
RESULTS AND DISCUSSION
CHAPTER IV

The main objective of this work is to separate both oil and water from the 
API separator sludge. The first two parts focused on the recovery of oil from the 
sludge by two techniques of chemical treatment. The first technique used nonionic 
surfactant as a detergent to remove the oil from the solid surface and create the small 
oil droplets which were destabilized by electrolyte. The other technique involved the 
use ofFeCfi and polyelectrolytes together with flotation process.

4.1 Recovery of Light Components by Using Surfactant and Electrolyte 
Solution

4.1.1 Composition of API Separator Sludge
API separator sludge was characterized by distillation and extraction 

to determine the water and solid content, respectively. Its compositions are shown in 
Table 4.1. Its compositions are shown in Table 4.1. It composes of 61.3, 34.64, and
4.06 wt% of water, oil and solid, respectively. The amount of oil is sufficiently high 
for recovery.

Table 4.1 The composition of API separator sludge

Composition wt%
Water 61.30

Oil 34.64
Solid 4.06
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4 .1 .2  E ffect o f  Surfactant T ype and Concentration
The recovery here is defined  as the m ass o f  the light com ponents to 

that o f  the o il in  the in itial sludge as sh ow n  in Equation (4 .1).

% R ecovery =  x i o o .  ( 1 )
M 0

w here M  and Mo are m ass o f  the oil in the initial slu d ge and m ass o f  the separated  
o il, respectively .

The results sh ow ed  that the so lu tion  o f  surfactant in d istilled  water  
cou ld  not recover the light com ponents from  the A PI separator slu d ge. T his is due to 
the fact that the light com ponent droplets are stab ilized  by n egative  zeta potential 
w h ich  cannot be destroyed by d istilled  water (S tachusky et al., 1996). It w as then  
postulated that a cation o f  an electro lyte can reduce the m agnitude o f  the zeta  
potential or decrease electrostatic repulsion betw een  each droplet w h ich  results in 
co a lescen ce  o f  these droplets and com plete o il phase separation.

Thus, in this study, the surfactant w ith  saturated N aC l solu tion  w as  
introduced. A s  show n in Figure 4 .1 , the o il recovery increases as the concentration o f  
the surfactant increases. It w as found that Em pilan K B -7  and E m pilan N P -9  sh ow  the 
sam e trend albeit the average recovery.
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Figure 4.1 Light com ponents recovery at various concentrations o f  surfactant 
solution.

4 .1 .3  E ffect o f  E lectrolyte T ype and C oncentration
The effect o f  N aC l concentration on the recovery e ffic ien cy  is sh ow n  

in Figure 4 .2 . The experim ents w ere carried out w ith  5 000  ppm  surfactant. It w as 
found that at the N aC l concentration less than approxim ately 5 wt% , the surfactant 
solu tion  cannot recover the light com ponents from  the sludge. From  this point, the 
recovery increases as the N aC l concentration increases. It should  be noted that N aC l 
alone can a lso  recover the light com ponents up to 48.9% .

The role o f  the surfactant here is to recover the free oil in the solu tion  
and also the light com ponents w hich  attach to the so lid  surface. Further in vestigation  
also  sh ow s that the cationic charge also in fluences the recovery e ffic ien cy . The  
addition o f  h igher charge cation has e ffec tiv e ly  induced  the destabilization  o f  the 
light com ponent droplets, leading to the o il phase separation. A s show n in Figure 4 .3 , 
C a2+ is m ore effic ien t for the recovery o f  the light com ponents than N a + at the sam e  
concentration. W ith higher p ositive  charge o f  Ca2+, it can reduce m ore electrostatic  
repulsion than N a +.
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Figure 4.2 L ight C om ponents recovery at various N aC l concentrations.
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Figure 4.3 L ight com ponents recovery by using  tw o types o f  electro lyte.

4 .1 .4  E ffect o f  Temperature
The recovery e ffic ien cy  is also a ffected  by the operating temperature.

The light com ponent recovery by using 5000  ppm  o f  surfactant in saturated N aC l
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so lu tion  at different tem perature is show n in Figure 4 .4 . The recovery w as found to 
decrease as the tem perature increase. T his m ight be due to an increase in the N a + 
m ob ility  as the tem perature increases. A t h igh  m ob ility , N a + is le ss  lik e ly  to attach to  
the light com ponent droplets; as a result, n egative  zeta potential cannot be 
neutralized. That w ou ld  result in the reduction in recovery effic ien cy .
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Figure 4.4 L ight com ponents recovery at various temperature.

4 .1 .5  R e-u se o f  Surfactant Solution
Surfactant so lu tion  w as re-used in this part to study the ability o f  the 

surfactant so lu tion  after the 1st and 2 nd uses. The ratio o f  sludge to re-used surfactant 
solu tion  rem ains the sam e for com parison purpose. The solution  w as m easured for 
its total organic carbon (T O C ) to determ ine the am ount o f  surfactant after use. The 
results are sh ow n  in T able 4.2.

From T able 4 .2 , it w as found that the am ount o f  surfactant is reduced  
after the 1st and 2 nd u ses, respectively . A pproxim ately  54%  o f  surfactant are lost into 
the o il and so lid  phases after treatment process. Therefore, the concentration o f  
surfactant solu tion  is reduced to a h a lf  o f  the initial concentration w hich  is 
approxim ately 2 6 8 0  ppm . A s the previous results, e ffect o f  surfactant type and

—• — Empilan NP-9 
— Empilan KB-7

■า---------------------1---------------------โ-



23

co n c e n tra tio n , th e  reco v e ry  is le ss  th a n  50%  a t th a t  co n cen tra tio n . C o n seq u en tly , th e  
lig h t c o m p o n e n ts  reco v e ry  d e c rea ses  w ith  th e  re -u se d  su rfac tan t so lu tio n .

Table 4.2 T o ta l o rg an ic  ca rb o n  o f  su rfac tan t so lu tio n  an d  p e rc e n ta g e  o f  lig h t 
c o m p o n e n ts  reco v e ry

Surfactant Solution Total Organic Carbon (ppm) % Recovery
1st u se 366 64.1

A fte r  1st u se 170 46 .5

A fte r  2nd use 74 4 4 .0

4.2 Recovery of Light Components by Using Coagulant, Flocculant and 
Flotation Technique

4.2 .1  E ffec t o f  C o a g u la n t D o sag e  an d  p H
F eC ft w as u sed  as a  c o a g u la n t to  re d u c e  th e  e le c tro s ta tic  rep u ls io n , 

le ad in g  to  th e  a g g lo m e ra tio n  o f  th e  o il d ro p le ts . It h as  b e e n  d e m o n s tra te d  th a t p H  and  
co a g u la n t c o n c e n tra tio n  are  im p o rta n t co n tro l p a ram e te rs , w h en  co a g u la n t ch em ica ls  
a re  e m p lo y e d  (A l-S h a m ra n i et a i,  2 0 0 2 ). T h e  in flu en ce  o f  F eC ft d o sag e  at d iffe ren t 
p H  w as s tu d ie d  at fix ed  co a g u la n t an d  flo ta tio n  tim es. F ig u re  4.5 sh o w s th e  ligh t 
c o m p o n e n t re c o v e ry  a t d iffe ren t a m o u n ts  o f  F eC ft ad d ed  as a  fu n c tio n  o f  pH . T he 
F eC ft d o sag e  h a rd ly  a ffec ts  th e  re c o v e ry  fo r p H  b e tw e e n  4 and  9. H o w e v e r, w h en  pH  
is h ig h e r  th an  9, a  d ra s tic  re d u c tio n  in  th e  rec o v e ry  is o b se rv e d  o v er th e  ran g e  o f  the  
s tu d ied  F eC ft co n cen tra tio n . T h e  oil d ro p le ts  h av e  v e ry  la rg e  m a g n itu d e  in  n eg a tiv e  
su rface  p o ten tia l at h ig h  pH  due  to  th e  ad so rp tio n  o f  h y d ro x y l io n s  a t th e  o il-w a te r  
in te rface  (M a rin o v a  et a i,  1995). T h is  w o u ld  re su lt in  th e  in c re a s in g  o f  th e  rep u ls io n  
b e tw een  oil d ro p le ts  an d  lo w er th e  reco v ery . T h e  h ig h e s t lig h t co m p o n en ts  reco v ery , 
84 .1% , is a ch iev ed  at p H  9 w ith  50 p p m  o f  F eC ft.
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Figure 4.5 L ig h t co m p o n en ts  rec o v e ry  a t d iffe re n t co n cen tra tio n s  o f  F eC L  as a 
fu n c tio n  o f  pH .

4 .2 .2  E ffec t o f  S u rfac tan t o n  th e  C o a g u la n t P e rfo rm an ce
E m p ila n  K B -7  w as u sed  to  rem o v e  th e  ligh t c o m p o n e n ts  fro m  th e  

so lid  su rface  an d  c rea te  th e  oil d ro p le ts . T h ese  o il d ro p le ts  w ere  c o a g u la te d  by  F eC L  
an d  flo a ted  to  th e  su rface  o f  th e  so lu tio n  by  th e  a ir  b u b b les . L o w er lig h t co m p o n en ts  
re c o v e ry  is o b se rv e d  fo r all F eC L  c o n c e n tra tio n s  in  th e  p re sen ce  o f  th e  su rfac tan t 
(F ig u re  4 .6 ). T h is  m ig h t be d u e  to  th e  fac t th a t th e  a d d itio n  o f  th e  n o n io n ic  su rfac tan t 
co v e rin g  th e  o il/w a te r  in te rface  b lo ck s  F e3+ ions to  a ttach  to  th e  oil d ro p le ts , w h ich  
re su lts  in  th e  lo w er th e  reco v ery . In o th e r  w o rd s , th e  o il sep a ra tio n  is h in d e re d  d u e  to  
th e  p re sen ce  o f  su rfac tan t.
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Figure 4.6 L ig h t co m p o n en ts  reco v e ry  by  u s in g  su rfa c ta n t to g e th e r  w ith  F eC l3 .

4 .2 .3  E ffec t o f  F lo c c u la n t D o sag e
A d d itio n  o f  p o ly e le c tro ly te  d u rin g  o il f lo ta tio n  is o ften  p rac tic ed  to  

in c rea se  th e  rem o v a l e ffic ien cy . It has b een  p ro v e n  th a t p o lye lee .tro ly te  c an  en h an ce  
f lo ta tio n  o f  e m u ls if ie d  o il by  in c rea s in g  th e  flo e  s ize  (A l-S h a m ra n i et al., 2002 ). 
S ev era l ty p es  o f  p o ly e le c tro ly te  w h ic h  are  an io n ic  p o ly a c ry la m id e  w ith  d iffe ren t 
m o le c u la r  w e ig h ts  w ere  u sed  in  th is  pa rt. T h e ir  v isc o s ity -a v e ra g e  m o le c u la r  w e ig h ts  
a re  sh o w n  in  T ab le  4 .3 . T h e ir m o le c u la r  w e ig h ts  w ere  e x p re sse d  in  te rm  o f  v isco sity - 
av e rag e  m o le c u la r  w e ig h ts  w h ic h  w ere  c a lc u la ted  fro m  th e ir  in tr in s ic  v isco sitie s . T he 
re c o v e ry  re su lts  by  u s in g  p o ly e le c tro ly te  are  sh o w n  in F ig u re  4 .7 . A s se e n  fro m  the  
f ig u re , th e  m a x im u m  reco v ery , 9 0 -9 9 .7 % , can  be  o b ta in ed  a t v e ry  lo w  co n cen tra tio n  
o f  p o ly e lec tro ly te . T h e  o p tim u m  d o sag es  are 5 p p m  fo r P F 2 5 2 5 , 10 p p m  fo r F T 2413  
an d  F T 2 4 3 1 , and  20  p p m  fo r P F 2 6 2 8  and  F T 2 6 0 2 . H o w ev er, th e  p o ly e le c tro ly te  
m o le c u la r  w e ig h t h as  no  e ffec t on  e ith e r th e  o p tim u m  p o ly e le c tro ly te  d o sag e  o r 
re c o v e ry  p e rcen tag e . T h is  o ccu rs  w h en  the  p o ly e le c tro ly te s  w h ic h  th e ir  c ritica l s ize  
co v e r th e  en tire  in te rac tio n  a rea  b e tw een  tw o  o il d ro p le ts  a re  ap p lied . F rom  the  
o b se rv a tio n  o f  M ab ire  and  co w o rk e rs  (1984), th e  c ritica l m o le c u la r  w e ig h t w as 
p re d ic te d  to  be  5 x l 0 6 w h ich  is b e lo w  th e  sm a lle s t p o ly e le c tro ly te  u se d  in  th is  w ork .
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T h ere fo re , th e  in c rea se  in  s ize  o r  m o le c u la r  w e ig h t o f  p o ly e le c tro ly te  h as  no  fu rth e r 
e ffec t. T h is  is c o n s is te n t w ith  re su lts  rep o rted  by  G ray  an d  c o w o rk e rs  (1997).

Table 4.3 In tr in s ic  v isco s ity  an d  v isc o s ity -a v e ra g e  m o le c u la r  w e ig h t o f  
p o ly e le c tro ly te s

Polyelectrolyte Intrinsic viscosity (100ml/g) Molecular weight X 10'7
P F 2 6 2 8 150.9 5 .80

F T 2 6 0 2 148.7 5 .70

P F 2 5 2 5 146.0 5 .57

F T 2431 133.4 4 .9 9

F T 2 4 1 3 129.9 4.83

Figure 4.7 L ig h t co m p o n en ts  reco v ery  by  u s in g  severa l ty p es  o f  p o ly m er 
flo ccu lan t.
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By using chemical treatment, the water was also removed which resulted in 
the reduction o f the volume o f the sludge needed to be treated by pyrolysis and the 
disposal cost.

4.3 Water Recovery

The treated sludge was filtrated until no more water was observed. The 
sludge was then distilled by using naphtha as a solvent to determine the amount of 
water in the treated sludge and the procedure follows ASTM D95-83. The amount of 
water was used to calculate the water recovery. The recovery is defined as the 
volume o f the removed water to that o f the initial water in the sludge. The results are 
shown in Table 4.4. Surfactant and electrolyte provide higher water recovery than the 
coagulant and flocculants. This may be due to the structure o f floes which contains 
the molecules o f water such as Fe(OH)3 . From the comparison between oil and 
water recovery, polyelectrolytes provide higher oil recovery, but lower water 
recovery. They are more preferable for chemical treatment because less amount of 
chemicals are required to achieve the high recovery efficiency. On the other hand, 
the other systems required more concentration o f surfactant and electrolyte. Also, 
these chemicals are expensive.

Table 4.4 Water recovery by using several chemicals to treat the API separator 
sludge

%Water recovery %Oil recovery
Empilan BK-7 and electrolyte 81.0 64.1
Empilan NP-9 and electrolyte 78.0 83.3

Ferric chloride 64.1 84.1
PF2628 67.0 99.7
FT2602 67.4 96.8
FT2413 67.0 90.0
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After the API separator sludge was treated by chemical method, the residue 
was pyrolized at the same condition with the original sludge. This method provided 
the thermal decomposition data which were used to study the pyrolysis behaviors o f 
the sludge.

4.4 Pyrolysis Behaviors of the Sludge

Pyrolysis o f both original and treated sludge were operated by TGA with the 
heating rate o f 5, 10 and 20°c/min. The thermogravimetric (TG) and derivative 
thermogravimetric (DTG) curves o f the original sludge compared to treated sludge 
are shown in Figures 4.8 to 4.10. Generally, thermogram properties extracted from 
both curves are shifted to higher temperature when the heating rate is increased from 
5 to 20°c/min. As seen from the TG curves, the original sludge provides more 
volatile components than the treated one does. Moreover, the TG curves shows a 
huge different o f the final weight fraction between the original and treated sludge. 
The final weight fractions are approximately 44.33% and 77.31% for the original and 
treated sludge, respectively. This indicates that the large fraction o f oil is removed 
during the chemical treatment process which is a convenient and cost effective 
method. In agreement with the previous work (Punnarattanakun et al., 2002), the 
DTG curves clearly show that two main reaction regions exist for the original sludge 
pyrolysis. The first peak which represents the devolatilization o f light components 
appears approximately between 120-400°c, while the second peak, the main 
pyrolysis, appears between 370-560°C depending on the heating rate. The treated 
sludge contains three-reaction regions: the first peak appears between 120-220°c, the 
second peak between 205-380°C and the last peak between 345-590°C.

From Figures 4.8 to 4.10, the disappearance o f oil in the recovery process 
reduces the influence o f the main reaction at 250-290°C as indicated by the presence 
of the first two peaks o f the treated sludge. The last peak which represents the main 
pyrolysis reaction is slightly shifted to the higher temperature after the sludge was 
treated via the chemical treatment process. The explanation is that the remaining 
fractions are the heavy components which are difficult to decompose.
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Figure 4.8 TG and DTG curves o f the original and treated sludge at 5°c/min 
heating rate.

HT3I

Figure 4.9 TG and DTG curves o f the original and treated sludge at 10°c/min 
heating rate.
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Figure 4.10 TG and DTG curves o f the original and treated sludge at 20°c/min 
heating rate.

4.5 Mathematic Modeling

Generally, the thermal decomposition o f organic material can be expressed 
by the equation

This equation is an irreversible reaction because the inert gas carries the 
volatile away from the pyrolysis reactor as soon as it forms. Therefore, the reverse 
reaction would not happen (Liu, 2002). The rate equation can be written as

A(solid) -»  B(solid) + C (gas). (4.2)

(4.3)

-dW
/dT

 (1
/°C

)
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where t is time used in pyrolysis and X is the weight loss fraction of reactive 
component. Parameters Ea and A are the activation energy and pre-exponential factor 
and R is ideal gas constant. The variable X can be calculated by

X = พ - พ 0
พ . - W o ’

(4.4)

where พ  is the mass percentage of solid, subscripts 0  and 0 0 refer to the initial and 
final mass percentage, respectively. When the pyrolysis is carried out with the linear 
temperature program, the temperature was in the form of

T = pt + T0, (4.5)

where p is the heating rate and To is the initial temperature. Differentiation on both 
side of Equation (4.5) with respect to time gives

f - p - (4-6)

Equation (4.2) can be written as

dx
d f

A f  = —expï  I
-E „  ไ
RT , f(x). (4.7)

By rearrangement and integrating Equation (4.7), the integral equation is

( 4 . 8 )

By the integral method, a function of F(x) is defined as
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(4.9)

The right-hand side of Equation (4.8) cannot be integrated. The 
approximation of exponential integral term is applied to solve this equation.

r - E ,  ไexpl  E l J (4.10)

Coupling Equations (4.8), (4.9) and (4.10), hence

F(x) = ART2

7Ë 7
" 1 2RT r - E a 'ไl expEa l  E l J (4.11)

The independent pseudo bi-component model is applied for the weight loss 
of the sludge.

dx 1
dx = dT 
dT dx 2 

."dT

พ 10 < w  < พ 100

พ , -  =  พ 20  <  พ  <  พ 2 .

(4.12)

where

dx 1 
dT P l f i ( x , ) s (4.13)

dx 2 

"dT
A,
p

f
exp

V

f 2 (x2). (4.14)

For a reaction that satisfies f(x) = (1 -  x)n, where ท is the order of the
reaction
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F(x) =
-  ln(l -  x) 
l - ( l - x ) 1 - n

1 -  ท

ท = 1 

ท *! (4.15)

The TGA data are used to calculate the DTG data. Then, DTG curve is 
divided into two temperature intervals. By using the approximation proposed by 
Coats and Redfern (1964), Equation (4.11) can be written as

Inf  F(x)ไ <_eII ( 1 2RT ไl  TJ J PEa, l  Eai J RT (4.16)

Generally, the term 2RT is much less than unity for the thermal

decomposition of polymer material. A plot of InAF(xp
V 1 y against^ should result in a

-  E A.Rstraight line of the slope ฟ and the y-intercept In r _ 2 RT^ for the correct1V PEaj y ^  ai J
reaction. This is a method to find the suitable function of f(x) of global pyrolysis 
kinetic. Activation energy and pre-exponential factor of each section can be 
calculated from the slope and y-intercept, respectively. For finding the refined A i, 

Equation (4.16) is arranged to

In = ln(S)V 1 y RT (4.17)

where

ร = A|RPEa, 1 - '
2RT

(4 . 18)
Jai J
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With this equation, A, can be calculated at any temperature. Then, the values 
of Ai at various temperature are plotted to express the relationship between Aj and T. 
Refined Ai can be obtained from

T

|Ai(T)dT
(4.19)

In order to obtain the refined Eaj, Equation (4.16) is applied. It is rearranged 
by moving all variable from the right-hand side to the left-hand side. The new 
function is defined as f(Eai)

f(E ai) = lnIn( F(x)) l n A,R ' 2RT ไ
l T 1 ) PEa1 l Eai J + ̂  = 0 . RT (4.20)

Numerical method is used to solve this equation. All kinetic parameters are 
substituted into Equation (4.8) to test the model. For the ท111 order reaction which is 
not equal to 1 , the weight fractions are calculated by

(4.21)X = 1 - 1 „ A,RT f-Eai ไ( 2RT ไ
1 ( 1  ท) ■ *; exp 1 -PEai 1 K'l JV Eai J

After the model is fitted to the experimental data, the mean relative error of 
the fitting is calculated by

โ  (% )= |
2
1 = 1

พ  -  wi,exp i.cal
พ ,-I,exp y

N X100, (4.22)

where N is the number of the experimental data used in the fitting.
From these equations, the kinetic parameters and the mean relative errors 

can be calculated. They are shown in Table 4.5. For the original sludge, it is obvious



35

th a t  th e  re a c tio n  o rd e rs  o f  b o th  reac tio n s  a re  d iffe ren t. O n  th e  o th e r h a n d , th e  reac tio n  
o rd e rs  o f  th e  tre a te d  s lu d g e  are  a p p ro x im a te ly  th e  sam e. T h e  a c tiv a tio n  en e rg y  o f  the  
tre a te d  s lu d g e  p y ro ly s is  is less th an  th a t o f  th e  o rig in a l s lu d g e  a t th e  sam e 
te m p e ra tu re  ra n g e  fo r all h ea tin g  ra te . A s fo r th e  f irs t re ac tio n  re g io n  is co n ce rn ed , 
th e  ac tiv a tio n  en e rg ie s  o f  th e  o rig in a l s lu d g e  a re  s lig h tly  lo w er th a n  th o se  o f  b io m ass , 
a c tiv a ted  s lu d g e  an d  P V C  an d  P E T  p o ly m ers  o b se rv ed  by  L iu  et al. (2 0 0 2 ), C h u  et 
al. (2 0 0 0 ) an d  D u b d u b  an d  T io n g  (2 0 0 1 ), re sp ec tiv e ly . T h ey  are  a p p ro x im a te ly  62- 
100, 78-85  an d  142-178  k J/m o l fo r b io m ass , a c tiv a ted  slu d g e  an d  P V C  and  P E T  
p o ly m ers , re sp ec tiv e ly . A s fo r th e  seco n d  re a c tio n  reg io n , th e  a c tiv a tio n  en e rg ie s  o f  
all m a te ria ls  sh o w  th e  v a lu es  in  th e  sam e ra n g e  fro m  ap p ro x im a te ly  100 -240  k J/m o l. 
N e v e rth e le ss , th e  a c tiv a tio n  en e rg ie s  o f  tre a ted  s lu d g e  a re  m u c h  lo w e r th an  th o se  o f  
h y d ro c a rb o n  m a te r ia ls  in  b o th  reac tio n  reg io n s . F ro m  th e  tab le , th e  m ean  re la tiv e  
e rro rs  a re  less  th a n  1 .5%  fo r all cases. T h e  cu rv e  f ittin g  a re  sh o w n  in  th e  F ig u res  
4 .1 1 -4 .1 3 . T h ese  f ig u res  in d ica te  th a t th e  k in e tic  m o d e ls  o f  p seu d o  b i-c o m p o n e n t 
p ro v id e  a  g o o d  fit to  th e  ex p e rim en ta l d a ta  o f  th e  o rig in a l an d  tre a te d  slu d g e , 
re sp ec tiv e ly .

Figure 4.11 C o m p a riso n  o f  T G  cu rv es  o f  th e  ex p e rim en ta l an d  c a lc u la ted  re su lts  at 
5°c/min h ea tin g  rate.

I  JUblU
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Figure 4.12 C o m p a riso n  o f  T G  cu rv es  o f  th e  ex p e rim en ta l an d  c a lc u la ted  re su lts  at 
1 0 ° c /m in  h e a tin g  rate .

Figure 4.13 C o m p a riso n  o f  T G  cu rv es  o f  th e  ex p e rim en ta l an d  c a lc u la ted  re su lts  at 
2 0 ° c /m in  h ea tin g  rate.
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Table 4.5 K in e tic  p a ra m e te rs  o f  th e  m o d e l an d  th e  m ean  re la tiv e  e rro rs  fo r the  
o rig in a l an d  tre a te d  s lu d g e  p y ro ly s is

T y p e  o f  
s lu d g e

H ea tin g  ra te  
( ° c /m in )

R eac tio n
step

R eac tio n
o rd e r

Eai
(k j/m o l)

In (A ) 
( m i n 1)

M ean  re la tiv e  
E rro r (% )

5
1 1.6 55 .58 14.69

0 .92
2 3.0 138.25 26.11

O rig in a l 10
1 1.4 50 .15 12.90

1.27slu d g e 2 3.6 2 0 3 .3 9 3 7 .6 2

20
1 1.3 5 0 .36 12.40

1.26
2 oocn 2 3 9 .6 7 4 3 .2 9

5
1 1.4 44 .55 11.95

0 .50
2 1.8 6 6 .0 9 12.29

T rea ted 10
1 1.4 4 6 .7 4 12.45

0 .40slu d g e 2 1.7 6 3 .3 4 11.70

20
1 1.3 4 7 .4 9 12.53

0.38
2 1.5 6 0 .7 2 11.02
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