∑’Ë pH ª√–¡“≥ 9 ¥—ßπ—Èπ °√“ø zeta potential

¢Õß Al2O3 ®÷ß¡’®ÿ¥ IEP ∑’Ë pH ª√–¡“≥ 9 ¥—ß√Ÿª

∑’Ë 2 ©–π—ÈπÀ“°π” Al2O3 ‰ª·¢«π≈Õ¬„ππÈ”°≈—Ëπ

(pH 7) Õπÿ¿“§ Al2O3 ®÷ß¡’ª√–®ÿ‡ªìπ∫«°π‘¥ ·≈–

¥Ÿ¥®—∫ anion ‰¥â¥’ „π∑“ßµ√ß°—π¢â“¡ SiO2

¡’ IEP ∑’Ë pH ª√–¡“≥ 3 ¥—ßπ—ÈπÕπÿ¿“§¢Õß SiO2

∑’Ë·¢«π≈Õ¬„ππÈ”°≈—Ëπ®÷ß¡’ª√–®ÿ ‡ªìπ≈∫·≈–

¥Ÿ¥®—∫ cation ‰¥â¥’

Point of Zero Charge

Nernst potential §◊Õ»—°¬å‰øøÑ“∑’Ëº‘«¢ÕßÕπÿ¿“§ Nernst
potential ¡’§à“‡ª≈’Ë¬π·ª≈ß‰ªµ“¡ pH ¢ÕßπÈ” ≈‘ª
‡™àπ‡¥’¬«°—π°—∫ zeta potential ‡√’¬° pH ∑’Ë
Nernst potential ¡’§à“‡ªìπ»Ÿπ¬å«à“ "Point of zero
charge" À√◊Õ PZC ∑’Ë ”§—≠∑’ËµâÕß∑√“∫‡°’Ë¬«°—∫ PZC
§◊Õ∂÷ß·¡âπ PZC ‡ªìπ®ÿ¥∑’Ë potential ∑’Ëº‘«¢Õß
Õπÿ¿“§‡ªìπ»Ÿπ¬å·µà PZC ‰¡à„™à®ÿ¥∑’Ë‰¡à¡’‰ÕÕÕπ∑’Ë
º‘«¢ÕßÕπÿ¿“§ „π∑“ß°≈—∫°—π PZC ‡ªìπ®ÿ¥∑’Ë´÷Ëß
ª√–®ÿ∫«°·≈–ª√–®ÿ≈∫∑’Ëº‘«¢ÕßÕπÿ¿“§¡’§à“‡∑à“°—π
æÕ¥’ ¥—ßπ—Èπ potential ®÷ß‡ªìπ»Ÿπ¬å „π∑”πÕß
‡¥’¬«°—π∑’Ë IEC ª√–®ÿ∫«°·≈–ª√–®ÿ≈∫∑’Ë shear plane

¡’§à“‡∑à“°—πæÕ¥’

ª°µ‘·≈â« pH ∑’Ë®ÿ¥ PZC ¡—°®–‰¡à‡ªìπ pH

‡¥’¬«°—π°—∫ pH ∑’Ë®ÿ¥ IEC ·µà°Á¡’∫“ß°√≥’‡À¡◊Õπ

°—π∑’Ë pH ∑’Ë®ÿ¥ PZC ‡ªìπ pH ‡¥’¬«°—π°—∫ pH ∑’Ë®ÿ¥

IEP °√≥’π’È®–‡ªìπ°√≥’æ‘‡»…∑’Ë net charge ∑’Ëº‘«¢Õß

Õπÿ¿“§‡∑à“°—∫ net charge ∑’Ë shear plane ·≈–

‡∑à“°—∫»Ÿπ¬åæ√âÕ¡°—π °√≥’π’È®–‡°‘¥¢÷ÈπµàÕ‡¡◊ËÕ∑—Èß

cation ·≈– anion „ππÈ” ≈‘ª¡’§«“¡ “¡“√∂„π°“√

¥Ÿ¥®—∫°—∫º‘«¢ÕßÕπÿ¿“§‡∑à“°—π (cation and anion

have an equal affinity for particle surface) π—°«‘®—¬

‡√’¬°Õ‘‡≈Á°‚∑√‰≈µå∑’Ë cation ·≈– anion ¡’ affinity

°—∫º‘«¢ÕßÕπÿ¿“§‡∑à“°—π«à“ "Indifferent electrolyte"

Figure 2. Zeta potential measurements for silica and alumina (Adapted from "Zeta Potential", 2005)

Material IEP

α-Al2O3 8-9
3 Al2O3 ⋅2SiO2 6-8
BaTiO3 5-6
CeO2 6.7
Cr2O3 7
CuO 9.5
Fe3O4 6.5
La2O3 10.4
MgO 12.4
MnO2 4-4.5
NiO 10-11
SiO2 (amorphous) 2-3
Si2N4 9
SnO2 7.3
TiO2 4-6
ZnO 9
ZrO2 4-6

Table 1. Isoelectric points (IEP) of ceramic
materials (Lewis, 2000)
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µ—«Õ¬à“ß indifferent electrolyte  ”À√—∫ Al2O3 §◊Õ

 “√≈–≈“¬ NaCl ÷́Ëß Na+ ·≈– Cl- ¡’ affinity

°—∫º‘«¢ÕßÕπÿ¿“§ Al2O3 ‡∑à“°—π À√◊Õ°≈à“«Õ’°Õ¬à“ß«à“

Õπÿ¿“§ Al2O3 ¡’§«“¡ “¡“√∂„π°“√¥Ÿ¥®—∫

Cl- „π™à«ß pH < IEP ¢ÕßÕπÿ¿“§ ‡∑à“°—∫§«“¡

 “¡“√∂„π°“√¥Ÿ¥®—∫ Na+ „π™à«ß pH > IEP

»—°¬å‰øøÑ“ ‡´µâ“°—∫‡ ∂’¬√¿“æ¢Õß

Õπÿ¿“§ (Zeta Potential and Stability

of Particles)

¥—ß∑’Ë°≈à“«¡“·≈â«¢â“ßµâπ«à“ zeta potential

¡’§«“¡ —¡æ—π∏å°—∫‡ ∂’¬√¿“æ¢Õß°“√·¢«π≈Õ¬

¢ÕßÕπÿ¿“§„ππÈ” ≈‘ª ·≈–°“√∑’Ë zeta potential

¡’§à“‡ª≈’Ë¬π‰ªµ“¡ pH ¥—ßπ—Èπ‡√“Õ“®®–„™â°√“ø zeta

potential µàÕ pH ∫Õ°™à«ß pH ∑’ËÕπÿ¿“§®–

·¢«π≈Õ¬Õ¬à“ß‡ ∂’¬√„ππÈ” ≈‘ª‰¥â ‚¥¬„™âÀ≈—°«à“

Õπÿ¿“§®–·¢«π≈Õ¬Õ¬à“ß‡ ∂’¬√„ππÈ” ≈‘ª‡¡◊ËÕ

Õπÿ¿“§¡’ zeta potential ∑’Ë¡“°°«à“ +30 ¡‘≈≈‘‚«≈µå

(mV) À√◊ÕπâÕ¬°«à“ -30 ¡‘≈≈‘‚«≈µå ("Zeta Potential

An Introduction in 30 Minutes", 2005) √Ÿª∑’Ë 3

‡ªìπµ—«Õ¬à“ß°“√„™â°√“ø zeta potential ∫Õ°™à«ß pH

∑’ËÕπÿ¿“§®–·¢«π≈Õ¬Õ¬à“ß‡ ∂’¬√‚¥¬ 1) ≈“°‡ âπ

¢π“π·°π x ÕÕ°¡“®“°®ÿ¥∑’Ë zeta potential ‡∑à“°—∫

+30 ·≈– -30 mV ‰ªµ—¥°—∫°√“ø zeta potential;

2) ∑’Ë®ÿ¥µ—¥≈“°‡ âπ¢π“π°—∫·°π y ‰ªµ—¥·°π x

‰¥â™à«ß pH ∑’ËÕπÿ¿“§®–·¢«π≈Õ¬Õ¬à“ß‡ ∂’¬√§◊Õ™à«ß

pH < 4 ≈ß‰ª ·≈–™à«ß pH > 7.2 ¢÷Èπ‰ª

Zeta potential ¬—ß‡ª≈’Ë¬π·ª≈ß‰ªµ“¡

‰ÕÕÕπ¿“¬πÕ°∑’Ë‡µ‘¡‡¢â“‰ª„π√–∫∫´÷Ëß≈–≈“¬Õ¬Ÿà„π

medium Õ’°¥â«¬ ¥—ß· ¥ß„π√Ÿª∑’Ë 1 ·≈– 2; √Ÿª∑’Ë 1

· ¥ß„Àâ‡ÀÁπ«à“ zeta potential ¢Õß α-Fe2O3 ¡’

§à“‡æ‘Ë¡¢÷Èπ‡¡◊ËÕ§«“¡‡¢â¡¢âπ¢ÕßπÈ”‡°≈◊Õ‡æ‘Ë¡¢÷Èπ

 à«π√Ÿª∑’Ë 2 · ¥ß„Àâ‡ÀÁπ«à“ dispersant ∑”„Àâ zeta

potential ¢Õß Al2O3 ‡ª≈’Ë¬π‰ª πÕ°®“°π’È√Ÿª∑’Ë 4

· ¥ß„Àâ‡ÀÁπ«à“ zeta potential ¢Õß Al2O3 ‡æ‘Ë¡¢÷Èπ

Õ¬à“ß√«¥‡√Á«‡¡◊ËÕ‡µ‘¡ deflocculant ™π‘¥ Polyacrylate

‡¢â“‰ª æ√âÕ¡°—ππ’È‰¥â· ¥ß«à“§«“¡Àπ◊¥ (viscosity)
¢ÕßπÈ” ≈‘ª≈¥≈ßÕ¬à“ß√«¥‡√Á«¥â«¬‡¡◊ËÕ‡µ‘¡ deflocculant

‡¢â“‰ª ∑ƒ…Æ’ DLVO ™à«¬Õ∏‘∫“¬ “‡Àµÿ∑’Ë zeta

potential ¡’§à“‡ª≈’Ë¬π·ª≈ß‰ªµ“¡‰ÕÕÕπ∑’Ë¥Ÿ¥ —́∫

∑’Ëº‘«‰¥â¥—ßπ’È

1) æ‘®“√≥“ ¡°“√À“§«“¡Àπ“¢Õß double

layer

κ-1 =
ε εr A B

i i

N k T

F N
0

2 2

1
2

z∑
⎛

⎝
⎜

⎞

⎠
⎟ (1)

‡¡◊ËÕ κ-1 = §«“¡Àπ“¢Õß™—Èπ double layer
À√◊Õ Debye-Huckel screening
length Àπà«¬‡ªìπ m

εr = relative dielectric constant ¢Õß
µ—«°≈“ß∑’ËÕπÿ¿“§·¢«π≈Õ¬ εr

¢ÕßπÈ”∫√‘ ÿ∑∏‘Ï∑’Ë 25oC ‡∑à“°—∫
80 (‰¡à¡’Àπà«¬)

ε0 =  ¿“æ¬Õ¡ (permittivity) ¢Õß

 ÿ≠≠“°“» = 8.85 x 10-12

Coulomb/ J.m

NA = Avogadro's number = 6.02
x 1023 particle/mole

kB = Boltzmann's constant = 1.381
x 10-23 Joule/mole.K

T = Õÿ≥À¿Ÿ¡‘Àπà«¬‡ªìπ Kelvin

F = §à“§ß∑’Ë Faraday = 9.65 x 104

coulomb/mole

Ni = §«“¡‡¢â¡¢âπ¢Õß‰ÕÕÕπ™π‘¥ i

„ππÈ” ≈‘ª Àπà«¬‡ªìπ particle/m3

zi = ¢π“¥¢Õßª√–®ÿ¢Õß‰ÕÕÕπ™π‘¥ i

„ππÈ” ≈‘ª ‡™àπ +1, -1 ‡ªìπµâπ

®–‡ÀÁπ‰¥â«à“µ“¡∑ƒ…Æ’ DLVO ‰ÕÕÕπ

¿“¬πÕ°∑’Ë‡µ‘¡‡¢â“‰ª„ππÈ” ≈‘ª ∑”„Àâ§«“¡‡¢â¡¢âπ

¢Õß‰ÕÕÕπ™π‘¥ i „ππÈ” ≈‘ª (Ni) ‡ª≈’Ë¬π·ª≈ß‰ª

¥—ßπ—Èπ‰ÕÕÕπ¿“¬πÕ°∑’Ë‡µ‘¡‡¢â“‰ª„ππÈ” ≈‘ª ®÷ß

∑”„Àâ§«“¡Àπ“¢Õß double layer (κ-1) ‡ª≈’Ë¬π·ª≈ß

‰ª¥â«¬



275Suranaree J. Sci. Technol. Vol. 13 No. 3; July - September 2006

2) æ‘®“√≥“ ¡°“√æ≈— ßß“π»—°¬åº≈—°

(Repulsive potential energy; VR) ∑’Ë«à“

V hR r= [ ]2 10 0
2πε ε ψ n 1+ exp(-κ )  (joule) (2)

‡¡◊ËÕ ψ0 = »—°¬å‰øøÑ“∑’Ëº‘«Õπÿ¿“§ À√◊Õ surface

potential À√◊Õ Nernst potential

κ =  à«π°≈—∫¢Õß κ-1 (§«“¡Àπ“

¢Õß™—Èπ double layer) (m-1)

h = √ – ¬ –Àà “ ß √ –À «à “ ß Õπÿ ¿ “ §

interparticle separation (m)

®–‡ÀÁπ«à“§«“¡Àπ“¢Õß double layer ¡’º≈µàÕ VR

3) ‡ªìπ∑’Ë∑√“∫·≈â««à“ VR ¡’§«“¡ —¡æ—π∏å

°—∫ Nernst potential ·≈– zeta potential ¥—ßπ—Èπ

zeta potential ®÷ß¡’§à“‡ª≈’Ë¬π‰ªµ“¡‰ÕÕÕπ¿“¬πÕ°

∑’Ë‡µ‘¡‡¢â“‰ª„ππÈ” ≈‘ª

§«“¡Àπ“¢Õß Double Layer

§«“¡Àπ“¢Õß double layer ¡’§«“¡ —¡æ—π∏å°—∫ zeta

potential ¥—ß√Ÿª∑’Ë 5 ®“°√Ÿª®–‡ÀÁπ«à“Õπÿ¿“§∑’Ë¡’ zeta

potential ¡“°®–¡’§«“¡Àπ“¢Õß double layer ¡“°

‰ª¥â«¬ ·≈–‡π◊ËÕß®“°Õπÿ¿“§∑’Ë¡’ zeta potential ¡“°

Figure 3. Plot of zeta-potential versus pH showing the position of the isoelectric point and
the pH values where the dispersion would be expected to be stable. (Adapted from
"Zeta Potential Theory", 2005)

Figure 4. Deflocculation of an aqueous slurry containing 50 vol % calcined alumina using
an ammonium polyacrylate deflocculant (Adapted from Reed, 1995)
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°«à“®–·¢«π≈Õ¬Õ¬à“ß‡ ∂’¬√‰¥â¥’°«à“Õπÿ¿“§∑’Ë¡’ zeta

potential πâÕ¬ ¥—ßπ—ÈπÕπÿ¿“§∑’Ë¡’§«“¡Àπ“¢Õß

double layer ¡“°®÷ß·¢«π≈Õ¬Õ¬à“ß‡ ∂’¬√‰¥â¥’

°«à“Õπÿ¿“§∑’Ë¡’§«“¡Àπ“¢Õß double layer πâÕ¬ Õπ÷Ëß

Õ“®®–æ‘®“√≥“«à“Õπÿ¿“§∑’Ë¡’§«“¡Àπ“¢Õß double

layer ¡“°‡ ¡◊Õπ«à“‡ªìπÕπÿ¿“§∑’Ë¡’™—Èπ¢Õß‡°√“–

ªÑÕß°—πÀπ“®÷ß™à«¬°—π‰¡à„ÀâÕπÿ¿“§™π°—π‰¥â¥’

¥—ßπ—Èπ‚Õ°“ ∑’ËÕπÿ¿“§·∫∫π’È®–™π·≈â«‡°“–°—π‡°‘¥

agglomerate ®÷ß‡°‘¥‰¥â¬“°°«à“Õπÿ¿“§∑’Ë¡’§«“¡

Àπ“¢Õß double layer πâÕ¬ ®“° ¡°“√∑’Ë 1 ®–

‡ÀÁπ«à“§«“¡Àπ“ double layer ®–‡ª≈’Ë¬πµ“¡§«“¡

‡¢â¡¢âπ¢Õß‰ÕÕÕπ (Ni) ·≈–ª√–®ÿ¢Õß‰ÕÕÕπ (zi)

„ππÈ” ≈‘ª √Ÿª∑’Ë 6 · ¥ß§«“¡ —¡æ—π∏å√–À«à“ß

§«“¡Àπ“¢Õß double layer °—∫§«“¡‡¢â¡¢âπ¢Õß

‰ÕÕÕπ·≈–ª√–®ÿ¢Õß‰ÕÕÕπ„ππÈ” ≈‘ª ®“°√Ÿª®–

‡ÀÁπ‰¥â«à“ §«“¡Àπ“¢Õß double layer ®–≈¥≈ß‡¡◊ËÕ

§«“¡‡¢â¡¢âπ¢Õß‰ÕÕÕπ·≈–ª√–®ÿ¢Õß‰ÕÕÕπ„π

πÈ” ≈‘ª¡’§à“¡“°¢÷Èπ ‡π◊ËÕß®“°Õπÿ¿“§∑’Ë¡’ double layer

∫“ß®–¡’‡ ∂’¬√¿“æπâÕ¬®÷ßÕ“®®–°≈à“«‰¥â«à“‰ÕÕÕπ

∑’Ë¡’ª√–®ÿ¡“° Ê (z = 2, 3) ·≈–¡’§«“¡‡¢â¡¢âπ Ÿß

®–∑”„Àâ§«“¡‡ ∂’¬√¢ÕßÕπÿ¿“§∑’Ë·¢«π≈Õ¬

„ππÈ” ≈‘ª≈¥≈ß „π∑“ßµ√ß°—π¢â“¡‰ÕÕÕπ∑’Ë¡’

ª√–®ÿπâÕ¬ Ê (z = 1) ∑’Ë¡’§«“¡‡¢â¡¢âπ∑’Ë‡À¡“– ¡

‰¡à¡“°‡°‘π‰ª®–∑”„Àâ§«“¡Àπ“¢Õß double layer

¡“°¢÷Èπ Õπÿ¿“§®÷ß·¢«π≈Õ¬‰¥âÕ¬à“ß‡ ∂’¬√¡“°¢÷Èπ

‡√◊ËÕßπ’È‡¢â“°—π‰¥â°—∫§«“¡√Ÿâæ◊Èπ∞“π¢Õßπ—°‡´√“¡‘°∑’Ë

∑”ß“πÀ≈àÕ·∫∫ (slip casting) º≈‘µ¿—≥±å‡´√“¡‘°

‡™àπ  ÿ¢¿—≥±å ‡æ√“–‡ªìπ∑’Ë∑√“∫°—π¥’„πÀ¡Ÿàπ—°

À≈àÕ·∫∫‡´√“¡‘°«à“ ‡√“ “¡“√∂™à«¬„ÀâÕπÿ¿“§¥‘π

·¢«π≈Õ¬„ππÈ” ≈‘ª‰¥â¥’¬‘Ëß¢÷Èπ‚¥¬‡µ‘¡ “√æ«°

deflocculant „πª√‘¡“≥∑’Ë‡À¡“– ¡‡¢â“‰ªπÈ” ≈‘ª

·≈–°“√‡µ‘¡ flocculant À√◊Õ coagulant ‡¢â“‰ª„π

πÈ” ≈‘ª®–∑”„ÀâÕπÿ¿“§¥‘π®—∫µ—«°—π·≈â«µ°µ–°Õπ

≈ß¡“ ‡æ√“–«à“ à«π„À≠à·≈â« deflocculant ‡ªìπ

Õ‘‡≈Á°‚∑√‰≈µå∑’Ë·µ°µ—«·≈â«„Àâ‰ÕÕÕπ∑’Ë¡’ª√–®ÿ (zi)

πâÕ¬ Ê ‡™àπ 1+ ¢≥–∑’Ë flocculant ´÷Ëß‡ªìπÕ‘‡≈Á°

‚∑√‰≈µå∑’Ë‡µ‘¡‡¢â“‰ª„ππÈ” ≈‘ª·≈â«·µ°µ—«·≈â«„Àâ

‰ÕÕÕπ∑’Ë¡’ª√–®ÿ¡“° ‡™àπ 2+ À√◊Õ 3+ ·≈–‡ªìπ∑’Ë

∑√“∫°—π¥’¥â«¬«à“°“√‡µ‘¡ deflocculant ¡“°‡°‘π‰ª

(Ni ¡“°‡°‘π‰ª) ®–∑”„ÀâÕπÿ¿“§¥‘πµ°µ–°Õπ‰¥â

‡√’¬°«à“‡°‘¥ over deflocculate ‡æ◊ËÕ„Àâ‡ÀÁπ¿“ææ®πå

¢Õßº≈°√–∑∫¢Õßª√–®ÿ¢Õß‰ÕÕÕπ·≈–§«“¡

‡¢â¡¢âπ¢Õß‰ÕÕÕπµàÕ‡ ∂’¬√¿“æ¢Õß°“√·¢«π≈Õ¬

¢ÕßÕπÿ¿“§¡“°¬‘Ëß¢÷Èπ ¢Õ„Àâæ‘®“√≥“º≈°“√∑¥≈Õß

°“√‡µ‘¡Õ‘‡≈Á°‚∑√‰≈µå™π‘¥µà“ß‡¢â“‰ª„ππÈ” ≈‘ª

¢Õß As2S3, AgI ·≈– Al2O3 ·≈â««—¥§à“ critical

coagulate concentration (CCC) ´÷Ëß‡ªìπ§à“§«“¡

‡¢â¡¢âπ¢ÕßÕ‘‡≈Á°‚∑√‰≈µå™π‘¥µà“ß Ê ∑’Ë‡µ‘¡‡¢â“‰ª„π

Figure 5. A reduction of the thickness of the double layer reduces the zeta  potential and
may produce coagulation. (Adapted from Reed, 1995)
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πÈ” ≈‘ª·≈â«∑”„ÀâÕπÿ¿“§¢Õß As2S3, AgI ·≈– Al2O3

‡°‘¥ coagulation µ°µ–°Õπ≈ß¡“¥—ß· ¥ß„πµ“√“ß

∑’Ë 2 ÷́ËßÕ∏‘∫“¬‰¥â¥—ßπ’È

1) °√≥’ Al2O3 ´÷Ëß‡ªìπÕπÿ¿“§∑’Ë¡’ IEP =

8 - 9 ¥—ßπ—Èπ∑’Ë pH 7 Õπÿ¿“§ Al2O3 ®÷ß¡’ª√–®ÿ

‡ªìπ∫«°π‘¥ Ê ·≈–¥Ÿ¥®—∫ anion ‰¥â¥’ ‡¡◊ËÕ‡µ‘¡ NaCl

‡¢â“‰ª NaCl ®–·µ°µ—«„Àâ Na+ ·≈– Cl
-
 Õπÿ¿“§ Al2O3

´÷Ëß¡’ª√–®ÿ∫«°®÷ß¥Ÿ¥®—∫ Cl-ion ‰«â∑’Ëº‘«∑”„Àâ‡°‘¥

™—Èπ¢Õß double layer √Õ∫º‘«¢ÕßÕπÿ¿“§ ‡¡◊ËÕ„ à

NaCl ‡¢â“‰ª∂÷ß√–¥—∫Àπ÷Ëß®–æ∫«à“°“√‡æ‘Ë¡ NaCl

‡¢â“‰ªÕ’°®–∑”„Àâ§«“¡Àπ“¢Õß double layer πâÕ¬

≈ß (‡æ√“–§«“¡Àπ“¢Õß double layer ®–≈¥≈ß

‡¡◊ËÕ§«“¡‡¢â¡¢âπ¢Õß‰ÕÕÕπ·≈–ª√–®ÿ¢Õß‰ÕÕÕπ

„ππÈ” ≈‘ª¡’§à“¡“°¢÷Èπ) ·≈–‡¡◊ËÕ„ à NaCl ‡¢â“‰ªÕ’°

®π‡∑à“°—∫ CCC ®–∑”„Àâ§«“¡Àπ“¢Õß double layer

¢ÕßÕπÿ¿“§ Al2O3 ≈¥≈ß¡“°®π∂÷ß¢π“¥∑’Ë«à“‡¡◊ËÕ

Õπÿ¿“§™π°—π¥â«¬ Brownian motion Õπÿ¿“§®–¥Ÿ¥®—∫

°—π‰¥â·≈â«µ°µ–°Õπ≈ß¡“‰¥â °“√‡µ‘¡Õ‘‡≈Á°‚∑√‰≈µå

µ—«Õ◊Ëπ ‡™àπ KCl, KNO3 ≈ß‰ª„ππÈ” ≈‘ª¢Õß

Al2O3 °Á®–„Àâº≈‡À¡◊Õπ°—π°—∫°“√‡µ‘¡ NaCl ‡æ√“–

ª√–®ÿ¢Õß anion ∑’Ë·µ°µ—«ÕÕ°¡“®“°Õ‘‡≈Á°‚∑√‰≈µå

∑—Èß Õß¡’§à“‡∑à“°—∫ª√–®ÿ¢Õß anion ∑’Ë·µ°µ—«ÕÕ°¡“

®“° NaCl ¥—ßπ—Èπ CCC ¢Õß KCl ·≈– KNO3 π’È®÷ß

¡’§à“„°≈â‡§’¬ß°—∫ CCC ¢Õß NaCl Õπ÷Ëß°Æ¢Õß

Schulze-Hardy „π¬àÕÀπâ“∂—¥‰ª®–Õ∏‘∫“¬«à“∑”‰¡

§«“¡·µ°µà“ß√–À«à“ß CCC ¢Õß NaCl °—∫ CCC

¢Õß KNO3 ®÷ß¡“°°«à“§«“¡·µ°µà“ß√–À«à“ß CCC

¢Õß NaCl °—∫ CCC ¢Õß KCl Õ¬à“ß‰√°Áµ“¡

K2SO4, K2Cr2O7, K2-oxalate ·≈– K3[Fe(CN)6] ¡’

CCC πâÕ¬°«à“ NaCl ¡“° ‡æ√“–«à“Õ‘‡≈Á°‚∑√‰≈µå

‡À≈à“π’È·µ°µ—«„Àâ anion ∑’Ë¡’ª√–®ÿ‡ªìπ 2- ·≈–

3- µ“¡≈”¥—∫ ·≈–§«“¡Àπ“¢Õß double layer

®–≈¥≈ß‡¡◊ËÕª√–®ÿ¢Õß‰ÕÕÕπ„ππÈ” ≈‘ª¡’§à“¡“°¢÷Èπ

°“√∑’Ë§«“¡Àπ“¢Õß double layer ≈¥≈ß∑”„Àâ

§«“¡‡ ∂’¬√¢ÕßÕπÿ¿“§ Al2O3 „ππÈ” ≈‘ª≈¥≈ß ®÷ß

Õ“®®–°≈à“«‰¥â«à“Õ‘‡≈Á°‚∑√‰≈µåæ«° K2SO4, K2Cr2O7,

K2-oxalate ́ ÷Ëß·µ°µ—«„Àâ‰ÕÕÕπ∑’Ë¡’ª√–®ÿ≈∫ Ÿß®–¡’

CCC πâÕ¬·≈–∑”„Àâ‡ ∂’¬√¿“æ¢ÕßÕπÿ¿“§ Al2O3

„ππÈ” ≈‘ª∑’Ë pH 7 ≈¥≈ß „π∑”πÕß‡¥’¬«°—π

K3[Fe(CN)6] ́ ÷Ëß·µ°µ—«„Àâ anion ∑’Ë¡’ª√–®ÿ 3- ®–¡’

CCC πâÕ¬°«à“ NaCl ∂÷ß°«à“ 500 ‡∑à“ ·≈–

®–∑”„Àâ‡ ∂’¬√¿“æ¢Õß Al2O3 „ππÈ” ≈‘ª∑’Ë pH 7

≈¥≈ßÕ¬à“ß¡“°

Figure 6. The double layer thickness as a function of the ionic strength for monovalent,
divalent and trivalent counter-ions. Although the concentration of ions plays an
important role in compressing the double layer, the charge on the counter-ion is
therefore much more effective at inducing agglomeration (Adapted from Carty, 1998)
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2) °√≥’¢Õß As2S3 ·≈– AgI ‡ªìπ°√≥’∑’Ë

Õπÿ¿“§¡’ª√–®ÿ‡ªìπ≈∫¥—ßπ—Èπ°√≥’π’ÈµâÕßæ‘®“√≥“

cation ¢ÕßÕ‘‡≈Á°‚∑√‰≈µå∑’Ë„ à‡¢â“‰ª„ππÈ” ≈‘ª

®–‡ÀÁπ‰¥â«à“Õ‘‡≈Á°‚∑√‰≈µå´÷Ëß·µ°µ—«„Àâ cation ∑’Ë¡’

ª√–®ÿ‡ªìπ∫«°πâÕ¬ ‡™àπ LiNO3, NaNO3, KNO3,

LiCl, NaCl; KCl ®–¡’ CCC ¡“°°«à“Õ‘‡≈Á°‚∑√‰≈µå

∑’Ë·µ°µ—«·≈â«„Àâ cation ∑’Ë¡’ª√–®ÿ∫«°¡“° ‡™àπ

Ca(NO3)2, Mg(NO3)2, MgCl2, Al(NO3)3, AlCl3
Schulze ·≈– Hardy ‡¢’¬π°Æ¢÷Èπ¡“Õ∏‘∫“¬

º≈¢Õß counter-ion ∑’Ë¡’µàÕ°“√‡°‘¥ coagulation

„π≈—°…≥–·∫∫‡¥’¬«°—∫°“√∑¥≈Õß¢â“ßµâπ«à“

counter-ion ∑’Ë¡’ª√–®ÿ¡“°°«à“®–¡’º≈∑”„Àâ‡°‘¥

coagulation ¡“°°«à“ counter-ion ∑’Ë¡’ª√–®ÿπâÕ¬ °√≥’∑’Ë

counter-ion ¡’ª√–®ÿ‡∑à“°—π®–¥Ÿ«à“ counter-ion

µ—«„¥¡’º≈∑”„Àâ‡°‘¥ coagulation ¡“°°«à“°—π‰¥â‚¥¬¥Ÿ

charge/ionic radius °≈à“«§◊Õ counter-ion µ—«„¥¡’

charge/ionic radius ¡“°°«à“ counter-ion µ—«π—Èπ®–

∑”„Àâ‡°‘¥ coagulation ¡“°°«à“ ¥—ßπ—Èπ‡√“Õ“®®–‡¢’¬π

coagulation power ¢Õß cations ∫«°‰¥â«à“ Al3+ >

Mg2+ > Ca2+ > Sr2+ > Ba2+ > Li + >Na+ > K+ >

Rb+ > NH4
+ „π∑”πÕß‡¥’¬«°—π coagulation power

¢Õß anions §◊Õ SO4
2- > Cl- > NO3

- π—°‡´√“¡‘°‡√’¬°

Õ‘‡≈Á°‚∑√‰≈µå∑’Ë‡¡◊ËÕ‡µ‘¡‡¢â“‰ª„ππÈ” ≈‘ª·≈â«·µ°µ—«

„Àâ‰ÕÕÕπ∑’Ë‰ª∑”„ÀâÕπÿ¿“§‡´√“¡‘°·¢«π≈Õ¬

‰¡àµ°µ–°Õπ«à“ deflocculant µ“√“ß∑’Ë 3 · ¥ß

µ—«Õ¬à“ß deflocculants ∑’Ë„™â°—πÕ¬à“ß·æ√àÀ≈“¬„π

Õÿµ “À°√√¡‡´√“¡‘° „π∑“ßµ√ß°—π¢â“¡π—°‡´√“¡‘°

‡√’¬°Õ‘‡≈Á°‚∑√‰≈µå∑’Ë‡¡◊ËÕ·µ°µ—«·≈â«„Àâ‰ÕÕÕπ∑’Ë

‰ª∑”„ÀâÕπÿ¿“§¢Õß‡´√“¡‘°µ°µ–°Õπ«à“ coagulant

µ—«Õ¬à“ß¢Õß coagulants ‰¥â·°à CaCl2, CaCO3,

MgCl2, MgSO4 À√◊Õ AlCl3 Õπ÷Ëß deflocculants ·≈–

coagulants ∫“ßµ—«∑’Ë„ à‡¢â“‰ª„ππÈ” ≈‘ªÕ“®®–∑”„Àâ

pH ¢ÕßπÈ” ≈‘ª‡ª≈’Ë¬π·ª≈ß‰ª¥â«¬®÷ß®–µâÕß

√–¡—¥√–«—ß„π°“√‡≈◊Õ°„™â„Àâ‡À¡“– ¡

Electrostatic Stabilization

°“√§«∫§ÿ¡§«“¡‡ ∂’¬√¢ÕßÕπÿ¿“§‚¥¬°“√‡µ‘¡

‰ÕÕÕπ¿“¬πÕ°À√◊Õª√—∫ pH π’È®—¥‡ªìπ electrostatic

stabilization ·≈–‡ªìπ«‘∏’°“√∑’Ë∑”‰¥âßà“¬·≈–§à“

„™â®à“¬‰¡à¡“°®÷ß„™â°—π¡“°„πß“π°“√‡µ√’¬¡ ≈‘ª

 ”À√—∫°“√À≈àÕ‡´√“¡‘°æ◊Èπ∞“π (conventional

ceramics) Õ¬à“ß‰√°Áµ“¡°“√ stabilization ·∫∫π’È¡’

¢âÕ‡ ’¬‚¥¬‡©æ“–Õ¬à“ß¬‘Ëß„π°√≥’∑’Ë‡√“µâÕßª√—∫ pH

Table 2. The critical coagulation concentration (CCC) in milli-moles/liter (mM) for a
variety of ionic salts in slips of Al2O3, AgI and As2S3 (Carty, 1998)

     Al2O3 (weakly positive) AgI (strongly negative) As2S3 (weakly negative)

Material CCC Material CCC Material CCC

NaCl 43.5 LiNO3 165 LiCl 58
KCl 46 NaNO3 140 NaCl 51
KNO3 60 KNO3 136 KCl 49.5

RbNO3 126 KNO3 50

K2SO4 00.30 Ca(NO3)2 2.40 CaCl2 0.65
K2Cr2O7 00.63 Mg(NO3)2 2.60 MgCl2 0.72
K2-oxalate 00.69 Pb(NO3)2 2.43 MgSO4 0.81

K3[Fe(CN)6] 00.08 Al(NO3)3 0.067 AlCl3 0.093
La(NO3)3 0.069 Al(NO3)3 0.095
Ce(NO3)3 0.069
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¢ÕßπÈ” ≈‘ª„Àâ‡ªìπ°√¥À√◊Õ¥à“ß¡“°®π‡°‘¥‰ª ‡æ√“–

°“√∑”‡™àππ—Èπ®–∑”„Àâº‘«¢ÕßÕπÿ¿“§∂Ÿ°°—¥°√àÕπ

(corrosion) ∑”„Àâ‰ÕÕÕπ∑’Ëº‘«¢ÕßÕπÿ¿“§≈–≈“¬

À≈ÿ¥ÕÕ°¡“Õ¬Ÿà„ππÈ” ≈‘ª ∑”„Àâ§«“¡‡¢â¡¢âπ¢Õß

‰ÕÕÕπ„ππÈ” ≈‘ª¡“°¢÷Èπ ÷́Ëß®– àßº≈„Àâ§«“¡Àπ“

¢Õß double layer ≈¥≈ß (√Ÿª∑’Ë 6) ·≈–®–

 àßº≈„Àâ°“√‰À≈µ—« (rheology) ¢ÕßπÈ” ≈‘ª

‡ª≈’Ë¬π·ª≈ß‰ª ‡√’¬°ª√“°Ø°“√≥å¥—ß°≈à“««à“

"Aging" Õπ÷Ëß°“√ aging ‰¡à‰¥â‡°‘¥®“°°“√≈–≈“¬µ—«

¢ÕßÕπÿ¿“§·µà‡æ’¬ßÕ¬à“ß‡¥’¬« ·µàÕ“®®–‡°‘¥®“°

ª√“°Ø°“√≥åÕ◊Ëπ¥â«¬ ‡™àπ „π√–∫∫πÈ”¥‘π (clay

water system) °“√ aging Õ“®®–‡°‘¥®“°°“√¥Ÿ¥ —́∫

‰ÕÕÕπ°≈—∫¡“„À¡à (re-adsorption) ¢ÕßÕπÿ¿“§¥‘π

∑”„ÀâÕπÿ¿“§µ°µ–°Õπ≈ß¡“‡¡◊ËÕ‡«≈“ºà“π‰ª À“°

‡√“«—¥ pH ¢ÕßπÈ” ≈‘ª®–æ∫«à“ pH ¢ÕßπÈ” ≈‘ª®–

‡ª≈’Ë¬π‰ª„π√–À«à“ß∑’Ë‡°‘¥°“√ aging

Steric Stabilization

‡ªìπ°“√ stabilization ‚¥¬°“√‡µ‘¡æÕ≈‘‡¡Õ√å„Àâ

‡¢â“‰ª¥Ÿ¥®—∫∫πº‘«¢ÕßÕπÿ¿“§ ·≈â«™—Èπ¢Õß

æÕ≈‘‡¡Õ√å®–∑”µ—«‡ªìπ‡°√“–°—π™π‰¡à„ÀâÕπÿ¿“§„ππÈ”

 ≈‘ª‡¢â“™π°—π·√ß Ê «‘∏’°“√π’È®–‰¥âº≈µàÕ‡¡◊ËÕ™—Èπ

¢ÕßæÕ≈‘‡¡Õ√å∑’Ë¥Ÿ¥®—∫Õ¬Ÿà∫πº‘«¢ÕßÕπÿ¿“§¡’§«“¡

Àπ“·≈–¬÷¥®—∫°—∫Õπÿ¿“§·πàπæÕ∑’Ë®–‰¡àÀ≈ÿ¥ÕÕ°

‡¡◊ËÕÕπÿ¿“§™π°—π πÕ°®“°π’ÈæÕ≈‘‡¡Õ√å∑’Ë¬÷¥Õ¬Ÿà∫π

Õπÿ¿“§Àπ÷Ëß Ê ®–µâÕß‰¡à‰ª¬÷¥‡°“–°—∫Õπÿ¿“§Õ◊Ëπ

‡ ¡◊Õπ«à“∑”µ—«‡ªìπ –æ“π‡™◊ËÕ¡„ÀâÕπÿ¿“§‡°“–µ‘¥°—π

Õπ÷ËßæÕ≈‘‡¡Õ√å∑’Ë„ à‡¢â“‰ªÕ“®®–¬÷¥‡°“–°—∫Õπÿ¿“§

‰¥âÀ≈“¬√Ÿª·∫∫¢÷ÈπÕ¬Ÿà°—∫§«“¡Àπ“·πàπ·≈–

pH ¢Õßµ—«°≈“ß (medium) ª√–®ÿ∑’Ëº‘«¢ÕßÕπÿ¿“§

™π‘¥ §«“¡‡¢â¡¢âπ ·≈–≈—°…≥–‚¡‡≈°ÿ≈¢Õß

æÕ≈‘‡¡Õ√å‡Õß œ≈œ √Ÿª∑’Ë 7 · ¥ß°“√¬÷¥‡°“–¢Õß

æÕ≈‘‡¡Õ√å·∫∫µà“ß ∫πº‘«Õπÿ¿“§‡´√“¡‘° √Ÿª∑’Ë 7(a)

‡ªìπ°“√¬÷¥‡°“–¢Õß homopolymer ∑’Ë¡’≈—°…≥–

‡ªìπ‡ âπ¬“« ‰¡à¡’°‘Ëß°â“π æÕ≈‘‡¡Õ√åæ«°π’ÈÕ“®®–

‡Õ“ à«π„¥ à«πÀπ÷Ëß¢Õß “¬‚´à‰ª¬÷¥‡°“–°—∫º‘«

¢ÕßÕπÿ¿“§‡´√“¡‘° √Ÿª∑’Ë 7(b) ‡ªìπ°“√¬÷¥‡°“–¢Õß

diblock copolymer ́ ÷Ëß¡’≈—°…≥–‡ªìπ‡ âπ∑’Ëª√–°Õ∫

¥â«¬ Õß à«π  à«π·√°‡ªìπ‡ âπ —Èπ ·µà¬÷¥‡°“–°—∫

º‘«Õπÿ¿“§‰¥â¥’  à«π∑’Ë Õß‡ªìπ‡ âπ¬“« ∑’Ë‰¡à¬÷¥‡°“–

°—∫º‘«Õπÿ¿“§ √Ÿª∑’Ë 7(c) ‡ªìπ°“√¬÷¥‡°“–¢ÕßæÕ≈‘‡¡Õ√å

∑’Ë¡’≈—°…≥–§≈â“¬À«’ (comblike copolymer)

´÷Ëß‡Õ“ à«π —πÀ«’‰ª¬÷¥‡°“–°—∫º‘«Õπÿ¿“§·≈–

ª≈àÕ¬„Àâ à«π∑’Ë‡ªìπ´’ËÀ«’‡ªìπÕ‘ √– ·≈–√Ÿª∑’Ë 7(d)

‡ªìπ°“√¬÷¥‡°“–¢ÕßæÕ≈‘‡¡Õ√å∑’Ë¡’À—«‡ªìπ°√–®ÿ°

·≈–À“ß —Èπ (functional short-chain polymer)

∑’Ë‡Õ“ à«πÀ—«‰ª¬÷¥®—∫°—∫º‘«Õπÿ¿“§ ¢âÕ¥’¢Õß°“√

steric stabilization §◊Õ (Cooper, 2005) 1) ‰¡à

¢÷Èπ°—∫Õ‘‡≈Á°‚∑√‰≈µå„ππÈ” ≈‘ª 2) „™â‰¥â¥’°—∫πÈ”

 ≈‘ª∑’Ë„™âµ—«°≈“ß∑—Èß™π‘¥¡’¢—È« (polar) ·≈–‰¡à¡’¢—È«

(nonpolar) 3) „™â‰¥â¥’°—∫πÈ” ≈‘ª∑’Ë¡’§«“¡‡¢â¡¢âπ

(concentration) ¢ÕßÕπÿ¿“§∑—Èß¡“°·≈–πâÕ¬ 4)

°“√µ°µ–°Õπ¢ÕßÕπÿ¿“§„ππÈ” ≈‘ª·∫∫π’È¡—°‡ªìπ

·∫∫ flocculation ´÷Ëß°≈—∫¡“·¢«π≈Õ¬„À¡à‰¥â

(reversible) Õ¬à“ß‰√°Áµ“¡„π∑“ßªØ‘∫—µ‘π—°‡´√“¡‘°

Table 3. Common deflocculants used in ceramic slip (Reed, 1995)

Inorganic Organic

Sodium carbonate Sodium polymethacrylate
Sodium silicate Ammonium polyacrylate
Sodium borate Sodium citrate
Tetrasodium pyrophosphate Sodium succinate

Sodium tartrate
Sodium polysulfonate
Ammonium citrate
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¡—°®–‰¡à∑”°“√ stabilization πÈ” ≈‘ª¥â«¬«‘∏’π’È

‡æ√“–«à“°“√ stabilization ·∫∫π’È¡’µâπ∑ÿπ Ÿß

·≈–¡’§«“¡¬ÿàß¬“°„π°“√°”®—¥æÕ≈‘‡¡Õ√åÕÕ°‰ª

°àÕπ∑’Ë®–∑”°“√ sintering ™‘Èπß“πÕ’°¥â«¬

Electrosteric Stabilization

∂÷ß·¡â«à“µ“¡™◊ËÕ·≈â«°“√ stabilization ·∫∫π’Èπà“

‡ªìπ°“√ stabilization ‚¥¬„™âÀ≈—°°“√¢Õß∑—Èß

electrostatic ·≈– steric stabilization Õ¬à“ß≈–§√÷Ëß

·µà„π§«“¡‡ªìπ®√‘ß·≈â«°“√ stabilization ·∫∫π’È

‡ªìπ°“√ stabilization ‚¥¬ electrostatic stabilization

‡ªìπ à«π„À≠à·≈– steric stabilization ‡ªìπ à«ππâÕ¬

°“√ stabilization ·∫∫π’È¡’¢âÕ¥’ Õßª√–°“√ ª√–°“√

·√°§◊Õ∑”„Àâ‡√“ “¡“√∂ stabilize ∑’Ë pH °≈“ß

‰¥â‚¥¬‰¡àµâÕßª√—∫ pH „Àâ¡’§«“¡‡ªìπ°√¥À√◊Õ¥à“ß

¡“°‡°‘π‰ª °“√ª√—∫ pH „Àâ‡ªìπ°√¥À√◊Õ¥à“ß¡“°

‡°‘π‰ª®–∑”„Àâº‘«¢ÕßÕπÿ¿“§∂Ÿ°°—¥°√àÕπ·≈â«

∑”„Àâ§«“¡‡ ∂’¬√¢ÕßÕπÿ¿“§„ππÈ” ≈‘ª≈¥≈ß‰ª

µ“¡‡«≈“‡√’¬°«à“°“√ aging ¥—ß∑’Ë°≈à“«‰ª·≈â« ¥—ßπ—Èπ

°“√∑’Ë‡√“ “¡“√∂ stabilize ∑’Ë pH °≈“ß ‰¥â®–

∑”„Àâ‡°‘¥ aging ‰¥âπâÕ¬≈ß ∑”„ÀâÕπÿ¿“§·¢«π≈Õ¬

Õ¬à“ß‡ ∂’¬√„ππÈ” ≈‘ª‰¥âπ“π¢÷Èπ ª√–°“√∑’Ë Õß

§◊Õ°“√ stabilization ·∫∫π’È∑”„Àâ‡√“ “¡“√∂„™â™—Èπ¢Õß

æÕ≈‘‡¡Õ√å∑’Ë¡’ molecular weight πâÕ¬≈ß°«à“°“√

stabilization ·∫∫ steric stabilization ∑”„Àâ°“√°”®—¥

æÕ≈‘‡¡Õ√åÕÕ°‰ª°àÕπ°“√ sintering ∑”‰¥âßà“¬¢÷Èπ

æÕ≈‘‡¡Õ√å∑’Ë„™â„π°“√ stabilization ·∫∫π’È

µâÕß‡ªìπæÕ≈‘‡¡Õ√å∑’Ë·µ°µ—«·≈â«„ÀâæÕ≈‘‡¡Õ√å∑’Ë¡’

ª√–®ÿÕÕ°¡“ ‡™àπ sodium polyacrylate ´÷Ëß·µ°µ—«

ÕÕ°¡“„Àâ Na+ ·≈– polyacrylate ÕÕ°¡“¥—ß

 ¡°“√µàÕ‰ªπ’È

[CH2CHCOONa]n → [CH2CHCOO-]n + nNa
+

‡√“¡—°®–‡√’¬°æÕ≈‘‡¡Õ√å∑’Ë·µ°µ—«ÕÕ°¡“·≈â«„Àâ

Figure 7. Schematic illustrations of adlayer conformation on an ideal ceramic surface as
a function of varying molecular architecture: a) Homopolymer, consisting of tails,
loops, and train configuration; b) Diblock copolymer, consisting of short anchor
block and extended chain block; c) Comblike copolymer, consisting of extended
segments attached to anchored backbone; and d) Functional, short-chain
dispersant, consisting of anchoring head group and extended tail (Adapted from
Lewis, 2000)

(a) (b)

(c) (d)

δ

δ

δ

δ
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‰ÕÕÕπ„π “√≈–≈“¬«à“ "polyelectrolyte" ·∫àß

polyelectrolyte ÕÕ°‡ªìπ 2 ™π‘¥µ“¡™π‘¥¢Õßª√–®ÿ

∫π “¬‚ à́æÕ≈‘‡¡Õ√å§◊Õ 1) Anionic polyelectrolyte

´÷Ëß®–·µ°µ—«„Àâ “¬‚ à́æÕ≈‘‡¡Õ√å∑’Ë¡’ª√–®ÿ‡ªìπ≈∫°—∫

cation ¢π“¥‡≈Á° ‡™àπ Na+, H+ À√◊Õ NH 

+
4 ÕÕ°¡“

µ—«Õ¬à“ß anionic polyelectrolyte ‡™àπ sodium

polyacrylate ´÷Ëß®–·µ°µ—«„Àâ “¬‚´àæÕ≈‘‡¡Õ√å∑’Ë¡’

ª√–®ÿ‡ªìπ≈∫°—∫ Na+ ÕÕ°¡“µ“¡ ¡°“√‡§¡’¢â“ßµâπ

√Ÿª∑’Ë 8 · ¥ß “¬‚ à́æÕ≈‘‡¡Õ√å∑’Ë‰¥â®“°°“√·µ°µ—«

¢Õß sodium polyacrylate; Polyelectrolyte ª√–‡¿∑

∑’Ë 2 §◊Õ cationic polyelectrolyte ‡ªìπ polyelectrolyte

∑’Ë´÷Ëß®–·µ°µ—«„Àâ “¬‚´àæÕ≈‘‡¡Õ√å∑’Ë¡’ª√–®ÿ‡ªìπ

∫«°°—∫ anion ¢π“¥‡≈Á°

„π°“√∑” electrosteric stabilization Õπÿ¿“§

∑’Ë¡’¡’ª√–®ÿ‡ªìπ∫«°‡™àπ Al2O3 ∑’Ë pH 7 ‡√“µâÕß„™â

anionic polyelectrolyte  à«π°“√∑” electrosteric

stabilization Õπÿ¿“§∑’Ë¡’ª√–®ÿ∑’Ë¡’ª√–®ÿ‡ªìπ≈∫

‡™àπ SiO2 ∑’Ë pH 7 ‡√“µâÕß„™â cationic polyelectrolyte

ª°µ‘·≈â« anionic polyelectrolyte ¡’√“§“∂Ÿ°·≈–

º≈‘µ‰¥âßà“¬°«à“ cationic polyelectrolyte ¡“°®÷ß¡’

°“√π” anionic polyelectrolyte °—π¡“°°«à“ cationic

polyelectrolyte Õπ÷Ëß anionic polyelectrolyte

∑’Ë„™â„π‡™‘ß°“√§â“∑—Ë«‰ª¡—°¡’À¡Ÿà carboxyl (COOH)

‡ªìπÕß§åª√–°Õ∫À≈—° ‡™àπ polyacrylic acid (PAA)

´÷Ëß‡¡◊ËÕ·µ°µ—«·≈â«„Àâ [CH2CHCOO-]n ·≈–

polymethacrylic acid (PMAA) ´÷Ëß‡¡◊ËÕ·µ°µ—«·≈â«

„Àâ [CH2CCH3COO-]n µ—«Õ¬à “ß anionic

polyelectrolyte ∑’Ë„™âÕ¬à“ß·æ√àÀ≈“¬„πÕÿµ “À°√√¡

‡´√“¡‘°·∫∫„À¡à (advanced ceramic) §◊Õ Darvan˙

´÷Ëß¡’®”Àπà“¬À≈“¬‡∫Õ√å¥—ß· ¥ß„πµ“√“ß∑’Ë 4

·µà≈–‡∫Õ√å°Á®–‡À¡“– ¡„π°“√„™âß“π·µ°µà“ß°—π

‡™àπ „π°“√∑” stabilization πÈ” ≈‘ª¢Õß Al2O3

®–π‘¬¡„™â Darvan˙ ∑’Ë¡’ PMAA ‡ªìπ “¬‚´à

æÕ≈‘‡¡Õ√å ·µà„π°“√∑” stabilization πÈ” ≈‘ª

¢Õß¥‘π (clay slip) ®–π‘¬¡„™â Darvan˙ ∑’Ë¡’ PAA

‡ªìπ “¬‚´àæÕ≈‘‡¡Õ√å „π∫“ß°√≥’µâÕß§”π÷ß∂÷ß

cation ∑’Ë·µ°µ—«ÕÕ°¡“¥â«¬ ‡™àπ„π°“√∑”

stabilization πÈ” ≈‘ª¢Õß Al2O3 ∑’Ë„™âß“π¥â“π

electronic ceramic ‡√“π‘¬¡„™â Darvan˙ C ¡“°°«à“

Darvan 7 ‡æ√“–«à“°“√„™â Darvan 7 ®–∑”„Àâ¡’

Na+ ‡À≈◊ÕÕ¬Ÿà„π™‘Èπß“πÀ≈—ß®“°π”™‘Èπß“π‰ª

sintering ·≈â«´÷Ëß®–∑”„Àâ§ÿ≥ ¡∫—µ‘∑“ß‰øøÑ“

¢Õß™‘Èπß“πµË”≈ß

¢âÕ ”§—≠∑’Ë§«√∑√“∫„π°“√„™â polyelectrolyte

Õ¬à“ßÀπ÷Ëß§◊Õ °“√·µ°µ—« (dissociation) æƒµ‘°√√¡

°“√¥Ÿ¥´—∫ (adsorption behavior) ·≈–√Ÿª·∫∫

(conformation) ¢Õß polyelectrolyte ®–‡ª≈’Ë¬π·ª≈ß

Õ¬à“ß¡“°µ“¡ pH ·≈–§«“¡‡¢â¡¢âπ¢Õß‰ÕÕÕπ„π

πÈ” ≈‘ª (ionic strength) µ—«Õ¬à“ß‡™àπ anionic

polyelectrolyte ·µ°µ—«‰¡à¥’·≈–¡’√Ÿª·∫∫‡ªìπ°âÕπ

 “¬∑’ËÕ—¥°—π·πàπ (compact coil configuration)

∑’Ë pH µË” ·≈– ionic strength  Ÿß ¥—ß√Ÿª∑’Ë 9(a)

Figure 8. Anionic polyelectrolyte chain dissociated from sodium polyacrylate (Adapted
from Cann, 2005)
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Table 4. The four major commercial types of polymeric acids, commonly used as
ceramic dispersants, sold under the trade name Darvan (R. T. Vanderbilt Co., Inc.,
Norwalk, CT, USA.) (Carty, 1998)

Trade name Polymer backbone Cation

Darvan® 811 PAA Na+

Darvan® 7 PMAA Na+

Darvan® 821A PAA Na+
4

Darvan® C PMAA Na+
4

Figure 9. Schematic illustration of adsorbed anionic polyelectrolyte species on an ideal
ceramic surface as a function of pH and ionic strength (δ     is the adlayer thickness
and σ00000 the plane of charge) (Adapted from Lewis, 2000)

(a)

(b)

δ

δ

σ0

σ0

at hight pH and low ionic strength

at low pH and hight ionic strength

Figure 10. Schematic illustration polyelectrolyte coated particles a) at low pH; b) at high pH
(~9) (Adapted from Ronis, 2005)

(b)
(a)
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·µà∑’Ë pH  Ÿß (ª√–¡“≥ 8.5) ·≈– ionic strength

µË” anionic polyelectrolyte ®–·µ°µ—«‰¥â¥’·≈–®—¥

µ—«·∫∫À≈«¡ (open coil configuration) ¥—ß√Ÿª∑’Ë

9(b) ∑”„Àâ¡’ª√–®ÿ·≈–§«“¡Àπ“¢Õß™—ÈπæÕ≈‘‡¡Õ√å∑’Ë

¥Ÿ¥‡°“–∑’Ëº‘«¢ÕßÕπÿ¿“§ (d) ¡“° ¥—ßπ—Èπ∑’Ë pH

µË” anionic polyelectrolyte ®÷ß‰¡à™à«¬„ÀâÕπÿ¿“§

·¢«π≈Õ¬Õ¬à“ß‡ ∂’¬√ À“°µâÕß°“√„Àâ anionic

polyelectrolyte ™à«¬„ÀâÕπÿ¿“§·¢«π≈Õ¬Õ¬à“ß

‡ ∂’¬√µâÕß§«∫§ÿ¡ pH „Àâ Ÿß ·≈–¡’ ionic strength

µË” √Ÿª∑’Ë 10 ‡ªìπÕ’°¡ÿ¡¡ÕßÀπ÷Ëß¢Õß™—Èπ anionic

polyelectrolyte ∑’Ë pH µà“ß°—π ®“°√Ÿª∑’Ë 9 ·≈– 10

®–‡ÀÁπ‰¥â«à“∂â“µâÕß°“√„Àâ polyelectrolyte ∑’Ë‡µ‘¡

‡¢â“‰ª∑”„ÀâÕπÿ¿“§·¢«π≈Õ¬Õ¬à“ß‡ ∂’¬√„ππÈ”

 ≈‘ª®–µâÕß§«∫§ÿ¡ pH ·≈–§«“¡‡¢â¡¢âπ¢Õß

‰ÕÕÕπ„ππÈ” ≈‘ª„Àâ‡À¡“– ¡
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