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ABSTRAK 
Di dalam pangkalan data deduktif, kecekapan penilaian pertanyaan rekursif 
dianggap sebagai satu madamat penting. Suatu pendekatan untuk mencapai 
matlamat i n i ialah dengan menggunakan kaedah-kaedah yang menjelmakan 
penanyaan asal kepada suatu set pertanyaan baru. Satu dari kaedah-kaedah 
tersebut ialah "Set Magik". Dalam kaedah "Set Magik", pertanyaan yang 
diungkapkan oleh petua dijelmakan kepada suatu set petua yang dipanggil 
petua "magik". Kertas in i menunjukkan cara untuk melakukan penjelmaan 
tersebut dengan menggunakan struktur data graf petua/madamat. Kelebihan 

, teknik yang digunakan d i sini ialah ianya sangat mudah dan jelas. 

A B S T R A C T 

In deductive databases the efficiency of recursive query evaluation is considered 
as an important goal. One approach to achieving this goal is to use methods 
that transform the original query into a new set of queries. One such method 
is magic sets. I n the magic sets method, a query expressed by rules is transformed 
into a set o f rules called magic rules. This paper shows how to perform this 
transformation by using a rule/goal graph data structure. The advantage of 
the technique used here is that i t is very simple and clear. 

Keywords: deductive databases, recursive rules, magic sets, rule/goal graph, 
logic, query 

I N T R O D U C T I O N 
T h e i n t e g r a t i o n o f l o g i c p r o g r a m m i n g a n d r e l a t i o n a l database t e c h n o l o g i e s 
has r e s u l t e d i n a n e w m o d e l f o r databases c a l l e d d e d u c t i v e databases. A 
d e d u c t i v e database consists o f facts a n d ru les a n d f r o m t h e syntax p o i n t o f v i ew 
i t is s i m p l y a P r o l o g p r o g r a m . I t is c l a i m e d t h a t d e d u c t i v e databases c a n 
o v e r c o m e some l i m i t a t i o n s o f r e l a t i o n a l databases such as r e c u r s i o n . 

D e d u c t i v e database systems e x t e n d r e l a t i o n a l database m a n a g e m e n t sys
tems, i n p a r t i c u l a r , by a l l o w i n g recurs ive ly d e f i n e d quer ies t o be expressed as 
l o g i c a l ru les . Rules (clauses) are usua l ly w r i t t e n i n t h e f o r m o f 

A < - B 1 , B J , . . . , B n 
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w h e r e A , B , , B are a t o m i c f o r m u l a s , a n d m > 0. Rules o f th is type 
7 l 7 7 m ' 1 

are ca l l ed H o r n clauses a n d t he f o r m i n w h i c h they are w r i t t e n is k n o w n 
as a clausal f o r m . A r u l e has b o t h a dec la ra t ive a n d a p r o c e d u r a l ( o r p r o b l e m 
so lv ing) r e a d i n g . T h e dec lara t ive r e a d i n g o f t h e above r u l e is t h a t f o r a l l 
values o f t he variables i n t he r u l e , A is t r u e , i f Bl a n d B 2 a n d . . . a n d B m 

are t r u e . T h e p r o c e d u r a l r e a d i n g is t h a t f o r a l l values o f t he var iables i n 
the ru l e , to solve A , B j a n d B 2 . . . a n d B m have t o be solved. 

Suppose we have a r e l a t i o n ( o r p r e d i c a t e ) manages (E , M ) , w h i c h means 
an emp loyee E is m a n a g e d by a m a n a g e r M . L e t us d e f i n e a n o t h e r p r e d i c a t e 
h e a d (E , H ) . T h e i n t e n t i o n o f this p r ed i ca t e is t h a t H is E's m a n a g e r , 
o r h i s / h e r manager ' s manager , a n d so o n . R e l a t i o n h e a d can be expressed 
by rules as fo l lows: 

r l : h e a d ( E , M ) <— manages (E , M ) 
r2 : h e a d ( E , M ) < - manages (E , P ) , h e a d ( P , M ) 

Suppose t ha t we are g iven the q u e r y t h a t asks a l l t h e manage r s o f ahmad. 
W i t h respect to the above rules, th is q u e r y can h o w be expressed easily as 

?head (ahmad , X ) 

So, a c r u c i a l p o i n t is to p r o v i d e e f f i c i en t m e t h o d s f o r h a n d l i n g recurs ive 
queries . 

A p r o c e d u r e tha t answers quer ies o n d e d u c t i v e databases m u s t have 
several i m p o r t a n t p rope r t i e s . Firs t , i t m u s t r e t u r n a l l t he answers t o a q u e r y 
a n d t h e n stop. These two p r o p e r t i e s are k n o w n as comple teness a n d 
t e r m i n a t i o n , respectively. Second , t he p r o c e d u r e m u s t be e f f i c i en t , i .e. i t 
mus t be able to use o n l y necessary ( re l evan t ) facts d u r i n g a q u e r y e v a l u a t i o n . 
A n o t h e r p r o p e r t y is t he c o m p l e x i t y o f the a l g o r i t h m . W h i l e t h e p r o c e d u r e 
is able to res t r ic t t he c o m p u t a t i o n to t he r e l evan t facts, th is r e s t r i c t i o n 
s h o u l d n o t l ead to the m o r e expensive p r o c e d u r e , f o r ins tance w i t h a n 
e x p o n e n t i a l cost. 

I n the past t en years, var ious strategies have b e e n p r o p o s e d t o h a n d l e 
r ecur s ion i n log ic quer ies ( R e i t h e r 1978; C h a n g 1 9 8 1 ; M c K a y a n d S h a p i r o 
1981; H e n s c h e n a n d N a q v i 1984; U l l m a n 1985; K i f e r a n d L o z i n s k i i 1986; 
V i e i l l e 1986; B e e r i a n d R a m a k r i s h n a n 1987) . A n e x c e l l e n t survey o f t he 
me thods can be f o u n d i n B a n c i l h o n a n d R a m a k r i s h n a n ( 1 9 8 6 ) . I n gene ra l , 
these me thods m a y b e classified i n two classes, t o p - d o w n m e t h o d s a n d b o t t o m -
u p me thods . T o p - d o w n m e t h o d s , based i n p r o o f t heo ry , s tar t w i t h a q u e r y 
as the t o p goal a n d genera te a p r o o f t ree u s i n g t he a x i o m s ( ru les ) o f t h e 
database a n d an in fe rence r u l e such as r e s o l u t i o n to p r o v e t h a t t he q u e r y 
is a log ica l consequence o f t he database. P r o l o g is o n e such system t h a t 
uses r e so lu t i on as an i n f e r ence r u l e . These m e t h o d s have p r o v e d t o be 
eff ic ient . However , they suffer f r o m a n u m b e r o f p r o b l e m s , i n c l u d i n g i n f i n i t e 
l o o p i n g , possible n o n - t e r m i n a t i o n , a n d they t e n d to gene ra te answers t o 
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quer ies a t u p l e at a t i m e . Or* t h e o t h e r h a n d , b o t t o m - u p m e t h o d s , based 
o n m o d e l t h e o r y a n d f i x e d p o i n t semant ics , genera te a l l so lu t ions t o a 
q u e r y a n d d o n o t go i n t o a n i n f i n i t e l o o p . H o w e v e r , t hey t e n d to be i n e f f i c i e n t . 
T h e reason is t h a t b o t t o m - u p m e t h o d s d o n o t m a k e use o f g r o u n d t e rms 
(var iab le f ree t e rms ) i n t he q u e r y i n the same way t h a t t o p - d o w n m e t h o d s 
d o . As a consequence , m a n y i r r e l e v a n t tuples are g e n e r a t e d d u r i n g a 
c o m p u t a t i o n . T e c h n i q u e s are thus n e e d e d to r e s t r i c t t h e g e n e r a t i o n o f 
i r r e l e v a n t tup les . 

T h e r e are t w o basic approaches w h i c h have b e e n p u r s u e d to o b t a i n 
a m o r e d i r e c t c o m p u t a t i o n . T h e f i r s t a p p r o a c h seeks t o m o d i f y t h e s t a n d a r d 
b o t t o m - u p c o m p u t a t i o n a n d achieve a m o r e r u n - o r i e n t e d s o l u t i o n ( K i f e r 
a n d L o z i n s k i i 1986; V i e i l l e 1986 ) . T h e s econd a p p r o a c h seeks to p e r f o r m 
a c o m p i l e - t i m e t r a n s f o r m a t i o n o f t h e database, based o n t he g i v e n que ry , 
i n t o a n e q u i v a l e n t f o r m w h i c h enables a s t a n d a r d b o t t o m - u p c o m p u t a t i o n 
to focus o n r e l evan t tuples . O n e e x a m p l e o f th is a p p r o a c h is t he m a g i c 
sets m e t h o d ( B a n c i l h o n et ai 1986 ) . 

T h e m a g i c sets m e t h o d is a n a l g o r i t h m f o r r e w r i t i n g l o g i c a l ru les so 
as to c u t d o w n the n u m b e r o f i r r e l e v a n t facts d u r i n g b o t t o m - u p e v a l u a t i o n . 
Specia l sets o f values ( t u p l e s ) , c a l l ed m a g i c sets, a re c o m p u t e d so thay they 
can be used to r e s t r i c t t h e c o m p u t a t i o n t o t h e r e l evan t facts o n l y . These 
sets are d e t e r m i n e d by p r o p a g a t i n g b i n d i n g s i n t he q u e r y t o p - d o w n e v a l u a t i o n . 
T h u s , i n t h e m a g i c sets m e t h o d o n e can f i n d t he pos i t ive features o f b o t h 
t o p - d o w n a n d b o t t o m - u p c o m p u t a t i o n . 

T h e m a g i c sets m e t h o d consists o f t he f o l l o w i n g steps: 

i ) a n analysis o f t he b i n d i n g p r o p a g a t i o n b e h a v i o u r d u r i n g t h e t o p -
d o w n phase, 

i i ) t he g e n e r a t i o n o f m a g i c ru les f r o m t h e o r i g i n a l o n e by u s i n g the 
results o b t a i n e d f r o m ( i ) , a n d 

i i i ) t h e e x e c u t i o n o f m a g i c ru les . 

T h e analysis o f t h e b i n d i n g p r o p a g a t i o n can be a c c o m p l i s h e d by u s i n g 
a t o o l c a l l e d a r u l e / g o a l ( U l l m a n 1985) . I n th is p a p e r we show h o w t o 
genera te m a g i c ru les by u s i n g t h e r u l e / g o a l g r a p h . T h e t e c h n i q u e is very 
s i m p l e a n d clear . T h e t r a n s f o r m a t i o n a l g o r i t h m w h i c h p r o d u c e s t he same 
m a g i c ru les as o u r t e c h n i q u e was g i v e n i n U l l m a n ( 1 9 8 9 ) , b u t t h a t a l g o r i t h m 
d i d n o t m a k e use o f t he r u l e / g o a l g r a p h . These are o t h e r a l g o r i t h m s , such 
as t he o n e i n Sacca a n d Z a n i o l o ( 1 9 8 7 ) , w h i c h r e su l t i n e q u i v a l e n t m a g i c 
ru les b u t those a l g o r i t h m s are n o t very clear . 

C O N C E P T AND T E R M I N O L O G Y 
A d e d u c t i v e database ( D D B ) D consists o f facts ( e x t e n s i o n a l a x i o m s ) , deduc 
tive ru les ( i n t e n s i o n a l a x i o m s ) , i n t e g r i t y cons t ra in t s , a n d quer ies . W e use 
P r o l o g - l i k e n o t a t i o n f o r t he r e p r e s e n t a t i o n o f D D B . 
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A l i t e r a l is an a t o m i c f o r m u l a o r t he n e g a t i o n o f a n a t o m i c f o r m u l a . A n 
a t o m i c f o r m u l a has the f o r m p ( t j , . . . , t n ) w h e r e p is a p r e d i c a t e s y m b o l o f a r i ty 
n , a n d each t is e i t h e r a cons tant , a va r iab le o r a f u n c t i o n . T h e a t o m i c f o r m u l a 
p ( t 1 , . . . , t n ) represents a r e l a t i o n be tween te rms tv..., t n 

A clause is a d i s j u n c t i o n o f l i te ra ls w h i c h has t he f o r m 

A | V — V A „ V ~ B > V V ~ B n > 

w h e r e each A a n d B. r ep resen t a n a t o m i c f o r m u l a . ( T h e symbols , N / , / \ , 
a n d ~ d e n o t e or, and, and not respec t ive ly) . Clauses can be w r i t t e n i n a n 
equ iva len t f o r m u s i n g i m p l i c a t i o n , a n d i n the P r o l o g style we have 

a , v V A „ « - b , A - A B -

A l l variables i n a clause are assumed to be un ive r sa l ly q u a n t i f i e d . S u c h a 
clause is also ca l l ed a deduc t ive r u l e , t he h e a d o f t he r u l e is A 1 \ y . . . W A n , 
a n d the b o d y o f the r u l e is B j / \ . . - / \ B m . A H o r n clause is a clause w h e r e 
the h e a d o f the r u l e is r e s t r i c t ed to at m o s t o n e pos i t ive l i t e r a l . 

I n this pape r we are c o n c e r n e d w i t h a D D B as a set o f d e f i n i t e H o r n 
clauses, t ha t is the re is n o negat ive l i t e r a l i n t he b o d y o f d e d u c t i v e ru les . 
F u r t h e r m o r e , l i tera ls have n o f u n c t i o n s . T h i s class o f d e d u c t i v e databases 
is k n o w n as a d a t a l o g database. A goa l clause has a n u l l h e a d , a n d a clause 
w i t h a n u l l b o d y is an assert ion. A n asser t ion is also c a l l e d a u n i t clause. 
A u n i t clause w h i c h con ta ins o n l y g r o u n d t e rms (var iab le f ree t e rms ) is 
ca l led a g r o u n d u n i t clause o r fact. A q u e r y is a goa l clause. 

A clause is ca l l ed recursive i f the same p r e d i c a t e s y m b o l appears i n 
b o t h the h e a d a n d the b o d y . A r e l a t i o n R m a y be d e f i n e d recurs ive ly by 
a recursive clause o r by m u t u a l r e c u r s i o n w h e r e R is d e f i n e d ( i n t he h e a d ) 
i n terms o f S i n the body , a n d i n t u r n S i t se l f is d e f i n e d i n t e rms o f R. 

I n t e g r i t y const ra in ts , expressed as rules , r ep re sen t r e s t r i c t ions t h a t t h e 
database m u s t satisfy, p lay a n i m p o r t a n t r o l e i n c h e c k i n g u p d a t e va l i d i t y . 
T h e y are, however , n o t n e e d e d i n a n s w e r i n g quer ie s ove r t h e database. 

C e r t a i n predicates are d e f i n e d by t he rules , t h a t is t hey appea r as t h e 
h e a d o f o n e o r m o r e rules; these are ca l l ed I D B ( i n t e n s i o n a l database) 
predicates. O t h e r predicates are n o t d e f i n e d by rules , b u t by a s t o r e d r e l a t i o n , 
a n d they are ca l l ed E D B (ex tens iona l database) predica tes . A n E D B p r e d i c a t e 
can o n l y appear i n subgoals; a n I D B p red i ca t e can appea r i n b o t h heads 
a n d subgoals. W e assume tha t I D B a n d E D B are m u t u a l l y exclus ive . 

R U L E / G O A L G R A P H 
Before g o i n g fu r the r , i t is c o n v e n i e n t t o i n t r o d u c e t h e c o n c e p t o f sideways 
i n f o r m a t i o n passing (Bee r i a n d R a m a k r i s h n a n 1987) . I n f o r m a l l y , a sideways 
i n f o r m a t i o n passing describes h o w b i n d i n g s (constants assigned to var iables) 
passed to a rule ' s h e a d are used t o evaluate t h e p red ica tes i n t h e ru l e ' s 
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b o d y . W h e n a sideways i n f o r m a t i o n passing is p e r f o r m e d , i t appears t h a t 
s t a r t i n g f r o m a p r e d i c a t e i t a m e w i t h var iables b o u n d i n c e r t a i n pos i t ions , 
we r e a c h t h e same p r e d i c a t e n a m e w i t h var iables b o u n d i n o t h e r pos i t i ons . 
I t is thus necessary to d i s t inguish w h i c h a r g u m e n t is b o u n d a n d w h i c h is free 
i n a p r e d i c a t e . T h i s leads to t he c o n c e p t o f a d o r n m e n t ( U l l m a n 1985) . 

A n a d o r n m e n t o r a b i n d i n g p a t t e r n f o r a n n-ary p r e d i c a t e p is a s t r i n g 
s o f l e n g t h n o f b 's a n d f s, w h e r e b stands f o r b o u n d a n d f stands f o r 
f ree. T h e a d o r n m e n t ind ica tes w h i c h a r g u m e n t s o f p are b o u n d a n d w h i c h 
are n o t . I f t he i t h s y m b o l o f t he a d o r n m e n t is b , t h e n t he i t h a r g u m e n t 
i f p is b o u n d . I f t h e i t h s y m b o l o f t he a d o r n m e n t is f, t h e n t h e i t h a r g u m e n t 
o f p is f ree. F o r a p r e d i c a t e p w i t h a n a d o r n m e n t s, we w r i t e p s t o d e n o t e 
t h e a d o r n e d p r e d i c a t e f o r p . 

A r u l e a d o r n m e n t ind ica tes w h i c h var iables are b o u n d a t a p o i n t a n d 
w h i c h are f ree . T h e a l g o r i t h m to d e c i d e w h e n a va r i ab le becomes b o u n d 
i n a r u l e 

H <— G 1 ? . . . , G k 

fo l lows f r o m the sideways i n f o r m a t i o n pass ing d e s c r i b e d ear l i e r . 

1. A va r iab le a p p e a r i n g i n a b o u n d a r g u m e n t o f t h e r u l e h e a d is b o u n d 
b e f o r e p rocess ing any subgoals. 

2. A va r i ab le is b o u n d af ter p rocess ing subgoa l G. i f i t was b o u n d b e f o r e 
p rocess ing G o r i f i t appears a n y w h e r e i n G . A r u l e a d o r n m e n t is 
d e n o t e d by a supe r sc r ip t o f t h e f o r m [ X j , . . . , X J Y J , w h e r e t h e 
X ' s are b o u n d a n d t he Ys a re f ree. W e w r i t e rWB] t o d e n o t e t h a t [ A I B ] 
is a r u l e a d o r n m e n t f o r r u l e r. af ter t h e c o n s i d e r a t i o n o f t h e j t h subgoa l 
o f r . 

l 

T h e b i n d i n g pa t t e rns o f p red ica tes i n a set o f ru les a n d a q u e r y can 
be r e p r e s e n t e d by a f i n i t e s t r u c t u r e c a l l e d a r u l e / g o a l g r a p h . T h e c o n c e p t 
o f a r u l e / g o a l g r a p h o r i g i n a l l y a p p e a r e d i n U l l m a n (1985) a n d t h e r u l e / 
goa l g r a p h we used fo l lows t h e o n e f o u n d i n U l l m a n ( 1 9 8 9 ) . T h e r u l e / 
goa l g r a p h has t w o types o f nodes , n a m e l y r u l e nodes a n d g o a l nodes . 
G o a l nodes r ep re sen t r u l e a d o r n m e n t s . 

L e t p be t h e p r e d i c a t e o f t h e q u e r y a n d a be t h e a d o r n m e n t o f t h a t 
p r e d i c a t e . T h e process o f c r e a t i n g t h e r u l e / g o a l g r a p h starts w i t h t he n o d e 
p a . F r o m th is n o d e , we e x p a n d t h e g r a p h a c c o r d i n g to t h e rules g i v e n 
b e l o w . As we e x p a n d , we a d d g o a l nodes a n d r u l e nodes . F o r r u l e r g , we 
use r s 0 , w i t h a n a d o r n m e n t , t o r ep r e sen t r u l e r s b e f o r e c o n s i d e r i n g any 
subgoals, a n d r w i t h a n a d o r n m e n t , t o r ep r e sen t r u l e r s af ter c o n s i d e r i n g 
its f i r s t i subgoals . T h e steps t o e x p a n d t h e r u l e / g o a l g r a p h are as fo l lows 
( U l l m a n 1989) : 
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1. A goa l n o d e w i t h a n E D B p red i ca t e has n o successors. 
2. A goa l n o d e t h a t is a n I D B p red i ca t e p w i t h a n a d o r n m e n t a has successors 

c o r r e s p o n d i n g to a l l t he ru les w i t h h e a d p r e d i c a t e p . I f r is such 
a r u l e , t h e n p a has successor 

-[X, , . . . , X n | Y l f . . . , Y J 
s.0 

w h e r e X . , X are a l l t he variables t h a t appea r i n a a r g u m e n t o f r s ' s h e a d 
t h a t is b o u n d a c c o r d i n g to a d o r n m e n t a, a n d Y l f . . . , Y m a re t h e o t h e r 
variables o f r . 

s 
3. Cons ide r a r u l e n o d e rP^—» x J Y i > " " Y J , i > 0, a n d suppose q (tj,..., t j is 

t he i + 1st subgoa l o f r . 

a) O n e successor o f this r u l e n o d e is a goa l n o d e q p ; p is t he a d o r n m e n t 
t ha t makes the j t h a r g u m e n t o f q b o u n d i f a l l var iables a p p e a r i n g 
i n t are a m o n g the b o u n d variables o f t he r u l e so far. A d o r n m e n t 
p makes the j t h a r g u m e n t free o the rwise . 

b ) I f i + 1 is less t h a n t he n u m b e r o f subgoals i n r u l e r s ( i .e . q ( t 1 , . . . , t k ) is 
n o t the last subgoal o f r ) , t h e n n o d e 

s.i 

has a second successor, t he n o d e 

r [ X 1 , . . . , X , U 1 , . . . , U . | V 1 . . . , V J 
s,i+l 

w h e r e U , , . . . , ! ! are those variables a m o n g Y , . . . , Y m t h a t appea r i n 
q ( t j , . . . , t j , a n d V ^ , . . . , V h are the r e m a i n i n g var iables o f t he Y*$. 

L e t us cons ide r t he same g e n e r a t i o n ru les o f Fig. 1. 

rO : sg ( X , X ) < - p e r s o n ( X ) . 

r l : s g ( X , Y ) ^ p a r ( X , X P ) , sg ( X P , Y P ) , (Y, Y P ) . 

Fig. 1. Rules for the same generation 

Predicates person a n d par are E D B pred ica tes a n d p r e d i c a t e sg is t he 
on ly I D B predica te . T h e i n t e n t i o n o f p r e d i c a t e person ( X ) is t h a t an i n d i v i d u a l 
X is a person . Par ( X , Y) means Y is t he p a r e n t o f X . T h e i n t e n d e d m e a n i n g 
o f sg ( X , Y) is t ha t X a n d Y are o f t h e same g e n e r a t i o n . R u l e rO says 
tha t every pe r son is o f the same g e n e r a t i o n as h e r / h i m s e l f . R u l e r l says 
tha t two ind iv idua l s are o f t he same g e n e r a t i o n i f t h e i r pa ren t s are . 
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Suppose t h e q u e r y is o f t h e f o r m sg b f , t h a t is, g i v e n a n i n d i v i d u a l a f i n d a l l 
persons w h o are o f t he same g e n e r a t i o n as a. T h e r u l e / g o a l g r a p h c o n s t r u c t e d 
by u s i n g th is q u e r y a n d f o l l o w i n g t he g i v e n o r d e r o f subgoals i n t he s econd r u l e 
is s h o w n i n Fig. 2. 

par f b 

Fig. 2. The rule/goal graph for the same-generation rules 

T h e r o o t has a d o r n e d p r e d i c a t e sg b f , w h i c h is t h e p r e d i c a t e i n t h e q u e r y 
w i t h its a d o r n m e n t . T h e r o o t has t w o c h i l d r e n c o r r e s p o n d i n g t o t w o ru les 
f o r sg. F o r each c h i l d , t h e b i n d i n g o n t he first a r g u m e n t o f sg p rov ides 
a b i n d i n g f o r va r i ab le X o n l y . T h e b i n d i n g o n va r i ab le X i n r u l e r Q causes 
t he a r g u m e n t o f t h e subgoa l person ( X ) a b o u n d , as s h o w n by t h e g o a l n o d e 
p e r s o n b , t h e c h i l d n o d e o f r [ x l ] . 0 0 

T h e o t h e r c h i l d o f t he r o o t is 

[ X | Y , X P , Y P ] 
r i . o 

T h i s n o d e has c h i l d pa r b f , r e p r e s e n t i n g t h e f i rs t subgoa l o f r r T h e 
a d o r n m e n t is bf, because t he b i n d i n g o n X p rov ides a b i n d i n g f o r t he 
first a r g u m e n t o f par ( X , X P ) , b u t n o t f o r t h e second . T h e o t h e r c h i l d 
t h a t t h e n o d e has is 

[ X , X P | Y , Y P ] 
r i . i 

f o r w h i c h t he va r i ab le X P becomes b o u n d af ter c o n s i d e r i n g t h e first subgoa l . 
T h i s n o d e i n t u r n has two c h i l d r e n sg b f a n d 

[ X , X P , Y P | Y ] 
r i . 2 
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T h e f o r m e r is t he same as t he r o o t n o d e , thus a n e w n o d e is n o t n e e d e d . 
T h e la t te r has o n e a n d o n l y c h i l d par*, r e p r e s e n t i n g t h e last subgoa l o f r v 

n a m e l y par(Y, Y P ) . T h e f i rs t a r g u m e n t o f this subgoa l is free, w h i l e t he s econd 
o n e is b o u n d . Since n o m o r e nodes can be a d d e d , t h e c o n s t r u c t i o n o f t h e 
r u l e / g o a l g r a p h is c o m p l e t e . 

T H E T R A N S F O R M A T I O N O F R U L E S U S I N G A 
R U L E / G O A L G R A P H 

I n t he t r a n s f o r m a t i o n o f rules u s i n g m a g i c sets, two n e w classes o f p red ica tes 
are i n t r o d u c e d . These are ca l l ed mag ic predica tes a n d s u p p l e m e n t a r y 
predicates . These predicates c o m p u t e values t h a t are passed f r o m o n e 
p red ica te to a n o t h e r i n the o r i g i n a l rules , a c c o r d i n g to t h e p a r t i c u l a r o r d e r 
o f e x e c u t i o n o f the subgoals. T h e mag ic p r e d i c a t e f o r a p r e d i c a t e p , d e n o t e d 
by m . p , has a r g u m e n t s c o r r e s p o n d i n g to the b o u n d a r g u m e n t s o f p . T h e 
a i m o f the mag ic predicates is t o c o m p u t e t he sets o f b i n d i n g s t h a t b o u n d 
a rgumen t s o f d e r i v e d p red i ca t e ( I D B p r e d i c a t e ) w o u l d g a i n d u r i n g a t o p -
d o w n c o m p u t a t i o n . T h e sets o f values c o m p u t e d by m a g i c p red ica tes are 
ca l led magic sets. 

For a r u l e w i t h k subgoals (p red ica tes ) , we create s u p p l e m e n t a r y p red ica tes 
SQ,..., S k - 1. A s u p p l e m e n t a r y p red ica t e has some o f t h e var iables o f t h e 
ru l e as its a rgumen t s . F o r ins tance , S. has a r g u m e n t s c o r r e s p o n d i n g t o those 
variables t ha t are b o t h b o u n d a n d re levan t af ter c o n s i d e r i n g t h e f i r s t i 
subgoals. Var iables are b o u n d e i t h e r by a p p e a r i n g i n a b o u n d a r g u m e n t 
o f the head o r by a p p e a r i n g i n o n e o f t he f i r s t i subgoals . Var i ab le s are 
re levant i f they appear e i t h e r i n the h e a d o r i n t he ( i + l ) s t o r a subsequen t 
s u b g o a l . T h e s u p p l e m e n t a r y p r e d i c a t e S. is u s e d t o pass t h e b i n d i n g s 
o b t a i n e d so far, t o the ( i + l ) s t subgoal . 

Mag ic rules r e s u l t i n g f r o m the mag ic sets a l g o r i t h m o f U l l m a n (1989) 
can be classified i n t o five g roups : 

i ) Rules f o r the mag ic predica tes , 
i i ) Rules f o r the z e r o t h s u p p l e m e n t a r y pred ica tes , 

i i i ) Rules f o r the o t h e r s u p p l e m e n t a r y predica tes , 
iv) Rules f o r I D B predicates , a n d 
v) T h e i n i t i a l i s a t i o n r u l e . 

W e n o w descr ibe h o w to genera te t he above ru les b y u s i n g a r u l e / 
goal g r a p h . 

A r u l e / g r a p h can be seen as a t ree i f w e o m i t a l l arcs l i n k i n g r u l e 
nodes w i t h goa l nodes w h i c h appea r be fo re t h e r u l e nodes , d u r i n g t h e 
cons t ruc t i on o f the r u l e / g o a l g r a p h . A t ree can be t raversed w i t h o u t g o i n g 
i n t o an i n f i n i t e l o o p . W e w a n t t o show t h a t by v i s i t i n g each n o d e o f t he 
tree u s ing a depth-f i rs t search, we can genera te a l l m a g i c ru les . O u r f i r s t 
task is to r emove a l l the arcs i n t h e r u l e / g o a l g r a p h t h a t g ive rise t o l o o p s . 
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Suppose t h e r e is a l i n k b e t w e e n r u l e n o d e P a n d g o a l n o d e Q t h a t 
appears at a leve l h i g h e r t h a n t he level o f P. T o r e m o v e th is l i n k , we create 
a n e w g o a l n o d e , say Q ' , w i t h t h e same a d o r n e d p r e d i c a t e as Q , a n d m a k e 
Q ' a c h i l d n o d e t o P. N o d e Q ' d o e s n o t h a v e a n y successo r s . T h e 
c o r r e s p o n d i n g t ree o f a r u l e / g o a l g r a p h o f Fig.2 is s h o w n i n Fig.3. 

sg 
bf 

[XI] [XIY.XP.YP] 
r 

0.0 1.0 N . 

person 
b 

par bf [X.XPIY.YP] 
r 

[X,XP,YPIY] 
r 

/ 1.2 

par f b 

Fig.3. Rule/'goal graph for the same-generation rules with the loop removed 

I n t h e f o l l o w i n g , w h e n we re fe r t o a t ree we m e a n a r u l e / g o a l g r a p h 
w h i c h has b e e n t r a n s f o r m e d i n t o a t ree . 

T h e n e x t step is t o traverse t h e t ree s t a r t i n g f r o m t h e r o o t . T h e r o o t 
is t he n o d e w h i c h was first c rea ted . As we traverse t h e t ree , each time 
we r e a c h a n o d e , ru les w i l l be g e n e r a t e d a c c o r d i n g to t h a t n o d e . F o r o u r 
p u r p o s e , nodes o f t h e t ree can also be classif ied i n t o five g r o u p s , each 
o f w h i c h is associated w i t h a p a r t i c u l a r type o f r u l e as fo l lows : 

a) T h e r o o t - t he i n i t i a l i s a t i o n r u l e , 
b ) G o a l nodes w i t h I D B pred ica tes - ru les f o r m a g i c pred ica tes , 
c) R u l e nodes r . Q - ru les f o r zero s u p p l e m e n t a r y pred ica tes , 
d ) R u l e nodes r„ w h e r e j ^ 0 - ru les f o r o t h e r s u p p l e m e n t a r y pred ica tes , 

a n d 
e) R u l e nodes w i t h o n l y o n e successor, i .e. t h e i r goa l -node c h i l d - ru les 

f o r I D B pred ica tes . 

These g r o u p s are n o t necessari ly d i s j o i n t g r o u p s . A n o d e m i g h t b e l o n g 
to m o r e t h a n o n e g r o u p . F o r e x a m p l e , n o d e r Q 0 o f Fig.3 b e longs to g r o u p 
c a n d e. Be fo re we g o f u r t h e r , l e t us see h o w we can d e t e r m i n e t he a r g u m e n t s 
f o r t he s u p p l e m e n t a r y predica tes . 

A s u p p l e m e n t a r y p r e d i c a t e associated t o j t h subgoa l o f r u l e r. is d e n o t e d 
by sup i . j . T h e a r g u m e n t s o f supi . j are var iables o f r u l e r. t h a t are b o t h 
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b o u n d a n d re levant after c o n s i d e r i n g t he f i r s t j subgoals. Reca l l t h a t var iables 
are b o u n d e i t h e r by a p p e a r i n g i n a b o u n d a r g u m e n t o f t h e h e a d o r b y 
a p p e a r i n g i n o n e o f the first j subgoals. Var iab les are r e l evan t i f t hey appea r 
e i t he r i n the h e a d o r i n t he (j + l ) s t o r a subsequen t subgoa l . 

L e t 
V b be a set o f b o u n d variables af ter c o n s i d e r i n g t he first j subgoals 
V be re levant variables 

r 
V be variables i n the h e a d 

n 

V be variables o c c u r r i n g i n (j + 1 )st subgoa l a n d t he subsequen t subgoals . 
l i e s u p p l e m e n t a r y var iab le Vs f o r p r e d i c a t e sup is thus 
V = V b n V . = V b n ( V h n V ) . I t c an be seen t h a t t he a r g u m e n t s 

f o r t he s u p p l e m e n t a r y p red ica t e s u p i 0 are t h e b o u n d var iables i n t h e h e a d 
o f r u l e r.. 

A s s u m e t h a t t h e q u e r y f o r t h e r u l e s o f Fig.l is ?sg(a , X ) . L e t 
us n o w t r a v e r s e t h e t r e e o f Fig.3 in a d e p t h - f i r s t m a n n e r , a n d g e n e r a t e 
r u l e s a c c o r d i n g to t he n o d e tha t has b e e n r eached . 

1. T h e r o o t 
T h e first n o d e t h a t we reach is t he r o o t , i .e. t he g o a l n o d e sg b f . W e create 
a magic p red ica te m.sg, w h e r e sg is t he p r ed i ca t e i n t h e n o d e . T h e a r g u m e n t s 
o f the p red ica te are t he b o u n d a r g u m e n t s o f t he que ry . W e thus have 
the i n i t i a l i s a t i o n r u l e 

m . sg (a ) . 

2. Ru le n o d e r 0 0 

W e create the r u l e f o r z e r o t h s u p p l e m e n t a r y p r e d i c a t e supO.O. T h e a r g u m e n t s 
o f this p red ica te are b o u n d variables o f t h e n o d e , t h a t is X . T h e b o d y 
o f t he r u l e is m . s g ( X ) , w h e r e sg is t he h e a d p r e d i c a t e o f r Q a n d X is t h e 
b o u n d a rgumen t s o f the head . W e thus have r u l e 

supO.O(X) < - m . s g ( X ) . 

T h e n e x t n o d e to be v is i ted is t he goa l n o d e personb. Because i t c o n t a i n s 
E D B pred ica te , n o rules are c rea ted f o r th is n o d e . W e t h e n g o b a c k to 
the n o d e r Q 0 a n d l o o k f o r t he r i g h t n o d e . I t happens t h a t n o s u c h n o d e 
exists, a n d so we create o n e o f t he rules f o r I D B pred ica tes : 

s g ( X , X ) < - supO.O(X) , p e r s o n ( X ) . 

T h e head o f the r e s u l t i n g r u l e is t he h e a d o f r u l e rO. T h e first subgoa l 
i n the b o d y is the s u p p l e m e n t a r y p r e d i c a t e c o r r e s p o n d i n g t o t h e c u r r e n t 
node , a n d the second subgoal is t he last subgoa l o f r u l e r Q . 

W e have finished v i s i t i ng o n e b r a n c h o f t h e r o o t n o d e . W e n e x t traverse 
the r i g h t b r a n c h o f the r o o t . 
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3. R u l e n o d e r 1 0 

T h e way we create t he z e r o t h s u p p l e m e n t a r y r u l e f o r th is n o d e is t h e same 
as f o r r u l e n o d e r Q 0 . B u t h e r e t h e r u l e i n v o l v e d is r r T h u s , 

s u p l . O ( X ) <r- m . s g ( X ) 

T h e subsequen t n o d e to be v i s i t ed is t h e g o a l n o d e par***. As e x p l a i n e d 
be fo re , n o t h i n g w i l l be d o n e f o r E D B p r e d i c a t e . A traverse c o n t i n u e s t h r o u g h 
the r i g h t c h i l d o f n o d e r 1 Q . 

4. R u l e n o d e rx t 

T h i s is t he f i r s t r u l e n o d e c o r r e s p o n d i n g to o t h e r ( n o n - z e r o t h ) s u p p l e m e n t a r y 
pred ica tes . B e f o r e c o n s t r u c t i n g a r u l e f o r this n o d e , l e t us d e t e r m i n e t he 
a r g u m e n t s f o r t he s u p p l e m e n t a r y p r e d i c a t e . F r o m t h e r u l e n o d e , we k n o w 
t h a t V b = ( X , X P ) . S e a r c h i n g t h r o u g h t h e h e a d o f r u l e rx we o b t a i n V h 

= ( X , Y ) , a n d t h r o u g h the s econd subgoa l a n d t h e rest we ge t V q = ( X P , 
YP, Y ) . T h e r e f o r e , t he s u p p l e m e n t a r y var iables V , are g iven b y 

V = ( X , X P ) n ( ( X , Y ) U ( X P , YP, Y ) ) = ( X , X P ) . 

T h e r u l e f o r this n o d e is 

s u p l . l ( X , X P ) < - s u p l . O ( X ) , p a r ( X , X P ) 

T h e p r e d i c a t e s u p l . O ( X ) c o r r e s p o n d s to t h e p a r e n t n o d e ( n o d e r 1 0 ) 
o f t h e n o d e u n d e r c o n s i d e r a t i o n , a n d p a r ( X , X P ) is t h e f i r s t subgoa l o f 
r u l e r r I n gene ra l , f o r a p r e d i c a t e sup i . j , t h e s econd subgoa l i n t he b o d y 
o f t h e r u l e d e f i n i n g supi . j is t he j t h subgoa l o f t h e r u l e r . W e n e x t c o n s i d e r 
t he le f t c h i l d o f n o d e r i r 

5. Subgoa l n o d e sg b f 

T h i s is t h e o n l y I D B g o a l n o d e i n t h e t ree . F o r th is n o d e we gene ra te 
a r u l e d e f i n i n g m a g i c p r e d i c a t e m.sg. T h e a r g u m e n t s o f th is p r e d i c a t e are 
t he b o u n d a r g u m e n t s ( d e t e r m i n e d by a d o r n m e n t b f ) o f subgoa l sg, i .e . 
t h e s econd subgoa l o f t h e r u l e r r T h i s subgoa l can be i d e n t i f i e d by t he 
i n d e x s t o r e d i n t he p a r e n t n o d e ( i .e . n o d e r n ) . T h e b o d y o f t he r u l e 
is t he s u p p l e m e n t a r y p r e d i c a t e c o r r e s p o n d i n g to t he p a r e n t n o d e ( r n ) , 
d e f i n e d ea r l i e r . T h u s , we have t h e f o l l o w i n g r u l e 

m . s g ( X P ) < - s u p l . l ( X , X P ) . 

6. R u l e n o d e r 1 2 

F o l l o w i n g t he r i g h t b r a n c h o f r u l e n o d e r t . gives us t h e last r u l e n o d e , 
i .e. n o d e r 1 2 . L i k e its p a r e n t n o d e , we create f o r th i s n o d e a r u l e d e f i n i n g 
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o t h e r s u p p l e m e n t a r y predicates . Var iab les c o n s t i t u t i n g t h e a r g u m e n t f o r 

the predicates are g iven by 

V = ( X , X P , YP) n ( ( X , Y) U (P, Y ) ) = ( X , Y P ) . 

T h e r e s u l t i n g r u l e is 

s u p l . 2 ( X , YP) < - s u p l . l ( X , X P ) , s g ( X P , Y P ) . 

F ina l ly , we also genera te a r u l e d e f i n i n g I D B p r e d i c a t e sg t h a t appears 
i n t he h e a d o f r r T h e r u l e is 

sg (X, Y) < - s u p l . 2 ( X , Y P ) , pa r (Y , Y P ) . 

F o r conven ience , we r e w r i t e a l l m a g i c ru les t h a t have b e e n g e n e r a t e d 

as fo l lows: 

m.sg(a) 
m . s g ( X ) f - s u p l . l ( X , X P ) 
supO.O(X) < - m . s g ( X ) 
s u p l . O ( X ) <r- m . s g ( X ) 
s u p l . l ( X , X P ) f - s u p l . O ( X ) , p a r ( X , X P ) 
s u p l . 2 ( X , YP) < - s u p l . l ( X , X P ) , s g ( X P , YP) 
sg (X , X ) < - supO.O(X) , p e r s o n ( X ) 
sg (X , Y) < - s u p l . 2 ( X , Y P ) , pa r (Y , YP) 

W e have thus seen tha t a l l mag ic rules t h a t s h o u l d be r e s u l t e d b y t h e 
magic sets' t r a n s f o r m a t i o n a l g o r i t h m o f U l l m a n (1989) can b e g e n e r a t e d 
based o n a r u l e / g o a l g r a p h . A n a l g o r i t h m i n t he f o r m o f p s e u d o c o d e f o r 
g e n e r a t i n g magic rules by u s i n g the r u l e / g o a l g r a p h is g i v e n i n a n a p p e n d i x . 

T H E C O R R E C T N E S S AND P E R F O R M A N C E O F T H E 
A L G O R I T H M 

W e w a n t to show t h a t o u r a l g o r i t h m a n d U l l m a n ' s m a g i c sets' a l g o r i t h m 
( U l l m a n 1989) are equ iva l en t i n t he sense t h a t b o t h a l g o r i t h m s p r o d u c e 
the same magic rules as t he results o f c o n v e r t i n g t h e o r i g i n a l database 
rules. T o d o so, we have t o p r o v e t h a t o u r a l g o r i t h m p r o d u c e s o n l y t he 
same magic rules as U l l m a n ' s a l g o r i t h m , a n d t h a t every m a g i c r u l e p r o d u c e d 
by the la t te r is p r o d u c e d by the f o r m e r . As m e n t i o n e d above, m a g i c ru les 
r e su l t i ng f r o m U l l m a n ' s a l g o r i t h m can be classified i n t o five g r o u p s as fo l lows : 

( i ) Rules f o r mag ic predica tes 
( i i ) Rules f o r z e r o t h s u p p l e m e n t a r y pred ica tes 

( i i i ) Rules f o r o t h e r s u p p l e m e n t a r y pred ica tes 
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( iv) Rules f o r I D B pred ica tes 
(v) A n i n i t i a l i s a t i o n r u l e 

W e star t w i t h a n i n i t i a l i s a t i o n r u l e . T h e r e is o n l y o n e i n i t i a l i s a t i o n r u l e , 
a n d th is r u l e is c r ea t ed w h e n the r o o t o f t h e r u l e / g o a l g r a p h is processed. 
E a c h r u l e o f g r o u p ( i ) , ru les f o r m a g i c predica tes , is c r ea t ed f o r each I D B 
p r e d i c a t e a p p e a r i n g i n t h e b o d y o f t h e r u l e . O u r a l g o r i t h m creates th is 
r u l e w h e n i t process t he I D B g o a l n o d e o f t h e r u l e / g o a l g r a p h . Rules o f 
g r o u p ( i i ) c o n t a i n a p r e d i c a t e o f t h e f o r m supi.O ( i = 0, 1 , . . . , n - 1 w h e r e 
n is t he n u m b e r o f database ru les ) i n t h e i r heads. I n t h e r u l e / g o a l g r a p h , 
we have r u l e nodes o f t h e f o r m r 1 Q . By c r e a t i n g a r u l e f o r each n o d e r . . 0 ( i 
= 0, 1, . . . n - 1) we o b t a i n a l l t h e ru les o f g r o u p ( i i ) . S i m i l a r l y , r u l e s 
o f g r o u p ( i i i ) c o n t a i n p r e d i c a t e s u p i . j ( i - 0 , 1 . „n - 1 a n d j = 1,2,...,k 
- 1 w h e r e n is as b e f o r e a n d k is t h e n u m b e r o f subgoals i n t he r u l e 
r.) i n t h e h e a d . These ru les can be g e n e r a t e d based o n r u l e nodes r.. o f 
t he r u l e / g o a l g r a p h . F ina l ly , ru les o f g r o u p ( i v ) , n a m e l y m o d i f i e d o r i g i n a l 
ru les , can be o b t a i n e d by c r e a t i n g o n e r u l e f o r each r u l e n o d e r . k _ v i 
= 0, 1 , . . . , n - 1 w h e r e n a n d k are as be fo re . 

W e have thus d e m o n s t r a t e d t h a t a l l t he ru les o f g r o u p s ( i ) to (v) can 
be c r ea t ed by o u r a l g o r i t h m based o n t h e t raversal o f t h e r u l e / g o a l g r a p h . 
T h e n e x t step is t o d e m o n s t r a t e t h a t t h e a l g o r i t h m creates o n l y t h e same 
mag ic ru les as t h e a l g o r i t h m o f U l l m a n . S ince t h e i n v o l v e d nodes o f t h e 
r u l e / g o a l g r a p h c o r r e s p o n d t o p a r t i c u l a r ru les o f g r o u p s ( i ) t o (v) above, 
t h e r e f o r e n o o t h e r ru les can b e g e n e r a t e d . W e have thus s h o w e d the 
equ iva lence o f t he two a l g o r i t h m s i n t e r m s o f t h e i r f u n c t i o n a l i t y . T h e deta i ls 
o f each r u l e are o m i t t e d as they are obv ious . 

Besides correctness , a n o t h e r i m p o r t a n t aspect o f a n a l g o r i t h m is its 
p e r f o r m a n c e . As s tated above, c o n v e r t i n g ( o r r e w r i t i n g ) ru les cons t i tu tes 
o n l y o n e o f t h r e e phases i n t h e m a g i c sets m e t h o d . I t is c lear t h a t t h e 
t i m e t a k e n t o c o n v e r t ru les is very s h o r t c o m p a r e d to t h e t i m e r e q u i r e d 
t o execu te t h e m a g i c ru les . T h u s , t he p e r f o r m a n c e o f t he a l g o r i t h m f o r 
c o n v e r t i n g ru les is n o t a m a j o r c o n c e r n . H o w e v e r , t o c o m p l e t e a s tory we 
w i l l ske tch i t i n t he f o l l o w i n g . I t is also usefu l t o m e n t i o n t h a t t he c o m p l e x i t y 
analysis o f t h e e n t i r e m a g i c sets a l g o r i t h m is n o t a s i m p l e task, a n d c o u l d 
easily b e c o m e a subject o f a separate pape r . 

Since o u r a l g o r i t h m is based o n t h e t raversal o f a b i n a r y t ree ( c o n v e r t e d 
r u l e / g o a l g r a p h ) , i t is easy to show t h a t t h e t i m e c o m p l e x i t y o f t h e a l g o r i t h m 
is 0 ( n l o g n ) , w h e r e n is t h e n u m b e r o f nodes i n t he t ree . W e have seen 
t h a t t h e n u m b e r o f nodes d e p e n d s o n t h e n u m b e r o f subgoals i n database 
rules . T h e r e f o r e , n is p r o p o r t i o n a l t o t h e n u m b e r o f subgoals . 

C O N C L U S I O N 
W e have s h o w n h o w t o c o n s t r u c t a r u l e / g o a l g r a p h f o r a g i v e n q u e r y a n d 
a set o f ru les . W e have also s h o w n t h e t e c h n i q u e t o genera te m a g i c ru les 
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by u s i n g the r e s u l t i n g r u l e / g o a l g r a p h . T h e analysis o f t h e correctness a n d 
p e r f o r m a n c e o f o u r a l g o r i t h m f o r g e n e r a t i n g mag ic ru les has b e e n p resen ted . 
A n i n t e r e s t i n g character is t ic o f the a l g o r i t h m is t h a t i t is s i m p l e a n d c lear 
a n d yet i t manages to de r ive a l l a n d c o r r e c t rules t h a t are r e q u i r e d t o 
answer the query . 

A n o t h e r i m p o r t a n t character is t ic o f the a l g o r i t h m is its time c o m p l e x i t y . 
I t has been s h o w n tha t t he time c o m p l e x i t y o f t he a l g o r i t h m is O ( n l o g n ) , 
w h i c h is an acceptable time. 
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A P P E N D I X 

Implementat ion 
T h i s sec t ion describes t he r o u t i n e s f o r t r a n s f o r m i n g a set o f ru les i n t o m a g i c 
ru les based o n a t raversal o f a r u l e / g o a l g r a p h . D u r i n g t he t raversal o f 
the r u l e / g o a l g r a p h , we c o m e across t w o types o f nodes , i .e. goa l nodes 
a n d r u l e nodes . T o m a n i p u l a t e these nodes t w o r o u t i n e s , n a m e l y 
TraverseSubgoa l a n d P rocessRuleNode , are n e e d e d . T h e f o r m e r processes 
goa l nodes a n d t h e l a t t e r processes r u l e nodes . H o w e v e r , t he r o o t n o d e 
needs a specia l t r e a t m e n t , a l t h o u g h i t is o n e o f t he g o a l nodes . T h e r o u t i n e 
t h a t accesses a n d processes t he r o o t cons t i tu tes t h e top- leve l p r o c e d u r e 
ca l l ed T r a v e r s e G r a p h . T h i s p r o c e d u r e is p r e s e n t e d as fo l lows : 

p r o c e d u r e T r a v e r s e G r a p h ( r o o t , q u e r y ) ; 
B E G I N 

/ * genera te a n i n i t i a l i s a t i o n r u l e based o n t h e r o o t * / 
p r i n t ( " m . " , r o o t Tpredicate); 
/ * ge t b o u n d a r g u m e n t s o f t he q u e r y * / 
G e t B o u n d A r g ( r o o t Tadorn, q u e r y ) ; 
/ * access t o top- leve l r u l e nodes l i n k e d to t h e r o o t * / 
e n t r y : = r o o t t p t r ; 
W H I L E e n t r y < > n u l l D O 
B E G I N 

P rocessRu leNode ( e n t r y Truleptr, r o o t Tadorn, n u l l ) ; 
e n t r y : = e n t r y Tnext; 

E N D 
E N D 

W e assume t h a t a r e c o r d r e p r e s e n t i n g a goa l n o d e i n c l u d e s predicate, 
adorn, a n d ptr ( p o i n t e r ) f ie lds . G e t B o u n d A r g is a f u n c t i o n ( r o u t i n e ) to 
o b t a i n b o u n d a r g u m e n t s o f p r e d i c a t e i n t he que ry . 

P r o c e s s R u l e N o d e 
G i v e n a r u l e n o d e p , an a d o r n m e n t adorn f o r a p r e d i c a t e s t o r e d i n a goa l 
f r o m w h i c h t he n o d e p comes o u t , a n d a parent ( r u l e ) n o d e parent (exists 
i f t he n o d e to be processed has a n i n d e x i , j , j > 0 ) , t he p r o c e d u r e ProcessRuleNode 
(p , adorn, parent) generates a r u l e d e f i n i n g a s u p p l e m e n t a r y p r e d i c a t e sup.., 
w h e r e i . j is an i n d e x associated w i t h n o d e p . T h e f o l l o w i n g a l g o r i t h m p r e s e n t e d 
i n t he f o r m p s e u d o c o d e def ines ProcessRuleNode ( p , adorn, parent). 
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B E G I N 
genera te the h e a d o f a r u l e d e f i n i n g sup y ; 

I F j = 0 T H E N 
genera te the ru le ' s b o d y f o r supi.O; 

ELSE 
genera te the ru le ' s b o d y f o r sup i . j , j > 0 ; 

I F p Tgolptr < > n u l l T H E N 
Trave r seSubgoa l (p Tgolpt r ,p) ; 

IF p Trulptr < > n u l l T H E N 
ProcessRuleNode ( p Ta ru lp t r ,nu l l , p ) ; 

ELSE 
genera te a r u l e f o r an I D B p red ica t e ; 

E N D 
T h e p r o c e d u r e w i l l be c a l l e d f r o m t w o places: 

a) ins ide the p r o c e d u r e TraverseSubgoal , d e s c r i b e d la ter , a n d 
b ) ins ide the p r o c e d u r e ProcessRuleNode itself. 

T h e ca l l i n (a) generates a r u l e f o r the z e r o t h s u p p l e m e n t a r y p r e d i c a t e , 
a n d i n this case the a d o r n m e n t adorn is r e q u i r e d to d e t e r m i n e t he b o u n d 
a rgumen t s o f the r u l e head . T h e ca l l i n (b ) generates a r u l e f o r t h e o t h e r 
s u p p l e m e n t a r y p red ica te , a n d f o r this t he above adorn is i r r e l e v a n t . 

TraverseSubgoal 
T h i s f u n c t i o n is re levant o n l y f o r a goa l n o d e r e p r e e n t i n g an I D B p red i ca t e , 
f o r w h i c h we genera te a r u l e d e f i n i n g a m a g i c p r e d i c a t e . A f t e r g e n e r a t i n g 
such a ru l e , we t h e n access a n d process a l l o t h e r nodes e m a n a t i n g f r o m 
this goa l n o d e . W e presen t TraverseSubgoal ( p , p a r e n t ) , w h e r e p a n d p a r e n t 
represent the goa l n o d e a n d its p a r e n t ( r u l e ) n o d e respect ively , i n t he 
f o r m o f pseudocode as fo l lows: 

B E G I N 
I F p con ta ins an I D B p r e d i c a t e T H E N 

genera te a mag ic r u l e ; 
/ * access to top- level r u l e nodes * / 
en t ry : = en t ry Tptr; 
W H I L E en t ry < > nul l D O 

ProcessRuleNode ( e n t r y Trulptr , p Tadorn, n u l l ) ; 
en t ry : = e n t r y Tnext; 

E N D 
E N D 
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ABSTRAK 

Karbon teraktif daripada serepai batang kelapa sawit telah disediakan dengan 
kaedah penyulingan merosak dalam keadaan vakum dengan menggunakan 
beberapa jenis garam kalium, pada pelbagai peratus kandungan, sebagai agen 
pengaktifan. Perbandingan sifat-sifat kimia dan fizik karbon teraktif yang 
terhasil menunjukkan bahawa jenis garam kalium dan peratusnya memainkan 
peranan penting dalam menentukan sifat karbon teraktif yang akan dihasilkan. 

A B S T R A C T 

Activated carbon was prepared from the chips of oil palm trunk by destructive 
distillation under vacuum, using potassium salts at various concentrations, 
as the chemical activation agent. The chemical and physical properties of the 
resulting activated carbon showed that the type and the percentage of 
potassium salts play an important role which determines the properties of 
the resulting activated carbon. 

Katakunci: Karbon teraktif, batang kelapa sawit, luas permukaan, pengaktifan 
kimia 

P E N D A H U L U A N 

Proses p i ro l i s i s k a y u a t au b a h a n - b a h a n l ignose lu losa a k a n m e n g h a s i l k a n 
e m p a t hasi l u t a m a : a r ang , gas-gas, asid p i r o l i g n e u s d a n tar k a y u ( K l a r 1 9 2 5 ) . 
A r a n g y a n g t e r h a s i l b o l e h d i m a n f a a t k a n u n t u k m e n g h a s i l k a n p e l b a g a i 
k a r b o n a m o r f o u s seper t i k a r b o n h i t a m d a n k a r b o n t e r a k t i f u n t u k k e g u n a a n 
i n d u s t r i d a n k e h i d u p a n h a r i a n , seper t i tayar d a n b a r a n g a n ge tah , p e m b e r s i h a n 
g u l a d a n a i r , p e m p r o s e s a n b a h a n k i m i a , b a h a n fa rmas i d a n l a i n - l a i n . 

A r a n g y a n g t e rhas i l d e n g a n k a e d a h p e n y u l i n g a n m e r o s a k i n i b o l e h 
d i a k t i f k a n u n t u k p e n g h a s i l a n k a r b o n t e rak t i f . I n i t e l ah d i l a k u k a n u n t u k 
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kayu b a k a u d a r i p a d a spesis k u r a p (Rhizophora apiculata) ( J a m a l u d d i n 1989) 
d a n m i n y a k {Rhizophora mucronata) ( Z u l k a r n a i n et al 1993 ) . 

Pengak t i f an k a r b o n b o l e h d i l a k u k a n d e n g a n d u a cara, sama ada secara 
p e n g a k t i f a n f i z ika l a tau p u n p e n g a k t i f a n k i m i a . P e n g a k t i f a n f i z i k a l biasanya 
m e l i b a t k a n p e n g g u n a a n b a h a n p e n g a k t i f seper t i gas k a r b o n d i o k s i d a , s t i m 
a tau p u n k o m b i n a s i kedua-duanya, sementa ra p e n g a k t i f a n k i m i a m e l i b a t k a n 
p e n g g u n a a n b a h a n k i m i a seper t i asid fos fo r ik (Jagtoyen et al 1992) , g a r a m 
k a l i u m ( L a i n e a n d Calafat 1991) , z i n k k l o r i d a ( C a t u r l a et al. 1991) d a n 
sebagainya. P e n g g a b u n g a n kedua-dua kaedah , fizikal d a n k i m i a d e n g a n 
m e n g g u n a k a n z i n k k l o r i d a sebagai b a h a n p e n g a k t i f t e l ah d i l a p o r k a n d a p a t 
m e n i n g g i k a n luas p e r m u k a a n sehingga m e l e b i h i 3000 m 2 / g ( C a t u r l a et al 
1991) . 

S u n g g u h p u n k a j i a n t e r d a h u l u m e n u n j u k k a n b a h a w a b a t a n g k e l a p a 
s awi t t i dak sesuai d i j a d i k a n a r a n g d i sebabkan n i l a i k a l o r i n y a y a n g r e n d a h 
(4032 k k a l / k g ) d a n n i l a i abunya y a n g t i n g g i ( 3 7 . 2 % ) ( L i m 1 9 9 2 ) , ka j i an 
m e n g e n a i kesesuaiannya sebagai b a h a n m e n t a h u n t u k m e n g h a s i l k a n k a r b o n 
t e r a k t i f b e l u m lag i d i j a l a n k a n . O l e h y a n g d e m i k i a n satu ka j i an t e l ah d i j a l a n k a n . 
D i s a m p i n g i t u s i f a t k i m i a d a n fizik k a r b o n t e r a k t i f y a n g d i h a s i l k a n 
d i k a j i d a r i segi p e n g a r u h j e n i s g a r a m k a l i u m d a n pera tusnya t e r h a d a p luas 
p e r m u k a a n k a r b o n t e r a k t i f y a n g d i h a s i l k a n . 

B A H A N D A N K A E D A H 

K a r b o n t e r a k t i f d a r i p a d a s e r e p a i b a t a n g k e l a p a s a w i t y a n g d i b e k a l k a n 
o l e h P O R I M , te lah d i sed iakan d e n g a n m e n g g u n a k a n k a e d a h p e n y u l i n g a n 
merosak pada keadaan v a k u m seper t i y a n g t e l a h d i p a t e n k a n ( B r i t i s h Pa ten t 
2086867, 1984) . 

Sebanyak 6 g serepai b a t a n g ke lapa sawit bersaiz 0.1 - 1.0 s m y a n g t e l ah 
d i k e r i n g k a n d i d a l a m k e t u h a r pada s u h u 80"C selama s e m i n g g u , d i m a s u k k a n 
ke d a l a m kaca s in ter y a n g k e m u d i a n n y a d i m a s u k k a n ke d a l a m tu rus p e m b a k a r 
kuar tza . T u r u s i n i k e m u d i a n n y a d i m a s u k k a n ke d a l a m r e l a u t u rus . 

T u r u s kuar tza k e m u d i a n n y a d i v a k u m k a n d a n seterusnya d i p a n a s k a n 
sehingga m e n c a p a i s u h u 500°C. Setelah keadaan i n i t e rcapa i , s ampe l t e r sebu t 
k e m u d i a n n y a d ipanaskan selama t iga j a m . Selepas p e m a n a s a n selesai, k a r b o n 
yang t e r b e n t u k d i b i a r k a n m e n y e j u k d a n d i j a d i k a n s e r b u k d e n g a n m e n g a y a k 
m e n g u n a k a n tapis Endeco t t s 80-100 mesh , d a n d i s i m p a n u n t u k p e n c i r i a n 
seterusnya. 

I m p r e g n a s i t e lah d i l a k u k a n d e n g a n m e n i m b a n g 20 g serepai b a t a n g 
kelapa sawit d a n d i c a m p u r k a n d e n g a n 150 m l l a r u t a n g a r a m K ^ O d e n g a n 
peratus k a n d u n g a n t e r t e n t u ( L a i n e a n d Calafat 1 9 9 1 ) . C a m p u r a n t e r sebu t 
k e m u d i a n n y a d i p a n a s k a n d a l a m k u k u s a i r s e h i n g g a l a r u t a n b e r l e b i h a n 
t e r w a p keluar . Sampel k e m u d i a n n y a d i k e r i n g k a n p a d a 120°C s e m a l a m a n 
d i d a l a m ke tuhar . Sampe l y a n g t e l ah t e r i m p r e g n a s i k e m u d i a n n y a d i g u n a k a n 
u n t u k m e n y e d i a k a n k a r b o n t e r a k t i f d e n g a n cara y a n g sama seper t i d i atas. 
Garam-garam k a l i u m l a i n seper t i k l o r i d a d a n fosfat j u g a d i g u n a k a n u n t u k 
ka j ian p e r b a n d i n g a n . 
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Luas p e r m u k a a n k a r b o n t e r a k t i f y a n g d i h a s i l k a n d i t e n t u k a n d e n g a n 
m e n g g u n a k a n k a e d a h i o d i n ( P u r i d a n Bansal 1965) , y a n g t e l ah d i b u k t i k a n 
dapa t m e m b e r i n i l a i luas p e r m u k a a n y a n g s e t a n d i n g d e n g a n n i l a i y a n g 
d i d a p a t i d e n g a n m e n g g u n a k a n k a e d a h j e r a p a n gas B . E . T . ( R o z m a n 1 9 9 3 ) . 
P e n e n t u a n l o g a m - l o g a m u t a m a ( seper t i N a d a n M g ) d a n s u r i h ( M n , Fe 
d a n Z n ) y a n g t e r k a n d u n g d a l a m serepai b a t a n g ke l apa sawit d i l a k u k a n d e n g a n 
m e n g g u n a k a n k a e d a h p e n g a k t i f a n n e u t r o n , s emen ta ra k a e d a h m i k r o s k o p 
e l e k t r o n p e n g i m b a s a n d i g u n a k a n u n t u k m e l i h a t m o r f o l o g i serepai b a t a n g 
ke l apa sawit d a n k a r b o n t e r a k t i f y a n g d i h a s i l k a n . 

K a n d u n g a n l e m b a p a n d a n p H k a r b o n t e r a k t i f y a n g t e rhas i l d i t e n t u k a n 
d e n g a n m e n g g u n a k a n k a e d a h seper t i y a n g d i s y o r k a n o l e h S I R I M ( S I R I M 
1984) . 

K E P U T U S A N D A N P E R B I N C A N G A N 

Mikrograf Elektron Pengimbasan 
Rajah 7 « m e n u n j u k k a n m i k r o g r a f e l e k t r o n p e n g i m b a s a n bag i serepai b a t a n g 
ke l apa sawit p a d a p e m b e s a r a n 180x, s emen ta ra Rajah lb m e n u n j u k k a n 
serepai b a t a n g ke l apa sawit y a n g t e l ah d i i m p r e g n a s i k a n d e n g a n 4 % l a r u t a n 
k a l i u m k a r b o n a t pada p e m b e s a r a n y a n g sama. J i k a p e r b a n d i n g a n Rajah 
la d e n g a n lb d i b u a t , j e las m e n u n j u k k a n bahawa t e r d a p a t h a b l u r - h a b l u r 
g a r a m p a d a p e r m u k a a n l u a r serepai b a t a n g ke l apa sawit t e r sebu t a k i b a t 
proses i m p r e g n a s i y a n g t e l ah d i l a k u k a n . Saiz h a b l u r - h a b l u r g a r a m i n i ada l ah 
seki tar 2 - 4 |Lim seper t i y a n g d i t u n j u k k a n d a l a m Rajah 1c p ada p e m b e s a r a n 
lOOOx. 

Rajah Id m e n u n j u k k a n m i k r o g r a f e l e k t r o n p e n g i m b a s a n b a g i k a r b o n 
t e r a k t i f y a n g d i s ed i akan d a r i p a d a b a t a n g ke l apa sawit t a n p a p e n g u n a a n 
agen p e n g a k t i f a n , m e n u n j u k k a n k e h a d i r a n l i a n g - l i a n g asal y a n g m a s i h k e k a l 
w a l a u p u n proses p e n g k a r b o n a n t e l ah d i l a k u k a n . I n i m e n u n j u k k a n bahawa 
semasa proses p e n g k a r b o n a n , hanya b a h a n - b a h a n m e r u a p sahaja y a n g 
d i k e l u a r k a n , s emen ta ra bahan -bahan l ignose lu losa m a s i h k e k a l seper t i sedia 
kala . 

Rajah 1. Mikrograf elektron pengimbasan bagi 
(a) Serepai batang kelapa sawit pada pembesaran 180x 

Pertanika J . Sci . & Technol. V o l . 2 No. 2, 1994 139 



Mohd Zobir Hussein, Z . Zulkarnain, Lau A i A i dan M . Badri 

(b) Serepai batang kelapa sawit terimpregnasi dengan larutan kalium karbonat 
pada pembesaran 180x 

(c) Seperti (b) tetapi pada pembesaran WOOx. 
Hablur-hablur kalium karbonat dianggarkan bersaiz di antara 2-4 mm 

(d) Karbon teraktifyang disediakan daripada serepai batang kelapa saxvit 
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Impregnasi Garam Kalium dan Kesannya terhadap Unsur-unsur Lain 
Rajah 2a m e n u n j u k k a n sifat j e r a p a n l a r u t a n g a r a m k a l i u m k a r b o n a t ke atas 
serepai b a t a n g ke lapa sawit. P e r t a m b a h a n k e p e k a t a n l a r u t a n g a r a m te r sebu t 
m e n g a k i b a t k a n p e r t a m b a h a n g a r a m y a n g t e r j e rap secara e k s p o n e n . B e n t u k 
i s o t e r m a j e r a p a n m e n u n j u k k a n c i r i p e r t a m b a h a n awal secara m e n d a d a k 
bag i b a h a n p e n j e r a p pada k e p e k a t a n g a r a m y a n g r e n d a h d a l a m l a r u t a n 
d a n d i i k u t i d e n g a n b a h a g i a n m e n d a t a r pada k e p e k a t a n g a r a m y a n g l e b i h 
t i n g g i . Kesan d a r i p a d a p e r t a m b a h a n k e p e k a t a n l a r u t a n g a r a m I ^ C ^ O sebagai 
agen p e n g a k t i f a n serepai b a t a n g ke l apa sawit t e r h a d a p k a n d u n g a n N a , M g , 
M n , Fe d a n Z n setelah k a r b o n t e r a k t i f t e r b e n t u k j u g a t e l ah d i k a j i . Pada 
u m u m n y a d i d a p a t i bahawa k e p e k a t a n N a , M g , M n , Fe d a n Z n m e n u r u n 
d e n g a n p e r t a m b a h a n l a r u t a n g a r a m k a l i u m , seper t i y a n g d i t u n j u k k a n d i 
d a l a m Rajah 2b u n t u k N a , M g d a n Fe, d a n Rajah 2c u n t u k M n d a n Z n . 
I n i m e n u n j u k k a n bahawa t e r j ad i proses l a r u t lesap u n s u r - u n s u r t e r sebu t 
d a r i p a d a serepai b a t a n g ke l apa sawit k e p a d a l a r u t a n g a r a m k a l i u m k a r b o n a t , 
d a n u n s u r - u n s u r y a n g t e r l a r u t lesap i n i pada u m u m n y a b e r k u r a n g d e n g a n 
p e r t a m b a h a n pera tus k a l i u m d a l a m l a r u t a n . 

Kandungan terjerap (p.p.m.) 
180 i 1 

kepekatan larutan kalium (%) 

Rajah 2. Impregnasi kalium karbonat dan kesannya terhadap unsur-unsur lain 
(a) Plot peratus kalium karbonat dalam larutan melawan kandungan kalium yang 

terjerap pada serapai batang kelapa sawit 
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kepekatan unsur (p.p.m.) 
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(b) Plotperatus kalium karbonat dalam larutan melawan kandungan Na, Mg dan 
Fe yang masih tertinggal dalam serepai batang kelapa sawit 

100 
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(c) Plot peratus kalium karbonat dalam larutan melawan kandungan Mn dan Zn yang masih 
tertinggal dalam serepai batang kelapa sawit 
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Kesan Peratus Impregnasi Garam Kalium terhadap Luas Permukaan 
K a j i a n awal m e n u n j u k k a n bahawa t a n p a agen p e n g a k t i f a n , p e n y e d i a a n 
k a r b o n t e r a k t i f p ada 500°C d e n g a n pemanasan se lama 3 j a m , m e n g h a s i l k a n 
k a r b o n t e r a k t i f d e n g a n n i l a i luas p e r m u k a a n 400 m 2 / g . I n i d i t a n d a k a n d i 
d a l a m Rajah 3. Pa r ame te r s u h u d a n masa pemanasan i n i d i t e t a p k a n b a g i 
p e n y e d i a a n k a r b o n t e r a k t i f seterusnya. A g e n p e n g a k t i f a n y a n g t e r d i r i 
d a r i p a d a ga r am-ga ram k a l i u m pada pe lbaga i pera tus k a n d u n g a n , d e n g a n 
proses i m p r e g n a s i n y a t e l ah d i t e r a n g k a n , d i g u n a u n t u k p e n y e d i a a n k a r b o n 
t e r a k t i f seterusnya. 

600 

500 

400 

300 

200 

100 

luas permukaan (m /g) 

4 6 8 10 
peratus garam kalium 

12 14 

- 9 - Kalium karbonat 

- S - Kalium klor lda 

Kalium fosfat 

Tanpa kalium 

Rajah 3. Kesan peratus impregnasi bagi pelbagai garam kalium terhadap luas permukaan 
karbon teraktif yang disediakan pada suhu 500C dan 3 jam pemanasan. Luas 

permukaan karbon teraktif yang disediakan tanpa penggunaan agen pengaktifan garam 
kalium juga ditunjukkan sebagai perbandingan 

Kesan sifat p e n g a k t i f a n k i m i a o l e h g a r a m - g a r a m k l o r i d a , k a r b o n a t d a n 
fosfat u n t u k p e n y e d i a a n k a r b o n t e r a k t i f d a r i p a d a serepai b a t a n g ke l apa 
sawit t e r i m p r e g n a s i , p ada keadaan v a k u m d i t u n j u k k a n d a l a m Rajah 3. Jelas 
d i t u n j u k k a n bahawa b a g i semua g a r a m k a l i u m y a n g d i g u n a k a n , kesan 
k e p e k a t a n t e r h a d a p fungs i i m p r e g n a s i ada l ah m e n g i k u t c o r a k y a n g sama, 
d e n g a n p e r t a m b a h a n pera tus m u a t a n g a r a m a k a n m e n a m b a h k a n luas 
p e r m u k a a n k a r b o n t e r a k t i f y a n g d i h a s i l k a n . Seba l iknya apab i l a pera tus 
m u a t a n ga ram-ga ram i n i m e l e b i h i 4 % , m a k a kesan n e g a t i f t e r h a d a p luas 
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p e r m u k a a n akan d i d a p a t i , d e n g a n p e n a m b a h a n m u a t a n g a r a m a k a n 
m e n u r u n k a n n i l a i luas p e r m u k a a n k a r b o n t e r a k t i f y a n g akan d i h a s i l k a n . 
Kesan n e g a t i f s e d e m i k i a n ada lah b e r k a i t a n d e n g a n kesan "hapus t e rbaka r" 
y a n g b e r l e b i h a n bag i bahan-bahan p e m u l a ( L a i n e a n d Calafat 1991 ) . 

Kesan Jenis Garam Kalium terhadap Luas Permukaan Karbon Teraktif yang Terhasil 
Rajah 3 j u g a m e n u n j u k k a n bahawa u n t u k semua g a r a m k a l i u m y a n g 
d i g u n a k a n sebagai agen p e n g a k t i f a n k i m i a , k a n d u n g a n 4 % ada lah m e r u p a k a n 
k a n d u n g a n d i m a n a k a r b o n t e r a k d f y a n g te rhas i l m e m p u n y a i luas p e r m u k a a n 
y a n g m a k s i m u m . 

N a m u n b e g i t u n i l a i luas p e r m u k a a n k a r b o n t e r a k t i f y a n g t e rhas i l o l e h 
p e n g a k t i f a n k i m i a d a r i p a d a pe lbaga i j e n i s . g a r a m k a l i u m b e r k e p e k a t a n 4 % 
m e n u n j u k k a n bahawa ianya j u g a b e r g a n t u n g kepada j e n i s g a r a m k a l i u m 
yang d i g u n a k a n , seper t i d i t u n j u k k a n d a l a m Rajah 4. P e r b a n d i n g a n luas 
p e r m u k a a n k a r b o n t e r a k t i f y a n g t e r h a s i l t a n p a m e n g g u n a k a n a g e n 
p e n g a k t i f a n j u g a d i t u n j u k k a n . 

6 0 0 

5 0 0 

4 0 0 -

3 0 0 

2 0 0 

1 0 0 

Luas permukaan (m 2/g) 
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Rajah 4. Kebergantungan luas permukaan optimum karbon teraktif terhadap spesis agen 
pengaktifan kimia garam-garam kalium 
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D a r i p a d a p e r b a n d i n g a n tersebut , ga r am-ga ram k a l i u m k a r b o n a t d a n 
fosfat m e n u n j u k k a n kesan p o s i t i f p e n g a k t i f a n d e n g a n luas p e r m u k a a n k a r b o n 
t e r a k t i f y a n g d i h a s i l k a n a d a l a h l e b i h t i n g g i j i k a d i b a n d i n g k a n d e n g a n 
k a r b o n t e r a k t i f y a n g d i s ed i akan t a n p a agen p e n g a k t i f a n . Seba l iknya g a r a m 
k a l i u m k l o r i d a m e n u n j u k k a n kesan n e g a t i f t e r h a d a p p e n g a k t i f a n . H a s i l 
ka j i an i n i sejajar d e n g a n has i l ka j i an t e r d a h u l u , d e n g a n kesan y a n g serupa 
j u g a d i p e r o l e h i w a l a u p u n cara p e n y e d i a a n k a r b o n t e r a k t i f d a n sampe l y a n g 
d i g u n a k a n berbeza ( L a i n e a n d Calafat 1 9 9 1 ) . 

Kesan pH dan Peratus Kelembapan 
Kesan ga ram-ga ram k a l i u m t e r h a d a p p H d a n k a n d u n g a n k e l e m b a p a n k a r b o n 
t e r a k t i f y a n g t e rhas i l j u g a t e l ah d i k a j i d a n d i t u n j u k k a n d i d a l a m Rajah 5. 
T i a d a kesan y a n g j e l a s d i t u n j u k k a n o l e h p e n g a k t i f a n pe lbaga i g a r a m k a l i u m 
t e r h a d a p p H , d e n g a n kesemua k a r b o n t e r a k t i f y a n g t e rhas i l m e m b e r i k a n 
n i l a i p H y a n g bers i fa t bes d i seki tar p H 9, y a n g sangat m e n g h a m p i r i n i l a i 
p H bag i p e n g a k t i f a n t a n p a g a r a m k a l i u m . 

Peratus pH 

Rajah 5. Kebergantungan pH dan peratus kelembapan karbon teraktif terhadap 
spesis agen pengaktifan kimia garam-garam kalium 
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Sebal iknya bag i p e n g a k t i f a n o l e h g a r a m k a l i u m y a n g berbeza, k a r b o n 
t e r a k t i f yang te rhas i l m e n u n j u k k a n k a n d u n g a n l e m b a p a n y a n g berbeza . 
K a n d u n g a n l e m b a p a n l e b i h t i n g g i bag i k a r b o n t e r a k t i f y a n g d i h a s i l k a n 
o l e h m a n g k i n g a r a m k a l i u m fosfat d a n k a r b o n a t , s emen ta ra l e b i h r e n d a h 
bag i g a r a m k l o r i d a j i k a d i b a n d i n g k a n d e n g a n k a r b o n t e r a k t i f y a n g d i h a s i l k a n 
t anpa agen pengak t i f an . K e c e n d e r u n g a n i n i sejajar d e n g a n k e c e n d e r u n g a n 
luas p e r m u k a a n k a r b o n t e r a k t i f y a n g d i h a s i l k a n , s e b a g a i m a n a y a n g 
d i t u n j u k k a n d i d a l a m Rajah 4. 

Kandungan Unsur-unsur 
Jadua l 1 m e n u n j u k k a n k a n d u n g a n unsu r -unsu r u t a m a , N a , K d a n M g serta 
k a n d u n g a n unsur -unsur s u r i h , M n , Fe, d a n Z n d a l a m k a r b o n t e r a k t i f y a n g 
d i sed iakan d a r i p a d a serepai ba t ang ke lapa sawit sama ada t a n p a p e n g a k t i f a n 
a tau d e n g a n p e n g a k t i f a n o l e h k a l i u m k a r b o n a t 4 % . Kesemua sampe l t e r sebu t 
te lah m e n j a l a n i rawatan , i a i t u d e n g a n m e r e f l u k s d i d a l a m l a r u t a n 0 . 5 M 
H Q selama t iga h a r i d i i k u t i d e n g a n a i r s u l i n g d e n g a n p e n g g a n t i a n d i l a k u k a n 
setiap h a r i u n t u k selama t iga h a r i b e r t u r u t - t u r u t . 

J A D U A L 1 
Kandungan (p.p.m.) unsur-unsur utama dan surih bagi karbon teraktif yang disediakan 

daripada serepai batang kelapa sawit, setelah rawatan pembasuhan dijalankan. 

Unsur Karbon teraktif 
(tanpa garam kalium) 

Karbon teraktif 
(garam kalium (4%) 

Na 55 13 
K 80 265 
Mg 1340 185 
Mn 14 2 
Fe 290 145 
Zn 7 6 

M e l a i n k a n k a l i u m , k a n d u n g a n u n s u r - u n s u r N a , M g , M n , Fe d a n Z n 
d i d a p a t i l e b i h r e n d a h bag i k a r b o n t e r a k t i f y a n g d i s ed i akan d e n g a n 
pengak t i f an m e n g g u n a k a n g a r a m k a l i u m k a r b o n a t 4 % j i k a d i b a n d i n g k a n 
dengan yang d i sed iakan t anpa g a r a m k a l i u m . F e n o m e n a i n i b e r l a k u 
d isebabkan te r jad inya kesan l a r u t lesap u n s u r - u n s u r t e r sebu t d a r i p a d a serepai 
ba tang ke lapa sawit apab i l a i m p r e g n a s i g a r a m k a l i u m d i l a k u k a n , seper t i 
yang d i t u n j u k k a n d i d a l a m Rajah 2b d a n 2c. 

K E S I M P U L A N 

Serepai ba t ang ke lapa sawit d i d a p a t i b e r p o t e n s i u n t u k d i g u n a k a n sebagai 
bahan p e m u l a bag i m e n y e d i a k a n k a r b o n t e r a k t i f d e n g a n luas p e r m u k a a n 
sederhana, sebagaimana yang d i t u n j u k k a n d i d a l a m J a d u a l 2. P e n g a k t i f a n 
k i m i a dengan m e n g g u n a k a n k a l i u m k a r b o n a t d i d a p a t i d a p a t m e n i n g g i k a n 
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luas p e r m u k a a n seh ingga l e b i h k u r a n g 4 0 % kepada n i l a i l e b i h k u r a n g 577 
m 2 / g , b e r b a n d i n g d e n g a n t a n p a p e n g a k t i f a n o l e h k a l i u m k a r b o n a t . D i d a p a d 
j u g a bahawa k e h a d i r a n k a l i u m k a r b o n a t sebagai agen p e n g a k t i f a n t e l ah 
dapa t m e n u r u n k a n k a n d u n g a n u n s u r - u n s u r s u r i h d a n u t a m a bag i k a r b o n 
t e r a k t i f y a n g d i h a s i l k a n . 

J A D U A L 2 
Nilai luas permukaan karbon teraktif yang disediakan daripada serepai batang kelapa 

sawit dengan menggunakan garam-garam kalium sebagai agen pengaktifan kimia. 

Nilai luas permukaan ( m 2 / g ) 

% garam 1 K2COs KC1 

3 388 367 271 
4 577 453 297 
5 523 423 -
8 450 378 204 

12 - - 173 

1 % garam adalah dinyatakan d a l a m sebutan g /g . 

P E N G H A R G A A N 

R a k a m a n u c a p a n t e r i m a kasih kepada I R P A k e r a n a m e m b i a y a i p r o j e k i n i d i 
b a w a h g r a n P r o j e k ( 2 - 0 7 - 0 5 - 0 0 9 - J 0 1 ) , F a k u l t i V e t e r i n a r d a n Sa ins 
P e r t e r n a k a n , U P M k e r a n a m e m b a n t u m e n g e n d a l i k a n S E M d a n U T N d i a tas 
k h i d m a t pengana l i s i san s ampe l secara A P N . 
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Kaedah tak tersirat k u m p u l a n berselang-seli (TTKS) merupakan satu kaedah 
le laran tak tersirat bagi masalah parabola yang melibatkan domain sekata telah 
dilaksanakan dalam sistem Sequent S27. Kaedah TTKS ini sesuai bagi komputer 
selari kerana ia mempunyai tugas-tugas yang terpisah dan merdeka, contohnya blok-
blok (2 x 2) yang boleh dilaksanakan serentak tanpa melibatkan satu sama lain. 
Makalah in i menerangkan pembangunan dan perlaksanaan algoritma selari TTKS. 
Keputusan-keputusan yang diperolehi daripada perlaksanaan selari in i dibandingkan 
dengan perlaksanaan secara jujukan. 

The alternating group explicit (AGE), an explicit iterative method for parabolic 
problems involving regular domains of cylindrical symmetry is implemented in parallel 
on a M I M D Sequent S27 system. The AGE method is suitable for parallel computers 
as i t possesses separate and independent tasks, i.e (2 x 2) blocks which can be 
executed at the same time without interfering with each other. This paper reports 
the development and implementation of the parallel AGE algorithm. The results 
from parallel implementation are compared with those of the sequential imple
mentation. 

Keywords: parallel A G E , parallel computer, MIMD 

L e t us c o n s i d e r t h e f o l l o w i n g p a r a b o l i c e q u a t i o n i n one-space d i m e n s i o n 

ABSTRAK 

ABSTRACT 

I N T R O D U C T I O N 

g iven by 

3 U d2U a 3 U 

3 r 2 r dr ( l . D 

subject to t he i n i t i a l - b o u n d a r y c o n d i t i o n s 

a n d 

U ( r , 0 ) = f ( r ) , 0 < r < l 

— (0 , t ) = 0, U ( l , t ) = 0, f o r O < t < T (1 .2) 
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T h i s e q u a t i o n reduces to t he s i m p l e d i f f u s i o n e q u a t i o n w h e n a = 0 a n d by 
p u t t i n g a = 1 a n d a = 2 respectively, i t becomes a p a r a b o l i c p r o b l e m w i t h 
c y l i n d r i c a l a n d spher ica l symmet ry . T h e a p p l i c a t i o n o f t he A G E a l g o r i t h m to 
the heat e q u a t i o n (Evans a n d S a h i m i 1987) is n o w e x t e n d e d f o r p r o b l e m ( 1 . 1 ) . 

P R O B L E M F O R M U L A T I O N 

A un i fo rmly - spaced n e t w o r k whose mesh p o i n t s are r. = i A r , t = j A t f o r i = 0, 
1 , . . . , m , m + 1 a n d j = 0 , 1 , . . . , n , n +1 is used w i t h A r = l / ( m + 1 ) , A t = T / ( n +1) 
a n d mesh r a t io X = A t / ( A r ) 2 . 

i I i i r ~ 
r = 0 r r r r Ao M A i l2 Ls L4 r r r 

m-l m m+1 

Fig. 1 

A w e i g h t e d a p p r o x i m a t i o n to (1 .1) a t t he p o i n t (r., t + 1 ) is thus g i v e n by 
Saul 'yev (1964 ) , 

[ 1 + 2 ( 1 + a)XQ]u0 j + 1 - 2 ( 1 + a ) X 6 U ] j + 1 = [ 1 - 2 ( 1 + a)X(l - 9 ) u 0 . 

+ 2 ( l + a ) A , ( l - 6 ) u l i . (2 .1 ) 

at the axis r = 0 a n d 

" P ^ M . m + (1 + 2 ^ ) u , . , - q , eu i + 1 j + 1 = P i (1 - 9 ) n , . 

+ [ l - 2 ^ ( l - e ) ] u . . + q i ( l - e ) u i + l j (2 .2) 

fo r i = 1, 2, m a n d p o i n t s n o t o n t he axis, w h e r e 

p . = ( l - a / 2 i ) ? i 

q. = (1 + a / 2 i ) X . 

a n d 

F o l l o w i n g S a h i m i a n d M u d a ( 1 9 8 8 ) , a p p r o x i m a t i o n s (2 .1) a n d ( 2 . 2 ) m a y be 
w r i t t e n as 

0 

0 

— — — —1 

u o f 0 

u l f, 
u 2 

f

2 

f , 
m-l 

u 
m 

f 
m 

o r 

150 

A u = f 
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where 

a = 

b = 

c . = 

f = 

1 + 2 ( 1 + o ) X 9 , a, = a = ( 1 + 2A£) , fo r i = 1,2, . . . , m; 

- 2 ( 1 + a )AG, b = - q.9, for i = 1, 2, m; 

- p.0, for i = 1, 2, m; 

[ 1 - 2 ( 1 + a)X (1 - 6 ) ] u 0 . + 2 ( 1 + a ) M l - 8 ) ] ^ 

P i ( 1 - 6 ) a . + [ 1 - 2A.(1 - 6 ) ] u . . + q. (1 - 0 ) ] u j t I .. 

for i = 1, 2, m - 1; 

p ( l - 6 ) u , + [ l - 2 X ( l - 6 ) ] u + q [ 6 u . . . 
i m v 7 m - l , j L v / J m , j i m L m + l , j + l 

+ ( l - 9 ) ] u . 1. 
x 7 J m + l , j J 

N o t e t h a t (2 .3) c o r r e s p o n d s to t he f u l l y i m p l i c i t , t he C r a n k - N i c o l s o n a n d t he 
classical e x p l i c i t m e t h o d s w h e n 6 = 1 , 1 /2 , a n d 0 respect ively w i t h O ( ( A r ) 2 + 
A t ) , O ( ( A r ) 2 + ( A t ) 2 ) a n d O ( ( A r ) 2 + A t ) accuracy. 

W i t h o u t loss o f gene ra l i ty , assume t h a t m is o d d . T h e n , we have a n even 
n u m b e r ( m + 1) o f i n t e r n a l m e s h p o i n t s at w h i c h we seek the so lu t ions o f (2 .3) 
a l o n g each t i m e leve l . W e n o w p e r f o r m the f o l l o w i n g s p l i t t i n g o f A : 

A = G, + G 0 (2 .4) 

where 

G, = 

o 
V i a 

V i a 
i 

V i a 

0 i 

io 

14 a 

c 
m - l 

LA a 

(2 .5) 

(m+l) x (m+1) 
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p/2a„ 
1/2 a b , 

c 2 M> a | | 0 
VIA b. s ; 

cA
 LA a i . i 
4 : : 

0 ! . ! >/ 2a b , 
: m-2 

1 i c . V23. 
: : m—1 

*4a_ 

(2 .6) 

(m+1) x (m+1) 

F o l l o w i n g Evans a n d S a h i m i ( 1 9 8 7 ) , t he f o l l o w i n g i t e ra t ive A G E conver 
g e n t scheme was d e r i v e d , 

(Gj + f I ) u ( k + 1 / 2 ) = ( r l - G 2 ) u ( k > + f 

( G 2 + f l ) u ( k + 1 ) = ( G 2 - ( 1 - 0 ) ) r l ) u ( k ) 

+ (2 - co) f u ( k + 1 / 2 ) (2 .7) 

f o r any 0 < CO < 2 a n d f > 0 b e i n g a f i x e d acce l e r a t i on p a r a m e t e r a l o n g each 
i n t e r m e d i a t e (ha l f - t ime) level o r i t e ra te . A p a r t i c u l a r c h o i c e o f CO = 0 gives us 
the Peaceman-Rachford (PR) scheme a n d f o r co = 1, we o b t a i n t he v a r i a n t d u e 
to Douglas a n d R a c h f o r d ( D R ) . B o t h stable var iants are k n o w n to have 
t r u n c a t i o n e r ro r s o f the o r d e r T p R = O ( ( A r ) 2 + ( A t ) 2 ) a n d T D R ( ( A r ) 2 + A t ) 
respectively. 

F o l l o w i n g S a h i m i a n d M u d a (1988) we a r r ive at t he c o m p u t a t i o n of t he 
s o l u t i o n o f o u r g e o m e t r i c a l p r o b l e m : 

1) at level (k + 1 /2 ) 

% m m = ( W + B 0 V k ) • C 0 u 2 ' k > + D 0 ) / a 0 

u / k + 1 / 2 > = ( A l U o

( k ) + B l U / k ) * bj*J# + Dx)/a0 

= ( A u « + B u / k > + C u , ^ + D t u i + E . ) / a . i / 2 

fori* 2 , 4 , 6 , . . . , m - l (2.8a) 

u . ( A u , w + B j U i ' k > + B u W + Cu 1 + 2 < k >+ D.)/ai/2 

f o r i = 2, 4, 6, m - 1 (2 .8b) 
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w h e r e 

A o " soso> - b 0 s , c „ = b 0 b , , D 0 
= s o f o -

A , = - c , s 0 , »,= - V - C i = - ? o b i ' D , = c . f o -

B = 
1 - s c i + l > C = - s b i + r D 

l 
= sf. , -

1+1 

A = - cl, B , = ss, c = 
1 

- b s, D 
l 

= b b . 
i l+l' 

E = s f - i b 
l l l 

w i t h 

s 0 = f + a 0 / 2 , s"=r + a / 2 , s 0 = r - a 0 / 2 , a n d s = f - a / 2 . 

2) a t l e v e l ( k + l ) 

u 0<^'> = ( q 0 u 0 < ^ + d o u < " / V s 0 

tt(k+i) = ( p i U i < M + Q u h l « + Ru 1 * + 1 /»+S | u 1 , 1 < k + 1 /»>/d ( w ) / s 

f o r i = 1,3, 5, m - 2 (2.9a) 

u . , ( k + 1 ) = (P .u . ( k ) + P.u. , < k ) + Q u . ( k + , / 2 ) ) + Ru . , ( k > / d L 1 W 9 

i+l V I I i i+l ^ I I + I ' ( i + l ) / 2 

f o r i = 1,3, 5, m - 2 (2 .9b) 

w h e r e 

P. = s q - b . c . + 1 , Q . = b ( s - q ) , R = sd, S.= - b d 

R = c i + | ( s - q ) Q = - c , d 

w i t h 

q 0 - a 0 / 2 - (1 - co)f, q = a / 2 - (1 - (o ) f a n d d = (2 - co)f. 

Since t h e equa t ions 2.8a & 2.8b a n d 2.9a & 2.9b are e x p l i c i t , t h e n 
t h e i r s o l u t i o n o n a p a r a l l e l c o m p u t e r is possible . 

P A R A L L E L A G E E X P L O I T A T I O N 

A p a r a l l e l a l g o r i t h m has b e e n d e v e l o p e d a n d i m p l e m e n t e d to solve t he 
o n e - s p a c e d i m e n s i o n p a r a b o l i c e q u a t i o n o n a M I M D s h a r e d m e m o r y 
p a r a l l e l c o m p u t e r . 

Pertanika J . Sci . & Technol. Vo l . 2 No. 2, 1994 133 



/niton Muda. Mohamed Othman and Chuah Chin Y e w 

T h e m e s h o f p o i n t s (Fig. 1) is d e c o m p o s e d i n t o a subset o f po in t s , 
each o f w h i c h is assigned to a processor . As we have seen, the c o m p u t a t i o n 
o f the s o l u t i o n o f o u r g e o m e t r i c a l p r o b l e m involves i t e r a t i ons o f t he two 
sweeps. 

F o r the f i rs t sweep o f each mesh p o i n t , each c o m p u t a t i o n a l m o l e c u l e 
o f equa t ions 2.8a & 2.8b is aga in assigned to a processor . T h e c o m p u t a t i o n a l 
mo lecu l e s are t h e n solved d e p t h by d e p t h i n pa r a l l e l i n b o t t o m - u p o r d e r 
(Fig. 2(a)). T h i s m e t h o d is also k n o w n as t he b a l a n c e d b i n a r y t ree m e t h o d . 
T h e d e p t h o f such a t ree w i l l be b o u n d by ( l o g n ) a n d the c o m p l e x i t y 
o f such an a l g o r i t h m w i l l be O ( l o g n ) w h e r e n is t he n u m b e r o f nodes . 
T h e m a x i m u m n u m b e r o f processors e m p l o y e d i n this d i s c i p l i n e is n / 2 . 

® JB ®^ 
H) ® ® © ® ® ® ® 

A u . B u C a . D u . 9 A u , B u B u , C u , 
i i - l i i i+l i i+2 I I - I i i i+l i i+2 

f o r i = 2, 4, . . . , m - 1 f o r i = 3, 5, . . . , m 

Fig. 2(a) 

T h e second sweep is s tar ted after t he f i rs t sweep has b e e n c o m p l e t e d . T h e 
c o m p u t a t i o n a l mo lecu le s o f e q u a t i o n 2.9a & 2.9b are also solved u s i n g t he 
same t e c h n i q u e (Fig. 2(b)). T h e n a test o f conve rgence is c a r r i e d o u t af ter t he 
second sweep. F u r t h e r i t e ra t ions are n e e d e d u n t i l a p r e s c r i b e d t o l e r ance e is 
ach ieved . 

© © & 
X ® © © ® © 

P i u : 0 , « w R «i S, u i + 1 P. u, P, u i + 1 Q. a R u i + 2 

fo r i = 1, 3, m - 2 f o r i = 2, 4, m - 1 

Fig. 2(b) 
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T h e a l g o r i t h m f o r t he p a r a l l e l A G E m e t h o d is t h e n d e s c r i b e d as fo l lows . 

Algor i thm begin 
f o r h = 1 t o n d o 

b e g i n 
T = h t 
k = 0 
w h i l e (not converge) a n d ( k < M A X ) 

b e g i n 
k = k + 1 
„ (k+l/2) „ 

(k+l/2) _ 

f o r i = 2 to m - 1 in paral le l d o 
b e g i n 

f o r j = 4 to 7 in paral le l d o 
A. . = A . „. * A. 

i , j i ,2 j i , 2 j + l 
f o r j = 2 to 3 in paral le l d o 

A. . —- A. „. 4" A.. a . , 
i , j i , 2 j i,2]+1 

U i ( k + 1 / 2 ) = ( A , , 2 + A i , , + A . . 4 ) / a i 

e n d 
u ( k + 1 ) = .. 

i 

f o r i = 1 t o m - 2 in paral le l d o 
b e g i n 

f o r j = 4 to 7 in paral le l d o 
B = B * B 9 . 

i , j i , 2 i.2j+l 
f o r j = 2 to 3 in paral le l d o 

B. . = B. 9 . + B . , 
L j i , 2j i , 2j+l 

u . ( k + 1 » = ( B . . + B . , ) * /a. 
I x i , 2 i , 3 ' ' i 

e n d 
T e s t Convergence 
[ a b s ( u . ( k + 1 ) - u . ( k ) ) < e f o r a l i i ] 
R e p l a c e u . ( k + 1 ) w i t h n e w u . ( k ) f o r a l l i 

e n d 
e n d 

Algor i thm end. 
As the m e t h o d o f d i v i d e - a n d - c o n q u e r (Evans a n d Su t t i 1988) is w i d e l y 

a p p l i c a b l e i n s equen t i a l c o m p u t a t i o n , a s equen t i a l p r o g r a m is d e v e l o p e d a n d 
i m p l e m e n t e d to give its p e r f o r m a n c e i n con t ra s t w i t h t he p a r a l l e l . 

E X P E R I M E N T A L R E S U L T S 
L e t us c o n s i d e r t he c y l i n d r i c a l p r o b l e m ( M i t c h e l l a n d Pearce 1963) 

a u 3 * u i a u 
— = + — — , ( 0 < r < l ) 
3 t 3 r 2 r 3 r 
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U ( r , 0 ) = J 0 ( P r ) , 

— ( 0 , t ) = U ( l , t ) = 0 , t > 0 
3 U 

w h e r e J 0 (Pr) is t he Bessel f u n c t i o n o f t he first k i n d o f o r d e r 0 a n d P is 
t he first r o o t o f J 0 ( p ) - 0. T h e exact s o l u t i o n is U ( r , t ) = J 0 ( p r ) e P 2 t . 

T h i s p r o b l e m is i m p l e m e n t e d i n p a r a l l e l as w e l l as i n s equen t i a l o n 
t h e sequen t s y m m e t r y S27 system u s i n g the strategy discussed above. T h e 
p r o g r a m s are w r i t t e n i n C language; c o m p i l e d w i t h t h e S y m m e t r y C C o m p i l e r 
(vers ion 6 .2) . T h e Sequen t c o m p u t e r r u n s o n t he D Y N I X o p e r a t i n g system, 
a ve r s ion o f U N I X 4.2bsd t h a t also suppor t s m o s t u t i l i t i e s , l i b ra r i e s a n d 
system calls p r o v i d e d by U N I X System V . H e r e the Sequen t c o m p u t e r suppor t s 
m u l t i - t a s k i n g o n 2 processors. 

T h e accuracy o f these p a r a l l e l A G E m e t h o d results has b e e n v e r i f i e d 
(Fig. 3(a)) w i t h t he i m p l i c i t - s e q u e n t i a l results o b t a i n e d f r o m S a h i m i a n d 
M u d a ( 1 9 8 8 ) . 

0.002 
0.0018 
0.0016 
0.0014 

w 0.0012 

I 0.001 
© 0.0008 

" I 0.0006 
| 0.0004 

0.0002 
0 

° o o ' o o o o o o 
AGE (DR) implict-sequential 

AGE (DR) implict-parallel 

Fig. 3(a). The absolute errors of the numerical solutions to the cylindrical problems (where 
X = 1.0, t = 1.0, Ar = 0.1, At = 0.01, r = 0.9, CO = 1) 

I n t he i m p l e m e n t a t i o n s , t he e x e c u t i o n time o f t h e two sweeps is o b t a i n e d 
w i t h t he n u m b e r o f m e s h p o i n t s b e i n g increased ( T a b l e 1 ) . By c o m p a r i n g 
the results o f t he i m p l e m e n t a t i o n s , we n o t i c e t h a t t h e p rocess ing times 
f o r t he p a r a l l e l strategy are less t h a n those o f t h e sequen t i a l strategy (Fig. 
3 (b) 6 f 3(c)). T h i s is m a i n l y d u e to t he effectiveness o f t h e a l g o r i t h m w h i c h 
enables a h i g h pe rcen tage o f t he p r o b l e m to be p a r a l l e l i z e d ( i n e q u a t i o n s 
2.8a, 2.8b, 2.9a a n d 2 . 9 b ) . 
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O C\J Tf C O O O O O O t T C D O O O 
t- y- ' - ' - C V J C V J C V J C V J C V J C O 

no. of mesh points 
— • — sequential algorithm 

— • — parallel algorithm 

Fig. 3(b). The time execution performance of the first sweep 

O C M T T C O C O O C N j T t C D O O O 

no. of mesh points 
B sequential algorithm 
• parallel algorithm 

Fig. 3(c). The time execution performance of the second sweep 

1 
CL 

2nd sweep 
1 st sweep 

no. of mesh points 
• 1st sweep 
• 2nd sweep 

Fig. 3(c). Comparison of the speed-up of the parallel AGE method 
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TABLE 1 
The execution time (in microseconds) and speed-up performance of the parallel 

AGE method (where X = 1.0, t = 1.0, Ar = 0.1, At = 0.01, f = 0.9, (0 = 1) 

no. of 
mesh 
points 

sequential parallel algorithm parallel speed-up 
no. of 
mesh 
points 

algorithm no. of 
mesh 
points 1st * 

sweep 
2nd 

sweep 
1st 

sweep 
2nd 

sweep 
1st 

sweep 
2nd 

sweep 

10 1035 1012 979 950 1.057201 1.065263 
12 1293 1264 1220 1185 1.059836 1.066667 
14 1558 1516 1467 1420 1.062031 1.067606 
16 1822 1767 1721 1661 1.058687 1.063817 
18 2065 2024 1947 1895 1.060606 1.068074 
20 2323 2274 2194 2135 1.058797 1.065105 
22 2589 2529 2443 2373 1.059763 1.066574 
24 2841 2782 2678 2617 1.060866 1.063049 
26 3095 3028 2926 2846 1.057758 1.063949 
28 3353 3279 3166 3078 1.059065 1.065302 
SO 3613 3595 3410 3373 1.059531 1.065904 

I n Fig. 3(d), t he speed-up f o r the f i rs t sweep is less t h a n the second . 
T h i s is because the second sweep has a h i g h e r pe rcen tage o f p a r a l l e l i s m 
t h a n t he f i rs t . D u e to the l i m i t a t i o n fac to r o f h a r d w a r e faci l i t ies ( t h a t is 
the n u m b e r o f processors is t w o ) , f u r t h e r conc lus ions o n speed-up f o r m o r e 
t h a n two processors c a n n o t be m a d e . Howeve r , we expec t a b e t t e r speed
u p as we increase t he n u m b e r o f processors. T h i s w i l l m e a n m o r e s u b p r o b l e m s 
can be solved s imul t aneous ly . 
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ABSTRAK 

Alga marin iaitu Laurencia cartilaginea dan Hypnea pannosa telah dikaji bagi 
menentukan kandungan sebatian kimia dan keaktifan biologinya. Pengestrakan 
dan penulenan ke atas H. pannosa telah memberikan dua sebatian monoterpena 
yang dikenalpasti sebagai 3-bromo-8-kloro-6-klorometil-2-metilokta-l ,6-diena 
( 1 ) dan 8-kloro-6-klorometil-3-metoksi-2-meUlokta-l ,6-diena(2). Manakala L . 
cartilaginea pula telah memberikan satu sebatian seskuiterpena yang dikenalpasti 
sebagai 8-bromokamigra-l, 11 (12)-diena-9-01 ( 3 ) . Ketiga-tiga sebatian halogen 
tersebut menunjukkan kesan antibakteria. 

ABSTRACT 

The chemical components and the biological activity o f Laurencia cartilaginea 
and Hypnea pannosa have been studied. Extraction and purification of H. pannosa 
have resulted in the isolation of two monoterpenes identified as 3-bromo-8-
chloro-6-chloromethyl-2-methylocta-l ,6-diene ( 1 ) and 8-chloro-6-chloromethyl-
3-methoxy-2-methylocta-l,6-diene ( 2 ) . The study of L . cartilaginea resulted in the 
isolation of a sesquiterpene identified as 8-bromochamigra-l,l 1 (12)-diene-9-01 
( 3 ) . A l l the halogenated compounds showed some antibacterial properties. 

Katakunci: Laurencia cartilaginea, Hypnea pannosa, Rhodophyta, monoterpena, 
seskuiterpena, aktiviti antibakteria. 

P E N D A H U L U A N 

K e b a n y a k a n a lga m a r i n m e n g a n d u n g i sebat ian a k t i f b i o l o g i d e n g a n s t r u k t u r 
y a n g berbeza-beza d a r i t e r p e n o i d , s t e ro id , d a n sebat ian f e n o l i k y a n g t e r i k a t 
k e p a d a h a l o g e n . P o t e n s i o r g a n i s m a m a r i n sebaga i p e n g h a s i l b a h a n 
f a rmaseu t i ka l t e l ah d iu las o l e h r a m a i p e n y e l i d i k , an ta ranya B a k e r ( 1 9 8 4 ) , 
R e i c h e l t d a n B o r o w i t z k a ( 1 9 8 4 ) , T h o m p s o n etal. ( 1 9 8 5 ) , Rao etal. (1986) d a n 
B a l l a n t i n e etal. ( 1 9 8 7 ) . 

R u m p a i a i r d a l a m k u m p u l a n C y a n o p h y t a , C h l o r o p h y t a , P h a e o p h y t a 
d a n R h o d o p h y t a t e l ah m e m b e r i k a n pe lbaga i sebat ian a k t i f t e r h a d a p 
m i k r o o r g a n i s m a ( T h o m p s o n etal. 1 9 8 5 ) . A n t a r a n y a t e r m a s u k l a h asid k i n i k 
d a r i Digenea simplex sebagai agen a n t i h e l m e n t i k , f l e k s i l i n d a r i Udotea sp. 
sebagai a n t i b i o t i k , sebat ian m a j u s k u l a m i d a d a r i Lyngbya majuscula sebagai 
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b a h a n a n t i f u n g a l d a n d i k t y o l d a r i Dictyota dichomata s e b a g a i a g e n 
a n t i b a k t e r i a ( T h o m p s o n et ai, 1985; B a l l a n t i n e et ai, 1987) . 

Ka j i an sebat ian d a r i r u m p a i a i r l a u t d i Malaysia a m a t terbatas. L a p o r a n 
i n i a k a n m e m b i n c a n g k a n pengeks t r akan d a n p e n u l e n a n sebat ian d a r i d u a 
j e n i s r u m p a i a i r i a i t u L . cartilaginea Y a m a d a ( R h o d o p h y t a , Ceramia les , 
R h o d o m e l a c e a e ) d a n H. pannosa ( R h o d o p h y t a , Gigar t ina les , Hypneaceae ) 
y a n g t e r t a b u r secara meluas d i p e r a i r a n p a n t a i seki tar K u d a t , Sabah. 

B A H A N D A N K A E D A H 

Kaedah Umum 
Semua r u m p a i a i r l a u t y a n g d i g u n a k a n d a l a m ka j i an i n i t e l ah d i p u n g u t 
d i Pan ta i Bak-Bak, K u d a t secara S C U B A (spes imen r u m p a i a i r t e l ah 
d i k e n a l p a s t i spesiesnya o l e h E n . N o r h a d i I s m a i l Jaba tan Sains L a u t , U K M 
K a m p u s Sabah) . Sampe l t e r sebut setelah d i b e r s i h k a n , d i r e n d a m d e n g a n 
M e O H a t a u c a m p u r a n M e O H : C H 2 C l 2 (1 :1 ) . H. pannosa (150 g) t e l ah d i eks t r ak 
d e n g a n M e O H . Eks t rak M e O H te l ah d i p i s a h k a n kepada f raksi C H 2 C 1 2 d a n 
M e O H . B a h a g i a n y a n g l a r u t d a l a m C H 2 C 1 2 (2 .0 g ) t e l a h d i l a k u k a n 
k r o m a t o g r a f i t u rus ge l s i l ika d e n g a n p e r t a m b a h a n i s i p a d u d i e t i l e t e r secara 
b e r p e r i n g k a t d a l a m p e t r o l e u m r i n g a n . F r a k s i - f r a k s i t e r s e b u t t e l a h 
d i g a b u n g k a n be rdasa rkan n i l a i R f d a n t e l ah d i p i s a h k a n sekal i l a g i d e n g a n 
K L N persed iaan m e n g g u n a k a n gel s i l ika d e n g a n sistem p e l a r u t y a n g sama. 
Fraksi y a n g k u r a n g p o l a r t e l ah m e m b e r i k a n sebat ian t u l e n 1 d e n g a n b e r a t 
40 m g ( 2 % ) d a n sebat ian 2 d e n g a n be ra t 52 m g ( 5 % ) . 

R u m p a i a i r L . cartilaginea (130 g) p u l a t e l ah d i eks t r ak d e n g a n 500 
m l M e O H C H 2 C 1 2 (1 : 1 ) . B a h a g i a n y a n g l a r u t d a l a m C H 2 C 1 2 (2 g, 1.5%) 
t e lah d i p i s a h k a n secara tu rus ge l s i l ika m e n g g u n a k a n k e c e r u n a n k e p e k a t a n 
d a r i p e t r o l e u m r i n g a n ke E t O A c bag i m e m b e r i k a n 12 f raks i . Fraks i 1-3 
te lah d i g a b u n g k a n d a n d i l a k u k a n k r o m a t o g r a f i t u rus ge l s i l ika d e n g a n sis tem 
p e l a r u t p e t r o l e u m eter: E t O A c (97 : 3) bag i m e m b e r i k a n sebat ian 3. 

Pencirian Sebatian 

H Br 

1 

Sebatian 1: M i n y a k j e r n i h ( C o l l d a n W r i g h t 1989 ) , [ a ] D - 22.5° (c, 0 .008) ; I R , 
v maks ( f i l e m ) 2940, 1640, 1430, 1372, 902, 609 c m 1 . * H - R M N . ( C D C 1 3 , 300 
M H z ) 1.86 (s, 3 H , 2 - C H 3 ) ; 2.12 ( m , 2 H , H - 4 ) ; 2.29 ( m , 2 H , H - 5 ) ; 4 .06 (s, 2 H , 
H - 9 ) ; 4 . 1 3 ( d , 2 H , 8.1 H z , H - 8 ) ; 4 . 5 2 ( t , l H , 7 . 6 H z , H - 3 ) ; 4.90 (s, 1 H , H - 1 ) ; 5 . 0 8 
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(s, 1 H , H - l ) ; 5.72 ( t , 1 H , 8.1 H z , H - 7 ) . 1 3 C - R M N ( C D C 1 3 , 75 M H z ) : 114.0 (C-
1 ) , 142.3 (C-2 ) ;57 .9 (C-3) ; 35.0 ( C 4 ) ; 3 1 . 5 ( C 4 ) ; 139.2 (C-6 ) ; 129.0 (C -7 ) ;39 .0 
(C-8 ) . 41.2 (C-9 ) ; 17.5 (C-10) . m / z ( % , k e l i m p a h a n r e l a t i f ) 249 ( M - C l , 1.5), 
2 0 7 , 2 0 5 ( M - B r , 1 0 , 1 5 ) , 169 ( 2 5 ) , 163 ( 7 ) , 149 ( 2 5 ) , 147 ( 2 2 ) , 133 ( 2 4 ) , 115 ( 9 ) , 
105 ( 2 4 ) , 103 ( 1 1 ) , 9 1 ( 3 4 ) , 8 1 ( 1 5 ) , 79 ( 3 2 ) , 77 ( 2 4 ) , 7 5 ( 1 3 ) , 6 8 ( 7 2 ) , 6 7 ( 1 0 0 ) , 
65 ( 4 3 ) . 

Sebatian 2: M i n y a k j e r n i h ( C o l l d a n W r i g h t 1989 ) , [<x]D-16.5° (c, 0 .017 ) . I R v 
maks ( f i l e m ) , 2980 , 1654, 1460, 1275, 1129, 932 c m 1 . ^ - R M N ( C D C 1 3 , 300 
M H z ) 1.61 (s, 3 H , 2 - C H 3 ) ; 1.71 ( m , 2 H , H ^ ) ; 2 .21 ( m , 2 H , H - 5 ) ; 3.16 (s, 3 H , 
3 - O C H 3 ) ; 3 . 4 5 ( d d , l H , 6 .0 ,7 .5 H z , H - 3 ) ; 4.05 ( s , 2 H , H - 9 ) ; 4 . 0 9 ( d , 2 H , 8.1 H z , 
H - 8 ) ; 4 .87 (s, 1 H , H - l ) ; 4.92 ( s , l H , H - l ) ; 5.62 ( t , 1 H , 8.1 H z , H - 7 ) . 1 3 C - R M N 
( C D C 1 3 , 75 M H z ) : 113.5 ( C - l ) , 144.0 (C-2 ) ; 85.0 (C-3 ) ; 31 .1 (C-4 ) ; 31.1 (C-5 ) ; 
141.0 ( C - 6 ) ; 125.5 (C-7 ) ; 39.2 ( C - 8 ) , 4 0 . 4 (C-9 ) , 16.3 (C-10) ; 55.9 ( 3 - O M e ) . m / 
z ( % ) : 236 ( M + , 1), 3 ) ; 169 ( 4 ) ; 133 ( 9 4 ) ; 119 ( 4 ) ; 85 ( 1 0 0 ) ; 69 ( 5 0 ) ; 55 ( 2 0 ) ; 4 1 

3 

Sebatian 3: M i n y a k j e r n i h ( W r i g h t d a n C o l l 1990 ) , [ a ] D - 59.0° (c, 0 .4 ) , I R v maks 
( f i l e m ) 3360, 2900, 1445, 1100, 895, 792 c m 1 . 1 H - R M N ( C D C l , ) , 300 M H z ) : 
0.96 (s, 3 H , 7 - C H 3 ) ; 1.15 (s, 3 H , 7- C H 3 ) ; 1.60 (s, 3 H , 1 - C H 3 ) ; 1.85 ( m , 2 H , H -
5 ) ; 1.70 d a n 1.86 ( m , 2 H , H - 6 ) , 2.05 d a n 2.25 ( lebar , 2 H , H - 3 ) ; 2 .37 ( d d t , 11.5, 
1 3 . 5 d a n l . 5 H z ) se r t a2 .61 ( d d , 2 H , 5 . 7 d a n 1 3 . 5 H z , H - 1 0 ) ; 3 . 7 5 ( d d d . l H , 5.7, 
10.3 d a n 11.5 H z , H - 9 ) ; 4.73 (s) d a n 5.07 ( t , 2 H , 1 . 7 H z , H - 1 2 ) ; 4 . 4 6 ( d , l H , 10.3 
H z , H - 8 ) ; 5.30 ( lebar , 1 H , 15.2 H z , H - 2 ) . 13C- R M N ( C D C 1 3 , 75 M H z ) : 132.8 
( C - l ) ; 119.6 ( 0 2 ) ; 30.5 (C-3 ) ; 46.5 (C-4 ) ; 25.9 (C-5 ) ; 27.6 (C-6) ; 42.8 (C-7 ) ; 77.3 
(C-8 ) ; 72.0 ( C - 9 ) ; 39.5 (C-10) ; 143.5 ( C - l l ) ; 114.9 (C-12) ; 24.0 (C-13) ; 18.9 (C-
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14) ; 23.5 (C-15) . m / z ( % ) 298 ( 4 ) ; 283 ( 1 0 ) , 219 ( 3 2 ) , 157 ( 1 3 ) , 147 ( 2 6 ) , 145 
( 4 8 ) , 135 ( 4 5 ) , 133 ( 3 5 ) , 121 ( 3 8 ) , 119 ( 1 0 0 ) , 117 ( 1 8 ) . 

Penyaringan Antibakteria 
P e n y a r i n g a n a n t i b a k t e r i a t e l ah d i j a l a n k a n m e n g i k u t k a e d a h y a n g t e l ah 
d i c a d a n g k a n o l e h V e r p o o r t e et al ( 1 9 8 2 ) . K e p e k a t a n setiap k o m p o n e n y a n g 
t e lah d i g u n a k a n ada lah 2 m g / m l d a l a m 3 0 % e t a n o l . 

K E P U T U S A N D A N P E R B I N C A N G A N 

Fraksi y a n g k u r a n g p o l a r d a r i ekst rak C H 2 C 1 2 r u m p a i a i r H. pannosa t e l ah 
m e m b e r i k a n d u a sebatian d e n g a n f o r m u l a m o l e k u l C 1 0 H 1 5 C l 2 B r d a n Cx l H 1 8 C 1 2 0 
yang masing-masingnya te lah d ikena lpas t i sebagai 3 -bromo-8-k loro-6-k loromet i l -
2 - m e t i l o k t a 1,6-diena (1) d a n 8 -k lo ro -6 -k lo romet i l -3 -me toks i -2 -me t i lok ta - l , 6 -
d i e n a ( 2 ) . Eks t rak C H 2 C 1 2 L . cartilaginea p u l a t e l ah m e m b e r i k a n satu sebat ian 
t u l e n d e n g a n f o r m u l a m o l e k u l C 1 5 H 2 S O B r y a n g d i k e n a l p a s t i sebagai 8- b r o m o -
kamigra -1 ,11 (12)-d iena-9-01 ( 3 ) . S t r u k t u r bag i ket iga- t iga sebat ian te rsebut 
t e l ah d i t e n t u k a n be rdasa rkan m a k l u m a t ^ - R M N , 1 3 C - R M N , I R d a n j u g a 
speks t roskopi j i s i m . 

Sebat ian 1 d a n 2 m e r u p a k a n sebat ian y a n g p e r t a m a k a l i d i l a p o r k a n 
d a r i H. pannosa. W a l a u b a g a i m a n a p u n s e b a t i a n - s e b a t i a n i n i p e r n a h 
d i p i s a h k a n d a r i r u m p a i a i r m e r a h Chondrococcus hornemannii ( C o l l d a n 
W r i g h t 1989) . Sebat ian 3 p u l a p e r n a h d i p i s a h k a n d a r i r u m p a i a i r Laurencia 
majuscula o l e h W r i g h t d a n C o l l ( 1 9 9 0 ) . 

M e m a n d a n g k a n t iada sebarang l a p o r a n t e n t a n g a k t i v i t i b i o l o g i bag i 
ket iga- t iga sebat ian b e r h a l o g e n d i atas, m a k a p e n y a r i n g a n a n t i b a k t e r i a t e l ah 
d i l a k u k a n sebagai l a n g k a h p e r m u l a a n bag i m e n e n t u k a n keak t i f an b i o l o g i n y a 
bag i sebat ian t u l e n y a n g t e l ah d i p i s a h k a n . Sebanyak l a p a n j e n i s b a k t e r i a 
d a l a m k u m p u l a n G r a m p o s i t i f d a n G r a m n e g a t i f t e l ah d i g u n a k a n d a l a m 
ka j ian i n i . K e p u t u s a n ka j ian d i b e r i k a n d a l a m J a d u a l 1. 

J A D U A L 1 
Keputusan aktiviti antibakteria sebatian tulen 1, 2 dan 3 . 

Diameter zon perencatan 
(dalam unit mm) 

Bakteria 
Sebatian 1 Sebatian 2 Sebatian 3 

Micrococcus luteus 20.5 21.5 20.0 
Streptococcus faecalis 17.0 16.5 18.5 
Staphyllococcus aureus 19.0 22.5 21.5 
Escherichia coli 8.5 12.0 13.5 
Shigella sonnei 12.0 14.5 16.0 
Proteus mirabilis 5.0 7.0 9.5 
Bacillus subtilis 20.5 19.0 21.5 
Klebsiella edwardsii 4.5 6.0 7.5 
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J a d u a l 1 d i atas m e n u n j u k a n ke t iga- t iga sebat ian y a n g d i u j i b o l e h 
m e r e n c a t s emua b a k t e r i a y a n g d i g u n a k a n . B a k t e r i a G r a m pos i t i f m e m b e r i k a n 
p e r e n c a t a n y a n g l e b i h nyata . 

K E S I M P U L A N 

M e m a n d a n g k a n ket iga- t iga sebat ian y a n g t e l ah d i t u l e n m e m b e r i k a n a k t i v i t i 
a n t i b a k t e r i a , m a k a p e n g e k s t r a k a n d a n p e n u l e n a n sebatian-sebatian l a i n 
d a r i r u m p a i a i r l a u t p e r l u d i p e r g i a t k a n . D i s a m p i n g u j i a n a n t i b a k t e r i a , u j i a n -
u j i a n l a i n seper t i a n t i f u n g a l , an t i v i ru s d a n j u g a a n t i t u m o r p e r l u d i j a l a n k a n 
b a g i m e m p e r o l e h i m a k l u m a t l a n j u t t e n t a n g a k t i v i t i b i o l o g i sebenar sebat ian 
y a n g t e l ah d i t u l e n k a n . 
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ABSTRAK 
Makalah in i bertujuan menunjukkan penggunaan kaedah sistem-S dan perisian 
ESSYNS dalam bidang statistik penghitungan. Pertama, kami akan tunjukkan 
bagaimana ketumpatan dirumus sebagai sistem-S dan seterusnya bagaimana 
perwakilan bagi longgokan dan kuantil dapat diterbitkan. Longgokan diperolehi 
hanya dengan sedikit usaha tambahan dan kuantil dapat dihi tung daripada 
songsangan sistem-S. Perwakilan in i selanjutnya diselesaikan secara berangka 
dengan menggunakan ESSYNS. Lengkung ketumpatan dan longgokan bagi 
taburan n o r m a l di jana u n t u k n i l a i dalam j u l a t (-3,3). Kaedah sistem-S 
m e n g h a s i l k a n banyak kuanti l dalam satu larian komputer. Penggunaan 
pengidakan dan penghampiran sistem-S menunjukkan kaedah alternatif i n i 
berguna untuk mcnganalisis taburan. 

A B S T R A C T 

The purpose of this paper is to illustrate the use of S-systems methodology and 
ESSYNS software in the area of computational statistics. First, we demonstrate how 
the densities are formulated as S-systems, then we derive representations for 
cumulatives and quantiles. Cumulatives are obtained with little extra effort and 
quant i les are readi ly calculated f r o m the inver ted S-system. These repre
sentations are then solved numerically using ESSYNS. The density and the 
cumulative curves for the normal distribution are generated for the values in the 
range (-3,3). The S-system method produces many quantiles in a single computer 
run. The use of S-system generalizations and approximation has shown to be a 
useful alternative method for analysing distributions. 

Katakunci: taburan, sistem-S, persamaan pembeza, perhitungan berstatistik 

P E N G E N A L A N 

A p a b i l a anal is is a t au p e n i l a i a n sesuatu t a b u r a n h e n d a k d i k a j i l a z i m n y a 
seseorang p e n y e l i d i k a k a n t e r f i k i r u n t u k m e n g g u n a k a n p e n d e k a t a n penak-
r i f a n stat is t ik. Sebagai c o n t o h , apab i l a t a b u r a n F h e n d a k d i k a j i , n i sbah d u a 
t a b u r a n k h i kuasa d u a akan d i g u n a k a n . P i l i h a n l a i n y a n g m u n g k i n ada lah 
p e r u m u s a n d a l a m sebu tan fungsi - fungsi s i r i a tau fungsi - fungsi khas. W a l a u 
b a g a i m a n a p u n , p e r w a k i l a n m a t e m a t i k y a n g pada t t i d a k se la lunya sesuai u n t u k 
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t u j u a n p e n g h i t u n g a n d a n ada lah l e b i h berkesan apab i la berasaskan per-
w a k i l a n y a n g sesuai u n t u k p e n i l a i a n b e r a n g k a w a l a u p u n p e r w a k i l a n te rsebut 
t i d a k b e g i t u m e n a r i k secara m a t e m a t i k . 

Sebagai c o n t o h , p e r h a t i k a n p e r w a k i l a n y a n g b e r l a i n a n b a g i f u n g s i 
p o l i n o m i a l y a n g t e r t e n t u . L a z i m n y a , t a k r i f a n d a l a m sebutan kuasa, i a i t u f ( t ) 
= a 0 + (Xjt + a 2 t 2 + a s t 3 akan d i g u n a k a n . Kos p e n g h i t u n g a n bag i kuasa ada lah 
t i n g g i d a n kebanyakan b u k u p e n g a t u r c a r a a n m e n c a d a n g k a n kepada k i t a 
u n t u k m e n g g u n a k a n konsep hasi l darab , i a i t u f ( t ) = a 0 + a] x t + a 2 x t x t + 
O L X t X t X L Pe rwak i l an i n i l e b i h berkesan b e r b a n d i n g y a n g p e r t a m a t e t ap i 
b o l e h d i p e r t i n g k a t k a n secara b e r e r t i d e n g a n p e r w a k i l a n f ( t ) = a Q + ( a } + ( a 2 + 
a 3 x t ) x t ) x t w a l a u p u n i n i k u r a n g b e r m a k n a secara i n t u i s i . I n i menje laskan 
bahawa p e r w a k i l a n y a n g b e r l a i n a n bag i masalah y a n g sama m e m p u n y a i 
k e l e b i h a n mas ing-mas ing . Per tama, dapa t d i l i h a t d e n g a n ba ik secara i n t u i s i , 
k e d u a n y a sesuai u n t u k analisis d e n g a n kertas d a n pens i l d a n y a n g ke t iga 
m e m p u n y a i a l k h w a r i z m i yang o p t i m u m . 

M e l a l u i m a k a l a h i n i k i t a p e r k e n a l k a n p e r w a k i l a n m a t e m a t i k y a n g sesuai 
u n t u k analisis secara b e r a n g k a bag i k e t u m p a t a n , l o n g g o k a n d a n k u a n t i l 
t a b u r a n n o r m a l . Per tama, akan d i t u n j u k k a n baga imana fungs i k e t u m p a t a n 
dapa t d i r u m u s semula kepada satu set persamaan t e r b i t a n y a n g khusus d i k e n a l i 
sebagai sistem-S. Seterusnya d i t u n j u k k a n t e r b i t a n bag i p e r w a k i l a n fungs i 
l o n g g o k a n d a n k u a n d l . A k h i r sekali d i p a p a r k a n beberapa hasi l penyelesa ian 
b e r a n g k a y a n g j i t u d i p e r o l e h i m e l a l u i p r o g r a m ESSYNS y a n g d i a d a k a n khusus 
u n t u k analisis sistem-S. 

P E N D E K A T A N S I S T E M - S 

Sistem-S pada p e r i n g k a t awal d i g u n a k a n u n t u k analisis b i d a n g y a n g l a i n 
d a r i p a d a b i d a n g statistik, i a i t u u n t u k analisis sistem-sistem b i o l o g i d a n sistem 
l a i n yang t e ru rus secara k o m p l e k s ( l i h a t Savageau 1976; Savageau a n d V o i t 
1982; V o i t 1990 u n t u k r u j u k a n l a n j u t ) . L a n j u t a n d a r i p a d a i t u , sistem-S berjaya 
d i g u n a k a n d a l a m pe lbaga i b i d a n g t e rmasuk b i o k i m i a , i m u n o l o g i , g e n e t i k d a n 
p e r h u t a n a n ( l i h a t V o i t 1991) . Sistem-S t e r d i r i d a r i p a d a set pe rsamaan p e m b e z a 
p e r i n g k a t p e r t a m a tak l i n e a r d e n g a n sedap persamaan m e m p u n y a i s t r u k t u r 
y a n g h o m o g e n , i a i t u t e r b i t a n sedap p e m b o l e h u b a h bersamaan d e n g a n beza 
an ta ra d u a hasi l da rab fungsi h u k u m kuasa. J i k a t e rdapa t n p e m b o l e h u b a h 
bersandar d a n t m e r u p a k a n p e m b o l e h u b a h bebas, m a k a sistem-S dapa t d i t u l i s 
seper t i b e r i k u t : 

n g- n h.. 

x . = a.nx. l j-p.nx. i j 

i e { l , 2 , . . . , n } (1) 

d e n g a n X . = d X / d t ; X , a. d a n (3. b o l e h m e n g a m b i l sebarang n i l a i nyata t ak 
n e g a t i f , d a n g.. d a n h„ p u l a b o l e h m e n g a m b i l s e b a r a n g n i l a i n y a t a . 
Sya ra t X . > 0 b u k a n m e r u p a k a n k e k a n g a n y a n g serius k e r a n a p e m b o l e h u b a h 
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y a n g n e g a t i f b o l e h d i j e l m a k a n k e p a d a p o s i d f d e n g a n m u d a h (Savageau a n d 
V o i t 1987 ) . 

P E R U M U S A N S E M U L A 

P e m b o l e h u b a h rawak T ada lah t e r t a b u r secara n o r m a l j i k a d a n hanya j i k a 
k e t u m p a t a n k e b a r a n g k a l i a n , 

n ( t ; j i , o ) = — — e * ( ^ (2) 
c r y 2 7C 

— °° < t < ° ° , — °° < ) i < °°, o > 0 

d a n T d i r u j u k s e b a g a i p e m b o l e h u b a h r a w a k n o r m a l . | i d a n G m e w a k i l i 
m i n d a n s i s ihan p i a w a i t a b u r a n n o r m a l . L a n j u t a n d a r i p a d a i n i , f u n g s i 
l o n g g o k a n n o r m a l d a p a t d i n y a t a k a n seper t i b e r i k u t : 

1 ft , 

F ( t ) = — r - l ^ ^ « ) d x (3) 

— 00 < x < 00, 

T e r b i t a n pe r samaan (2) t e r h a d a p t m e n g h a s i l k a n 

d n ( t ; \i, G) 

d t 
= n ' ( t ; \i, G) 

- e ° 
12 n (4) 

t-[i 
n ( t ; | i , o ) 

R u m u s f u n g s i k e t u m p a t a n k e b a r a n g k a l i a n b a g i t a b u r a n n o r m a l i n i 
d a p a t d i b e n t u k s e m u l a s e b a g a i s i s tem-S d e n g a n m e n a k r i f k a n d u a 
p e m b o l e h u b a h b a r u , i a i t u X{ = t / c 2 + c d a n X 2 = n ( t ; | l , o ) . T e r b i t a n set iap 
p e m b o l e h u b a h i n i t e r h a d a p t a k a n m e n g h a s i l k a n p e r w a k i l a n d a l a m sistem-S 
d e n g a n c = c + ( i / o 2 

x, - - i 
c 2 (5) 

X 2 = ( c ' - X 1 ) X s = c ' X 2 - X 1 X 2 
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S O N G S A N G A N S I S T E M - S 

L a n j u t a n d a r i p a d a has i l k e p u t u s a n y a n g l a n g s u n g , p e n d e k a t a n sistem-S 
m e m b e n a r k a n p e n g h i t u n g a n c i r i - c i r i t a b u r a n k e b a r a n g k a l i a n y a n g sukar 
d i p e r o l e h i d e n g a n cara biasa. Pada bahag i an i n i akan d i t u n j u k k a n b a g a i m a n a 
k u a n t i l dapa t d i h i t u n g m e l a l u i songsangan sistem-S. A p a b i l a t a b u r a n n o r m a l 
d i b a h a g i k a n kepada e m p a t bahag i an yang sama m a k a setiap bahag i an i n i 
d i k e n a l i sebagai k u a n t i l . N i l a i t e n g a h n y a d i k e n a l i sebagai m e d i a n d a n t e rdapa t 
d u a k u a n t i l d i k i r i d a n k a n a n m e d i a n i n i . Songsangan sistem-S b e r m a k n a 
m e n g g a n t i k a n p e m b o l e h u b a h bebas T d e n g a n p e m b o l e h u b a h y a n g d i t a k r i f 
sebagai fungs i l o n g g o k a n d a n setiap p e m b o l e h u b a h sistem-S d i u n g k a p k a n 
sebagai fungs i l o n g g o k a n . A p a b i l a sistem persamaan (7) d i b a h a g i k a n d e n g a n 
persamaan t e rb i t an yang t e rakh i r , k u a n t i l bagi l a b u r a n n o r m a l piawai d i p e r o l e h i 
m e l a l u i p e m b o l e h u b a h Xy songsangan. Songsangan sistem-S b e r h u b u n g 
d e n g a n k u a n t i l d e n g a n X 3 sebagai p e m b o l e h u b a h bebas dapa t d i n y a t a k a n 
seper t i b e r i k u t : 

d X , 

d X 3 

d X 2 

= x1=x2-1 

(9) 

x 2=-x, 

J i k a seseorang p e n y e l i d i k b e r m i n a t u n t u k m e n d a p a t k a n k u a n t i l h u j u n g atas, 
m a k a b e l i a u hanya p e r l u m e n u k a r X 3 y a n g l a m a kepada X 3 = 1 - F z ( t ) . 
P e m b o l e h u b a h Xx d i t a m b a h d e n g a n p e m a l a r c (ka t akan c = 1) u n t u k 
m e m a s t i k a n p e m b o l e h u b a h sistem persamaan sentiasa p o s i t i f seper t i u n t u k 
p e r w a k i l a n t a b u r a n n o r m a l . Pe rwak i l an sistem-S bag i k u a n t i l h u j u n g atas 
ada lah seper t i b e r i k u t : 

X 1 = 1 

X 2 = X 2 — X j X 2 X ] = — X 2

 1 

X 3 = - X 2 X 2 = X , - 1 (10) 

A p a b i l a p e m b o l e h u b a h bebas X 3 d i t i n g k a t k a n d a r i p a d a F z ( t 0 ) k e k u a n t i l 
K y a n g d i m i n a t i , p e m b o l e h u b a h X{ ( K ) m e n g h a s i l k a n t i t i k - t i t i k penyelesa ian 
t e r m a s u k y a n g ke K d e n g a n b e r g a n t u n g kepada saiz p e n i n g k a t a n , ±At y a n g 
d i g u n a k a n . N i l a i awal pada t 0 = 0 bag i X 2 Q i a l a h (2n)~l/2 t e t ap i n i l a i awal 
bagi p e m b o l e h u b a h bebas X j bersamaan 0.5 d a n t i d a k lag i m e n g i k u t i n i l a i 
awal t. M i s a l k a n , n i l a i a k h i r y a n g d i m i n a t i ada lah 1 0 6 pada saiz p e n i n g k a t a n 
y a n g b e r l a i n a n ( l i h a t j a d u a l 1) m a k a i n i dapa t d i u b a h d e n g a n m e n g g u n a k a n 
a r a h a n Extend. J a d u a l 1 m e n y e n a r a i k a n hasi l k e p u t u s a n bag i k u a n t i l t a b u r a n 
n o r m a l p iawa i an ta ra n i l a i 0.5 h i n g g a \0S. K e j i t u a n penyelesa ian d i k a w a l 
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o l e h t o l e r ans i r a l a t s e t empa t m a k s i m u m y a n g b o l e h d i p i l i h an t a ra n i l a i 
1 0 3 h i n g g a 1 0 1 6 . T o l e r a n s i y a n g d i g u n a k a n ada lah 1 0 1 2 . T i t i k penyelesa ian 
y a n g te r jana s e h u b u n g a n d e n g a n p e m b o l e h u b a h X } ada lah u n t u k t + 1. 
O l e h i t u , u n t u k m e n d a p a t k a n stat is t ik z b e r h u b u n g d e n g a n k u a n t i l ada l ah 
p e r l u m i n u s 1 d a r i p a d a semua t i t i k penyelesa ian bag i X . K e p u t u s a n y a n g 
d i h a s i l k a n d a p a t d i l i h a t d a l a m J a d u a l 1. ESSYNS t i d a k m e m p e r l i h a t k a n 
masa lah m a l a h m e m b e r i k a n k e j i t u a n y a n g t i n g g i b a g i v a r i a t y a n g m e m p u n y a i 
b e b e r a p a sifar d i h a d a p a n . 

H a s i l k e p u t u s a n y a n g d i p e r o l e h i be r samaan d e n g a n s i f i r s tat is t ik (Pearson 
a n d H a r d l e y 1976; M u r d o c h a n d Barnes 1985) pada k e j i t u a n e m p a t t i t i k 
p e r p u l u h a n . Penyelesaian m e l a l u i sistem-S b u k a n sahaja dapa t m e m b e r i 
ke semua n i l a i s epe r t i d a l a m j a d u a l stat ist ik t e t ap i j u g a n i l a i y a n g w u j u d 
an t a ra m e r e k a pada k e j i t u a n y a n g t i n g g i . I n i m e r u p a k a n salah satu k e l e b i h a n 
apab i l a m e n g g u n a k a n kaedah penyelesa ian sistem-S. Seba l iknya j ikaseseo rang 
p e n y e l i d i k i n g i n m e n d a p a t k a n n i l a i y a n g t i d a k t e r d a p a t d a l a m si f i r s tat is t ik 
y a n g biasa, l a z i m n y a p e n d e k a t a n i n t e r p o l a s i l i n e a r d i g u n a k a n d a n k e j i t u a n 
y a n g a k a n d i p e r o l e h i ada lah k u r a n g m e m u a s k a n j i k a k e j i t u a n t i n g g i 
d i k e h e n d a k i . 

JADUAL 1 
PersenuT bagi taburan normal (0.5 hingga 0.000001) 

a kuantil a kuantil a kuantil a kuantil a kuantil 

0.50 0.00000000 0.050 1.64485363 0.020 2.05374891 0.0010 3.09023231 0.00010 3.71901648 

0.45 0.12566135 0.048 1.66456286 0.019 2.07485473 0.0009 3.12138915 0.00009 3.74554859 

0.40 0.25334710 0.046 1.68494077 0.018 2.09692743 0.0008 3.15590676 0.00008 3.77501194 

0.35 0.38532047 0.044 1.70604340 0.017 2.12007169 0.0007 3.19465105 0.00007 3.80816826 

0.30 0.52440051 0.042 1.72793432 0.016 2.14441062 0.0006 3.23888012 0.00006 3.84612614 

0.25 0.67448975 0.040 1.75068607 0.015 2.17009038 0.0005 3.29052673 0.00005 3.89059188 

0.20 0.84162123 0.038 1.77438191 0.014 2.19728638 0.0004 3.35279478 0.00004 3.94440008 

0.15 1.03643339 0.036 1.79911811 0.013 2.22621177 0.0003 3.43161440 0.00003 4.01281081 

0.10 1.28155157 0.034 1.82500682 0.012 2.25712924 0.0002 3.54008380 0.00002 4.10747965 

0.05 1.64485363 0.032 1.85217986 0.011 2.29036788 0.0001 3.71901648 0.00001 4.26489079 

0.031 1.86629574 0.010 2.32634787 0.000009 4.28835653 

0.030 1.88079361 0.009 2.36561813 0.000008 4.31445101 

0.029 1.89569792 0.008 2.40891555 0.000007 4.34386117 

0.028 1.91103565 0.007 2.45726339 0.000006 4.37758784 

0.027 1.92683657 0.006 2.51214433 0.000005 4.41717340 

0.026 1.94313375 0.005 2.57582930 0.000004 4.46518390 

0.025 1.95996398 0.004 2.65206981 0.000003 4.52638930 

0.024 1.97736843 0.003 2.74778139 0.000002 4.61138233 

0.023 1.99539331 0.002 2.87816174 0.000001 4.75342425 

0.022 2.01409081 0.001 3.09023231 

0.021 2.03352015 
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ABSTRAK 
Kami melapurkan penggunaan teknik gelombang terma mencapah untuk 
mengukur kebauran terma bahan. Int i teknik ini adalah menggunakan maklumat 
yang terkandung dalam gelombang terma yang dicerap oleh pengesan infra-
merah jalur lebar, apabila pengesan in i tersesar daripada punca haba, selepas 
sahaja pengujaan bahan dengan laser denyut. Kami paparkan beberapa cerapan 
yang diperolehi dari sampel aluminium, plumbum, kerajang grafit dan grafit 
zirkonium. 

ABSTRACT 
The applications of diverging thermal wave technique to measure thermal 
diffusivities of materials are reported. In essence, the technique makes use o f the 
information content of the thermal waves observed by means of a wide band 
infrared detector, that laterally displaced from the heat source, following pulsed 
laser excitation o f the materials. Some observations obtained from aluminium, 
lead, graphite foil , and zirconium graphite samples are presented. 

Keywords: thermal wave, thermal diffusivity, diverging, excitation 

I N T R O D U C T I O N 

T h e r m a l wave t e c h n i q u e s are i nc reas ing ly b e i n g used to s tudy t h e r m o - p h y s i c a l 
p r o p e r t i e s o f ma te r i a l s (e.g. E n g u e h a r d et al. 1990; I m h o f et al. 1 9 9 1 ; M o k s i n 
1993) . I n th is t e c h n i q u e , t he hea t d e p o s i t e d by t he laser pulse diffuses t o c o o l e r 
r eg ions o f t he sample , at rates d e t e r m i n e d by its t h e r m a l d i f fus iv i ty . O p t i c a l 
p r o p e r t i e s also p lay a p a r t i n d e t e r m i n i n g t he i n i t i a l t e m p e r a t u r e g r a d i e n t 
w i t h i n t h e s ample a n d t he way t h e h e a t e d spots e m i t t h e r m a l i n f r a r e d rad ia 
t i o n . T h e r e f o r e , t h e t h e r m a l waves as d e t e c t e d by t h e c h a n g e i n t h e e m i t t e d 
grey b o d y r a d i a t i o n subsequen t to pulse laser i l l u m i n a t i o n can be analysed t o 
s tudy t he surface a n d subsurface p r o p e r t i e s o f t h e mate r ia l s . 

I n this paper , t h e d iscuss ion is r e s t r i c t ed to t h e r m a l waves i n w h i c h the 
source o f hea t a n d t he p o i n t o f d e t e c t i o n are spat ia l ly separa ted, i .e. t he 
t h e r m a l waves d ive rge r a d i a l l y f r o m t h e i r source b e f o r e they can be de t ec t ed , 
i n con t r a s t to t he c o n v e r g i n g t e c h n i q u e d e s c r i b e d by E n g u e h a r d et al. ( 1 9 9 0 ) . 
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Fig. 3 and 4 show d i r e c t p r o p o r t i o n a l i t y be tween r 2 a n d t o , as r e q u i r e d i n 
t heo ry , excep t f o r d e v i a t i o n at s h o r t r ise-t imes. T h e dev ia t ions are m u c h m o r e 
obv ious i n Fig. 4, w h e r e slopes o f t he l ines are t he least. T h e s u p e r p o s i t i o n o f 
o p t o - t h e r m a l decay a n d t h e r m a l wave signals a t s h o r t r ise-t imes m a y be 
respons ib le f o r th is . Da ta f o r s h o r t rise-times i n Fig. 4 we re e x c l u d e d f r o m the 
least-squares fit c a l c u l a t i o n . 

aluminium 

graphite foil 

2 -O 

« \ i 1 1 1 1 1 1 1 1 1 1 1 
0 20 40 60 80 100 120 

Fig. 3. Square of displacement (r) versus rise-time to for high thermal diffusivity 

6 - . , 

— O — Lead 

—X— Zirconium graphite 

0 20 40 60 80 100 120 

Fig. 4. Square of displacement (r) versus rise-time to for low thermal diffusivity 

T a b l e 1 shows t h a t t he m e a s u r e d t h e r m a l diffusivi t ies are w i t h i n 1 6 % o f t h e 
avai lable accep ted values. As c o m p a r i s o n , t he t h e r m a l d i f fus iv i ty m e a s u r e d by 
L u u k k a l a et al. (1982) was f o u n d to be 3 6 % l o w e r t h a n t he accep ted va lue . T h e 
d e v i a t i o n o f t he m e a s u r e d values are w i d e r as the t h e r m a l d i f fus iv i t ies ge t 
smal le r . L o w t h e r m a l diffusivi t ies m a k e m e a s u r e m e n t d i f f i c u l t because insuf
ficient s epa ra t i on b e t w e e n o p t o - t h e r m a l decay a n d t h e r m a l wave can be 
o b t a i n e d . 
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TABLE 1 
Measured and accepted values of thermal diffusivities/(10 5 m 2 / s ) 

Sample Measured 
Accepted 

(from Touloukian et al 1973) 

Alumin ium 11.21 ± 1.5 9.68 
Graphite foil 7.3 ± 0.8 7.89 
Lead 2.3 ±0 .6 2.43 
Zirconium graphite 1.2 ±0 .2 not available 

C O N C L U S I O N 

D i v e r g i n g t h e r m a l wave t e c h n i q u e was f o u n d best f o r samples o f h i g h t h e r m a l 
d i f fus iv i t ies w h e r e t h e r m a l waves can be observed a t a p p r e c i a b l e distances 
f r o m the h e a t i n g spots. F u r t h e r w o r k o n t h e o r e t i c a l d e s c r i p t i o n o f t he t h e r m a l 
waves to a c c o u n t f o r o p t i c a l a b s o r p t i o n by the samples a n d re f l ec t ions a t 
t he i n t e r f ace is i n progress . H o w e v e r , w i t h t he p resen t t h e o r e t i c a l a n d da ta 
analysis, t h e r m a l di f fus ivi t ies m e a s u r e d agree reasonably w e l l w i t h t he 
accep ted values. W i t h f u r t h e r d e v e l o p m e n t s i n e x p e r i m e n t a n d t h e o r e t i c a l 
analysis, th is c o u l d b e c o m e a n i m p o r t a n t a l t e rna t ive f o r m e a s u r i n g abso lu te 
t h e r m a l d i f fus iv i t ies o f c o n d e n s e d m e d i a . 
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t h e p lants . R a m a n d V e r l o o (1985) r e p o r t e d t ha t t he m o b i l i t y o f c a d m i u m 
increased w i t h progressive a c i d i f i c a t i o n o f soils. T h e effect o f o r g a n i c m a t t e r 
o n the m o b i l i t y o f c a d m i u m i n some M a l a y s i a n c o c o a - g r o w i n g so i l s 
was e a r l i e r i n v e s t i g a t e d b y L o w a n d L e e ( 1 9 9 1 ) . T h e m o b i l i t y , a n d 
h e n c e avai labi l i ty , o f this m e t a l to p lan t s c o u l d also be r e d u c e d by t h e 
a d d i t i o n o f c a l c i u m ca rbona te a n d p h o s p h a t e t h r o u g h the f o r m a t i o n 
o f i n s o l u b l e c a d m i u m ca rbona te a n d phospha t e . 

I n an a t t e m p t to r educe c a d m i u m u p t a k e by cocoa p lants , inves t iga t ions 
were c a r r i e d o u t to s tudy the ab i l i t y o f p H a n d several i n o r g a n i c substances 
to i m m o b i l i z e c a d m i u m i n t h r ee Malays ian c o c o a - g r o w i n g soils. T h i s p a p e r 
r epor t s the results o f this study. 

4 

M A T E R I A L S A N D M E T H O D S 

T h e t h r ee c o c o a - g r o w i n g soils used were R e n g a m , B e r n a m a n d Malacca . T h e y 
were c o l l e c t e d f r o m M e r l i m a u , Sunga i B u l o h a n d S e l b o u r n e cocoa estates 
respectively. Soi l samples were t aken f r o m t e n to f i f t een cores i n each p l o t 
at t h r ee d i f f e r e n t dep ths o f 0-15,15-30 a n d 30-45 c m . T h e soils w e r e a i r - d r i e d , 
c rushed , passed t h r o u g h a 2 m m sieve a n d c o m p o s i t e d . 

I n t he s tudy o f the effect o f p H o n t he i m m o b i l i z a t i o n o f C d o n soils, 
20 m l o f 20 m g / 1 C d s o l u t i o n at a p a r t i c u l a r p H was a d d e d to the soi l 
(0.25 g ) . S o l u t i o n p H was adjus ted by t he a d d i t i o n o f H N 0 3 o r N a O H . 
A f t e r s h a k i n g t he soi l m i x t u r e f o r 24 h , i t w a s c e n t r i f u g e d a n d the s u p e r n a t a n t 
was analysed f o r C d u s i n g an ICP-AES ( L o w a n d Lee 1991) . A c o n t r o l 
w i t h o u t soi l was s i m i l a r l y c a r r i e d o u t . 

I n t he i m m o b i l i z a t i o n study, 1 g o f s o l u t i o n c o n t a i n i n g 100 |Lig C d 
as C d C l 2 . H 2 0 was a d d e d to the soi l (5 g) a n d the m i x t u r e was m a d e 
u p to a t o t a l v o l u m e o f 8 m l w i t h d i s t i l l e d d e i o n i s e d wa te r i n a 50 m l 
test t ube . I t was t h e n shaken o n a gy ra to ry shaker at 100 r p m at r o o m 
t e m p e r a t u r e u n t i l t he m i x t u r e t u r n e d d ry . Each t r e a t m e n t was c a r r i e d o u t 
i n d u p l i c a t e . F e ( O H ) 3 was p r e p a r e d by m i x i n g a p p r o p r i a t e v o l u m e s o f 
s t anda rd so lu t ions o f F e ( N O ) 3 a n d K O H . 

T h e f o l l o w i n g soi l m i x t u r e s were inves t iga ted : 

T r e a t m e n t 

1. Soi l + C d 

2. Soi l + C d + C a ( O H ) 2 (0.2 g ) 
3. So i l + C d + C a C 0 3 (0.2 g) 
4. Soi l + C d + K^CC^ (0.5 m e q ) 
5. Soi l + C d + C a 3 ( P 0 4 ) 2 (0.2 g) 
6. S o i l n C d + F e ( N 0 3 ) 3 (0.5 m e q ) 
7. So i l + C d + K H 2 P 0 4 (0.5 m e q ) 
8. Soi l + C d + F e ( O H ) 3 (0.5 m e q ) 
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T h e effectiveness o f t he var ious t r ea tmen t s i n i m m o b i l i z i n g c a d m i u m was 
assessed by m e a s u r i n g t he a m o u n t s e x t r a c t e d f r o m the i n c u b a t e d soils by t he 
f o l l o w i n g ext rac tants : 

(a) 1 N N H 4 A c O (b ) 0.5 N C a C l 2 

(c) 0 . 5 N N H 4 C 1 ( d ) 0 . 5 N C a ( O H ) 2 

(e) 0 . 5 N N H 4 A c O (f) 0 . 5 N K N O 3 

E x t r a c t i o n by 1 N N H 4 A c O was c a r r i e d o u t by s h a k i n g t he so i l m i x t u r e 
w i t h 20 m l N H 4 A c O s o l u t i o n f o r 1 h (Kiekens et al 1984 ) . T h e soi l m i x t u r e 
was t h e n c e n t r i f u g e d a n d t he s u p e r n a t a n t was analysed f o r its c a d m i u m 
c o n t e n t u s i n g a n ICP-AES ( L o w a n d Lee 1991) . T h e r e m a i n i n g so i l m i x t u r e s 
were shaken i n d i v i d u a l l y w i t h t he o t h e r ex t rac tan ts f o r 10 m i n u t e s af ter 
s t a n d i n g f o r 16 h (Sopsi to et al 1982) . C a d m i u m c o n t e n t was analysed 
as be fo re . 

R E S U L T S A N D D I S C U S S I O N 

Effect of Extractants 
V a r i o u s ex t rac tan ts have b e e n r e c o m m e n d e d f o r t h e d e t e r m i n a t i o n 
o f avai lable c a d m i u m i n soils (Ger r i t se a n d V a n D r i e l 1984; K iekens et al. 
1 9 8 4 ) . T a b l e 1 s h o w s t h e e f f i c i e n c i e s o f t h e v a r i o u s c h e m i c a l s i n 
e x t r a c t i n g c a d m i u m f r o m the t h r e e c o c o a - g r o w i n g soils. 

TABLE 1 
Extractable cadmium content in soils (mg/kg) 

Soil Rengam Malacca Bernam 

NHjAcO (1 N) 0.76 0.14 0.26 
(34.0) (19.5) (7.8) 

CaCl, 0.97 0.76 0.62 
(43.5) (36.2) (18.5) 

NH,C1 0.25 0.23 0.63 
(11.2) (11.0) (18.9) 

C a ( N O s ) 2 
0.10 0.39 0.35 C a ( N O s ) 2 

(4.5) (18.6) (10.5) 

N H ( A c O (0.5N) 0.73 0.26 0.36 
(32.7) (12.4) (10.8) 

K N O , 0.14 0.09 0.28 
(6.3) (4.3) (8.4) 

Values in brackets are % of Cd compared to the total amount present in the soil. 
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T h e a m o u n t o f c a d m i u m e x t r a c t e d depends o n t he n a t u r e o f t he so i l . A l l 
t h e t h r e e soils s t u d i e d were a c i d i c - R e n g a m ( p H = 5 .68) , Ma lacca ( p H = 5.73) 
a n d B e r n a m ( p H = 4 .52 ) . T h e greatest d i f f e r ence i n e x t r a c t i o n is n o t e d w i t h 
C a C l 2 a n d K N 0 3 . M o r e t h a n 3 0 % o f c a d m i u m was e x t r a c t e d u s i n g C a C l 2 

whereas K N 0 3 gave less t h a n 1 5 % . T h i s c o u l d n o t be d u e to t he weaker 
exchange o f K + c o m p a r e d w i t h C a 2 + a s C a ( N 0 3 ) 2 d i d n o t ex t r ac t very w e l l . 

Effect of pH 
T h e a m o u n t s o f c a d m i u m r e m a i n i n g i n the so lu t ions after t r e a t m e n t are g iven 
i n T a b l e 2. I n wa te r the i m m o b i l i z a d o n o f c a d m i u m increased w i t h i n c r e a s i n g 
p H i n the r ange o f 4.18 - 7.42. T h e increase i n i m m o b i l i z a d o n is n o t very 
m a r k e d because o f the r a t h e r r e s t r i c t ed p H range . A l so , a l l t he tested soils 
we re ac id ic even t h o u g h i t has b e e n r e p o r t e d t ha t p H is a c r i t i c a l f ac to r i n 
c o n t r o l l i n g the d i s t r i b u t i o n o f c a d m i u m be tween soi l a n d so lu te . As t he cocoa-
g r o w i n g soils i n Pen insu la Malaysia are m a i n l y ac id ic , efforts have to be m a d e 
to n e u t r a l i z e t h e m i n o r d e r t o r e d u c e m o b i l i t y a n d h e n c e ava i l ab i l i t y o f 
c a d m i u m to p lants . S i m i l a r results were also o b t a i n e d by Chr i s t ensen (1984) i n 
t he s tudy o f c a d m i u m - s o i l s o r p t i o n at l o w c o n c e n t r a t i o n s . I n t he p H i n t e r v a l 
o f 4 - 7.7, the s o r p t i o n capaci ty o f t he soi l inc reased a p p r o x i m a t e l y 
t h r e e f o l d f o r o n e u n i t increase i n p H . Z h a n (1986) ascr ibed t he i m m o b i l i t y 
o f c a d m i u m at h i g h e r p H to the c o - p r e c i p i t a t i o n o f c a d m i u m w i t h Fe ( O H ) 3 . 

TABLE 2 
Effect of p H in Cd sorption in soil (0.25 g soil per 20 ml of 20 mg/1 Cd) 

So i l /pH 4.18 5.18 6.18 7.42 

Rengam 13.66* 12.76 12.40 11.64 
Bernam 7.26 6.54 6.18 5.91 
Malacca 9.17 9.15 8.03 7.80 
Control 19.94 20.19 20.82 20.97 

* m g / l 

Effect of Immobilization Reagents 
T h e p H o f t h e so i l s u p o n t h e a d d i t i o n o f i n o r g a n i c r e a g e n t s is 
s h o w n i n T a b l e 3. T h e m o s t p r o n o u n c e d effect is obse rved by t he a d d i t i o n 
o f C a ( O H ) 2 a n d F e ( N 0 3 ) 3 . C a ( O H ) 2 r e n d e r e d a l l t he t h r e e soils a l k a l i n e , 
whereas t he reverse effect is observed w i t h F e ( N 0 3 ) 3 . T h e a d d i t i o n o f 
C a ( O H ) 2 appears to cause c o - p r e c i p i t a t i o n o f c a d m i u m o n so i l par t ic les , 
a n d thus reduces c a d m i u m ava i lab i l i ty to p lan ts . T a b l e 4 shows t h a t a l m o s t 
a l l t he a d d e d c a d m i u m was i m m o b i l i z e d i n t he soils regardless o f t he 
n a t u r e o f d i e ex t r ac t an t w i t h the a d d i t i o n o f C a ( O H ) 2 . 
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TABLE 3 
p H of soils upon the treatment of inorganic reagents 

No. Inorganic reagents Rengam Bernam Malacca 

Control R , 0 5.68 4.52 5.73 
1. CdCl,(100 L i g ) 5.65 4.50 5.72 
2. CdCl, + Ca(OH) [ ; (0.2g) 12.43 12.41 12.26 
3. CdCl, + CaCO, (0.2 g) 7.26 6.63 7.13 
4. CdCl, + K,CO, (0.5 meq) 8.65 6.79 8.54 
5. CdCl.+ Ca, (PO,)., (0.2 g) 6.14 5.06 6.34 
6. CdCl, + Fe (NO s ) , (0.5 meq) 2.39 2.53 2.48 
7. CdCl, + K H , P 0 4 (0.5 meq) 5.01 3.76 5.27 
8. C d C l > F e ( b H ) s ( 0 . 5 meq) 4.29 3.70 5.22 

TABLE 4 
Cadmium immobilization under different treatments 

(amount extracted from 100 ug Cd added) 

Soil/Treatment Extractants 

N H 4 A C O ( l N ) CaCL, NH 4 C1 Ca(NO,) 2 NH 4 ACO(0.5N) K N O , 

Rengam control 0.76 0.97 0.25 0.10 0.73 0.14 
1 49.71 61.68 71.70 38.10 30.00 10.02 
2 3.90 0.82 2.48 0.67 1.32 0.22 
3 16.76 12.58 8.18 1.73 6.43 0.48 
4 14.08 4.98 3.43 1.37 6.43 0.48 
5 12.36 20.83 10.98 6.02 4.75 0.72 
6 83.00 78.58 102.25 75.00 63.80 102.50 
7 31.64 59.33 46.75 24.75 15.28 3.68 

Malacca control 0.41 0.76 0.23 0.39 0.09 0.26 
1 53.82 51.13 59.18 35.75 30.40 13.60 
2 5.64 0.88 2.43 0.32 1.34 0.38 
3 25.44 14.26 10.75 2.55 8.85 0.78 
4 17.66 3.43 3.84 0.75 3.75 1.71 
5 17.94 17.55 12.38 6.00 4.20 1.59 
6 87.06 60.53 82.25 67.20 63.48 92.70 

Bernam control 0.26 0.62 0.63 0.35 0.28 0.36 
1 62.78 61.90 102.0 52.55 47.24 69.61 
2 2.02 0.26 1.38 0.66 0.58 0.27 
3 12.32 85.90 7.81 1.11 19.01 0.72 
4 38.28 50.12 51.06 23.70 18.00 6.22 
5 13.64 25.12 27.74 13.33 9.44 4.41 
6 82.70 79.93 101.32 67.82 73.76 102.90 
7 52.50 71.42 100.27 54.40 39.44 75.67 
8 71.61 77.80 105.47 65.73 55.86 88.54 
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T h e a d d i t i o n o f F e ( N 0 3 ) 3 caused the p H o f t he soils to d r o p b e l o w 
3. T h i s c o u l d cause the c a d m i u m to be i n a m o b i l e state. Some i n o r g a n i c 
mate r ia l s gave 100% recovery o f a d d e d c a d m i u m , i n d i c a t i n g n o n - s o r p t i o n 
o f c a d m i u m i n soils. I n gene ra l , C a C O s is m o r e e f f i c ien t t h a n K 2 C 0 3 

i n i m m o b i l i z i n g c a d m i u m i n R e n g a m a n d Malacca soils. C a 3 ( P 0 4 ) 2 

is m o r e e f f i c i en t i n i m m o b i l i z i n g c a d m i u m t h a n K H 2 P 0 4 i n a l l t he tested 
soils. F e ( N 0 3 ) 3 is n o t useful as a n i m m o b i l i z i n g agent . I n some cases 
this c h e m i c a l has a negat ive effect by re leas ing t he c a d m i u m i n the 
so i l , p r o b a b l y caused by its l o w p H a n d c o m p e t i t i o n b e t w e e n C d 2 + a n d 
F e 3 + f o r i m m o b i l i z a t i o n r e a c t i o n sites. T h e r e a c t i o n be tween C d 2 + a n d C O 2 -

3 a n d P 0 3 " 4 a n d o t h e r an ions i n the soil-water system is m u c h m o r e c o m p l e x 
t h a n i n s i m p l e s o l u t i o n . I t is d u e to the var ious possible reac t ions o f 
ca t ions a n d t he an ions a n d t he soi l par t ic les . P r e c i p i t a t i o n o f c a d m i u m 
as C d C 0 3 a n d C d 3 ( P 0 4 ) 2 is genera l ly n o t c o n s i d e r e d s ign i f i can t , as i n 
m o s t cases s o l u b i l i t y p r o d u c t c o u l d n o t have been a t t a ined . N u c l e a t i n g effect 
o f so i l par t ic les faci l i tates t he surface p r e c i p i t a t i o n o f c a d m i u m w i t h 
t he carbonates a n d the phosphates . A two-stage m e c h a n i s m is t h o u g h t 
t o be i n v o l v e d i n t h e s o r p t i o n . T h e i n i t i a l step involves t he r e p l a c e m e n t 
o f t he c o u n t e r c a t i o n ( C a 2 + a n d M g 2 + ) by C d 2 + . T h i s is f o l l o w e d by 
c h e m i s o r p t i o n o f C d 2 + o n C O 2

 3 a n d P O : v

4 . T h e s o r p t i o n o f c a d m i u m by 
F e ( O H ) 3 involves t he r e p l a c e m e n t o f C d 2 + w i t h the surface h y d r o x y l ions 
w i t h t he release o f H + , f o l l o w e d by c h e m i s o r p t i o n to f o r m C d - O b o n d s 
( M c k e n z i e 1980) . 

C O N C L U S I O N 

I t is c o n c l u d e d t ha t p H plays an i m p o r t a n t r o l e i n the i m m o b i l i z a t i o n o f 
c a d m i u m i n soils. A d d i t i o n o f C a ( O H ) 2 is useful b o t h i n n e u t r a l i z i n g t he 
ac id i t y o f t he so i l a n d also i n r e d u c i n g the i m m o b i l i t y a n d h e n c e ava i l ab i l i t y 
o f c a d m i u m t o p l a n t s . C a r b o n a t e s a n d p h o s p h a t e s c a n a l so i n f l u e n c e 
c a d m i u m m o b i l i t y i n soils, t h o u g h to a lesser e x t e n t t h a n C a ( O H ) 2 . 
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ABSTRAK 
Teknik resonans magnet nukleus digunakan untuk menentukan kuantiu air 
dan minyak di dalam beberapa emulsi minyak/air. Kaedah in i menggunakan 
urutan denyut perolihan songsangan untuk menghasil dan mengukur amplitud 
gema-gema spin pada sela masa tak linear. Suhu dan frekuensi yang digunakan 
ialah pada 24.5°C dan 2.5MHz. Kuanuti tiap-tiap komponen diperolehi daripada 
pemadanan data kepada model tak linear yang mengandungi satu atau pun 
dua eksponen. Bagi n-hexadecane/air dan minyak paraffin/air relaksasi 
bersesuaian dengan model dua keadaan tak bertukaran. Amaun seuap bahagian 
boleh ditentukan dengan baik daripada amplitud-amplitud signal. Walau 
bagaimanapun, minyak zaitun menunjukkan relaksasi berlainan dan lebih 
komplek. Perbezaan nisbah amplitud signal dengan yang diperolehi dari kaedah 
timbangan dibincang. 

ABSTRACT 

Nuclear magnetic resonance techniques have been used to determine quantitatively 
the amount o f water and oil in several oil/water emulsions. The technique 
utilizes the inversion recovery pulse (IR) sequence to produce and measure 
the amplitude o f the spin echoes at non-linearly spaced time intervals. In this 
study, the temperature and the operating frequency were 24.5°C and 2.5MHz 
respectively. The quantity of each component was determined by fitting the 
data to non-linear models consisting of either one or two exponentials. For 
n-hexadecane/water and paraffin oil/water, the relaxation behaviour conforms 
to the two-state non-exchange model. The amount of each constituent could 
be est imated fai r ly accurately f rom the signal ampl i tudes . Ol ive o i l 
emuls ion , however, appears to be more complex . The difference between 
signal amp l i t ude ra t io and that ob ta ined by we igh ing is discussed. 

Keywords: emulsion, relaxation, nuclear magnetic resonance. 

I N T R O D U C T I O N 

T h e last twen ty years have wi tnessed a t r e m e n d o u s d e v e l o p m e n t i n p u l s e d 
n u c l e a r m a g n e t i c r esonance ( N M R ) t e c h n i q u e s i n var ious f ie lds o f research 
a n d a p p l i c a t i o n s . T h e r e l a x a t i o n times a n d t he p r o t o n dens i ty have b e e n 
m e a s u r e d a n d a p p l i e d u n d e r var ious c o n d i t i o n s t o e luc ida t e t he state o f 
wa te r i n tissues a n d i n d u s t r i a l p r o d u c t s ( M a t h u r - D e V r e 1 9 8 4 ) . Fat a n d 
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wate r c o n t e n t as w e l l as t h e i r d i s t r i b u t i o n i n b i o l o g i c a l samples have b e e n 
d e t e r m i n e d by N M R m e t h o d s ( S m i t h 1986) . 

C o n v e n t i o n a l l y , fat o r o i l c o n t e n t is d e t e r m i n e d by so lvent e x t r a c t i o n , a n d 
wa te r c o n t e n t by d r y i n g m e t h o d . B o t h processes are obv ious ly t ed ious a n d 
t i m e - c o n s u m i n g . I n this paper , a p u l s e d N M R t e c h n i q u e to es t imate t h e 
q u a n t i t y o f o i l a n d wa te r i n emul s ions is desc r ibed . Previously, o i l a n d wa te r 
c o m p o n e n t s i n an e m u l s i o n were d e t e r m i n e d f r o m the spin-spin r e l a x a t i o n 
s ignal (Jones 1988) . I n t he p resen t r e p o r t , t he q u a n t i t y o f each c o m p o n e n t was 
o b t a i n e d t h r o u g h c o m p u t e r analysis o f t he da ta t aken f r o m the sp in- la t t ice 
r e l a x a t i o n measuremen t s . 

M A T E R I A L S A N D M E T H O D S 

Sample Preparation 
E m u l s i o n s o f var ious c o m p o s i t i o n were p r e p a r e d f r o m pa ra f f i n o i l / w a t e r , n -
h e x a d e c a n e / w a t e r a n d o l ive o i l / w a t e r . A smal l a m o u n t o f C u 2 + i ons ( a b o u t 
l x l O 2 0 p e r cc) was a d d e d to t he wate r phase to r educe the r e l a x a t i o n times o f 
p u r e wa te r f r o m a b o u t 3 seconds ( K r y n i c k 1966) to a b o u t 200 m i l l i s e c o n d . A 
m i x t u r e o f e m u l s i f y i n g agen ts - T w e e n 20 ( p o l y o x y e t h y l e n e s o r b i t a n 
m o n o l a u r a t e ) a n d Span 80 ( so rb i t an m o n o o l e a t e ) - was used to stabilise t he 
emul s ions . I n d e p e n d e n t e x p e r i m e n t s i n d i c a t e d t ha t at a c o n c e n t r a t i o n o f 5% 
( v / v ) , t he m i x t u r e h a d n o p r o f o u n d effect o n the r e l a x a t i o n t imes Tx a n d T 2 

Experimental 
A l l measu remen t s were c a r r i e d o u t o n a h o m e - b u i l t pu l s ed N M R s p e c t r o m e t e r 
at t he D e p a r t m e n t o f B i o - M e d i c a l Physics a n d B i o - E n g i n e e r i n g , U n i v e r s i t y o f 
A b e r d e e n . T h e resonance f r equency a n d t e m p e r a t u r e were 2 . 5 M H z a n d 
24 .5°C respect ively. T h e s ignal i n t ens i ty cons i s t ing o f echo a m p l i t u d e was 
o b t a i n e d by u s i n g t he m o d i f i e d i n v e r s i o n recovery pulse sequence [ 1 8 0 ° - T -
9 0 ° - 1 8 0 ° - E c h o - ] . T h e delay time % was v a r i e d n o n - l i n e a r l y f r o m 2 ms to 200 
ms, w i t h 31 da ta p o i n t s . Since t he s ignal o r ig ina tes f r o m two k i n d s o f n o n -
exchangeab le spins, t he m o s t a p p r o p r i a t e express ion f o r the s ignal decay is 

S(x) = A + Q , e"^ 11 + Qg eT**" 

T h i s e q u a t i o n is a s o l u t i o n o f t he p h e n o m e n o l o g i c a l B l o c h equa t ions 
( B l o c h 1946) w i t h su i table i n i t i a l c o n d i t i o n s (Sal leh 1991) ; Q j a n d Q 2 

c o r r e s p o n d to the quan t i t i e s o f each sp in , w h i l e T{ x a n d T are t h e i r respect ive 
r e l a x a t i o n t i m e constants . T h e cons tan t A is a d d e d to take i n t o a c c o u n t 
the e r ro r s a r i s i n g f r o m f i e l d offset, base l i n e shif t a n d f r o m e l e c t r o n i c noise 
(Sass a n d Ziesson 1977; Weiss a n d Fe r r e t i 1985) . 

Data Analysis 
T h e m e t h o d o f least-squares, u s i n g the Gauss-Newton a l g o r i t h m ( G i l l 1978) 
was used t o f i t t he da ta to t he above e q u a t i o n . T h e f i t t i n g p r o c e d u r e s imu l t a -
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neous ly y i e l d e d Qv Q^, T n a n d T 1 2 i n c l u d i n g t h e e s t i m a t i o n o f t h e e r r o r . T h e 
f r a c t i o n a l a m p l i t u d e 

k = • Q i o r k = -

Qi + 0* 0, + 0, 
was ca l cu l a t ed a n d c o m p a r e d w i t h t he f r a c t i o n a l a m o u n t 

W , 

w1 + w2 

o r F 

w h e r e W j a n d W 2 w e r e t h e we igh t s o f each c o m p o n e n t o b t a i n e d b y phys ica l 
m e t h o d . 

R E S U L T S 

Fig. 1 shows t h e r e l a x a t i o n i n t e n s i t y decay cu rve f o r t h e n - h e x a d e c a n e / 
w a t e r e m u l s i o n at 5 0 % . T h e s o l i d l i n e is t h e fitted curve , w h i l e t he cross 
signs are t h e e x p e r i m e n t a l da ta p o i n t s . Fig. 2 i l lus t ra tes t he same da ta b u t 
fitted to t he s ing le c o m p o n e n t decay. I t is obv ious t h a t fitting t h e da t a 
to t h e t w o c o m p o n e n t e q u a t i o n is b e t t e r t h a n f i t t i n g i t t o a s ing le decay 
e q u a t i o n . 

2 2 0 4 4 0 6 6 0 8 9 0 1 1 0 0 1 3 2 0 1 5 4 0 

T i m e in m s 

Fig. 1. Signal intensity decay curve of n-hexadecane emulsion. 
The solid line is the fitted curve according to the equation in the text 
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T a b l e 1 shows the f r a c t i o n a l a m o u n t o f wa te r o b t a i n e d e x p e r i m e n t a l l y 

c o m p a r e d w i t h t h a t f r o m w e i g h i n g . 

90. 

0 220 440 660 880 1100 1320 1540 
Time in ms 

Fig. 2. Signal intensity decay curve of the same n-hexadecane emulsion. 
The solid line is the fitted curve according to monoexponential expression 

TABLE 1 
F and k values of n-hexadecane emulsions 

Emulsion F - 1 

w , + w 2 

E75 0.80 0.78 ± 0.06 
E76 0.70 0.70 ± 0.05 
E77 0.60 0.60 ± 0.03 
E81 0.55 0.46 ± 0.02 
E68 0.50 0.47 ± 0.02 
E8 0.45 0.47 ± 0.03 
E78 0.40 0.39 ± 0.01 
E79 0.30 0.27 ± 0.02 

W, = amount of water, W,, = amount of oil 
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Fig. 3 i l lus t ra tes t h e k values p l o t t e d against F. T h e s lope a n d t h e coe f f i c i en t 
o f regress ion w e r e f o u n d to be 1.01 a n d 0.99 respect ively. T h e i n t e r c e p t is 
a l m o s t zero . T h u s , a k va lue can be used as a n es t imate o f F w i t h a n e r r o r o f 2 % . 
T a b l e 2 shows t h e results o b t a i n e d f r o m p a r a f f i n o i l emu l s ions . A l i n e a r 
r e l a t i o n s h i p is aga in obse rved b e t w e e n k a n d F (Fig. 4). T h e s lope a n d t h e 
c o e f f i c i e n t o f regress ion w e r e 0.96 a n d 0.99 respect ively. 

0.2 0.4 0.6 0.8 
Fractional Amount F 

Fig. 3. Fractional amplitude k plotted against the fractional 
amount Ffor n-hexadecane emulsion 

TABLE 2 
F and k values of paraffin oil emulsions 

Emulsion F - 1 

w , + w 2 

E90 0.80 0.82 ±0.19 
E91 0.70 0.68 ±0.19 

E92 0.60 0.69 ±0.22 
E93 0.55 0.48 ±0.06 
E94 0.50 0.49 ±0.09 
E95 0.45 0.43 ±0.10 
E96 0.40 0.37 ±0.06 
E97 0.30 0.29 ±0.05 
E98 0.20 0.18 ±0.02 

F r o m t h e above observa t ions i t was c o n c l u d e d t h a t t he sp in- la t t ice 
r e l a x a t i o n o f n -hexadecane a n d p a r a f f i n o i l e m u l s i o n s obeys t he m o d e l 
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expressed by t h e e q u a d o n . I n th is s i t u a t i o n , p r o t o n s o f t he o i l a n d those 
o f t h e wa te r r e l ax i n d e p e n d e n d y , g i v i n g rise t o two signals w h i c h can be 
separa ted t h r o u g h the d e c o m p o s i t i o n p r o c e d u r e . Such a p h e n o m e n o n is 
a n i n d i c a t i o n o f a two-sta te-non-exchange m o d e l . 

I / 

0.2 0.4 0.6 0.8 
Fractional Amount F 

Fig. 4. Fractional amplitude k plotted against the fractional 
amount F for paraffin oil emulsion 

T h e l i n e a r i t y o f t h e g r a p h , w i t h the coe f f i c i en t o f regress ion o f £ 1, 
shows t h a t t h e m e t h o d m a y p r o v i d e a n e f f i c i en t means o f e s t i m a t i n g t he 
a m o u n t o f each c o n s t i t u e n t i n t he emul s ions w i t h reasonable accuracy. 

T a b l e 3 shows the results o f t he analysis o f o l ive o i l emul s ions . T h e 
T j o f o l ive o i l a n d wa te r are 116.6 ± 3.1 ms a n d 256.9 ± 4.6 ms respect ively. 

TABLE 3 
F and k values of olive oil emulsions 

W, 
Emulsion F - 1 k - 1 

W r + W 2 

E210 0.20 0.21 ±0.10 
E211 0.30 0.32 ±0.13 
E212 0.40 0.32 ±0.09 
E213 0.45 0.38 ±0.11 
E214 0.50 0.40 ± 0.01 
E215 0.55 0.48 ± 0.09 
E216 0.60 0.49 ±0.05 
£217 0.70 0.52 ±0.08 
E218 0.80 0.58 ±0.17 

Pure oi l T n = 45.8 ± 3.0 (ms); T 1 2 = 161.1 ± 9.0 (ms); k = 0.56 1 0.12 
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I t was obse rved t h a t t he v a r i a t i o n o f k w i t h F f o r o l ive o i l emu l s ions 
is also l i n e a r ( n o t s h o w n ) w i t h t he c o e f f i c i e n t o f regress ion o f 0.97. H o w e v e r , 
i t does n o t f o l l o w a 1:1 c o r r e s p o n d e n c e . T h e s lope is 0.62. T h e u n e x p e c t e d l y 
l o w k values, especial ly at h i g h o i l c o m p o s i t i o n , may be d u e to t he exis tence 
o f two classes o f spins i n the o i l itself, s low a n d fast. T h i s is i n d i c a t e d i n 
t he last r o w o f t h e tab le w h e r e , i n p u r e f o r m , t h e o i l reveals two c o m p o n e n t s 
w i t h e q u a l a m p l i t u d e s ( k = 0.56 ± 0 .12) . T h e t i m e cons t an t o f the slow 
c o m p o n e n t ( T 1 2 = 161.1 ± 9.0 ms) is n o t su f f i c i endy far f r o m tha t o f wa te r 
( T j = 256.9 ± 4.6 ms) f o r t he analysis to resolve. C o n s e q u e n d y , t he slow 
c o m p o n e n t is l u m p e d w i t h t he wa te r c o m p o n e n t . I n this s i t u a t i o n , F c a n n o t 
be d e t e r m i n e d d i r e c t l y f r o m t h e k va lue . I t can , however , be used t o p r e p a r e 
a c a l i b r a t i o n curve f o r i n d e p e n d e n t w o r k . 

C O N C L U S I O N 

T h e N M R m e t h o d p re sen t ed i n t he p re sen t r e p o r t p r o v e d to be a r e l i a b l e 
a n d fast t e c h n i q u e . W i t h t he h e l p o f a s t a n d a r d g r a p h , t he t e c h n i q u e may 
be e x t e n d e d f o r q u a n t i t a t i v e d e t e r m i n a t i o n o f o t h e r p r o d u c t s . T h e m e t h o d 
is f o u n d to be less t ed ious , easier to ope ra t e a n d faster t h a n t he t r a d i t i o n a l 
p r o c e d u r e . 
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ABSTRAK 

Kebolehan satulumut, Calymperes delessertii Besch, untuk menyinkir zink daripada 
larutan telah dikaji. Dalam eksperimen kelompok, parameter-parameter yang 
telah dikaji termasuk kesan p H dan kepekatan awal larutan zink pada pengerapan. 
Satu siri eksperimen turus telah dilakukan untuk mengkaji system ini di bawah 
keadaan dinamik. Model 'bed depth service time' (BDST) yang dicadangkan 
oleh Hutchins telah digunakan dengan kejayaan kepada sistem in i . Eksperimen 
'fixed bed' pun dijalankan dengan menggunakan air-buangan dari satu kilang 
penyaduran zink. Keputusan menunjukkan turus lumut boleh digunakan 
sebagai satu sistem pembersih untuk menyinkir zink daripada air-buangan 
pengelektrosaduran. 

A B S T R A C T 
Studies were conducted to assess the capability o f a moss, Calymperes delessertii 
Besch, to remove zinc from solutions. In the batch experiments, parameters 
studied included effect of p H and initial zinc concentration on sorption. A 
series of fixed bed experiments were performed to study the system under 
dynamic conditions. The bed depth service time (BDST) model proposed 
by Hutchins was successfully applied to the system. The fixed bed experiments 
were also carried out using wastewater from a zinc plating factory and results 
indicated that moss columns could be used in a clean-up system to remove 
zinc from electroplating wastewater. 

Keywords: moss, zinc, sorption, uptake, simulated wastewater, electroplating 
wastewater, BDST model. 

I N T R O D U C T I O N 

Heavy meta ls r ep re sen t a m a j o r risk to the e n v i r o n m e n t because o f t h e i r 
t o x i c i t y . T h e i r r e m o v a l f r o m wa te r supp ly a n d wastewater is thus o f u t m o s t 
i m p o r t a n c e . 

Z i n c , o n e o f t h e h e a v y m e t a l s , is u s e d i n t h e p r o d u c t i o n o f n o n -
c o r r o s i v e a l loy , brass, i n g a l v a n i z i n g steel a n d i r o n p r o d u c t s a n d i n 
e l e c t r o p l a t i n g indus t r i e s . T h e p r o b l e m s associated w i t h i n g e s t i o n o f z inc 
are w e l l d o c u m e n t e d ( E l i n d e r 1986) . 
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V a r i o u s m e t h o d s have b e e n p r o p o s e d f o r t he r e m o v a l o f z inc f r o m 
the wastewater o f t he m e t a l f i n i s h i n g indus t r i e s . T h e y i n c l u d e t he use o f 
e v a p o r a t i o n , reverse osmosis a n d p r e c i p i t a t i o n as h y d r o x i d e s . These m e t h o d s 
are, however , e i t h e r costiy a n d c o m p l i c a t e d o r i n c o m p l e t e i n m e t a l r e m o v a l . 
H e n c e the search f o r m o r e e f f i c i en t a n d e c o n o m i c a l means o f z inc r e m o v a l 
c o n t i n u e s . 

T h e use o f b r y o p h y t e s as a s o r b e n t o f m e t a l i o n s i n w a s t e w a t e r 
has n o t b e e n f u l l y inves t iga ted . Mosses appea r t o be su i tab le sorbents 
f o r heavy meta ls because they possess several i n t e r e s t i n g p r o p e r t i e s ( Johnson 
1980) . T h e ce l l w a l l has a h i g h p o l y u r o n i c a c i d c o n t e n t w h i c h makes moss 
a very g o o d n a t u r a l i o n exchange r . I n a d d i t i o n , the h i g h l y r e d u c e d presence 
o r absence o f c u t i c l e i n t he moss means t he ions have d i r e c t access to 
t he ce l l w a l l . 

R u h l i n g a n d T y l e r (1970) r e p o r t e d t ha t w o o d l a n d moss, Hylocomium 
splendens, h a d a h i g h capaci ty to sorb heavy meta ls f r o m s o l u t i o n m a i n l y 
v ia an i o n e x c h a n g e process. T h e s o r p t i o n o f some heavy meta ls by t he 
moss Calymperes delessertii Besch has b e e n r e p o r t e d ; t he moss c o u l d sorb 
lead , c o p p e r a n d c a d m i u m e f f i c i en t ly ( L o w a n d L e e 1987, 1 9 9 1 ; Lee a n d 
L o w 1989) . 

T h i s s tudy investigates t he s o r p t i o n character is t ics o f z inc by t he moss, 
Calymperes delessertii B e s c h , a n d t h e p o s s i b i l i t y o f u s i n g i t t o t r e a t 
e l e c t r o p l a t i n g wastes. 

M A T E R I A L S A N D M E T H O D S 

Sample Preparation 
T h e c o l l e c t i o n a n d p r e p a r a t i o n o f t he moss, Calymperes delessertii Besch, have 
b e e n d e s c r i b e d ea r l i e r (Lee et ai 1983) . A i r - d r i e d samples o f t he moss 
i n its n a t u r a l c o n d i t i o n were used i n a l l t h e e x p e r i m e n t s . 

A s i m u l a t e d wastewater p r e p a r e d f r o m A . R. g r a d e a n h y d r o u s z inc 
c h l o r i d e i n 0.001 M s o d i u m c h l o r i d e s o l u t i o n was used i n a l l t he e x p e r i m e n t s 
s t u d y i n g the character is t ics o f z inc s o r p t i o n by t he moss. S o d i u m c h l o r i d e 
s o l u t i o n was used to m a i n t a i n cons t an t i o n i c s t r e n g t h . Wastewater c o l l e c t e d 
f r o m an e l e c t r o p l a t i n g fac tory s i tua ted i n a n i n d u s t r i a l p a r k was used i n 
t he l a t e r e x p e r i m e n t s . T h e fac to ry specializes i n z inc p l a t i n g a n d does n o t 
have any fac i l i ty f o r wastewater t r e a t m e n t . T h e wastewater c o l l e c t e d was 
a l k a l i n e a n d c o n t a i n e d traces o f n i c k e l a n d i r o n i n a d d i t i o n t o z inc . 

Contact Time Experiments 
I n a l l t he c o n t a c t time e x p e r i m e n t s , ex cep t w h e r e t h e effect o f p H was 
inves t iga ted , 0.50 g o f moss sample was shaken i n 400 c m 3 o f z inc s o l u t i o n . 
V a r i o u s c o n c e n t r a t i o n s o f z inc s o l u t i o n (250, 100 a n d 50 m g d m 3 ) i n 
0.001 M s o d i u m c h l o r i d e were s t u d i e d . 

A l l b a t c h e x p e r i m e n t s were p e r f o r m e d i n dup l i ca t e s at r o o m t e m p e r a t u r e 
( 2 7 ° C ) . T h e z inc s o l u t i o n c o n t a i n i n g t he p r e w e i g h e d moss was shaken i n 
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p o l y e t h y l e n e bot t les at 200 r e v o l u t i o n s p e r m i n u t e ( r p m ) o n a gy ra to ry 
shaker . A l i q u o t s o f 1 c m 3 s o lu t i ons were w i t h d r a w n at p r e d e t e r m i n e d 
i n t e r v a l s . 

I n t h e s t u d y o f t h e e f f e c t o f p H , 0 . 2 0 g o f moss was e q u i l i b r a t e d 
w i t h 1 0 0 c m 3 o f 100 m g d m 3 z inc s o l u t i o n w i t h p H r a n g i n g f r o m 2 to 
13 f o r f o u r h o u r s . T h e p H o f t he s o l u t i o n was ad jus ted by a d d i t i o n o f 
0.1 M h y d r o c h l o r i c a c i d o r 0.1 M s o d i u m h y d r o x i d e . 

Sorption Isotherm 
I n t h e s tudy o f t he s o r p t i o n capaci ty o f t he moss f o r z inc , 0.20 g samples 
o f moss w e r e shaken i n 100 c m 3 o f z inc s o l u t i o n f o r f o u r h o u r s . T h e 
c o n c e n t r a t i o n s o f t he s o l u t i o n were v a r i e d f r o m 0.5 to 500 m g d m - 3 . 

Fixed Bed Study 
I n t he f l o w studies, a ve r t i c a l glass c o l u m n o f i n t e r n a l d i a m e t e r 14 m m 
was used. T h e moss was p a c k e d t o a h e i g h t o f 10 ,15 a n d 20 c m , c o r r e s p o n d i n g 
to 1.25 g, 1.88 g a n d 2.50 g o f moss. T h e flow rates were c o n t r o l l e d by 
means o f a pe r i s t a l t i c p u m p a t t a c h e d to o n e e n d o f t he c o l u m n . Z i n c 
s o l u t i o n s o f 50 m g d m 3 w e r e passed t h r o u g h the c o l u m n at f l o w rates 
o f 20 to 50 c m 3 m i n 1 . E luan t s were c o l l e c t e d i n 100 c m 3 a n d analysed 
f o r z inc . T h e e x p e r i m e n t s were r e p e a t e d u s i n g wastewater c o n t a i n i n g 200 
m g d m " 3 o f z inc a n d f l o w rates o f 10 to 100 c m 3 m i n " 1 . 

Adsorption-Desorption Study 
I n t he a d s o r p t i o n - d e s o r p t i o n study, a glass c o l u m n was p a c k e d w i t h 2.50 
g o f moss to a h e i g h t o f 20 c m . O n e l i t r e o f 2.5 m g d m " 3 z inc s o l u t i o n 
was passed t h r o u g h t h e c o l u m n at a rate o f 10 c m 3 m i n " 1 . 

T h e e l u a n t was c o l l e c t e d a n d c h e c k e d f o r its z inc c o n c e n t r a t i o n . T h e 
c o l u m n was t h e n e l u t e d w i t h 1 M n i t r i c ac id . T w e n t y f rac t ions o f e l u a n t 
w i t h a v o l u m e o f 10 c m 3 each were c o l l e c t e d a n d analysed f o r z inc . 

A f t e r t he first a d s o r p t i o n - d e s o r p t i o n process, t he moss was washed free 
o f a c i d by r i n s i n g i t w i t h d e i o n i z e d water . T h e process was t h e n r epea t ed 
twice o n t he same c o l u m n o f moss. 

Analysis of Zinc 
T h e c o n c e n t r a t i o n o f z inc i n a l l t he e x p e r i m e n t s was d e t e r m i n e d u s i n g 
a s e q u e n t i a l s c a n n i n g i n d u c t i v e l y c o u p l e d p l a s m a a t o m i c e m i s s i o n 
s p e c t r o m e t e r (Labtes t 710 - 2 0 0 0 ) . 

R E S U L T S A N D D I S C U S S I O N 

Zinc Content in Moss 
T h e a v e r a g e c o n c e n t r a t i o n o f z i n c i n t h e m o s s u s e d i n t h i s s t u d y 
was 8 0 Ltg g 1 moss. T h e z inc c o n t e n t was l o w c o m p a r e d to t h a t o f mosses 
f r o m c o n t a m i n a t e d areas, w h i c h was a b o u t 1914 Lig g 1 moss (Lee et al 
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1983) . Z i n c , t o g e t h e r w i t h o t h e r heavy meta ls i n t he a t m o s p h e r e , was b r o u g h t 
i n c o n t a c t w i t h moss tissues i n t he f o r m o f p r e c i p i t a t i o n a n d dus t ( R u h l i n g 
et al 1968; Lazarus et al 1970) . 

Contact Time Experiments 
T h e r e p r o d u c i b i l i t y o f t he s o r p t i o n capaci ty o f t he moss was d e m o n s t r a t e d 
by e q u i l i b r a t i n g six replicates o f 0.50 g moss i n 100 c m 3 o f 250 m g d m 3 

z inc s o l u t i o n . A m e a n o f 2.69 x 10~ 4 m o l g~ ] moss a n d re la t ive s t a n d a r d 
d e v i a t i o n o f 5 .32% w e r e o b t a i n e d . A l t h o u g h n o a t t e m p t was m a d e t o g r o u p 
t h e moss a c c o r d i n g to m a t u r i t y , results f r o m th is r e p r o d u c i b i l i t y s tudy 
suggest t h a t s o r p t i o n o f z inc by moss was f a i r l y u n i f o r m . 

T h e rates o f z inc s o r p t i o n by t h e moss at va r ious i n i t i a l c o n c e n t r a t i o n s 
are s h o w n i n Fig.l. A very r a p i d i n i t i a l u p t a k e f o l l o w e d b y a m o r e g r a d u a l 
process af ter t he first 5 m i n u t e s was observed . T h i s c o u l d be d u e t o a 
r a p i d i o n - e x c h a n g e process f o l l o w e d by c h e m i s o r p t i o n . T h i s is a t yp i ca l 
s o r p t i o n p a t t e r n f o r m o s t b i o l o g i c a l m a t e r i a l s ( O k i e i m e n et al. 1 9 8 5 ) . 
T h e f r a c t i o n a l u p t a k e was inverse ly p r o p o r t i o n a l to t h e i n i t i a l c o n c e n 
t r a t i o n . E q u i l i b r i u m was ach ieved at 30 m i n u t e s ' c o n t a c t time regardless 
o f t he i n i t i a l c o n c e n t r a t i o n . T h i 3 ind ica tes t he p o t e n t i a l f o r r a p i d r e m o v a l 
o f z inc f r o m s o l u t i o n . 
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Time (hours) 

Fig. 1. Effect of initial zinc concentration on sorption, 
m 50 mg dm'3 O 100 mg dm'3 A 250 mg dm~3 

T h e effect o f p H o n s o r p t i o n o f z inc is s h o w n i n Fig. 2. I n t h e p H 
r ange o f 2.45 t o 4.70 t h e r e was a n increase i n s o r p t i o n . As p H increases, 
t h e ava i lab i l i ty o f s o r p t i o n sites increases a n d h e n c e the increase observed . 
A t p H h i g h e r t h a n 7, p r e c i p i t a t i o n o f z inc h y d r o x i d e s ta r ted t o o c c u r . 
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A s i m i l a r p a t t e r n was observed i n t he s tudy o f c o p p e r , l e a d a n d c a d m i u m 
i o n ( L e e a n d L o w 1989; L o w a n d L e e 1991) . G jengeda l a n d Steinnes (1990) 
f o u n d t h a t at p H l o w e r t h a n 4 t he a m o u n t o f c a d m i u m a c c u m u l a t e d 
by t he moss, Hylocomium splendens, decreased r a p i d l y . T h i s c o u l d be d u e 
t o t h e h y d r o g e n i ons c o m p e t i n g f o r t h e s o r p t i o n sites. A t p H 12 z inc 
h y d r o x i d e red isso lved t o f o r m [ Z n ( O H 4 ) ] 2 ~ . T h e r e was, however , n o u p t a k e 
o f z inc by t h e moss. As t h e p H o f t he e l e c t r o p l a t i n g wastewater c o l l e c t e d 
was 12, i t w o u l d be necessary to adjust t he p H b e f o r e e x p e r i m e n t a t i o n 
u s i n g t h e wastewater . 

0 2 6 
pH 

Fig. 2. Effect of pH on sorption 

Sorption Isotherm 
T h e results f r o m s o r p t i o n studies w e r e f i t t e d i n t o a m o d i f i e d L a n g m u i r 
a d s o r p t i o n i s o t h e r m as s h o w n b e l o w : 

C . / N . = 1 /N*b + C N . / N * 

N . is t he n u m b e r o f m o l e s s o r b e d p e r g r a m o f moss at e q u i l i b r i u m 
c o n c e n t r a t i o n C . W i t h th is e q u a t i o n , t h e m a x i m u m n u m b e r o f m o l e s o f 
m e t a l i o n s o r b e d p e r g r a m o f t he moss (N*) can be ca l cu l a t ed . A p l o t 
o f C . / N . against C. is s h o w n i n Fig. 3. T h e l i n e a r i t y o f t he p l o t ind ica tes 
t he L a n g m u i r i s o t h e r m can be a p p l i e d successfully. T h e m a x i m u m s o r p t i o n 
capaci ty is 21.50 m g o r 329 ( i m o l z inc g" 1 moss. 
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Fig. 3. Sorption isotherm of zinc on moss 

Fixed Bed Experiments 

T h e r e is a n e e d t o p e r f o r m flow tests because t h e da ta o b t a i n e d u n d e r 
e q u i l i b r i u m c o n d i t i o n s were n o t a p p l i c a b l e i n m o s t t r e a t m e n t systems w h e r e 
t he c o n t a c t t i m e is n o t su f f i c i endy l o n g f o r t he a t t a i n m e n t o f e q u i l i b r i u m . 
T h e usefulness o f t h e c o l u m n is r e l a t e d t o h o w l o n g t h e b e d w i l l last b e f o r e 
r e g e n e r a t i o n is necessary. F o r th is pu rpose , d e t e r m i n a t i o n o f b r e a k t h r o u g h 
curves at va r ious f eed c o n c e n t r a t i o n s a n d b e d d e p t h s is necessary. 

Fig. 4 shows t h r e e b r e a k t h r o u g h curves at bed-dep ths o f 10, 15 a n d 
20 c m a n d f l o w ra t e s (\i) o f 2 0 c m 3 m i n 1 w i t h i n i t i a l z i n c c o n c e n t r a t i o n 
o f 5 0 m g d m " 3 . A n a r b i t r a r y p o i n t o f 5 0 % b r e a k t h r o u g h is chosen i n 
this s tudy as the level w h e r e e f f l u e n t c o n c e n t r a t i o n is unaccep t ab l e . T h e 
t i m e at w h i c h th is o c c u r r e d is l a b e l l e d as t 1 / 2 . B r e a k t h r o u g h curves w i t h 
f l o w rates o f 50 a n d 100 c m 3 m i n 1 w e r e s i m i l a r a l t h o u g h b r e a k t h r o u g h 
o c c u r r e d faster. 

T h e p e r f o r m a n c e o f a c o l u m n can be eva lua ted u s i n g t he b e d d e p t h 
service time ( B D S T ) m o d e l ( H u t c h i n s 1973) . T h e m o d e l states t h a t b e d 
d e p t h a n d service time bear a l i n e a r r e l a t i o n s h i p . T h e e q u a t i o n can be 
expressed as 

t = ax + b 

Plots o f B D S T ( t 1 / 2 ) at b r e a k t h r o u g h v o l u m e ( C / C 0 = 0.5) against b e d d e p t h 
at d i f f e r e n t flow rates are s h o w n i n Fig. 5. 
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Volume Treated (cm 3) 

Fig. 4. Breakthrough curves for simulated wastewater al a flow rate of 
20 cm* /min and different bed depths 

• 10 cm, • 15 cm, A 20 cm 

T h e l i n e a r i t y o f t he p lo t s i n Fig. 5 ind ica tes t h a t t he B D S T m o d e l can 
be successfully a p p l i e d to t he zinc-moss system. A f t e r d e v e l o p i n g a B D S T 
e q u a t i o n f o r o n e flow ra te , equa t ions f o r o t h e r flow rates can be ca l cu l a t ed . 
U s i n g t h e B D S T e q u a t i o n f o r t he flow ra te o f 50 c m 3 / m i n , equa t ions f o r 
o t h e r flow rates were ca l cu l a t ed a n d p l o t t e d as s h o w n i n Fig 5. T h e r e 
is g o o d a g r e e m e n t b e t w e e n e x p e r i m e n t a l a n d ca l cu l a t ed values. U s i n g this 
p r o c e d u r e , l a b o r a t o r y tests can be r e l i ab ly scaled u p w i t h o u t f u r t h e r test 
runs . 

1 i I l I 1 

0 1 0 2 0 

Bed Depth (cm) 

Fig 5. BDST plots at 50% breakthrough for different flow rates 
O , • 100 cm'/min, • 50 cm '/min, A , A 20 cm*/min 

Experimental values; calculated values 
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W h e n the f i x e d b e d e x p e r i m e n t s w e r e c a r r i e d o u t u s i n g e l e c t r o p l a d n g 
wastewater af ter ad ju s t i ng t he p H to 4.2, s i m i l a r b r e a k t h r o u g h curves w e r e 
o b t a i n e d . T h e a g r e e m e n t b e t w e e n e x p e r i m e n t a l a n d ca l cu l a t ed B D S T 
equa t ions is s h o w n i n T a b l e 1. T h e b r e a k t h r o u g h times o f b o t h t h e s i m u l a t e d 
a n d rea l systems are l i s t ed i n T a b l e 2. T h e c o n c e n t r a t i o n o f z inc i n 
e l e c t r o p l a t i n g wastewater was f o u r times t h a t o f t h e s i m u l a t e d system; h o w e v e r 
t 1 / 2 f o r t he l a t t e r v a r i e d f r o m 1.2 to 3 times t h a t o f t he f o r m e r d e p e n d i n g 
o n f l o w rates. A t a l o w f l o w ra te o f 10 c m 3 m i n 1 w h e r e e q u i l i b r i u m c o u l d 
be ach ieved , c o m p a r a b l e t 1 / 2 can be o b t a i n e d f o r t he two systems w i t h m a r k e d l y 
d i f f e r e n t z inc c o n c e n t r a t i o n s . T h i s suppor t s t he ea r l i e r results t h a t e q u i 
l i b r i u m time is i n d e p e n d e n t o f i n i t i a l c o n c e n t r a t i o n . I t thus appears t h a t 
t h e moss c o l u m n can be used t o r e m o v e z inc f r o m e l e c t r o p l a t i n g waste 
a lbe i t a m u c h l a rge r c o l u m n is r e q u i r e d i n o r d e r to achieve a c o n c e n t r a t i o n 
o f < 1 | i g c m 3 z inc i n t he e f f luen t . 

TABLE 1 
Experimental and calculated BDST equations 

for flow rates based on |x = 100 c m 3 m i n - 1 

| i ( c m 3 min l ) Experimental Calculated 

100 ^1/2 0.094x + 0.466 _ 

50 * l / 2 ~ 0.194x +1.026 t 1 2 = 0.188x + 0.466 
10 t l / 2 = 1.224x +5.303 t 1 / 2 = 0.940x + 0.466 

TABLE 2 
BDST(t, ...,) o f simulated and actual electroplating wastewater 

Simulated Actual 
C ( ) =50 mg dm" 3 C ( ) =200 mg d m 3 

Bed depth Flow rate 
(cm) (cm 3 min ] ) (min) (min) 

10 100 3.4 1.4 
15 100 5.3 1.8 
20 100 7.7 2.4 
10 50 7.7 3.1 
15 50 11.4 3.8 
20 50 15.4 5.0 
10 10 22.0 17.5 
15 10 29.8 23.8 
20 10 41.2 29.7 
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Adsorption-Desorption Study 
Fig. 6 shows the r e su l t o f t h r e e consecut ive a d s o r p t i o n - d e s o r p t i o n processes 
u s i n g t h e same c o l u m n o f moss. I n a l l cases n o b r e a k t h r o u g h was d e t e c t e d 
p r i o r t o e l u t i o n w i t h 1 M H N O r Z i n c was a l m o s t c o m p l e t e l y e l u t e d i n 
t h e 1 0 0 c m 3 o f a c id . A b o u t 9 8 % o f z incwas e l u t e d i n t he f i r s t d e s o r p t i o n , 8 7 % 
i n t he s econd a n d 103% i n t he t h i r d . T h e results i n d i c a t e t h a t e l u t i o n w i t h 
a c i d does n o t affect t h e p e r f o r m a n c e o f t he moss as a so rben t , a n d t he moss 
c o l u m n can be r epea t ed ly used to r e m o v e z inc f r o m t r ea t ed wastewater 
w h e r e t he c o n c e n t r a t i o n is l ow . 

1200 

c 
N 
U) 
3 

800 

400 -

1st 2nd 3 r d d e s o r p t i o n 

I I I I I I I T l 1 I i I I I i v i ' i l l " 
1 5 9 13 1 5 9 13 1 S 9 13 

Volume Eluted (x 10 cm 3 ) 

Fig. 6. Adsorption-desorption process of zinc in moss column 

C O N C L U S I O N 

T h e moss, Calymperes delessertii Besch is a n e f f i c i en t s o r b e n t f o r z inc f r o m 
s o l u t i o n . T h e ra te o f s o r p t i o n is r a p i d a n d t h e m e c h a n i s m appears to i n v o l v e 
i o n e x c h a n g e . T h e f l o w studies i n d i c a t e t h a t t he b e h a v i o u r o f the zinc-moss 
system can be p r e d i c t e d u s i n g H u t c h i n ' s B D S T m o d e l . Moss c o l u m n s are 
p o t e n t i a l l y usefu l i n t he r e m o v a l o f z inc f r o m e l e c t r o p l a t i n g wastewater. 
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ABSTRAK 
Karbon teraktif yang disediakan daripada kayu bakau (Rhizophora apiculata) 
menunjukkan sifat kekonduksian seperti semikonduktor. Kekonduksiannya 
bertambah secara eksponen dengan suhu. Terdapat dua mekanisme pengaliran 
cas yang dikenal pasti iaitu pada suhu rendah dan pada suhu tinggi. Pertambahan 
yang jelas pada nilai kekonduksian terutamanya pada suhu yang lebih tinggi 
berlaku apabila karbon teraktif didopkan dengan gula ringkas. Kekonduksian 
juga didapati bertambah dengan kepekatan gula. 

ABSTRACT 

Activated carbon prepared from mangrove wood (Rhizophora apiculata) shows 
conduction behaviour similar to that of semiconductors. The conductivity 
increases exponentially with the temperature. Two types of charge transfer 
mechanism are identified, i . e. at low and high temperature. A significant 
increase in the conductivity was observed especially at high temperature, when 
the carbon was doped with simple sugar. The conductivity was also found to 
increase with the sugar concentration. 

Katakunci: karbon teraktif, kayu bakau, kekonduksi 

P E N D A H U L U A N 

K a r b o n t e r a k t i f t e l a h b a n y a k d i g u n a k a n d a l a m i n d u s t r i d e n g a n 
m e n g e k s p l o i t a s i k a n sifat j e r a p a n b a h a n tersebut . B a g i k a r b o n t e r a k t i f y a n g 
d i s ed i akan d a r i p a d a s u m b e r semula j a d i , kuasa j e r a p a n i n i d i k a i t k a n d e n g a n 
luas p e r m u k a a n n y a y a n g tinggi m e l e b i h i 100 m 2 / g d a n k e h a d i r a n l i a n g - l i a n g 
seni y a n g banyak d e n g a n pe lbaga i saiz ( D u b i n i n 1966; M a t t s o n d a n M a r k 
1971) . K a j i a n t e r h a d a p sifat k a r b o n t e r a k t i f sebagai b a h a n p e n j e r a p t e l ah 
banyak d i l a k u k a n . W a l a u b a g a i m a n a p u n ka j i an t e r h a d a p sifat e l e k t r i k k a r b o n 
t e r a k t i f m a s i h k u r a n g m e n d a p a t p e r h a t i a n . 
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K a r b o n t e r a k t i f d a p a t d ike l a skan sebagai s e m i k o n d u k t o r a m o r f u s 
be rdasa rkan sifat k e k o n d u k s i a n n y a . K a j i a n k e k o n d u k s i a n ke atas k a r b o n 
t e r a k t i f d a r i p a d a t e m p u r u n g ke l apa s e b e l u m i n i m e n u n j u k k a n bahawa 
p e m b a w a cas u t a m a ada lah l u b a n g p o s i t i f pada s u h u k u r a n g d a r i 385 K 
( D a u d et al. 1 9 9 0 ) . Atas d a r i p a d a s u h u i n i p e m b a w a cas u t a m a ada l ah 
e l e k t r o n . K e k o n d u k s i a n d a l a m k a r b o n t e r a k t i f m u n g k i n b e r p u n c a d a r i p a d a 
k e h a d i r a n l o g a m s u r i h y a n g d i p e r l u k a n o l e h t u m b u h a n a tau d i s ebabkan 
o l e h p e n a r i k a n e l e k t r o n d a r i p a d a sistem-7T g e l a n g g ra f i t . M e k a n i s m e 
p e n g a n g k u t a n cas p u l a berbeza-beza p a d a b e b e r a p a j u l a t s u h u y a n g 
b e r l a i n a n . 

K a j i a n k e k o n d u k s i a n k a r b o n t e r a k t i f y a n g d i s e d i a k a n d a r i p a d a 
k a y u b a k a u y a n g m a n a p e n c i r i a n b e b e r a p a sifat k i m i a d a n f i z iknya y a n g 
l a i n t e l ah p u n d i l a k u k a n ( Z u l k a r n a i n et al. 1993) a k a n d i b i n c a n g k a n . 
P e r k a i t a n d i an ta ra k e k o n d u k s i a n k a r b o n t e r a k t i f i n i d e n g a n k a n d u n g a n 
l o g a m s u r i h y a n g d i p e r o l e h i d a r i p a d a da ta analisis p e n g a k t i f a n n e u t r o n 
j u g a akan d i b i n c a n g k a n . Se la in d a r i p a d a i t u kesan p e n a m b a h a n b e n d a s i n g 
o r g a n i k k e p a d a k a r b o n t e r a k t i f j u g a akan d i k a j i . 

B A H A N D A N K A E D A H 

K e p i n g a n k a r b o n t e r a k d f k a y u b a k a u d i s ed i akan d e n g a n k a e d a h p e r s u l i n g a n 
m e m u s n a h ( B r i t i s h Pa ten t O f f i c e 1984) pada s u h u d a n t e k a n a n o p t i m u m 
seper t i y a n g d i n y a t a k a n o l e h Z u l k a r n a i n et al. ( 1 9 9 3 ) , bag i m e n g h a s i l k a n 
luas p e r m u k a a n y a n g t e rba ik . K e p i n g a n t e r sebu t k e m u d i a n n y a d i p o t o n g 
d a n diasah m e n j a d i cakra-cakra b e r b e n t u k b u l a t d e n g a n garis pusat 10 m m 
d a n ke t eba l an 1.3 m m . 

P e n g u k u r a n k e k o n d u k s i a n d i l a k u k a n d i d a l a m tiub k a c a y a n g d i v a k u m k a n . 
Cakra k a r b o n t e r a k t i f d i k e p i t d i an t a ra d u a p l a t selar i k e l u l i t a h a n kara t . 
N i l a i k e k o n d u k s i a n d ibaca pada W a y n e K e r r A u t o b a l a n c e U n i v e r s a l B r i d g e 
B642 . Pemanasan d i l a k u k a n d e n g a n m e n g g u n a k a n p i t a pemanas y a n g d i b a l u t 
pada tiub kaca d a n d i k a w a l d e n g a n m e n g g u n a k a n p e n g u b a h v o l t a n . 

U n t u k sampe l y a n g p e r l u d i b a s u h , set iap k a l i p e m b a s u h a n , s ampe l cakra 
k a r b o n d i r e f l u k s d a l a m 1 M asid h i d r o k l o r i k d i i k u t i d e n g a n a i r s u l i n g selama 
satu m i n g g u . 

Proses p e n d o p a n d i l a k u k a n d e n g a n m e r e n d a m k a n cakra k a r b o n t e r a k t i f 
d i d a l a m l a r u t a n g u l a selama tiga h a r i . C a k r a t e r sebu t k e m u d i a n n y a 
d i k e r i n g k a n d i d a l a m k e t u h a r p a d a s u h u 110°C s e b e l u m p e n g u k u r a n 
k e k o n d u k s i a n d i j a l a n k a n . 

P e n e n t u a n k a n d u n g a n u n s u r s u r i h tak o r g a n i k d i l a k u k a n d e n g a n k a e d a h 
analisis p e n g a k t i f a n n e u t r o n . S a m p e l k a r b o n t e r a k t i f y a n g t e l ah d i b a s u h 
d i h a n t a r ke U n i t T e n a g a N u k l e a r u n t u k t u j u a n tersebut . 

K E P U T U S A N D A N P E R B I N C A N G A N 

P l o t k e k o n d u k s i a n k a r b o n t e r a k t i f t a n p a pra- rawatan t e r h a d a p s u h u d i d a l a m 
Rajah 1 m e n u n j u k k a n k e k o n d u k s i a n b e r a d a pada n i l a i y a n g r e n d a h pada 
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j u l a t s u h u 290 K h i n g g a 490 K . W a l a u b a g a i m a n a p u n n i l a i i n i t i d a k l a h 
te tap a tau b e r t a m b a h secara seragam apab i l a b e r l a k u n y a t u r u n n a i k n i l a i 
k e k o n d u k s i a n d i seki tar 400 h i n g g a 460 K. P e n a m b a h a n s u h u m e l e b i h i 
490 K m e n g a k i b a t k a n p e r t a m b a h a n y a n g besar pada n i l a i k e k o n d u k s i a n . 
K e n a i k a n i n i agak seragam pada p e r i n g k a t awal t e t ap i pada s u h u y a n g agak 
t i n g g i i a i t u d i seki tar 550 K k e d d a k s e r a g a m a n m u l a b e r l a k u . W a l a u 
b a g a i m a n a p u n apa y a n g je las b e r l a k u ada lah p e r t a m b a h a n d a l a m n i l a i 
k e k o n d u k s i a n d e n g a n s u h u y a n g m e n u n j u k k a n k a r b o n t e r a k d f d a r i p a d a 
kayu b a k a u j u g a bers i fa t s epe rd s e m i k o n d u k t o r . 

0.80 

; ? o.6o 
E o 

3 . 

(0 

T 3 

0.40 

0 . 2 0 -

0.00 
200.0 300.0 400.0 500.0 

Suhu (K) 
600.0 700.0 

Rajah 1. Plot kekonduksian (^Qlcml) melawan suhu (K) bagi karbon teraktif 
kayu bakau yang tidak dibasuh 

P e r t a m b a h a n y a n g d d a k seragam d a l a m n i l a i k e k o n d u k s i a n b o l e h l a h 
d i h u b u n g k a n d e n g a n k e h a d i r a n u n s u r s u r i h d a l a m k a r b o n t e r a k d f tersebut , 
s epe rd y a n g d i t u n j u k k a n d i d a l a m J a d u a l 1. S a m p e l A ada lah k a r b o n t e r a k d f 
y a n g d d a k d i b a s u h . P e m b a s u h a n j u g a dapa t m e n g u r a n g k a n k a n d u n g a n u n s u r 
s u r i h ( sampe l B ) seper t i y a n g t e l ah d i je laskan o l e h Z u l k a r n a i n et ai ( 1 9 9 3 ) . 
K e h a d i r a n u n s u r i n i m u n g k i n dapa t m e m b e r i k a n s u m b a n g a n sebagai p e m b a w a 
cas k e p a d a k a r b o n t e r a k d f d i s a m p i n g p e m b a w a cas d a r i sistem-7i g e l a n g graf i t . 
F e n o m e n a i n i t e r b u k d apab i l a p e n g u k u r a n k e k o n d u k s i a n d i l a k u k a n ke atas 
k a r b o n t e r a k d f y a n g t e l ah d i b a s u h (Rajah 2). G a n g g u a n p e m b a w a cas u n s u r 
s u r i h t e l ah d a p a t d i h a p u s k a n apab i l a satu l e n g k u k k e k o n d u k s i a n m e l a w a n 
s u h u y a n g l e b i h b a i k d i p e r o l e h i . I a m e n u n j u k k a n bahawa n i l a i k e k o n d u k s i a n 
b e r t a m b a h d e n g a n s u h u . P e n i n g k a t a n i n i l e b i h ke ta ra pada s u h u y a n g l e b i h 
tinggi. 
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200.0 300.0 400.0 500.0 600.0 700.0 

Suhu (K) 

Rajah 2. Plot kekonduksian (itQlcml) melawan suhu (K) bagi karbon teraktif 
kayu bakau yang dibasuh 

JADUAL 1 
Kandungan unsur-unsur utama dalam karbon teraktif yang disediakan 

daripada kayu bakau. Sampel A: karbon teraktif yang udak dibasuh. 
Sampel B: Karbon teraktif yang telah dibasuh 

Unsur Kepekatan 

Sampel A Sampel B 

Na(%) 0.299 ±0.011 0.067 ± 0.003 
K ( % ) 0.155 ±0.003 0.020 ± 0.002 
Ca(%) 1.15 ±0.02 0.33 ±0.04 
Cl(%) 0.026 ± 0.004 1.208 ±0.013 
Mn(p.p.m.) 38 ± 2 50 ± 2 

Rajah 3 p u l a m e n u n j u k k a n p e r b a n d i n g a n k e k o n d u k s i a n b a g i k a r b o n 
t e r a k t i f y a n g d i d o p k a n d e n g a n g u l a r i ngkas d a n y a n g d d a k d i d o p k a n . 
P e n d o p a n d i d a p a t i t e l ah m e n i n g k a t k a n n i l a i k e k o n d u k s i a n k a r b o n t e r a k d f 
d e n g a n banyaknya . P e r t a m b a h a n te r sebu t seolah-olah b e r l a k u secara l i n e a r 
d e n g a n p e r t a m b a h a n s u h u . 
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5.00 T 1 

• tanpa dop 

200.0 300.0 400.0 500.0 600.0 700.0 

Suhu (K) 

Rajah 3. Plot perbandingan kekonduksian di antara karbon teraktif 
yang didopkan dengan gula ringkas dan yang tidak didopkan 

H u b u n g a n k e k o n d u k s i a n ( o ) d e n g a n s u h u ( T ) d i b e r i k a n o l e h pe r samaan 
b e r i k u t : -

d e n g a n O o i a l ah n i l a i k e k o n d u k s i a n apab i l a sa l ingan s u h u ada lah sifar. E a 

i a l a h tenaga p e n g a k d f a n y a n g m e s d diatasi o l e h e l e k t r o n u n t u k m e l o m p a t 
k e j a l u r k o n d u k s i a t au ke paras p e n e r i m a d a r i j a l u r valensi u n t u k m e m b e n t u k 
l u b a n g . M a n a k a l a k i a l a h p e m a l a r B o l t z m a n n . 

P l o t I n a m e l a w a n sa l ingan s u h u b a g i k a r b o n t e r a k d f y a n g t i d a k d i d o p k a n 
{Rajah 4) m e n u n j u k k a n d y a j e n i s garis l u r u s d e n g a n k e c e r u n a n y a n g berbeza . 
S e m p a d a n p e m i s a h d i an t a r a d u a garis i n i b e r l a k u pada s u h u 370 K y a n g 
m e r u p a k a n n i l a i s e m p a d a n bag i p e m b a w a cas e l e k t r o n d a n l u b a n g seperd 
y a n g d i je laskan o l e h D a u d et al ( 1990) d a n W a n M o h d D a u d ( 1 9 9 1 ) . D i 
b a w a h s u h u i n i ada lah d ipe rcaya i bahawa p e m b a w a cas u t a m a ada lah l u b a n g , 
m a n a k a l a d i atas d a r i p a d a s u h u te r sebu t e l e k t r o n m e r u p a k a n p e m b a w a cas 
u t a m a . 

c - a e x p ( - E a / k T ) (1) 
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1 .00-r 

1.50 2.00 2.50 3.00 3.50 

1/T (10-3 K-1) 

Rajah 4. Plot In(kekonduksian) melawan 1/T bagi sampel karbon 
teraktif kayu bakau yang tidak didopkan 

2.00-1 1 

(2.00) H 1 1 1 
1.50 2.00 2.50 3.00 3.50 

1/T (10-3 K-1) 

Rajah 5. Plot ln(kekonduksian) melawan 1/T bagi sampel karbon 
teraktif kayu bakau yang didopkan dengan gula ringkas 

P l o t y a n g sama b a g i k a r b o n t e r a k t i f y a n g d i d o p k a n d e n g a n g u l a r i ngkas 
(Rajah 5) j u g a m e n u n j u k k a n s e m p a d a n y a n g sama. N i l a i E a d apa t d i k i r a 
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d a r i k e c e r u n a n g r a f seper t i y a n g d i b e r i k a n d a l a m J a d u a l 2. D i d a p a d n i l a i 
E a b ag i s ampe l y a n g d o p k a n m e n i n g k a t pada s u h u k u r a n g d a r i 385 K t e t ap i 
m e n u r u n apab i l a s u h u m e l e b i h i 385 K . Keadaan i n i dapa t m e n e r a n g k a n 
n i l a i t enaga p e n g a k t i f a n u n t u k e l e k t r o n m e n u r u n d e n g a n p e n d o p a n u n t u k 
m e m u d a h k a n p e r l o m p a t a n ke j a l u r k o n d u k s i . P e n u r u n a n i n i ada l ah 
d i s ebabkan o l e h k e w u j u d a n paras-paras tenaga t a m b a h a n d a l a m r u a n g 
l a r a n g a n d i an t a r a j a l u r k o n d u k s i d a n j a l u r v a l e n s i . I a j u g a d a p a t d i l i h a t 
s e b a g a i p e n g u r a n g a n r i n t a n g a n a k i b a t d a r i p a d a p e n y u m b a t a n l i a n g - l i a n g 
d a l a m k a r b o n t e r a k t i f u n t u k m e m u d a h k a n p e r g e r a k a n cas. 

J A D U A L 2 
Perbandingan nilai tenaga pengakifan (E a ) di antara karbon teraktif 

yang didopkan dan yang tidak didopkan 

Tanpa dop Dop 

E a l ( < 3 8 5 K ) 0.006 eV 0.293 eV 

E r f ( >385 K) 0.268 eV 0.088 eV 

P e n a m b a h a n n i l a i E a p ada s u h u k u r a n g d a r i 385 K u n t u k k a r b o n t e r a k t i f 
y a n g d i d o p k a n p u l a m e m b u k t i k a n bahawa pada t ahap i n i l u b a n g m e m a i n k a n 
p e r a n a n sebagai p e m b a w a cas u t a m a . 

20.00-

15.00 

§ 
5 10.00-

1 
1 
3 •o 
C 5.00 o 

I 
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Kepekatan glukos 
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• 0.2 M 

300.0 400.0 500.0 

Suhu (K) 
600.0 700.0 

Rajah 6. Plot kekonduksian (/lO 'cm') melawan suhu bagi karbon teraktif 
kayu bakau yang direndam selama dua hari dalam beberapa kepekatan glukos 
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Rajah 6 p u l a m e n u n j u k k a n bahawa p e n i n g k a t a n n i l a i k e k o n d u k s i a n 
b e r g a n t u n g k e p a d a k e p e k a t a n g u l a d i d a l a m l a r u t a n semasa proses p e n d o p a n . 
S e m a k i n t i n g g i k e p e k a t a n g u l a akan m e n i n g g i k a n j u g a n i l a i k e k o n d u k s i a n . 
W a l a u b a g a i m a n a p u n ka j i an h u b u n g a n k e p e k a t a n , t e m p o h r e n d a m a n d a n 
k e k o n d u k s i a n m a s i h d a l a m ka j i an . 

K E S I M P U L A N 

K a r b o n t e r a k t i f d a r i p a d a kayu b a k a u d i d a p a t i bers i fa t seper t i s e m i k o n d u k t o r 
amor fus . N i l a i k e k o n d u k s i a n n y a b e r t a m b a h d e n g a n s u h u d a n dapa t 
d i t i n g k a t k a n m e l a l u i p e n d o p a n . D i s a m p i n g i t u k e k o n d u k s i a n j u g a 
b e r g a n t u n g k e p a d a k u a n t i t i b a h a n p e n d o p a n y a n g t e r d a p a t d i d a l a m k a r b o n 
te rak t i f . Proses p e n d o p a n i n i d i d a p a t i t e l ah dapa t m e n g u r a n g k a n n i l a i t enaga 
p e n g a k t i f a n (E ) b a g i e l e k t r o n . 
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ABSTRAK 

Sebagai bahan tanah Hat lembut memberi banyak cabaran kepada jurutera-
jurutera geoteknik. Bahan in i bertindakbalas dalam cara yang menakjubkan 
kepada perubahan tegasan. Di dalam rencana in i kelakuan lima buah benteng 
yang dibina di atas tanah liat lembut diperihalkan. Tanah-tanah in i merupakan 
tanah liat marin Malaysia yang terkukuh lebih sedikit. Penemuan utama yang 
didapati ialah tindakbalas tanah liat semasa pembinaan tidaklah tak bersalir 
sepenuhnya. Sedikit pengukuhan berlaku di dalam tanah liat terkukuh lebih 
di peringkat awal pembinaan. Tanah in i selanjutnya menjadi terkukuh normal 
semasa pembinaan diteruskan. Kelakuan tak bersalir hanya berlaku apabila 
tanah liat menjadi berkukuh normal. 

ABSTRACT 

As a material, soft clay poses many challenges to geotechnical engineers. The 
material responds in a spectacular manner to stress changes. The paper describes 
the behaviour of five embankments constructed on lightly overconsolidated 
soft Malaysian marine clays. The main finding is that the clay response to 
construction is not truly undrained. Significant consolidation develops initially 
in the overconsolidated clay, which becomes normally consolidated during 
construction. Undrained behaviour develops only in the normally consolidated 
clay dur ing the initial stages of construction. 

Keywords: consolidation, lateral displacement, pore water pressure, soft clay 

I N T R O D U C T I O N 

Soft clay deposi t s are w i d e s p r e a d , a n d they p resen t special p r o b l e m s . By 
d e f i n i t i o n , soft clays are o f l o w s t r e n g t h a n d h i g h compres s ib i l i t y , a n d m a n y 
are sensit ive, i n t h a t t h e i r s t r e n g t h is r e d u c e d by d is turbances . F o u n d a t i o n 
fa i lures i n soft clay are c o m p a r a t i v e l y c o m m o n , a n d surface l o a d i n g , e.g. 
i n t he f o r m o f e m b a n k m e n t s , i nev i t ab ly results i n l a rge se t t lements . 

I n Malays ia , Q u a t e r n a r y e r o s i o n accen tua t ed by c l i m a t i c a n d sea leve l 
changes has p r o d u c e d w i d e s p r e a d t h i c k deposi ts o f soft clays i n t he coastal 
areas a n d m a j o r r i v e r valleys, o f v a r y i n g th ickness , r a n g i n g f r o m 5 m to 
30 m . Reviews o f t he basic a n d e n g i n e e r i n g p r o p e r t i e s o f some o f these 
deposi ts have b e e n p u b l i s h e d by T i n g et al (1987) a n d A b d u l l a h a n d C h a n d r a 
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( 1 9 8 7 ) . W i t h t he d e v e l o p m e n t o f c o m m u n i c a t i o n n e t w o r k s d u e t o t h e 
i n c r e a s i n g pace o f i n d u s t r i a l i z a t i o n a n d u r b a n i z a t i o n , t h e des ign a n d 
c o n s t r u c t i o n o f e m b a n k m e n t s o n soft clays have b e c o m e p r o b l e m s o f m a j o r 
i m p o r t a n c e to g e o t e c h n i c a l eng ineers . T h e capaci ty t o des ign an e m b a n k m e n t 
e c o n o m i c a l l y o n a clay f o u n d a t i o n a n d to p r e d i c t its b e h a v i o u r are thus 
o f g rea t in t e res t to t h e p ro fess ion . 

As a m a t e r i a l , soft clay poses a b u n d a n t e n g i n e e r i n g chal lenges . T h e 
des igne r m u s t o f t e n use very l o w safety factors , a n d t he decis ions h e takes can 
have la rge e c o n o m i c consequences f o r t he p ro j ec t . 

T h e usual m e t h o d s f o r t he des ign o f e m b a n k m e n t s o n soft clays have b e e n 
d e v e l o p e d f r o m s i m p l i f i e d assumpt ions a n d e m p i r i c a l approaches . T h e mate 
rial r e sponds i n such a spectacular m a n n e r t o stress changes t h a t i t offers t he 
engineer -sc ien t i s t special o p p o r t u n i t i e s t o evaluate t he theor i e s o f so i l m e c h a n 
ics. T h i s e v a l u a t i o n process has b e e n p a r t i c u l a r l y f ac i l i t a t ed by a n u m b e r o f 
ca re fu l ly p l a n n e d full-scale f i e l d t r ials w h i c h have b e e n c a r r i e d o u t i n r e c e n t 
years, a n d by a series o f w e l l - d o c u m e n t e d case h is tor ies . A m o n g m a j o r reviews 
o f de s ign pract ices are those m a d e by B j e r r u m ( 1 9 7 2 ) , a n d Tavenas a n d 
L e r o u e i l ( 1 9 8 0 ) . 

T h e p resen t p a p e r describes t he b e h a v i o u r o f five e m b a n k m e n t s c o n 
s t r u c t e d o n soft Malays ian clays. T h e f i r s t t w o e m b a n k m e n t s (des igna ted 
e m b a n k m e n t 1 a n d 2) were n o m i n a l l y 3 m a n d 6 m h i g h , c o n s t r u c t e d o n t o p 
o f a b o u t 20 m soft m a r i n e clay. T h e t h i r d , f o u r t h a n d f i f t h e m b a n k m e n t s 
(des igna ted e m b a n k m e n t 3, 4 a n d 5) were 2.0 m , 2.5 m a n d 3.5 m h i g h 
c o n s t r u c t e d o n t o p o f a b o u t 14 m - 20 m o f very soft to soft s i l t y / s a n d y clay. A l l 
t h e s e e m b a n k m e n t s w e r e i n s t r u m e n t e d w i t h s e t t l e m e n t m a r k e r s , 
p i e z o m e t e r s a n d i n c l i n o m e t e r s . 

L O C A T I O N O F S I T E S A N D P R O P E R T I E S O F T H E G R O U N D 

E m b a n k m e n t s 1 a n d 2 are t r i a l e m b a n k m e n t s c o n s t r u c t e d by t h e Malays ian 
H i g h w a y A u t h o r i t y i n 1988, i n t he s o u t h e r n state o f J o h o r , P e n i n s u l a r 
Malaysia . T h e subsoi l p r o f i l e compr i ses a b o u t 20 m o f a soft t o very soft 
m a r i n e clay, u n d e r l a i n by a layer o f loose t o dense, m e d i u m to coarse 
sand, w i t h SPT values o f 6 - 50. T h e n a t u r a l wa te r c o n t e n t o f t he soft 
clay layer varies f r o m 50 - 1 2 0 % , l i q u i d l i m i t 40 to 8 0 % a n d plast ic l i m i t 
20 to 5 0 % . Traces o f sea shells i n d i c a t e a m a r i n e o r i g i n . A s u m m a r y o f 
t he g e o t e c h n i c a l p r o p e r t i e s o f t he clay layer is g i v e n i n Fig. 1. T h e u n d r a i n e d 
shear s t r e n g t h (Su) o b t a i n e d f r o m t h e vane test s h o w e d an a l m o s t l i n e a r 
increase o f s t r e n g t h b e l o w a surface c rus t w i t h a n average s t r e n g t h o f 9 
kPa at d e p t h 1 m , i n c r e a s i n g t o 36 kPa at d e p t h 17 m , o r 8 - 36 kPa 
i f c o r r e c t e d w i t h B j e r r u m (1972) c o r r e c t i o n fac to r f o r a n i s o t r o p y a n d shear 
rate . T h e S u / c c r a t i o (c c = effective p r e c o n s o l i d a t i o n pressure) is i n 
t he r ange o f 0.21 - 0.29, t he h i g h e r S u / o c r a t i o f o r t h e u p p e r m o r e plast ic 
clay. T h i s is i n reasonable a g r e e m e n t w i t h c o r r e l a t i o n s o b t a i n e d f r o m 
o t h e r s i tes o f s i m i l a r s o f t c l ays , e .g . S u = ( 0 . 2 4 ± 0 . 0 4 ) c c ( L a r r s o n 
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1 9 8 0 ) ; S u = ( 0 . 2 4 ± 0 . 0 4 ) c c O C R 0 8 ( J amio lk o wsk i et al. 1979) ; Su 
= (0.22 ± 0.02) o c ( L a d d 1981) . T h e above t r e n d o f S u / o c increase 
w i t h increase i n so i l p las t ic i ty has also b e e n observed at o t h e r sites by L a r r s o n 
(1980) a n d B a l a s u b r a m a n i a m et al ( 1 9 8 5 ) . T h e clays are also k n o w n to 
be f a i r ly sensit ive, w i t h a sensi t ivi ty r a t i o i n t he r a n g e o f 3 t o 6. Ratios 
o f E u / S u w i t h E u ( u n d r a i n e d m o d u l u s ) o b t a i n e d f r o m the l a b o r a t o r y were 
f o u n d to vary f r o m 230 - 455, a p p a r e n d y h i g h e r t h a n da ta f r o m o t h e r 
f i e l d sites o f s i m i l a r clays, e.g. E u / S u = 190 (Pou lus et al 1989 ) . H o w e v e r , 
o t h e r p u b l i s h e d l i t e r a t u r e also ind ica tes a subs tant ia l v a r i a t i o n o f u n d r a i n e d 
s t r e n g t h a n d stiffness r a t i o , e.g. E u / S u v a r y i n g f r o m < 200 to 2000 has 
b e e n r e p o r t e d by F o o t t a n d L a d d ( 1 9 8 1 ) , d e p e n d i n g o n stress level a n d 
so i l type . Results o b t a i n e d f r o m the o e d o m e t e r tests i n d i c a t e t h a t t he clays 
are s l i g h d y o v e r c o n s o l i d a t e d b u t h i g h l y compress ib le . Values o f cv are 

Fig. 1. Subsoil properties of embankments 1 and 2 
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typ ica l l ow , r a n g i n g f r o m 1 - 1 0 m 2 / y r , a n d scat tered, a n d Cc values are 
i n t he r ange o f 0.6 - 1. T h e soi l p e r m e a b i l i t i e s ( k y a re g e n e r a l l y less 
t h a n 5 x 1 0 9 m / s , w i t h a clay f r a c t i o n o f t h e o r d e r o f 5 0 % a n d k a o l i n i t e 
as t h e d o m i n a n t m i n e r a l p resen t . 

E m b a n k m e n t s 3, 4 a n d 5 are p a r t o f t he N o r t h - S o u t h Expressway, c o n 
s t ruc t ed i n 1992-93, i n t h e n o r t h e r n state o f Penang , P e n i n s u l a r Malaysia . T h e 
subsoi l p r o f i l e compr i ses a 14 m to 20 m t h i c k layer o f soft to very soft s i l t y / s a n d y 
clay w i t h t h i n lenses o f sand a n d si l t , a n d u n d e r l a i n by a layer o f loose t o dense 
sand. T h e l i q u i d l i m i t o f t he soft clay layer varies f r o m 5 0 % to 1 1 0 % , w i t h 
n a t u r a l water c o n t e n t close to t he l i q u i d l i m i t , a n d plast ic l i m i t i n t h e r a n g e o f 
2 0 % to 6 0 % . A s u m m a r y o f t h e g e o t e c h n i c a l p r o p e r t i e s o f t h e clay layer is g i v e n 
i n Fig. 2 (a) and (b). I n gene ra l , t h e u n d r a i n e d shear s t r e n g t h o f t he clay 
o b t a i n e d f r o m t h e v a n e t es t s h o w e d a n i n c r e a s e o f s t r e n g t h w i t h d e p t h , 
b e l o w a s u r f a c e c r u s t . T h e c lays a r e l i g h t l y o v e r c o n s o l i d a t e d w i t h O C R 
v a l u e s i n t h e r ange o f 1.1 t o 2.1 b u t f a i r ly compress ib l e . T h e S u / o c r a t i o is i n 
t he o r d e r o f 0.25 t o 0.35. Values o f C y , as o b t a i n e d f r o m l a b o r a t o r y o e d o m e t e r 
tests, are typ ica l ly l o w , r a n g i n g f r o m 0.3 - 1 m 2 / y r . 
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Fig. 2a. Subsoil properties of embankments 3 and 4 
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Fig. 2b. Subsoil properties of embankment 5 

E M B A N K M E N T S E C T I O N S A N D I N S T R U M E N T A T I O N 

Fig. 3(a) and (6) show cross-sections a n d i n s t r u m e n t a t i o n o f t he e m b a n k m e n t s . 
T h e y were i n s t r u m e n t e d w i t h s e t t l e m e n t gauges, p n e u m a t i c p iezomete r s 
a n d i n c l i n o m e t e r s . N o t e t he presence o f a 50 m w i d e b e r m o n b o t h sides 
o f e m b a n k m e n t 2 , b e i n g t h e h i g h e s t a t 6 m f o r r e a s o n s o f s t a b i l i t y . 
Fig. 4 i l lus t ra tes t he c o n s t r u c t i o n h is tor ies o f t he e m b a n k m e n t s . 
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Fig. 3a. Cross-section and instrumentation of embankments 1 and 2 
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O B S E R V E D B E H A V I O U R O F S O F T C L A Y F O U N D A T I O N S 

At the Beginning of Construction 
Surface des i cca t ion , g r o u n d w a t e r f l u c t u a t i o n o r a g i n g nea r ly always causes soft 
clays to e x h i b i t l i g h t o v e r c o n s o l i d a t i o n , a l t h o u g h they are c o m m o n l y n o r m a l l y 
c o n s o l i d a t e d ( B j e r r u m 1967) . F o r t h e subsoi l o f e m b a n k m e n t s 1 a n d 2, the 
values o f a p p a r e n t O C R e s t ima ted o n c o n v e n t i o n a l o e d o m e t e r tests were i n the 
r ange o f 1.1 to 1.7. A s i m i l a r r a n g e o f a p p a r e n t O C R was also f o u n d f o r t h e 
subsoi l o f e m b a n k m e n t s 3, 4 a n d 5. A t t he i n i t i a l stage o f e m b a n k m e n t 
c o n s t r u c t i o n , t h e clays a r e e x p e c t e d t o e x h i b i t c h a r a c t e r i s t i c s o f a n 
o v e r c o n s o l i d a t e d so i l ; i .e. w i t h a sma l l r e c o m p r e s s i o n i n d e x a n d a h i g h 
c o e f f i c i e n t o f c o n s o l i d a t i o n . P l a c e m e n t o f the f i rs t few lifts o f t he f i l l layers 
i n d u c e d t o t a l stresses t o gene ra te excess p o r e wa te r pressure. A p o r e pressure 
g r a d i e n t was t h e n c rea t ed b e t w e e n the i n t e r i o r o f t h e clay f o u n d a t i o n a n d its 
b o u n d a r i e s , i n i t i a t i n g a c o n s o l i d a t i o n process. Since t he coe f f i c i en t o f conso l i 
d a t i o n o f t h e o v e r c o n s o l i d a t e d clay is h i g h , t h e ra te o f excess p o r e wa te r 
pressure d i s s i pa t i on s h o u l d also be h i g h . T h i s is s h o w n i n t h e i n i t i a l p o r e 
pressure m e a s u r e m e n t b e n e a t h t he c e n t r e l i n e o f t he e m b a n k m e n t , Fig 5 (a) 
and (c) a n d Fig. 6 (a) - (e). T h e average va lue o f B , o f t he o r d e r o f 0.3 t o 0.6 (Fig. 
6 (a) - (e))9 is s i gn i f i c andy b e l o w the t h e o r e t i c a l va lue c o r r e s p o n d i n g to a n 
u n d r a i n e d b e h a v i o u r . 
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Fig. 5a. Excess pore water pressures - centreline piezometers (embankments 1 and 2) 
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Fig. 5 c. Excess pore water pressures - centreline piezometers (embankments 3, 4 and 5) 
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A <J y ( k P o ) 

Fig-. 6£. Aw - Ac relation (embankment 2) 
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6c. Av -Acv relation (embankment 3) 
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Fig. 6d. Au - A G relation (embankment 4) 
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A O v ( kPa) 

Fig. 6e. Au- Acv relation (embankment 5) 

Tavenas a n d L e r o u e i l (1980) f o u n d t h e B = f (z) r e l a t i o n s h i p assumes the 
shape o f a c o n s o l i d a d o n i s o c h r o n e , despi te some scatter w i t h r e l a t i o n : 

B - A u / A o v = 0.6 - 2.4 ( -g* - 0.5) 

w h e r e z is t he d e p t h a n d D is t he layer th ickness . T h e p l o t is s h o w n i n Fig. 7. 
S u p e r i m p o s e d o n t he figure are t he da ta o f t he p resen t case study. T h e 
a g r e e m e n t l ooks reasonably g o o d . I t is r e m a r k a b l e t h a t such a s i m p l e r e l a t i o n 
c o u l d be f o u n d t o descr ibe t he c o m p l e x process o f p o r e pressure g e n e r a t i o n 
a n d p a r t i a l d i s s ipa t ion d u r i n g c o n s t r u c t i o n ; i n d e e d i t m i g h t be e x p e c t e d t h a t 
B s h o u l d d e p e n d o n ra te o f c o n s t r u c t i o n , so i l p e r m e a b i l i t y a n d c o m p r e s s i b i l i t y 
character is t ics : b o u n d a r y c o n d i t i o n s , d e p t h o f t he clay a n d o t h e r detai ls o f 
l a y e r i n g a n d so i l p r o p e r t i e s . 

A t t he i n i t i a l stage o f t he c o n s t r u c t i o n , t he se t t lements b e n e a t h t he 
e m b a n k m e n t s are sma l l (Fig. 8 (a) and (b)), a n d so are t h e l a t e ra l d i sp lacement s . 
T h e m a g n i t u d e o f l a t e ra l d i s p l a c e m e n t (Ay) is a p p r o x i m a t e l y e q u a l to 0.08 -
0.21 c e n t r e l i n e s e t t l e m e n t i n c r e m e n t (AS) ( T a b l e 1 ) . T h e above A y / A S 
re l a t ions , e x c e p t those o f e m b a n k m e n t s 3 a n d 5, are s i m i l a r t o those r e p o r t e d 
by Tavenas et al. ( 1 9 7 9 ) , J a r d i n e a n d H i g h t (1987) a n d S u z u k i ( 1 9 8 8 ) , w h o 
f o u n d t h a t A y = (0 .21 ± 0.03) AS. 
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Fig. 7. Compilation of observed pore pressure in clay foundation of the early stage 
of embankment construction (Tavenas and Leroueil 1980) 
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Fig. 8a. Centreline settlement of embankments 1 and 2 
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Fig. 8b. Centreline settlement of embankments 3, 4 and 5 
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TABLE 1 
Ay/AS Relation 

Embankment Ay/AS 

1 0.21 
2 
3 0.11 
4 0.16 
5 0.08 

Embankment Threshold Height 
D u e to r a p i d d i s s ipa t ion o f excess p o r e wa te r pressure i n t he subsoi l d u r i n g 
t he i n i t i a l stage o f e m b a n k m e n t c o n s t r u c t i o n , the effective stresses increase 
r a p i d l y to a c r i t i c a l state. I n m o s t cases, this c o n d i t i o n is ach ieved w h e n 
t h e ve r t i c a l effect ive stress & becomes equa l to t he c o n s o l i d a t i o n pressure 
c c. T h e c o r r e s p o n d i n g e m b a n k m e n t h e i g h t w i l l be r e f e r r e d to as the 
t h r e s h o l d h e i g h t H c . N o t e tha t o f five e m b a n k m e n t s c o n s i d e r e d , o n l y i n 
t he h i g h e m b a n k m e n t ( i .e . , e m b a n k m e n t 1) w h e r e a ' v > o c, a n d its t h r e s h o l d 
h e i g h t H c is a b o u t 2.5 m . D a t a p o i n t s , c o r r e s p o n d i n g to a ' v a n d O c at t he 
t h r e s h o l d h e i g h t H c , a re s u p e r i m p o s e d o n a da ta base o f Tavenas a n d L e r o u e i l 
(1980) i n Fig. 9. These l i e close to t he l i n e o f equa l i ty . T h e clay at this 
stage becomes n o r m a l l y c o n s o l i d a t e d . 

0«dom«t#r CT' c , kPa 

Fig. 9. Threshold efffective vertical stress from pore pressure observation and 
preconsolidation pressure in embankment foundation (Tavenas and Leroueil 1980) 
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Behaviour after the Threshold Height (during Construction) 
O n c e p a r t o f t h e f o u n d a t i o n has b e c o m e n o r m a l l y c o n s o l i d a t e d , t h e p r o p e r t i e s 
o f t he clay b e c o m e s ign i f i can t ly m o d i f i e d . T h e i r c o n s o l i d a t i o n character is t ics 
are s ign i f i can t ly r e d u c e d , a n d f u r t h e r c o n s t r u c t i o n occurs u n d e r a l m o s t 
u n d r a i n e d c o n d i t i o n s . A c c o r d i n g to t h e c r i t i c a l state t h e o r y (Roscoe a n d 
B u r l a n d 1968) t he effective stress p a t h t h e n fo l lows t h e c r i t i c a l state curve . 
T h e p o r e pressure i n c r e m e n t s h o u l d t h e n be e q u a l to t he e m b a n k m e n t 
l o a d i n c r e m e n t . T h i s is s h o w n i n t he p o r e pressure - ve r t i c a l stress p l o t 
i n Fig. 6 (b). I n t he case o f e m b a n k m e n t 2, t he p o r e pressure r a t i o af ter 
t he t h r e s h o l d h e i g h t is a p p r o x i m a t e l y e q u a l t o 0.8 - 0.9 A c y . 

L e r o u e i l et al. (1978) f o u n d B = 1.05 ± 0.15, s i m i l a r to t h e above. A 
s i m i l a r obse rva t i on was also m a d e by R a m a l h a et al. (1983) a n d by J a r d i n e 
a n d H i g h t ( 1 9 8 7 ) . I t appears t h a t t h e o c c u r r e n c e o f B = 1.0 i n t he l a t e r 
stages o f c o n s t r u c t i o n o n clay f o u n d a t i o n is n o t d u e t o t h e d e v e l o p m e n t 
o f c o n f i n e d fa i lures as suggested by H o e g et al. ( 1 9 6 9 ) , b u t m e r e l y to t h e 
passage o f t h e clay to a n o r m a l l y c o n s o l i d a t e d state. 

As f o r t h e d e f o r m a t i o n b e h a v i o u r d u r i n g th is phase o f c o n s t r u c t i o n , 
t he clay is sub jec ted t o a n u n d r a i n e d d i s t o r t i o n . T h e c o m p r e s s i b i l i t y o f 
t he clay is s i gn i f i can t ly increased , g i v i n g rise t o l a rge s e t d e m e n t a n d l a t e r a l 
d i sp l acemen t . 

T h e ra te o f l a t e ra l d i s p l a c e m e n t increase was f o u n d t o increase w i t h 
l a rge r ( u n d r a i n e d ) s e t t l emen t towards t h e e n d o f c o n s t r u c t i o n . I n t he case 
o f e m b a n k m e n t 2, A y = 0.3 AS (see also Fig. 10). T h i s increase i n t h e 
ra te o f l a t e ra l d i s p l a c e m e n t w i t h increase i n u n d r a i n e d s e t t l e m e n t has also 
b e e n observed at o t h e r f i e l d sites o f s i m i l a r soft clays, e.g. by M a r s l a n d 
a n d Powe l 1977; Tavenas et al. 1979; a n d J a r d i n e a n d H i g h t 1987. H o w e v e r , 
i n con t ras t t o t h e above, Tavenas et al. (1979) a n d J a r d i n e a n d H i g h t (1987) 
f o u n d A y = AS. 

Behaviour after End of Construction 
E m b a n k m e n t 2 is used to give a n i n d i c a t i o n o f e m b a n k m e n t b e h a v i o u r af ter 
t he e n d o f c o n s t r u c t i o n , as t he b e h a v i o u r o f th is e m b a n k m e n t was observed f o r 
a l o n g e r p e r i o d . 

T h e absence o f any c lear b r e a k i n t he d e f o r m a t i o n p a t t e r n (Fig. 10) 
ind ica tes t h a t a shear f a i l u r e is n o t i m m i n e n t , b u t t h e r e are t h r e e zones o f h i g h 
shear strains. T h e pos t c o n s t r u c t i o n A y is a p p r o x i m a t e l y e q u a l to 0.33 AS, 
a p p a r e n t l y h i g h e r t h a n t h a t o f Tavenas et al. (1979) a n d S u z u k i ( 1 9 8 8 ) , w h o 
f o u n d Ay = (0 .24) AS. 

H o w e v e r , l a rge A y / A S o n e year af ter t he e n d o f c o n s t r u c t i o n has b e e n 
r e p o r t e d by J a r d i n e a n d H i g h t ( 1 9 8 7 ) . T h e y a t t r i b u t e d th is to t he effect o f 
u n d r a i n e d c reep . 

Fig. 5 shows a p o r e pressure r e c o r d o f e m b a n k m e n t 2. P iezomete rs P4, P5 
a n d P6 i n s t a l l e d b e n e a t h t he c e n t r e o f t he e m b a n k m e n t showed a c o n t i n u a l 
rise i n excess p o r e wa te r pressure f r o m the e n d o f c o n s t r u c t i o n at Day 234 t o 
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Fig. 10. Lateral deformation of embankment 2 

D a y 3 0 0 , f o l l o w e d b y c o m m e n c e m e n t o f excess p o r e w a t e r p r e s s u r e 
d i s s i p a t i o n , a l b e i t s lowly. T h e average degree o f excess p o r e wa te r pressure 
d i s s ipa t i on o r c o n s o l i d a t i o n U is a b o u t 1 5 % at t he e n d o f t he r e c o r d , close 
to t he va lue U a p p r o x i m a t e d f r o m the se t t l ement . P iezometers P2 a n d P3 
i n s t a l l e d b e n e a t h t he c e n t r e o f t he 4 m b e r m showed an even l o n g e r d u r a t i o n 
o f excess p o r e pressure rise af ter t he e n d o f c o n s t r u c t i o n , f r o m Day 234 
to Day 430. T h i s was also f o l l o w e d by some d i s s ipa t ion o f excess p o r e wate r 
pressure, b u t a sma l l rise i n p o r e pressure j u s t be fo re t he e n d o f r e c o r d 
o n Day 528, as s h o w n by p i ezomete r s P4 - P6, co inc ides w i t h t he a d d i t i o n 
o f a l i t t l e m o r e fill at t h a t stage. T h e h i g h e r degree o f d i s s ipa t ion s h o w n 
by p i e z o m e t e r P I , i n a d d i t i o n to its p r o x i m i t y to t he u p p e r d r a inage layer, 
m a y also i n d i c a t e a h i g h e r p e r m e a b i l i t y o f t he u p p e r clay layer, b u t this 
seems n o t to be t he case, s h o w n by p i e z o m e t e r P4 w h i c h was l o c a t e d at 
a p p r o x i m a t e l y t he same d e p t h , 4.5 m b e l o w the e m b a n k m e n t cen t r e . 

T h e reason f o r t he above c o n d n u a l rise i n excess p o r e wate r pressure 
l o n g af ter t he e n d o f c o n s t r u c t i o n is n o t c lear ly u n d e r s t o o d , b u t this b u i l d 
u p o f p o r e pressure, n o t a b l y u n d e r t he e m b a n k m e n t edge (p i ezome te r s 
P2 a n d P 3 ) , c o i n c i d e d w i t h t he la rge p o s t - c o n s t r u c t i o n A y / A S d e s c r i b e d 
ea r l i e r . A c o n t i n u a l rise i n p o r e pressure after t h e e n d o f c o n s t r u c t i o n 
was also observed i n 11 o u t o f 31 case h is tor ies r ev iewed by C r o o k s et al 
( 1 9 8 4 ) , a n d i n t he c e n t r i f u g e m o d e l studies o f Davies a n d Par ry ( 1 9 8 5 ) . 
O f p a r t i c u l a r in te res t , also, is t he time t aken f o r t he p i ezome te r s to r each 
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t h e i r peak values af ter t he e n d o f c o n s t r u c d o n . A c c o r d i n g to Davies a n d 
Parry ( 1 9 8 5 ) , th is increases w i t h d is tance f r o m the e m b a n k m e n t c e n t r e . 
T h i s a n o m a l o u s p o r e pressure b e h a v i o u r has b e e n a t t r i b u t e d by t h e m to 
t he effect o f p o r e pressure r e d i s t r i b u t i o n . I m m e d i a t e l y after t he e n d o f 
c o n s t r u c t i o n , the p o r e pressures g e n e r a t e d i n t he f o u n d a t i o n layer r e s u l t e d 
i n t he f o r m a t i o n o f h y d r a u l i c g r a d i e n t , i n t w o d i m e n s i o n s f o r t h e case 
w h e r e t he clay was u n d e r l a i n a n d o v e r l a i n by d r a i n a g e layers, r e s u l t i n g 
i n f l o w towards these b o u n d a r i e s . H i g h e r pressures g e n e r a t e d b e n e a t h t h e 
c e n t r e l i n e o f t he e m b a n k m e n t t h a n b e n e a t h t he b e r m ( a n d toe) r e s u l t e d 
i n a h o r i z o n t a l h y d r a u l i c g r a d i e n t w h i c h l e d to r e d i s t r i b u t i o n o f p o r e pressures 
i n t he f o u n d a t i o n f r o m zones o f t h e h ighes t excess p o r e pressures. Increases 
i n p o r e pressure af ter t he e n d o f c o n s t r u c t i o n can also be a t t r i b u t e d to 
t he ' M a n d e l - C r y e r ' effect ( G i b s o n et al, 1963 ) . T h i s results f r o m c o n t i n u i t y 
o f a c o n s o l i d a t i n g layer o f so i l w h e r e p o r e pressure i n t h e i n t e r i o r o f 
t he layer rises, caused by compress ive fo rce w h i c h results f r o m the 
c o n s o l i d a t i o n o f t he o u t e r layers. H o w e v e r , s ince th is effect w i l l be m o s t 
n o t i c e a b l e nearest to t he c e n t r e l i n e o f t he e m b a n k m e n t w h e r e o n l y a sma l l 
pe rcen tage o f peak value d e v e l o p e d after t he e n d o f l o a d i n g , i t m u s t be 
assumed t h a t t he results o f M a n d e l - C r y e r effect are, a t t h e mos t , m i n o r , 
a n d m a y be c o n s i d e r e d n e g l i g i b l e . I n a d d i t i o n , t h e r e m a y also be a n e l e m e n t 
o f progress ive shea r ing . E m b a n k m e n t l o a d i n g p r o d u c e s zones o f h i g h shear 
s t ra in , w h i c h genera te h i g h excess p o r e wa te r pressures. T h i s m a y l o w e r 
t he effective stress i n t he zone su f f i c i endy to p e r m i t m o r e shear s t r a in t o 
deve lop . I n t u r n , th is shear s t ra in results i n g e n e r a t i o n o f f u r t h e r excess 
p o r e wa te r pressure , a n d s t r a in . U n f o r t u n a t e l y , however , t h e r e are i n s u f f i c i e n t 
p i e z o m e t r i c da ta i n t he t r i a l e m b a n k m e n t (2) u n d e r d i scuss ion t o separate 
the c o n t r i b u t i o n towards excess p o r e pressure r e d i s t r i b u t i o n o r progress ive 
shea r ing . H o w e v e r , i n t he a u t h o r ' s o p i n i o n , o w i n g to t he l o w p e r m e a b i l i t y 
o f t he clay, progress ive s h e a r i n g is l i k e l y to be m o r e d o m i n a n t t h a n t h a t 
o f r e d i s t r i b u t i o n . O f p r a c t i c a l i m p o r t a n c e , t he above ind ica tes t h a t de l ayed 
e m b a n k m e n t f a i l u r e can o c c u r u n d e r these c o n d i t i o n s . H o w e v e r , w h e n 
n o t i c e a b l e d i s s ipa t i on began at a l l t r an sduce r l oca t ions f r o m Day 430 o n w a r d s , 
progressive s t r e n g t h e n i n g o f t he f o u n d a t i o n m u s t have r e su l t ed , g i v i n g an 
increased f ac to r o f safety against shear i n d u c e d f a i l u r e . A n y l o c a l f a i l u r e 
t h a t may have o c c u r r e d i n t he f o u n d a t i o n close to t he e m b a n k m e n t s h o u l d e r 
s h o u l d h a v e b e e n c o n t a i n e d b y t h e w i d e l o a d i n g b e r m . Fig. 11 s h o w s 
a n i n c r e a s e i n s o i l s t r e n g t h w i t h t i m e b e n e a t h t h e c e n t r e o f 
e m b a n k m e n t 2 . 

Piezometric Response away from Centreline 
N o a t t e m p t was m a d e by Tavenas a n d L e r o u e i l (1980) to s u m m a r i z e p o r e 
pressure b e h a v i o u r away f r o m t h e c e n t r e l i n e . Refe rence to t he p resen t s tudy 
ind ica tes r a p i d l y v a r y i n g excess p o r e w a t e r pressures u n d e r t he edge o f 
e m b a n k m e n t 1 w h e r e p o t e n t i a l i n s t a b i l i t y was d e v e l o p i n g . T h e p i e z o m e t r i c 
response p l o t t e d i n Fig. 12 i n d i c a t e d p o r e pressure r a t i o , B 0.5 f o r f i l l h e i g h t 
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Fig. 11. Results of cone penetration testing beneath fill and in virgin ground of embankment 2 

o f 0 t o 2.5 m ( H c ) , B 1.0 f o r f i l l h e i g h t o f H c t o c o m p l e t i o n o f t he b e r m ( H = 
4 m ) , a n d was f o l l o w e d by a subs tant ia l rise i n A u , excep t at t he l o c a t i o n o f 
p i e z o m e t e r P I , w h e r e p o r e pressure d i s s ipa t ion a p p a r e n t l y exceeded t h a t o f 
g e n e r a t i o n . S i m i l a r observat ions o f r a p i d l y v a r y i n g excess p o r e wa te r pressure 
u n d e r t h e e m b a n k m e n t s h o u l d e r a n d toe have also b e e n m a d e by D ' A p p o l o n i a 
et al ( 1 9 7 1 ) , Davies a n d Par ry (1985) a n d J a r d i n e a n d H i g h t ( 1 9 8 7 ) . 

Fig. 12. Edge piezometric response of embankment 2 
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C O N C L U S I O N 

T h e m a i n f i n d i n g o f a n analysis o f avai lable case h is tor ies is t h a t t he clay 
response to c o n s t r u c t i o n is n o t t r u l y u n d r a i n e d . A s ign i f i c an t c o n s o l i d a t i o n 
develops i n i t i a l l y i n t h e o v e r c o n s o l i d a t e d n a t u r a l clay, w h i c h becomes 
n o r m a l l y c o n s o l i d a t e d d u r i n g c o n s t r u c t i o n . A n u n d r a i n e d b e h a v i o u r develops 
o n l y i n t he n o r m a l l y c o n s o l i d a t e d clay d u r i n g t h e i n i t i a l stages o f t he 
c o n s t r u c t i o n . 
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ABSTRAK 
Pengekstrakan pepejal-cecair merupakan satu proses yang utama dalam industri 
gula di mana sukros dari bit gula di luluh larutkan dengan menggunakan air panas 
sebagai pelarut. Dalam kajian simulasi in i , pekali pemindahan j is im pepejal-
kepada-bendalir ditentukan dengan mengukur kadar pengesktrakan gula dalam 
sebuah pengekstrak berkitar tertutup. Pengukuran dilakukan bagi empat kadar 
aliran: 3.0,3.5,4.0 dan 4.5 ml /s padajulat suhu 45 - 65°C pada tekanan atmosfera. 
Kesan suhu dan halaju pelarut ke atas pekali pemindahan haba adalah positif dan 
tenaga keaktifan yang dihi tung bagi proses pengekstrakan didapati berada dalam 
ju la t 4.0 - 5.4 k j / k m o l K. 

ABSTRACT 
Solid-liquid extraction is a very important process in the sugar industry, in which 
sucrose from sugar beets is leached by utilizing hot water as a solvent. In this 
simulation study, solid-to-fluid mass transfer coefficients were determined by 
measuring extraction rates of sugar in a closed-cycle extractor. Measurements 
were made for four flowrates: 3.0, 3.5, 4.0 and 4.5 ml/s over a temperature range 
of 45 - 65°C at atmospheric pressure. The effects o f temperature and solvent 
velocity on mass transfer coefficients were found to be positive, and the calculated 
activation energies for the extraction process were found to be in the range of 4.0 
to 5.4 k j / k m o l K. 

I N T R O D U C T I O N 

S o l i d - l i q u i d e x t r a c t i o n is a very i m p o r t a n t process i n the sugar i n d u s t r y , i n 
w h i c h sucrose f r o m sugar beets is l e a c h e d by u t i l i z i n g h o t wa te r as a so lvent 
( M a d s e n 1 9 9 0 ) . T h e r e are m a n y types o f ex t rac tors used i n the sugar i n d u s t r y 
b u t m a n y use t he c o u n t e r - c u r r e n t a r r a n g e m e n t ( C h e n 1985) . T o t h e f o o d 
process eng inee r , t he m a j o r p r o b l e m s associated w i t h t he e x t r a c t i o n process 
are t h e factors a f f ec t i ng the ra te o f e x t r a c t i o n a n d t he e s t ab l i shmen t o f process 
c o n d i t i o n s w h i c h ensure the o p t i m u m e x t r a c t i o n ra te ( B r e n n a n et al 1990 ) . 

T h e ob jec t ive o f this s tudy was to s imu la t e the l e a c h i n g process a n d r e p o r t 
o n t he effect o f t e m p e r a t u r e a n d solvent f l owra t e o n the s o l i d - t o - f l u i d mass 
t ransfer coef f ic ien ts , w h i c h were d e t e r m i n e d by m e a s u r i n g e x t r a c t i o n rates o f 
sugar i n a b a t c h closed-cycle ex t r ac to r . 



B . A . Asbi 

T H E O R Y 

T h e ra te o f e x t r a c t i o n , d N / d t , o f a mass c o m p o n e n t , N , is d e s c r i b e d by 
e q u a t i o n ( 1 ) : 

d N 
= J^AiC-C) (1) 

d t 

w h e r e A represents t he ove ra l l mass-transfer c o e f f i c i e n t across a n effective 
e x t e r n a l surface area, A , a n d C a n d C. r ep re sen t the c o n c e n t r a t i o n s o f t he 
so lu te i n the so lvent at any time, t, a n d at t he s a t u r a t i o n c o n d i t i o n respect ively 
( H e l d m a n a n d S i n g h 1981) . I f t he s o l i d - l i q u i d e x t r a c t i o n is c a r r i e d o u t i n a 
b a t c h process i n w h i c h t he t o t a l v o l u m e , V , o f s o l u t i o n is k e p t cons tan t , t h e 
f o l l o w i n g express ion is o b t a i n e d : 

d N = V d C (2) 

w h i c h leads t o t h e i n t e g r a t e d s o l u t i o n i n t he f o r m : 

c . c.[i-«p(-M.)] ( 3 ) 

E q u a t i o n (3) i m p l i e s t h a t t he mass-transfer coe f f i c i en t , t h e i n t e r f a c i a l area 
b e t w e e n the s o l i d par t ic les a n d t he so lven t a n d t h e t o t a l v o l u m e o f t he s o l u t i o n 
used w i l l i n f l u e n c e t he ra te at w h i c h t he so lven t app roaches t h e s a t u r a t i o n 
c o n c e n t r a t i o n . 

M A T E R I A L S A N D M E T H O D S 

T h e l e a c h i n g process was c a r r i e d o u t i n a closed-cycle e x t r a c t i o n u n i t 
( A r m f i e l d , E n g l a n d , M o d e l U O P 4 ) w h i c h is s h o w n d i a g r a m m a t i c a l l y i n Fig. 
1. I n th is study, s u g a r - i m p r e g n a t e d v e r m i c u l i t e o f fixed w e i g h t was p l a c e d 
i n a r e m o v a b l e r e t a i n i n g b ag in s ide a sma l l s o l i d - l i q u i d e x t r a c t o r ve r t i c a l 
c o l u m n . So lven t was d r a w n f r o m a f eed t a n k so lven t vessel by a m e t e r 
p u m p at a k n o w n a n d cons t an t f eed ra te a n d d e l i v e r e d to t h e e x t r a c t i o n 
c o l u m n . I n th is m a n n e r t he s u g a r - i m p r e g n a t e d sample was washed w i t h 
a cons t an t v o l u m e o f h o t water . Samples w e r e t a k e n at t h e o u d e t s t r eam 
a n d the a m o u n t o f so lub le sugar e x t r a c t e d i n t he system was m o n i t o r e d 
p e r i o d i c a l l y w i t h a r e f r a c t o m e t e r ( A t a g o , J apan , M o d e l N 2 0 ) a n d r e p o r t e d 
i n c o n c e n t r a t i o n u n i t s o f B r i x . 

M e a s u r e m e n t s were m a d e at f o u r d i f f e r e n t so lven t f lowrates : 3.0, 3.5, 
4.0 a n d 4.5 m l / s over a t e m p e r a t u r e r a n g e o f 4 5 - 6 5 ° C at a t m o s p h e r i c pressure . 

R E S U L T S A N D D I S C U S S I O N 

T h e ca l cu l a t ed mass t ransfer coeff ic ients ( K j A / V ) w e r e f o u n d to be i n t he 
r ange o f 0.020 - 0.043 m i n 1 a n d these w e r e c o r r e l a t e d w i t h t h e so lven t 
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Fig. 1. Schematic diagram of solid-liquid extraction unit where V are valves 
and T are thermometers 

0 . 0 5 ( 1 

0.01 1 — ' — 1 — ' — 1 — ' — ' — 1 — ' — 1 — 1 

2 . 5 3 . 0 3 . 5 4 . 0 4 . 5 5 . 0 

Flowrate (ml/s) 

Fig. 2. Mass transfer coefficients with varying solvent flowrates at various temperatures 
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f l o w r a t e o f t he so lvent i n t he closed-cycle e x t r a c t o r r e s u l t e d i n t h e c o r r e s p o n d 
i n g increase i n t he mass t ransfer coe f f i c i en t . T h i s c o u l d be a t t r i b u t e d to t h e 
inc reased a g i t a t i o n o f t he s o l i d - l i q u i d system w h i c h h a d i m p r o v e d t he d i f f u s i o n 
ra te o f t he so lu te . 

Fig. 2 also shows t h a t as t he t e m p e r a t u r e o f t he so lven t used was increased , 
t he mass t ransfer coef f ic ien ts inc reased f o r a l l so lven t c i r c u l a t i o n f lowrates . 
T h e effect o f t e m p e r a t u r e o n t h e ra te o f e x t r a c t i o n is t o increase t h e s o l u b i l i t y 
o f t h e so lu te a n d , t h e r e f o r e , cause a n o v e r a l l i m p r o v e m e n t i n t h e l e a c h i n g 
ra te . W h e n the effect o f t e m p e r a t u r e , T , o n t he mass t ransfer coe f f i c i en t , K , is 
expressed i n the f o r m o f A r r h e n i u s e q u a t i o n : 

K = K e x p [ - E / R T ] (4 ) 

t he ca l cu l a t ed ac t i va t i on energies , E a , f o r t he e x t r a c t i o n process w e r e f o u n d to 
be i n t h e r ange o f 4.0 to 5.4 k j / k m o l K (Fig. 3). 

1.0 

0.9 

0.8 

0.7 

g 0.6 
2 

0.5 

0.4 

W"2.9 3.0 3.1 3.2 

1 / T E M P E R A T U R E (1/K) 

Fig. 3. Arrhenius plot of mass transfer coefficients at various solvent flowrates 

N O M E N C L A T U R E 

A = effective e x t e r n a l surface area f o r mass t ransfer 
C = c o n c e n t r a t i o n 
C s = c o n c e n t r a t i o n at e q u i l i b r i u m c o n d i t i o n s 
E a = ac t i va t ion ene rgy 
K = mass t ransfer c o e f f i c i e n t 

Flowrate (ml/s) 
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K = cons t an t 
o 

= so l i d - t o - f l u id mass t ransfer coe f f i c i en t 
N = mass c o m p o n e n t b e i n g t r a n f e r r e d 
R = gas cons t an t 
t = time 
T = absolu te t e m p e r a t u r e 
V = v o l u m e 
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