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The objective of this study was to investigate the biotic and abiotic processes that affected benzene

transportation in the saturated groundwater layer. The study was performed in the laboratory using synthe-

tic groundwater and soil sample from Maptaput Industrial Estate, Rayong. This study was divided into 3

parts; batch test, column test and computer modeling. The biotic, biodegradation, and the abiotic processes

were  studied  in  the  batch  system.  The  column  experiment  was  performed  to  investigate  the  transport

behavior of benzene. The computer program, CXTFIT, with parameters acquired from batch and column

experiments was used to simulate the benzene transport behavior.
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„µâ¥‘π ‚¥¬æ◊Èπ∑’Ëπ‘§¡Õÿµ “À°√√¡¡“∫µ“æÿ¥ ®—ßÀ«—¥√–¬Õß
‡ªìπ‡¢µæ◊Èπ∑’Ë‡ ’Ë¬ßµàÕ°“√ªπ‡ªóôÕπ¢Õß‡∫π´’π‡π◊ËÕß®“°¡’
°≈ÿà¡‚√ßß“πÕÿµ “°√√¡µàÕ‡π◊ËÕß®“°°ä“´∏√√¡™“µ‘ ‡™àπ
‚√ßß“πº≈‘µ‡¡Á¥æ≈“ µ‘° ‚√ßß“π‡§¡’¿—≥±åª√–‡¿∑ “√∑”
≈–≈“¬ ‡ªìπµâπ  √«¡∂÷ß≈—°…≥–æ◊Èπ∑’Ë¡’≈—°…≥–‡ªìπ·Õàß
°–∑–∑”„Àâ¡’‚Õ°“ ‡ ’Ë¬ßµàÕ°“√ªπ‡ªóôÕπ Ÿß¢÷Èπ °“√»÷°…“
°“√‡§≈◊ËÕπ∑’Ë¢Õß‡∫π´’π„π™—ÈππÈ”„µâ¥‘π ‚¥¬„™â¥‘π®“°π‘§¡
Õÿµ “À°√√¡¡“∫µ“æÿ¥®÷ß¡’§«“¡ ”§—≠ ∑”„Àâ∑√“∫∂÷ß
≈—°…≥–°“√‡§≈◊ËÕπ∑’Ë °≈‰°°“√≈¥§«“¡‡¢â¡¢âπ¢Õß‡∫π´’π
µ“¡∏√√¡™“µ‘  √«¡∑—Èß “¡“√∂π”¢âÕ¡Ÿ≈∑’Ë‰¥â®“°°“√«‘®—¬

It was found that benzene adsorption followed the linear adsorption isotherm with its coefficient (K
d
)

of 0.544 cm
3

/g and the retardation factor of 5.43. The biodegradation rate could be estimated using the first-

order biodegradation rate equation with the degradation rate of 0.0009-0.0092 per day. The dispersion

coefficient estimated from column experiments was 0.0102 cm
2

/s. The results from computer simulation did

not fit the experimental data well. It can be concluded that the transport of benzene was a non-equilibrium

transport. It was also found that biodegradation of benzene had significant effect on benzene transportation

in saturated groundwater. The simulated transport with biodegradation process fitted the data fairly.

Key words : benzene, transport, biodegradation, adsorption
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ß“π«‘®—¬π’È»÷°…“°“√‡§≈◊ËÕπµ—«¢Õß‡∫π´’π„π™—ÈππÈ”„µâ¥‘π √«¡∂÷ß§«“¡ “¡“√∂„π°“√¥Ÿ¥´—∫¢Õß‡∫π´’π∫πº‘«

¥‘π·≈–§«“¡ “¡“√∂„π°“√¬àÕ¬ ≈“¬∑“ß™’«¿“æ‚¥¬®ÿ≈‘π∑√’¬å‡¥‘¡∑’Ë¡’„π¥‘π ´÷Ëß∑—Èß Õßªí®®—¬™à«¬„π°“√≈¥§«“¡

√ÿπ·√ß¢Õß°“√·æ√à°√–®“¬¢Õß‡∫π´’π„π™—ÈππÈ”„µâ¥‘π ‚¥¬„™â¥‘π„π∫√‘‡«≥‡¢µæ◊Èπ∑’Ëπ‘§¡Õÿµ “À°√√¡¡“∫µ“æÿ¥ ®—ßÀ«—¥

√–¬Õß  °“√∑¥≈Õß·∫àßÕÕ°‡ªìπ 3 ¢—ÈπµÕπ§◊Õ °“√∑¥≈Õß·∫∫°– °“√∑¥≈Õß·∫∫§Õ≈—¡πå·≈–°“√«‘‡§√“–Àå‚¥¬„™â

‚ª√·°√¡§Õ¡æ‘«‡µÕ√å (CXTFIT) ®”≈Õß°“√‡§≈◊ËÕπµ—«¢Õß‡∫π´’π„π™—ÈππÈ”„µâ¥‘π

º≈°“√∑¥≈Õß·∫∫°– æ∫«à“ §«“¡ “¡“√∂„π°“√¥Ÿ¥´—∫¢Õß‡∫π´’π∫πº‘«¥‘π∑’Ë ¡¥ÿ≈‡ªìπ‰Õ‚´‡∑Õ¡·∫∫

‡™‘ß‡ âπ ¡’§à“§ß∑’Ë°“√¥Ÿ¥´—∫‡ªìπ 0.5444 ≈∫.´¡./°√—¡  àßº≈„Àâ§à“§ß∑’Ë¢Õß°“√Àπà«ß (Retardation factor) ‡ªìπ 5.43

·≈–ªÆ‘°‘√‘¬“°“√¬àÕ¬ ≈“¬‡ªìπ·∫∫≈”¥—∫∑’ËÀπ÷Ëß ‚¥¬¡’Õ—µ√“°“√¬àÕ¬ ≈“¬Õ¬Ÿà„π™à«ß 0.0009-0.0092 µàÕ«—π  ”À√—∫

°“√∑¥≈Õß·∫∫§Õ≈—¡πå‡æ◊ËÕÀ“§à“ —¡ª√– ‘∑∏‘Ï°“√°√–®“¬µ—«¢Õß¥‘π¥â«¬ “√≈–≈“¬‚∫√‰¡¥å æ∫«à“≈—°…≥–°“√‡§≈◊ËÕπ∑’Ë

‡ªìπ·∫∫ ¡¥ÿ≈ ¡’§à“ —¡ª√– ‘∑∏‘Ï°“√°√–®“¬µ—«Õ¬Ÿà„π™à«ß 0.0088-0.0116 µ√.´¡./«‘π“∑’  ·≈–º≈®“°°“√®”≈Õß°“√

‡§≈◊ËÕπµ—«¢Õß‡∫π´’π¥â«¬‚ª√·°√¡§Õ¡æ‘«‡µÕ√å (CXTFIT) ¡’§«“¡·µ°µà“ß°—∫º≈°“√∑¥≈Õß®√‘ß·∫∫§Õ≈—¡πå ´÷Ëß

πà“®– “¡“√∂Õ∏‘∫“¬‰¥â¥â«¬°“√‡§≈◊ËÕπ∑’Ë·∫∫‰¡à ¡¥ÿ≈  à«πº≈¢Õß°“√¬àÕ¬ ≈“¬∑“ß™’«¿“æ¡’π—¬ ”§—≠Õ¬à“ß¬‘ËßµàÕ

°“√‡§≈◊ËÕπµ—«¢Õß‡∫π´’π ·≈–º≈¢Õß·∫∫®”≈Õß°“√‡§≈◊ËÕπµ—«¢Õß‡∫π´’π∑’Ë¡’°≈‰°°“√¬àÕ¬ ≈“¬∑“ß™’«¿“æ°—∫º≈

°“√∑¥≈Õß®√‘ß·∫∫§Õ≈—¡πå¡’§«“¡„°≈â‡§’¬ß°—π

ª√–‡∑»‰∑¬¡’°“√¢¬“¬µ—«∑“ß¥â“πÕÿµ “À°√√¡
Õ¬à“ß√«¥‡√Á« ∑”„Àâ¡’Õ—µ√“°“√„™â “√‡§¡’µà“ßÊ  Ÿß¢÷Èπ
‡∫π´’π‡ªìπ “√‡§¡’µ—« ”§—≠∑’Ë¡’Õ—µ√“°“√π”‡¢â“ Ÿß∂÷ß
48.06 ≈â“π°‘‚≈°√—¡„πªï 2541 ·≈–¬—ß§ß¡’Õ—µ√“∑’Ë‡æ‘Ë¡ Ÿß
¢÷Èπ (°√¡§«∫§ÿ¡¡≈æ‘…, 2542)  ‚¥¬„™â‡ªìπ “√µ—Èßµâπ
„π°√–∫«π°“√º≈‘µ “√‡§¡’·≈–‡ªìπµ—«∑”≈–≈“¬„π
Õÿµ “À°√√¡À≈“¬ª√–‡¿∑ „π°“√°”®—¥°“°¢Õß‡ ’¬À√◊Õ
¢Õß‡ ’¬®“°Õÿµ “À°√√¡∑’Ë‰¡à‡À¡“– ¡ √«¡∂÷ß°“√√—Ë«´÷¡
¢Õß∂—ß‡°Á∫πÈ”¡—π„µâ¥‘π·≈–°“√√—Ë«´÷¡¢ÕßπÈ”™–¡Ÿ≈ΩÕ¬‡ªìπ
 “‡Àµÿ„Àâ‡°‘¥°“√ªπ‡ªóôÕπ¢Õß‡∫π´’π„π™—Èπ¥‘π·≈–™—ÈππÈ”
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«—  “  §ßπ§√ ·≈–§≥–

‰ª„™â„π°“√µ—¥ ‘π„®‡≈◊Õ°µ”·Àπàß¢Õß∫àÕ —ß‡°µ°“√≥å
(Monitoring Well) ‰¥âÕ¬à“ß∂Ÿ°µâÕß·≈–‡À¡“– ¡

„π°“√‡§≈◊ËÕπµ—«¢Õß “√‡§¡’∑’Ëªπ‡ªóôÕπ„π™—Èπ¥‘π
·≈–™—ÈππÈ”„µâ¥‘π®“°°“√øóôπøŸ„π¿“§ π“¡ à«π„À≠à æ∫«à“
ªí®®—¬∑’Ë¡’º≈µàÕ°“√ª√–‡¡‘π°“√‡§≈◊ËÕπµ—«·≈–°“√≈¥≈ß¢Õß
 “√ªπ‡ªóôÕπ §◊Õ °“√°√–®“¬µ—« °“√¥Ÿ¥´—∫ ·≈–°“√¬àÕ¬
 ≈“¬∑“ß™’«¿“æ (Schirmer et al.,1999; Franzmann

et al., 2002)

«— ¥ÿ Õÿª°√≥å·≈–«‘∏’°“√∑¥≈Õß

1. °“√‡µ√’¬¡µ—«Õ¬à“ß¥‘π

π”¥‘πµ—«Õ¬à“ß¡“√àÕπºà“πµ–·°√ß‡∫Õ√åµà“ßÊ ‚¥¬
‡≈◊Õ°¥‘π∑’Ëºà“πµ–·°√ß‡∫Õ√å 200    π”‰ª∑¥ Õ∫À“
§ÿ≥ ¡∫—µ‘∑“ß°“¬¿“æ·≈–∑“ß‡§¡’¥—ßπ’È§◊Õ §à“§«“¡™◊Èπ
(moisture content; ASTM D2974-84), ª√‘¡“≥Õ‘π∑√’¬
 “√§“√å∫Õπ (organic carbon content; Walkley-Black

method), §«“¡Àπ“·πàπ (Bulk density), §à“§«“¡æ√ÿπ
(porosity), æ’‡Õ™ (pH; ASTM D4972-95A) ·≈–§«“¡
‡¢â¡¢âπ‡∫π´’π„π¥‘π  (benzene;  EPA  method  3810/

5000/5021)

2. °“√‡µ√’¬¡πÈ”„µâ¥‘π —ß‡§√“–Àå

 ”À√—∫πÈ”„µâ¥‘π —ß‡§√“–Àå„Àâ¡’§«“¡‡¢â¡¢âπ‡∫π´’π
∑’Ë∑”°“√»÷°…“ªπ‡ªóôÕπ„ππÈ”„µâ¥‘π‡ªìπ 10  20  50 ·≈–
100  ¡°./≈‘µ√  ´÷Ëß‡µ√’¬¡®“° “√≈–≈“¬‡∫π´’π¡“µ√∞“π
(Supelco, USA) ∑’Ë§«“¡‡¢â¡¢âπ 1000 ¡°./≈‘µ√ ‚¥¬„™â
πÈ”°≈—Ëπ‡ªìπµ—«∑”≈–≈“¬ ‚¥¬§«“¡‡¢â¡¢âπ∑’Ë∑”°“√»÷°…“

‰¥â‡≈◊Õ°®“°§«“¡‡¢â¡¢âπ¢Õß‡∫π´’π∑’Ë¡’‚Õ°“ √—Ë«®“°∂—ß
‡°Á∫πÈ”¡—π„µâ¥‘π

3. °“√∑¥≈Õß‡æ◊ËÕÀ“‰Õ‚´‡∑Õ¡¢Õß°“√¥Ÿ¥´—∫¢Õß‡∫π´’π

∫πº‘«¥‘π

π”¥‘π∑’Ëºà“πµ–·°√ß‡∫Õ√å 200 ·≈–ºà“π°“√¶à“
‡™◊ÈÕ®ÿ≈‘π∑√’¬å¥â«¬‡§√◊ËÕßπ÷Ëß¶à“‡™◊ÈÕ‚√§ (Autoclave) 3 °√—¡
·Àâß¢Õß¥‘π≈ß„πÀ≈Õ¥‰«Õ—≈  ·≈–‡µ‘¡µ—«Õ¬à“ßπÈ”„µâ¥‘π
 —ß‡§√“–Àå∑’Ë¡’‡∫π ’́π∑’Ë§«“¡‡¢â¡¢âπµà“ßÊ ª√‘¡“µ√ 10 ¡≈.
·≈â«√’∫ªî¥∑—π∑’‡æ◊ËÕªÑÕß°—π°“√√–‡À¬ ‚¥¬¡’À≈Õ¥§«∫§ÿ¡
´÷Ëß‡µ‘¡‡©æ“–µ—«Õ¬à“ßπÈ”„µâ¥‘π —ß‡§√“–Àå∑’Ë¡’‡∫π´’πº ¡
‡æ’¬ßÕ¬à“ß‡¥’¬«   ‡æ◊ËÕ„™â‡ªìπµ—«§«∫§ÿ¡„π°“√∑¥≈Õß   ·≈â«
π”À≈Õ¥‰«Õ—≈‡¢¬à“∑’Ë§«“¡‡√Á«√Õ∫ 150 √Õ∫/π“∑’ ‡ªìπ
‡«≈“ 120 ™—Ë«‚¡ß (µ“¡‡«≈“∑’Ë‰¥â®“°°“√∑¥ Õ∫ kinetic

test) ∑’ËÕÿ≥À¿Ÿ¡‘ÀâÕß (30ºC) π”µ—«Õ¬à“ß‰ª«‘‡§√“–ÀåÀ“
ª√‘¡“≥‡∫π ’́π‚¥¬«‘∏’°“√‡∑§π‘§‡Œ¥ ‡ª´¥â«¬‡§√◊ËÕß
·° ‚§√¡“‚µ°√“øøï (GC/FID; Agilent 6890N; HP1

(25 mm. × 0.32 µm.ID × 0.17 µm.)) ‚¥¬¡’‡ß◊ËÕπ‰¢„π
°“√«‘‡§√“–Àå§◊Õ Oven 40ºC ‡æ‘Ë¡¢÷Èπ 2ºC/π“∑’ ®π∂÷ß
50ºC  ·≈–Õÿ≥À¿Ÿ¡‘ ÿ¥∑â“¬∑’Ë 300ºC ¥â«¬Õ—µ√“ 10ºC/

π“∑’, splitless injection ∑’Ë 200ºC ·≈– detector 200ºC

4. °“√∑¥≈Õß‡æ◊ËÕÀ“§«“¡ “¡“√∂„π°“√ª√—∫ ¿“æ ·≈–

Õ—µ√“°“√¬àÕ¬ ≈“¬∑“ß™’«¿“æ¢Õß®ÿ≈‘π∑√’¬å„π¥‘π

‡µ√’¬¡ “√Õ“À“√‡≈’È¬ß‡™◊ÈÕ∑’Ë¡’ “√Õ“À“√ (Table 1)

™—Ëßµ—«Õ¬à“ß¥‘π 20 °√—¡ „ àÀ≈Õ¥‰«Õ—≈¢π“¥ 120 ¡≈. ‚¥¬
¡’™ÿ¥∑¥≈Õß∑’Ë„™âµ—«Õ¬à“ß¥‘π∑’Ëºà“π°“√¶à“‡™◊ÈÕ®ÿ≈‘π∑√’¬å¥â«¬
‡§√◊ËÕßπ÷Ëß¶à“‡™◊ÈÕ‚√§ (autoclave) ‡ªìπµ—«§«∫§ÿ¡„π°“√

Table 1. Composition of  Mineral Salt Media (MSM) (Misra, 1993)

Chemical Formula Concentration (mg/l) Chemical Formula Concentration (mg/l)

1. (NH
4
)

2
SO

4
2,380 8. MnSO

4
1.54

2. KH
2
PO

4
1,360 9. Fe(NH

4
)

2
(SO

4
)

2
.6H

2
O 3.53

3. Na
2
HPO

4
.7H

2
O 1,420 10. CuSO

4
.5H

2
O 0.039

4. KNO
3

500 11. ZnCl
2

0.021
5. MgSO

4
.7H

2
O 50 12. CoCl

2
.6H

2
O 0.041

6. CaCl
2

10 13. (NH
4
)

2
MoO

4
.2H

2
O 0.025

7. H
2
BO

3
2.86
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∑¥≈Õß ‡µ‘¡Õ“À“√‡≈’È¬ß‡™◊ÈÕ≈ß„π¢«¥‡ªìπª√‘¡“≥ 30  ¡≈.
·≈–‡µ‘¡πÈ”„µâ¥‘π —ß‡§√“–Àå∑’Ë¡’‡∫π´’πªπ‡ªóôÕπ∑’Ë§«“¡
‡¢â¡¢âπ 10 20 50 ·≈– 100 ¡°./≈‘µ√ „πª√‘¡“µ√ 100

¡≈./µ—«Õ¬à“ß  ·≈â«®÷ß‡°Á∫µ—«Õ¬à“ßµ“¡‡«≈“∑’Ë°”Àπ¥  ‚¥¬
¡’°“√‡µ‘¡‚´‡¥’¬¡§≈Õ‰√¥å√—°…“ ¿“æ  π”µ—«Õ¬à“ß‰ªÀ“
ª√‘¡“≥‡∫π´’π‚¥¬«‘∏’°“√‡∑§π‘§‡Œ¥ ‡ª´¥â«¬‡§√◊ËÕß
·° ‚§√¡“‚µ°√“øøï

5. °“√∑¥≈ÕßÀ“§à“ —¡ª√– ‘∑∏‘Ï°“√°√–®“¬µ—« (Disper-

sion Coefficient) ¢Õß¥‘π

°“√∑¥≈Õß·∫∫§Õ≈—¡πå (column test) ‚¥¬§Õ≈—¡πå
∑”¥â«¬‡∑ø≈Õπ¢π“¥‡ âπºà“π»Ÿπ¬å°≈“ß 2.54 ´¡. §«“¡
 Ÿß 20 ´¡. ¿“¬„π∫√√®ÿ¥‘π∑’Ëºà“π°“√√àÕπ¥â«¬µ–·°√ß
‡∫Õ√å 200 ‡ªìπª√‘¡“≥ 180±0.1 °√—¡ ¥—ß Figure 1 ‚¥¬
πÈ”®–∂Ÿ°ªíö¡ºà“π§Õ≈—¡πå¥‘π·∫∫‰À≈¢÷Èπ (up flow) ‚¥¬
§«∫§ÿ¡Õ—µ√“°“√‰À≈ºà“π‡∑à“°—∫ 10 ¡≈./™¡. ‡æ◊ËÕ„Àâ¡’
§«“¡‡√Á«„π°“√‰À≈¢ÕßπÈ”„µâ¥‘π§ß∑’ËÊ 2 ´¡./™¡. ®π¥‘π
„π§Õ≈—¡πåÕ‘Ë¡µ—«¥â«¬πÈ”·≈â«®÷ßªÑÕπ “√≈–≈“¬‚∫√‰¡¥å
§«“¡‡¢â¡¢âπ 10 ¡°./≈‘µ√ ‡¢â“ Ÿà§Õ≈—¡πå¥‘π ¥â«¬Õ—µ√“°“√
‰À≈‡∑à“°—∫ 10 ¡≈./™¡. ‡°Á∫πÈ”∑’Ë∑“ßÕÕ°µ“¡™à«ß‡«≈“∑’Ë
‡À¡“– ¡‰ª«‘‡§√“–ÀåÀ“ª√‘¡“≥ “√≈–≈“¬‚∫√‰¡¥å ∑’Ëºà“π
§Õ≈—¡πå ≥ ‡«≈“µà“ß Ê ®π§à“§«“¡‡¢â¡¢âπÕÕ°¢Õß “√
≈–≈“¬‚∫√‰¡¥å¡’§à“‡∑à“°—∫ 10 ¡°./≈‘µ√ ®÷ß‡ª≈’Ë¬π‡ªìπªÑÕπ
πÈ” DI ¥â«¬Õ—µ√“°“√‰À≈ 10 ¡≈./™¡. ·≈â«π”µ—«Õ¬à“ß

∑’Ë‡°Á∫‰¥â‰ª«‘‡§√“–ÀåÀ“§à“ “√≈–≈“¬‚∫√‰¡¥å¥â«¬‡§√◊ËÕß
‰ÕÕÕπ‚§√¡“‚µ°√“ø (Dionex; LC 25; Column AS-

114 mm. × 250mm.; IP 25 ED 50A )

6. °“√∑¥≈Õß·∫∫§Õ≈—¡πå (Column Test)

‡ªìπ°“√∑¥≈Õß‡æ◊ËÕ»÷°…“≈—°…≥–°“√‡§≈◊ËÕπµ—«¢Õß
‡∫π ’́π„π™—ÈππÈ”„µâ¥‘π‚¥¬„™â‡§√◊ËÕß Ÿ∫πÈ” Ÿ∫πÈ”∑’Ëªπ‡ªóôÕπ
¥â«¬‡∫π´’π∑’Ë§«“¡‡¢â¡¢âπ 10 ·≈– 100 ¡°./≈‘µ√ ºà“π
§Õ≈—¡πå¥‘π¥â«¬Õ—µ√“°“√‰À≈ 10 ¡≈./™¡. ‡°Á∫πÈ”∑’Ë∑“ß
ÕÕ°‰ª«‘‡§√“–ÀåÀ“§à“‡∫π´’π∑’Ë‡«≈“µà“ßÊ ·≈–π”µ—«Õ¬à“ß
∑’Ë‰¥â‰ª«‘‡§√“–ÀåÀ“ª√‘¡“≥‡∫π ’́π‚¥¬«‘∏’°“√‡∑§π‘§‡Œ¥-
 ‡ª´¥â«¬‡§√◊ËÕß·° ‚§√¡“‚µ°√“øøï

7. °“√«‘‡§√“–Àå°“√‡§≈◊ËÕπ∑’Ë¢Õß‡∫π´’π„π™—ÈππÈ”„µâ¥‘π

¥â«¬‚ª√·°√¡§Õ¡æ‘«‡µÕ√å

‡ªìπ°“√«‘‡§√“–Àå‡æ◊ËÕÀ“§à“ —¡ª√– ‘∑∏‘Ï°“√°√–®“¬
µ—« ‚¥¬„™â‚ª√·°√¡ STANMOD\CFITIM ·≈–«‘‡§√“–Àå
°“√‡§≈◊ËÕπ∑’Ë¢Õß‡∫π´’π„π™—ÈππÈ”„µâ¥‘π¥â«¬‚ª√·°√¡
§Õ¡æ‘«‡µÕ√å STANMOD\CXTFIT\Direct problem

÷́Ëß‚ª√·°√¡ CXTFIT ‡ªìπ‚ª√·°√¡§Õ¡æ‘«‡µÕ√å∑’Ë
ª√–¬ÿ°µå·≈–ª√—∫ª√ÿß‚¥¬ Parker ·≈– Van Genuchten

(1984) „™â∑”π“¬°“√‡§≈◊ËÕπµ—«¢Õß “√ªπ‡ªóôÕπ„π™—ÈππÈ”
„µâ¥‘π ´÷Ëß ¡¡µ‘∞“π¢Õß‚ª√·°√¡ §◊Õ

1. ≈—°…≥–°“√‡§≈◊ËÕπ∑’Ë‡ªìπ·∫∫ ¡¥ÿ≈ (equili-

Figure 1.  Column test model



«.  ß¢≈“π§√‘π∑√å «∑∑.

ªï∑’Ë 26 (©∫—∫æ‘‡»… 1) 2547 :
 ‘Ëß·«¥≈âÕ¡·≈–¢Õß‡ ’¬Õ—πµ√“¬

147
°“√‡§≈◊ËÕπµ—«·≈–°“√¬àÕ¬ ≈“¬∑“ß™’«¿“æ¢Õß‡∫π´’π

«—  “  §ßπ§√ ·≈–§≥–

brium transport)

2. ¥‘πµ—«°≈“ß¡’§ÿ≥ ¡∫—µ‘‡À¡◊Õπ°—π·≈–¡’‡π◊ÈÕ
‡¥’¬«°—π

3. æ‘®“√≥“‡©æ“–°“√‰À≈ºà“πµ—«°≈“ßÕ‘Ë¡µ—«
4. °“√‰À≈Õ¬Ÿà„π ¿“«–§ßµ—« (steady state flow)

·≈–‡¢â“ Ÿà ¡¥ÿ≈¢Õß°“√¥Ÿ¥´—∫
5.  ¡°“√∑’Ë„™â„π°“√‡§≈◊ËÕπ∑’Ë‡ªìπ·∫∫°“√æ“·≈–

·æ√à°√–®“¬„πÀπ÷Ëß¡‘µ‘ (Convection-Dispersion Equa-

tion; CDE) ¥—ßπ’È

D
∂ 2c

∂x2 − v
∂c

∂x
+ µc + γ =  R

∂c

∂t

‚¥¬∑’Ë C = §«“¡‡¢â¡¢âπ¢Õß “√ªπ‡ªóôÕπ (mg/l)

v = §«“¡‡√Á«πÈ”„µâ¥‘πºà“πµ—«°≈“ß (L/t)

D = §à“ —¡ª√– ‘∑∏‘Ï°“√°√–®“¬µ—« (L2/t)

X = ∑‘»∑“ß¢Õß°“√‰À≈
µ = §à“§ß∑’ËÕ—µ√“°“√¬àÕ¬ ≈“¬ªØ‘°√‘¬“≈”¥—∫∑’Ë

Àπ’Ëß (first order rate constant)

γ = §à“§ß∑’ËÕ—µ√“°“√¬àÕ¬ ≈“¬ªØ‘°√‘¬“≈”¥—∫∑’Ë
»Ÿπ¬å (zero order rate  constant)

R = §à“§ß∑’Ë¢Õß°“√Àπà«ß (retardation factor)

·≈– R =  1+ (ρ / n)K
d

‚¥¬∑’Ë ρ = §«“¡Àπ“·πàπ·Àâß¢Õß¥‘π (kg/m3)

n = §«“¡æ√ÿπ¢Õß¥‘π
K

d
= §à“§ß∑’Ë¢Õß°“√¥Ÿ¥µ‘¥º‘«

º≈°“√∑¥≈Õß

1. º≈°“√»÷°…“§ÿ≥ ¡∫—µ‘∑“ß°“¬¿“æ·≈–‡§¡’¢Õß¥‘π

®“°°“√∑¥ Õ∫§ÿ≥ ¡∫—µ‘∑“ß°“¬¿“æ·≈–∑“ß‡§¡’
¢Õß¥‘π æ∫«à“§à“§«“¡™◊Èπ (moisture content) ¡’§à“ 0.8%

ª√‘¡“≥Õ‘π∑√’¬ “√§“√å∫Õπ (organiccarbon) ¡’§à“ 0.2%

§«“¡Àπ“·πàπ (bulk density) ¡’§à“ 2.6 °√—¡/≈∫.´¡.
§à“§«“¡æ√ÿπ (porosity) ¡’§à“ 0.32  ·≈–§à“æ’‡Õ™ (pH)

‡ªìπ 7.4

2. º≈°“√»÷°…“°“√∑¥ Õ∫À“§à“‰Õ‚´‡∑Õ¡¢Õß°“√¥Ÿ¥´—∫

®“°°“√∑¥≈Õßæ‘®“√≥“§«“¡ “¡“√∂„π°“√¥Ÿ¥
—́∫¢Õß‡∫π ’́π‚¥¬ª√‘¡“≥Õ‘π∑√’¬ “√§“√å∫Õπ∫πº‘«¥‘π

µ—«Õ¬à“ß∑’Ë§«“¡‡¢â¡¢âπµà“ßÊ æ∫«à“∑’Ë§«“¡‡¢â¡¢âπ 10 20

50 ·≈– 100 ¡°./≈‘µ√ ¡’§«“¡ “¡“√∂„π°“√¥Ÿ¥´—∫¢Õß
‡∫π´’π‡ªìπ 7.35 10.93 26.37 ·≈– 44.81 ‰¡‚§√°√—¡
‡∫π´’π/°√—¡¢Õß¥‘πµ—«Õ¬à“ßµ“¡≈”¥—∫ ‚¥¬‰Õ‚´‡∑Õ¡¢Õß
°“√¥Ÿ¥ —́∫¢Õß‡∫π ’́π‡ªìπ·∫∫‡™‘ß‡ âπ (Linear Isotherm)

¥—ß Figure 2 ´÷Ëß‚¥¬∑—Ë«‰ª°“√¥Ÿ¥´—∫¢Õß “√Õ‘π∑√’¬å∑’Ë‰¡à¡’
¢—È«®–‡ªìπ·∫∫‡™‘ß¢—È« (Schirmer et al., 1999)  ”À√—∫§à“
§ß∑’Ë¢Õß°“√¥Ÿ¥´—∫ (K

d
) ‡ªìπ 0.5444 ≈∫.´¡./°√—¡ ‚¥¬

§à“°“√Àπà«ß°“√‡§≈◊ËÕπµ—« (retardation factor) ¡’§à“‡ªìπ
5.423 ´÷Ëß‡ªìπ§à“ Ÿß∂◊Õ«à“°“√¥Ÿ¥´—∫¢Õß‡∫π´’π∫πº‘«¥‘π¡’
π—¬ ”§—≠ ”À√—∫°“√¥Ÿ¥´—∫¢Õß “√Õ‘π∑√’¬å §à“§ß∑’Ë¢Õß
°“√¥Ÿ¥´—∫ (K

d
) §àÕπ¢â“ß·ª√ª√«π ‚¥¬¢÷Èπ°—∫§à“ª√‘¡“≥

Õ‘π∑√’¬ “√§“√å∫Õπ¢Õßµ—«¥Ÿ¥´—∫ (% organic carbon,

OC) ·≈–§à“ —¡ª√– ‘∑∏‘Ï°“√¥Ÿ¥ —́∫ (K
oc

) (Schirmer et

al., 1999) ∑—Èßπ’È‡π◊ËÕß¡“®“°Õÿ≥À¿Ÿ¡‘∑’Ë„™â„π°“√∑¥≈Õß
 “√Õ‘π∑√’¬å·¢«π≈Õ¬ æ◊Èπ∑’Ëº‘«¢Õßµ—«°≈“ß∑’Ëµà“ß°—π àßº≈
„Àâ§à“∑’Ë‰¥â®“°°“√∑¥≈Õß°—∫§à“∑’Ë‰¥â®“°§«“¡ —¡æ—π∏å¢Õß
§à“ª√‘¡“≥Õ‘π∑√’¬ “√§“√å∫Õπ¢Õßµ—«¥Ÿ¥´—∫ (% organic

carbon, OC) °—∫§à“ —¡ª√– ‘∑∏‘Ï°“√¥Ÿ¥´—∫ (K
oc

) ¡’§à“
·µ°µà“ß°—π (Renu, 2002)

3. º≈°“√»÷°…“°“√∑¥ Õ∫§«“¡ “¡“√∂„π°“√ª√—∫ ¿“æ

·≈–Õ—µ√“°“√¬àÕ¬ ≈“¬∑“ß™’«¿“æ

®“°°“√∑¥≈ÕßÀ“§à“Õ—µ√“°“√¬àÕ¬ ≈“¬∑“ß™’«¿“æ
¢Õß‡∫π´’π∑’Ë§«“¡‡¢â¡¢âπ 10 20 50 ·≈– 100 ¡°./≈‘µ√
„π«—π∑’Ë 3 10 10 ·≈– 25 ¢Õß°“√∑¥≈Õßµ“¡≈”¥—∫ ´÷Ëß
‡ªìπ«—π∑’Ë®ÿ≈‘π∑√’¬å‡√‘Ë¡π”‡∫π ’́π‰ª„™â‡ªìπÕ“À“√‰¥âÕ¬à“ß
™—¥‡®π ‚¥¬§à“§«“¡‡¢â¡¢âπ¢Õß‡∫π´’π∑’Ë≈¥≈ß  “¡“√∂À“
§à“Õ—µ√“°“√¬àÕ¬ ≈“¬∑“ß™’«¿“æ¢Õß‡∫π´’π‡ªìπ 0.0092

0.0054 0.0035 ·≈– 0.0009 µàÕ«—π ¢Õß‡∫π´’π∑’Ë§«“¡
‡¢â¡¢âπ 10 20 50 ·≈– 100 ¡°./≈‘µ√ µ“¡≈”¥—∫  ¥—ß
Figure 3 ∑—Èßπ’È§à“∑’Ë‰¥â®“°°“√∑¥≈Õß¡’§à“§àÕπ¢â“ßµË”
‡π◊ËÕß®“°„™â®ÿ≈‘π∑√’¬å„π¥‘π∫“ßµ—« “¡“√∂„™â‡∫π´’π‡ªìπ
·À≈àß§“√å∫Õπ‰¥â ·µà‡¡◊ËÕ§«“¡‡¢â¡¢âπ¢Õß‡∫π´’π‡æ‘Ë¡¢÷Èπ
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Õ—µ√“°“√¬àÕ¬ ≈“¬∑“ß™’«¿“æ≈¥≈ß  ∑—Èßπ’È‡ªìπº≈‡π◊ËÕß¡“
®“°∑’Ë§«“¡‡¢â¡¢âπ Ÿß°àÕ„Àâ‡°‘¥ ¿“«–‡ªìπæ‘…µàÕ®ÿ≈‘π∑√’¬å
„π√–∫∫ √«¡∂÷ßª√‘¡“≥¢Õß®ÿ≈‘π∑√’¬å∑’Ë®”°—¥„π√–∫∫¢Õß
°“√∑¥≈Õß (Misra, 1993; Nielson and Christensen,

1994)

4. º≈°“√∑¥ Õ∫À“§à“ —¡ª√– ‘∑∏‘Ï°“√°√–®“¬µ—« (Dis-

persion Coefficient) ¢Õß¥‘π

®“°º≈°“√∑¥≈Õß æ∫«à“ ª√‘¡“µ√¢Õß “√≈–≈“¬
‚∫√‰¡¥å∑’Ë‰À≈ºà“π§Õ≈—¡πå ®π§«“¡‡¢â¡¢âπ¢Õß “√≈–≈“¬
‚∫√‰¡¥å¢“ÕÕ°‡∑à“°—∫§«“¡‡¢â¡¢âπ “√≈–≈“¬‚∫√‰¡¥å¢“‡¢â“
(C/Co = 1) ¡’ª√‘¡“µ√‡∑à“°—∫ 4.5 pore volume ́ ÷Ëß‡∑à“°—∫

ªÑÕπ “√≈–≈“¬‚∫√‰¡¥å„Àâ‰À≈ºà“π§Õ≈—¡πå‡ªìπª√‘¡“µ√
146.89 ¡≈. ‚¥¬„™â‡«≈“‰ª 14.5 ™—Ë«‚¡ß π”º≈°“√∑¥≈Õß
∑’Ë‰¥â‰ªÀ“§à“ —¡ª√– ‘∑∏‘Ï°“√°√–®“¬µ—« (dispersion

coefficient) ¢Õß¥‘π  ®“°‚ª√·°√¡ STANDMOD\

CFITIM æ∫«à“¡’§à“ 8.84×10-3 ·≈– 11.66×10-3 µ√.´¡./
«‘π“∑’  ”À√—∫§Õ≈—¡πå∑’Ë„™â„π°“√∑¥≈Õß°“√‡§≈◊ËÕπµ—«¢Õß
‡∫π ’́π∑’Ë¡’°≈‰°°“√¥Ÿ¥ —́∫‡æ’¬ßÕ¬à“ß‡¥’¬«·≈–∑’Ë¡’°≈‰°
°“√¬àÕ¬ ≈“¬∑“ß™’«¿“æ‡¢â“√à«¡ µ“¡≈”¥—∫ ÷́Ëß· ¥ß„Àâ
‡ÀÁπ«à“°“√∫√√®ÿ¥‘π„π§Õ≈—¡πå§àÕπ¢â“ß¥’ ‚¥¬≈—°…≥–¢Õß
°√“ø∑’Ë‰¥â®“°°“√∑¥≈Õßª√–¡«≈º≈¥â«¬‚ª√·°√¡ · ¥ß
‰¥â¥—ß Figure 4 ·≈–®“°°“√√—π‚ª√·°√¡æ∫«à“§à“ Peclet

number (PN = vL/D) ÷́Ëß‡ªìπ§à“∫Õ°∂÷ß —¥ à«π°≈‰°°“√

Figure 2. Linear  Isotherm  of  benzene  in  soil

sample.

Figure 3. Biodegradation rate of benzene at 10,

20, 50  and 100 mg/l.

Figure 4.  Transportation of Bromide solution from column test and modeling.
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æ“µàÕ°“√°√–®“¬µ—« ∫àß∫Õ°≈—°…≥–°“√‡§≈◊ËÕπµ—«„π¥‘π
«à“‡§≈◊ËÕπµ—«¥â«¬°≈‰°„¥ ´÷Ëß„π∑’Ëπ’È∫àß∫Õ°«à“°≈‰°°“√æ“
¡’§à“ Ÿß°«à“°≈‰°°“√°√–®“¬µ—«∂÷ß 3.924 ‡∑à“ · ¥ß„Àâ
‡ÀÁπ«à“„π°“√‡§≈◊ËÕπµ—«¢Õß “√„π§Õ≈—¡πå‡ªìπº≈¡“®“°
°“√‡§≈◊ËÕπµ—«¥â«¬°“√æ“¡“°°«à“°“√°√–®“¬µ—« ∑—Èßπ’È¥â«¬
≈—°…≥–¢Õß¥‘πµ—«Õ¬à“ß∑’Ë¡’¢π“¥„°≈â‡§’¬ß°—π§◊Õ ºà“π
µ–·°√ß‡∫Õ√å 200 ·≈–°“√∫√√®ÿ¥‘πµ—«Õ¬à“ß„π§Õ≈—¡πå∑’Ë
∑”„Àâ§«“¡·µ°µà“ß¢Õß™àÕß«à“ß¡’πâÕ¬  °≈‰°°“√°√–®“¬
µ—«®÷ß¡’º≈‰¡à‡¥àπ™—¥ ‡™àπ °≈‰°°“√æ“

5. º≈°“√∑¥≈Õß·∫∫§Õ≈—¡πå (Column Test)

®“°°“√∑¥≈Õß‡æ◊ËÕ»÷°…“≈—°…≥–°“√‡§≈◊ËÕπµ—«¢Õß
‡∫π´’π„π™—ÈππÈ”„µâ¥‘π‚¥¬¡’°≈‰°∑’Ë ”§—≠§◊Õ °“√æ“ °“√
¥Ÿ¥´—∫ °“√°√–®“¬µ—« ·≈–°“√¬àÕ¬ ≈“¬∑“ß™’«¿“æ ‚¥¬
„π°“√∑¥≈Õß‰¥â¡’°“√»÷°…“º≈¢Õß·µà≈–°≈‰° æ∫«à“°“√
‡§≈◊ËÕπµ—«·≈–®“°º≈°“√»÷°…“„π∑—Èß Õß§Õ≈—¡πåæ∫«à“°“√
‡§≈◊ËÕπµ—«¢Õß‡∫π´’π‡ªìπ·∫∫ ¡¥ÿ≈¬å‰¡àÕÿ¥¡§µ‘ (non -

ideal equilibrium transport) ´÷Ëß√Ÿª√à“ß¢Õß°“√‡§≈◊ËÕπ
µ—«∑’Ë‰¥â‰¡à ¡¡“µ√ ‚¥¬¡’°“√¥Ÿ¥´—∫„π§Õ≈—¡πå¡’§à“ Ÿß°«à“
°“√∑¥≈Õß·∫∫°–  ∑—Èßπ’È‡π◊ËÕß®“°Õ—µ√“ à«π¢Õß¥‘π°—∫
‡∫π´’π‡ªìπ 6:1 ´÷Ëß Ÿß°«à“„π°“√∑¥≈Õß·∫∫°–∑’Ë¡’§à“‡ªìπ
3:1 ∑”„Àâ°“√¥Ÿ¥´—∫¡’§à“ Ÿß°«à“·∫∫°– ·≈–≈—°…≥–°“√
§“¬µ—«‡ªìπ·∫∫À“ß¬“« (long tail desorption process)

§◊Õ  °“√§“¬µ—«™â“≈ß  Õ—π‡π◊ËÕß¡“®“°°“√√∫°«π°“√
‡§≈◊ËÕπµ—«®“°°“√·æ√à°√–®“¬µ—«¢Õß¡«≈∑’Ëæ◊Èπ∑’Ëº‘«¢Õß
µ—«¥Ÿ¥´—∫ (Khemarath, 2001) ·≈–∫“ß à«π¢Õß‡∫π´’π
‡§≈◊ËÕπ∑’Ë‚¥¬°≈‰°°“√·æ√à°√–®“¬ (diffusion process)

‡æ√“–¡’°“√‡§≈◊ËÕπµ—«ºà“π™àÕß«à“ß∑’Ë¡’¢π“¥‡≈Á°¡“°‚¥¬
 “¡“√∂¥Ÿ®“°§«“¡·µ°µà“ß¢Õßº≈®“°®”≈Õß°“√‡§≈◊ËÕπ
µ—«¥â«¬‚ª√·°√¡ CXTFIT °—∫º≈®“°°“√∑¥≈Õß·∫∫
§Õ≈—¡πå¥—ß∑’Ë‰¥â°≈à“«¡“·≈â« ∑”„Àâ∑√“∫«à“„π§«“¡‡ªìπ®√‘ß
°“√¥Ÿ¥ —́∫‡∫π ’́π¥â«¬¥‘π∑’Ë ‡°‘¥¢÷Èπ„π§Õ≈—¡πåπ—Èπ‡ªìπ
°√–∫«π°“√¥Ÿ¥ —́∫·∫∫‰¡à‡¢â“ Ÿà ¡¥ÿ≈¢Õß°“√¥Ÿ¥ —́∫ (non-

equilibrium adsorption process) ´÷Ëß‡¡◊ËÕπ”‡Õ“ ¡°“√
·∫∫®”≈Õß°“√‡§≈◊ËÕπµ—«∑’Ëµ—ÈßÕ¬à“ß∫π ¡¡µ‘∞“π«à“°“√
¥Ÿ¥´—∫®–µâÕßÕ¬Ÿà„π ¿“«– ¡¥ÿ≈ (local equilibrium

assumption) ¡“∑”°“√®”≈Õß°“√‡§≈◊ËÕπµ—« ®÷ß∑”„Àâ‡°‘¥
§«“¡·µ°µà“ß√–À«à“ß§à“∑’Ë‰¥â®“°°“√ª√–¡“≥‚¥¬·∫∫
®”≈Õß °—∫¢âÕ¡Ÿ≈∑’Ë‰¥â®“°°“√∑¥≈Õß„π ¿“æ‡À¡◊Õπ®√‘ß
´÷Ëß„π ¿“«– ¡¥ÿ≈ (local equilibrium assumption) π’È
®–‡ªìπ‰ªµ“¡·π«§‘¥∑’Ë«à“ ‡¡◊ËÕÕπÿ¿“§¥‘π —¡º— °—∫‡∫π´’π
Õπÿ¿“§¥‘π®– “¡“√∂¥Ÿ¥´—∫‡∫π´’π‰¥â∑—π∑’‚¥¬∑’Ë‰¡à®”‡ªìπ
µâÕßÕ“»—¬‡«≈“ —¡º—  ®÷ß∑”„Àâ§«“¡ “¡“√∂„π°“√¥Ÿ¥´—∫
‰¡à‰¥â¢÷ÈπÕ¬Ÿà°—∫‡«≈“ —¡º—  ‚¥¬º≈µà“ß¢Õß°“√‡§≈◊ËÕπµ—«
¢Õß‡∫π ’́π√–À«à“ß°“√∑¥≈Õß·≈–°“√√—π‚ª√·°√¡¥â«¬
°≈‰°µà“ßÊ  · ¥ß¥—ß Figure 5 ·≈– Figure 6

Figure 5. Transportation of benzene at 10 mg/l

between batch test and modeling for

abiotic processes.

Figure 6. Transportation of benzene at 10 mg/l

between batch test and modeling for

biotic processes.
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1. °“√»÷°…“°“√¥Ÿ¥ —́∫¢Õß‡∫π ’́π∫πº‘«¥‘πæ∫«à“
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3. °“√∑¥ Õ∫À“§à“ —¡ª√– ‘∑∏‘Ï°“√°√–®“¬µ—«

(dispersion coefficient) ¢Õß¥‘π æ∫«à“§à“ —¡ª√– ‘∑∏‘Ï
°“√°√–®“¬µ—«¡’§à“‡ªìπ 8.84×10-3 ·≈– 11.66×10-3

µ√.´¡./«‘π“∑’ ‚¥¬§à“ Peclet Number ∫àß∫Õ°∂÷ß°≈‰°
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