
CHARPTER IV
THERMOCHEMICAL DECOMPOSITION OF SEWAGE SLUDGE 

IN CO2 AND N2 ATMOSPHERE

4.1 Abstract

In this study, the effect o f CO2 on the thermal conversion o f sewage sludge was 

investigated by means o f the therm ogravim etric analysis and the batch-type thermal 

process. The results showed that the kinetics o f sewage sludge during thermal treatment 

under both N 2 and CO2 atmospheres are quite sim ila r and can be described by a pseudo 

bi-component separated state model (PBSM). It  was, however, noticed that under CO2 
atmosphere, the firs t reaction was sign ificantly accelerated whereas the secondary 

reaction temperature was shifted to a lower temperature. The apparent activation 

energies fo r the firs t decomposition reaction under both N 2 and CO2 atmosphere, 

corresponding to the main decomposition typ ica lly  at 305 °c  were s im ila rly  attained at 

ca. 72 kJ m o l1, w h ile  that o f the second decomposition reaction was found to decrease 

from  154 to 104 kJ m o f1 under CO2 atmosphere. The typ ica l reaction order o f the 

decomposition under both N 2 and CO2 atmosphere was in the range o f 1.0-1.5. The 

solid y ie ld  was s ligh tly  reduced w hile  the gas and liqu id  yields were somewhat 

improved in the presence o f CO2. Furthermore, CO2 was found to influence the liqu id  

product by increasing the oxygenated compounds and lessening the aliphatic 

compounds through the insertion o f CO2 to the unsaturated compounds resulting in  the 

carboxylics and the ketones form ation.

4.2 Introduction

Since last few  years, the amount o f sewage sludge generated has increased due 

to the growth o f urban wastewater plants (Kress e t al., 2004; Lundin e t al., 2004). 

Pyrolysis, thermal decomposition, is considered as a prom ising technique to 

simultaneously treat and stabilize sewage sludge. From pyrolysis, three types o f 

product; gas, liqu id  and solid, are generated. The process conditions can be optim ized to 

m axim ize the production o f these products depending on a specific application (M eier 

and Faix, 1999; Inguanzo e t a l., 2002). The liqu id  products have a potential to  be
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m od ified  to use as an a lternative energy resource and a raw  m ateria l fo r chem icals 

(Yam an, 2004). The so lid  can be used as an adsorbent (Laszlo e t a l., 1997). The gas 

product from  sewage sludge decom position is  m a in ly  composed o f CO2. In  a 

com m ercial-scaled p yro lys is  p lant, it  has to  be operated under re la tive ly  oxygen-free 

atmosphere. Therefore, recyc ling  a gas product stream, to  provide such an atmosphere, 

seems to be an econom ical w ay. How ever, such a reactive atmosphere m ay s ig n ifica n tly  

in fluence the yie lds and q ua lity  o f the products (M inkova  et a l., 2000). M ost o f 

lite ra tures report on ly the e ffect o f CO2 on the so lid  product (Teng e t a l., 1997; 

M inkova  e t a l ., 2000) but there are few  pub lica tions focusing on the gas and liq u id  

products. In  th is  study, the therm al decom position o f sewage sludge under e ither N 2 o r 

CO 2 atmosphere was studied in  order to understand the effects o f d iffe re n t atm ospheric 

gases used on the k ine tics o f reaction, product yie lds and q ua lity  o f products.

4.3 Experimental

4.3.1 Sewage sludge

Sewage sludge from  an urban wastewater treatm ent p lant was selected in  

th is  study. The sewage sludge co llec tion  m ethod and sample preparation can be found 

elsewhere (Th ipkhunthod  e t a l., 2006). The sludge com positions are m a in ly  vo la tile  

m atters and ash content, 43%  and 46% , respective ly. The sludge contains a re la tive ly  

sm all am ount o f m oisture and fixe d  carbon w ith  6%  and 5% , respective ly. The 

em p irica l fo rm u la  o f the dried sewage sludge, (C 6H ii0 4  4No.8So.2)n w h ich  is  calculated 

from  the u ltim ate  analysis are compared to the pure cellu lose (CéHioCDn-

4.3.2 Therm ochem ical conversion

4 .3 .2 .1  T herm o g ra v im e tr ic  a n a ly s is  (TGA)
Therm al decom position o f sewage sludge was carried out using a 

TG 7 Perkin E lm er therm ogravim etric analyzer under e ither N 2 o r CO2 atmosphere. 

T yp ica lly , ca. 5 m g o f sample were used fo r each run under non-isotherm al conditions. 

The sample was heated up from  am bient tem perature to 105°c and held at th is  

tem perature fo r approxim ate ly 10 m in  to  ensure tha t free-w ater was com plete ly 

rem oved. Then, the sample was fu rthe r heated to  800°c w ith  a heating rate between 5 

and 2 0 °c /m in . Three repeated experim ents were accom plished fo r data con firm a tion .
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The thermogravimetric and differential thermogravimetric (TG-DTG) data were used to
differentiate the pyrolysis behavior as well as to provide the estimation of the kinetic
parameters.

4 .3 .2 .2  B a tch -typ e  th erm a l d eco m p o sitio n
The therm al decom position o f the sewage sludge under e ither N 2 

or CO2 atmosphere was carried out in  a horizon ta l stainless-steel tubu la r reactor w ith  an 

outer diam eter o f 190.5 m m  placed in  an e lectrica l furnace. A pp rox im a te ly  5 g o f the 

sample were placed in  the reactor between the tw o  layers o f quartz w oo l. The reactor 

tem perature was set at the desired tem peratures between 350 and 650°c. The pyro lys is  

products were swept out o ff  the reactor and passed through a condenser im m ersed in  a 

m ixture  o f ice and acetone. The uncondensable gas was co llected by a Tedlar® gas 

sam pling bag. A t the end o f each experim ent, the so lid  residue and condensable liq u id  

were weighed fo r the evaluation o f the product yie lds. The gas y ie ld  was obtained by 

d ifference. The products from  the pyro lys is  were named using A X  codes, where A 
represents the pyro lys is  atmosphere, w h ich  is e ithe r N  fo r N 2 o r c  fo r CO 2, and X  
represents the pyro lys is  tem perature.

4 .3 .2 .3  P ro d u c t a n a ly s is
The uncondensable vapor was chrom atograph ica lly analyzed 

using a Shim adzu GC 8A  fitte d  w ith  a therm al co nductiv ity  detector. A  C TR  I (A llte ch ) 

packed colum n was used to  separate the gas product under isotherm al cond ition  at 

50°c. The in jection  and a detector tem perature was 120°c. The condensable liq u id  was 

analyzed using a Therm o-F innigan Trace GC 2000 gas chrom atograph coupled w ith  a 

PolarizQ  mass spectrom eter. The separation was carried out w ith  a 30 m X 0.25 mm 

ca p illa ry  colum n coated w ith  a 0.25 pm  th ick  film  o f 5% phenylm ethylpo lysiloxane . 

H e lium  was em ployed as a carrie r gas at a flo w  o f 1.0 m l/m in . The in itia l oven 

tem perature o f 40°c was held fo r 5 m in  and then program m ed from  40 to  300°c at 

5 °c /m in  when iso therm ally held fo r 30 m in. S plitless in je c tio n  was carried out at 300 

°c and the purge va lve  was on fo r 1 m in. The ion  source and mass transfer lin e  

tem peratures were 230 and 325°c, respective ly. Data were co llected in  a fu ll-scan  mode 

w ith  the m /z ratios between 10 and 300, and w ith  a 5 -m in  solvent delay. The 

id e n tifica tio n  o f com pounds was perform ed by com paring the mass spectrum  o f the
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sample w ith  the N IS T  mass spectra lib ra ry . The percentage o f com pounds was 

calculated from  the peak area o f the to ta l ion  chrom atogram  (T IC ). T h is  m ethod does 

not g ive quantita tive  results but is suitable fo r com paring the re la tive  proportions o f the 

com pounds as used by other authors (G oncalves e t a l., 1997; M a rin  et al., 2002; 

Dom inguez e t a l., 2003).

4.4 Results and discussion

4.4.1 Therm ogravim etric analysis (T G A )

T yp ica l TG  and D TG  curves o f sewage sludge decom position under N 2 
and CO2 atmospheres are shown in  Figure 4.1a. The tem peratures corresponding to the 

peaks in  the D TG  curves are sum m arized in  Table 4.1. The decom position o f sewage 

sludge presents incom plete separation o f the tw o  decom position steps. For 

decom position under CO2 atmosphere, the firs t step is between 200 and 370°c and peak 

at ca. 305°c. The second step is  between 370 and 600°c and peak at ca. 425°c. On the 

other hand, fo r decom position under N 2 atmosphere, the firs t step is  between 200 and 

420°c and peak at ca. 305°c, and the second step is between 420 and 600 and peak at 

500°c. The decom position o f the firs t and the second steps is  accounted to  be 

approxim ate ly 60% and 40% o f decomposable fraction , respective ly. The T 90%, the 

tem perature at w h ich  90%  o f sludge was decomposed, is  ca. 540°c. The decom position 

tem perature o f the sludge is com parable to  those o f various m aterials w h ich  can be 

found elsewhere. The decom position at 300-350°C was found to  be the decom position 

o f hem icellu lose (M üller-H agedon e t a l., 2003), cellu lose (G ro n li e t  a l., 2002; M ü lle r- 

Hagedon e t a l., 2003), m icro  algae (Peng e t a l., 2001), leather (H e ikk inen  e t  a l., 2004), 

and some a lipha tic  am ino acid (Tang e t a l., 2006), whereas the decom position at h igher 

tem perature, 400-500°C, is believed to  be the decom position o f the com plex and/or 

arom atic structures in  various m ateria lร such as A P I separator sludge (Punnaruttanakun 

e t  a l., 2003), b itum inous coal (Folgueras e t  a l., 2005) and some p lastics (Chen and 

Jeyaseelan, 2001). B y decom position under CO2 atm osphere, the tw o  steps o f the 

decom position can s till be observed. The m agnitude o f the D T G  curve o f  the firs t step 

increases w h ile  that o f the second step is re la tive ly  constant. M oreover, the D TG  peak 

tem perature o f the second step sh ifts  to  a low er tem perature, from  500 to  425°c, and the
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shape o f the peak becomes narrow  corresponding to  a decrease in  Tgo%. It m igh t be due 

to  the re a c tiv ity  o f CO2 at th is  tem perature range fo r enhancement o f the decom position 

by d irect heterogeneous ox ida tion  o f fixe d  carbon and vo la tile  m atter in  the sewage 

sludge.



Temperature (°C)
Figure 4.1 TG  and D TG  p ro files  o f the sewage sludge decom position under ( • )  N 2 and (o ) CO 2 atmosphere w ith  a heating 

rate =  20°c m in '1: (a) th is  w o rk  (b) type I I I *  and (c) type V *  (*source: Th ipkhunthod  e t  a l ,  2006).



80

Table 4.1 D TG  peak tem perature in  accordance w ith  the sewage sludge decom position

Atm osphere np a 
f ml np a 

A m2 T90%b
n 2 305±6 500±9 540+4

CO 2 305+8 425±4 510±3

N o tes: a T ml and  T 1712 a re  th e  p eak  tem pera tu res fo r th e  first and  seco n d  reac tio n , resp ec tive ly .
b T 90% is th e  tem p era tu re  at w h ich  90%  o f  sew ag e  sludge m ass  w as p y ro ly zed .

Therefore, TG A  o f  the tw o add itiona l sources o f the sewage sludge w h ich  are 

defined as types I I I  and V  according to the Thipkhunthod et a l., 2006, and was studied 

and the ir D TG  p ro files  are also shown in  F igure 4.1(b) and 4.1(c). The resu lt confirm ed 

that the re a c tiv ity  o f CO 2 on the sewage sludge decom position was s till observed. 

M oreover, the s im ila r find ings were found in  the case o f the decom position o f some 

biom ass (E ncinar e t a l., 1998), phenol-form aldehyde sphere in  the presence o f CO 2 
(K im  e t a l., 2004), and the decom position o f  sewage sludge in  the presence o f oxygen 

(C a lvo  e t a l., 2004) inc lud ing  the co-com bustion o f coal and sewage sludge (Folgueras 

e t a l., 2005).

4.4.2 K in e tic  m odeling

W ith  the resu lt o f  CO2 re a c tiv ity , the k in e tic  parameters were extracted 

fo r com parison purpose. As shown in  F igure 4.1, the decom position o f the sewage 

sludge as a fun c tio n  o f tem perature under e ither N 2 o r CO2 atmosphere occurs in  tw o  

steps. Thus, the pseudo bi-com ponent separated state m odel (P B S M ) was reasonably 

adopted to  describe the k ine tics o f the sewage sludge decom position. A lthough  the 

decom position reactions e xh ib it incom plete separation, PBSM  m odel can be applied 

and the obtained k ine tic  parameters are in  good agreement w ith  others m ethod (M ü lle r- 

Hagedon e t a l., 2003). W ith  the PBSM , the sludge was considered as tw o  pseudo 

com ponents and in d iv id u a lly  decomposed over a tem perature range, w h ich  can be 

w ritte n  as fo llo w s:

dx
~dT

V.

พน) -  พ ,, dxx 
พ ,0 -  พ2CO d T
พ20 -  พ2°° dx2
พ, 0 - พ2 CO d T

พ10 <  ห '< พ100,

พ 20 <  พ  <  พ 2 .  »
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where

^  =  —  e x P ( -  f l  ( * 1)  พ 10 <  w  <  พ'100 3

^ -  =  y  e x p (- - ^ 7) / 2 (x 2 ) พ20 <  พ  < พ2,0 .

and X  is  the mass loss fraction ; (3 is  the heating rate; A  is  the frequency facto r; E  is  the 

activa tion  energy; R  is the universal gas constant; T  is the absolute tem perature and f (x )  
represents the hypothetica l m odel o f the reaction mechanism  o r ‘m odel fu n c tio n ’ , w h ich  

can be expressed by ท*  order o f reaction, f (x )  =  ( l - x ) n. Subscripts 1 and 2 correspond to 

the pseudo com ponents 1 and 2, respective ly, as w e ll as subscripts 0 and CO correspond 

to the in itia l and fin a l mass percentages, respectively. The deriva tion  can be found 

elsewhere (Punnaruttanakun e t a l., 2003; Thipkhunthod e t  a l., 2006). The order o f 

reaction can be estim ated by Coats and R edfem  approxim ation m ethod (Coats and 

Redfem , 1964).

From  the k ine tics  consideration, it  was found tha t the PBSM  m odel explains 

reasonably w e ll the w e ight loss o f the sewage sludge regardless o f the differences o f 

atm ospheric gases used. The apparent activa tion  energies fo r the firs t and the second 

steps o f  decom position are 71.5 and 153.7 kJ m o l'1, respective ly. These values o f the 

apparent activa tion  energies obtained are in  agreement w ith  those reported elsewhere 

(Conesa e t a l., 1997; Chen and Jeyaseelan, 2001; Chao e t a l., 2002). The reasonable 

values o f the order o f the reaction were obtained and were found to be 1.5 and 1 fo r the 

firs t and the second decom position, respectively.

In  the presence o f CO 2, the apparent activa tion  energy and the reaction order fo r 

the firs t step, El = 72.9 kJ m o l-1 and ท =  1.5, are qu ite  s im ila r to  those o f  N 2 atmosphere. 

The increase in  reaction rate at 300°c seemed to  be in fluenced by the increasing in  

frequency facto r term  in  the A rrhenius expression. For the second step, the apparent 

activa tion  energy was decreased (103.9 kJ m o l'1) w h ile  the order o f the reaction  was 

constant at u n ity . Com parison to  the decom position o f sewage sludge under oxygen 

atmosphere, it  was reported tha t the apparent activa tion  energies are in  the between 83

I FI ท  J ! * ไ̂}»'"»»-» t f i p  A f r lp r c  »~»T f l i p  «•pn.'i+'t -Tj'y-v-j-j-* j I Fj \  -fr-v 7 V / I ' r\ I  -X 7-y—w /v/

2004).
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4.4.3 Product yie lds

F igure 4.2 shows the y ie lds o f the products. U nder N 2 atmosphere, the 

so lid  fraction  decreases w h ile  the liq u id  and gas fractions increase as the tem perature 

increases. The trend o f the product y ie ld  is the same as fo r the decom position under CO2 
atmosphere. H ow ever, a decrease in  so lid  residue is  more s ig n ifican t fo r the 

decom position under CO 2 atmosphere than that o f N 2 atmosphere. M oreover, the gas 

and liq u id  fractions increase in  the presence o f CO 2. The increases in  gas and liq u id  

fractions ind icate  that CO 2 fac ilita tes th e ir fo rm ation  reaction. Hence, the so lid  frac tion  

is  also decreased. It  was found that the decom position under e ither N 2 o r CO2 produces 

the highest o il y ie ld  at 550°c at w h ich  it  seems to be an optim um  tem perature fo r o il 

production.

4.4.4. Gases

The m ain components o f the gas product evolved during  the 

decom position o f sewage sludge are H 2, C H 4, C2H 4, บ 2แ 6, CO and C 0 2. The evo lu tion  

p ro files  o f the gas product are shown in  F igure 4.3. It  was found tha t the am ount o f a ll 

gas products increases w ith  increasing the tem perature under both N 2 and CO2 
atmosphere. How ever, the am ount o f H 2, CO, and CHU form ed was found to be h igher 

fo r the decom position under CO2 atmosphere. T h is m igh t be due to  the reactions 

between CO 2 and the products as ind icated by the decrease in  C 0 2 w ith  increasing 

pyro lys is  tem perature (F igure 4 .3 (c)). I t  m igh t be postulated that the possible gas phase 

reactions in vo lv in g  CO2 are as fo llow s:
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Temperature (°C )

Figure 4.2 V aria tion  o f yie lds o f so lid  ( • 7 o), liq u id  ( A ,  A) and gas (น, □ ) products as 

a function  o f tem perature. F ille d  sym bol represents the N 2 p yro lys is  and open sym bol 

represents the CO2 pyro lys is .
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Figure 4.3 E volved gas concentrations obtained from  the sewage sludge decom position 

under N 2 and CO2 atmosphere: (a) H2, (b ) CH 4, C2H 4 and C2H 6, (c) CO and C 0 2.



monoaromatics aliphatics
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Figure 4.4 T yp ica l T IC  chrom atogram s o f the liq u id  product obtained at 650°c.
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Boudouard reaction: c  + C 0 2 2C O

Reversed w ater gas sh ift: H 2 + C O 2 <-» H 2!o  + C O  

Methane d ry  re fo rm ing : C H 4 + C O  1 <-» H 2 + CO

A/ / 298 =  173 kJ m o l' 1 (1 ) 

A ff  298 =  41 kJ m o l' 1 (2 ) 

AH  29I =  247 kJ m o l' 1 (3 )

These reactions were suggested to  occur at th is  tem peratures range (Chao e t  a l., 2002; 

M enéndez e t  a l., 2004) and could be catalyzed by the presence o f m etals in  the sewage 

sludge. Hence, the large am ount o f CO form ed is  anticipated as shown in  F igure 4 .3(c). 

M oreover, the increasing o f CH 4 m igh t be due to the cracking reaction o f the organics 

conta in ing in  sewage sludge pronounced by o x id iz in g  a b ility  o f CO 2 (F igure 4 .3 (b )).

4.4.5 L iqu ids

The liq u id  m a in ly  consists o f aqueous and o il fractions. H ow ever, o n ly  

o il fraction  is emphasized in  th is  w o rk . F igure 4.4 shows the typ ica l T IC  

chrom atogram s o f the liq u id  obtained fro m  sewage sludge decom position under both N 2 
and CO2 atmospheres. From  the chrom atogram s, the chem ical com positions are 

ten ta tive ly  id e n tifie d  and quantified  (Table 4.2) and they can be categorized by th e ir 

functiona l groups in to  6  classes; (1 ) M onoarom atics and single rin g  o f heterocyclic 

compounds such as benzene, benzene a lk y l derivatives, toluene, xylene, styrene, phenol 

and its  derivatives and pyrro le  (2) A lip h a tic  compounds such as 1-alkenes, n-alkanes 

and th e ir m e thyl derivatives, (3 ) Oxygenated com pounds such as long  chain ca rboxy lic  

acids, esters, aldehydes and ketones, (4 ) N itrogenated com pounds such as am ine and 

am ide, (5) Steroids such as cholestene and cholestadiene, and (6 ) P o lycyc lic  arom atic 

com pounds (PAC s) such as lH -indene , m e thy l-lH -ind e ne , naphthalene and 

acetonaphthalene
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T a b le  4.2 R elative proportions (%  area) o f  the chem ical com pounds conta in ing  in  
liq u id  product obtained from  the decom position o f the sewage sludge under N 2 and C 0 2
atmosphere
Peak Compound N350 N450 N550 N650 C350 C450 C550 C650
1 Benzene 2.59 1.84 1.63 0.32 4.99 2.14 2.28 2.42
2 Toluene 1.65 2.22 2.35 1.26 1.00 1.89 1.83 1.69
3 Xylene 0.42 1.22 2.48 4.24 0.59 5.09 4.11 3.62
4 Styrene 0.36 3.17 4.02 5.46 1.52 4.64 5.26 5.04
5 2,4-Dimethyl-l H-pyrole 1.83 0.57 0.82 0.58
6 Phenol 0.60 3.10 2.94 5.97 3.65 5.44 4.51 5.14
7 Heptane 2.49 0.92 1.18 2.08 1.73 2.84 2.21
9 4-Ethyl-2-methyl-pyrrole 0.30 0.33 0.73 1.58 0.11 0.12 0.14
10 Limonene 1 13 1.24 1.67 0.22 0.56 0.63 0.59
11 Indene 0.17 0.35 0.06 0.22 0.23 0.27
12 Isopinocarveol 0.22 0.55 0.56 1.00
13 l-(l-Cyclohexen-l-yl) ethanone 1.11 0.46 0.55 2.68
14 6-Nonynoic acid 1.28 0.35 0.64 0.71 0.63
15 2-Methoxy benzenamine 0.90 1.07 1.26 1.63 1.41
17 4-Methyl phenol 1.24 3.72 3.59 5.03 4.12 2.37 2.42
18 3-Carbamic acid methyl ester 2.22 3.79 5.21 5.06
19 1-(1 -Cyclohêxen-1 -yl) ethanone 1.41 1.63 2.02 4.77
20 5-Methyl-2-hexanone 0.19
21 Octane 0.21 0.95 1.09 1.18 0.35 0.80 1.50 1.50
22 5H-1-Pyrindine 0.36 0.20 0.21 0.24 0.26 0.26 0.25 0.24
23 l-Azido-2-methyl benzene 1.48 0.12 0.00 0.10 0.52 0.35 0.62 0.34
24 Benzenepropanoic acid 1.23 0.95 0.79 1.48 1.21 0.86 1.11
25 3-Methyl-1 H-indene 0.77 0.15 0.43 0.06 0.17 0.16 0.20
26 2-Methyl-5-(l-methylethenyl) cyclohexanol 1.38 0.87 0.83 0.98 0.61 0.35 0.39 0.37
27 2-(PhenylmethyI)-1,3-dioxolane 0.11 0.66 0.49 0.68 0.81 0.35 0.23 0.22
28 iso-Nonane 0.27 0.33 0.45 0.30 0.17 0.32 0.90 0.52
29 2,5-Dimethyl phenol 0.19 0.35 0.66 0.16 2.88 0.65 0.84
30 1-Nonene 0.44 0.53 0.89 1.05 0.12 076 1.15 0.94
31 2-Methoxy-4-methyl phenol 0.38 0.76 0.53 0.59 0.53 0.49 0.34 0.41
32 Nonane 1.24 1.49 2.17 0.28 0.98 1.35 1.20
33 Pyrridine derivatives 0.78 0.17 0.21 0.28 0.08 0H9 0.20 0.20
34 Mono ฟkylpyridine 0.15 1.71 1.41 1.73 1.65 1.48 0.00 0.00
35 2-Propyl phenol 0.77 0.33 0.47 0.57 0.00 0.37 0.42 0.35
36 Butyl butanoate 1.03 0.76 0.65 0.80 1.22 0.61 0.74 0.61
37 1-Decene 3.23 0.87 1.54 2.39 0.55 1.07 1.21 1.31
38 Decane 5.21 4.74 5.00 7.43 5.21 5.30 6.01
39 Indole 1.18 1.47 1.27
40 Thiophene derivatives 0.35 035 0.00 0.23 2.80 2.48
41 Butyl phenyl ethers 0.90 0.30 0.24 0.39 0.34 0.31 0.30 0.38
42 Pentyl thiophenes 0.46 0.82 0.91 1.03 0.84 0.57 0.42 0.29
43 Butyl benzoate 0.51 111 1.03 1.30 0.02 0.81 0.88 0.95
44 1-Undecene 0.42 2.24 2.44 3.44 0.00 1.98 2.42 2.31
45 Undecane 0.61 0.00 1.63 2.16 0.34 1.30 1.58 1.53
46 iso-Dodecene 0.36 1.32 1.21 1.19 0.00 1.23 0.13 1.06
47 iso-Dodecane 1.27 0.84 0.76 0.69 0.40 0.60 0.75 0.67
48 1-Dodecene 1.67 1.26 1.70 1.30 0.81 1.80 2.06 2.13
49 Dodecane 1.18 1.89 2.16 1 82
50 Naphthalene 0.95 0.51 0.64 0.17 0.54 0.33 0.60 0.57
51 Quinolein 0.78 0.57 0.62 0.53 0.74 0.37 0.30 0.38
52 1-Tridecene 0.76 1.55 1.99 0.92 1.08 1.47 1.44
52 Tridecane 1.01 1.42 1.62 1.27 0.68 1 61 1.63 145
54 iso-Tetradecane 1.20 1 34 1.33 0.43 0.82 0.81 0.80 0.89
55 1-Tetradecene 1.82 1.12 1.27 0.93 0.78 0.85 1.38 1.27
56 Tetradecane 0.67 1.60 0.18 1.26 0.72 1.22 1.71 1.74
57 Acenaphthฟene 4.32 1.22 0.91 0.59 0.62 0.71 0.77 0.80
58 2-Methyl-l -tetradecene 1.95 4.06 3.32 1.48 3.42 2.54 2.81 2.91
59 2,5-Pentadecadien-l -ol 1.27 1.18 0.56 1.50 1.01 1.17 1.14
60 1-Pentadecene 1.26 1.14 1.21 0.82 1.11 0.95 1.23 1.01
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T ab le  4.2 (continued)
Peak Compound N350 N450 N550 N650 C350 C450 C550 C650
61 Pentadecane 0.63 1.25 1.26 0.89 0.90 1.08 1.18 1.17
62 1,9-Hexadecadiene 4.67 3.46 3.32 1.49 4.39 2.36 2.77 2.98
63 1-Hexadecene 0.71 0.59 0.65 0.51 0.79 0.43 0.78 0.59
64 Hexadecane 0.43 0.61 0.47 0.53 0.82 0.54
65 Hexadecanal 4.30 3.63 3.16 1.53 4.84 2.35 2.92 3.07
66 Oleic acid 20.90 5.35 2.59 0.95 19.51 13 36 8.96 5.18
67 1-Heptadecene 0.40 0.51 0.39 0.50 0.53 0.80 0.66
68 Heptadecane 0.62 0.70 0.57 0.70 0.44 0.56 0.56
69 Hexadecanoic acid 0.54 0.52 0.30 1.41 0.88 0.91 0.95
70 Hexadecanoic acid 14-methyl 1.23 1.33 1.20 0.58 0.50 0.35 0.42 0.41
71 1 -Octadecene 0.47 0.46 0.39 0.28 0.46 0.70 0.62
72 Octadecane 0.53 0.60 0.51 4.27 2.25 2.15 2.61
73 Octadecanoic acid 6.07 2.86 2.52 1.50 3.72 0.00 0.00 0.00
74 9-Octadecenamide 2.84 2.26 1.80 0.86 0.64 0.27 0.60 0.63
75 Nonadecane 0.25 0.68 0.66 0.44 0.14 0.39 0.44 0.42
76 1-Eicosene 0.18 0.47 0.44 0 31 0.17 0.38 0.58 052
77 Eicosane 0.02 0.44 0.50 0.04 0.92 0.70 0.28 0.17
78 9-Octadecen-12-ynoic acid methyl ester 0.01 0.27 0.24 0.12 0.21 0.19 0.64 0.75
79 Uncosene 0.69 1.26 1.20 0.73 0.17 2.35 0.32 0.27
80 Uncosane 0.11 0.13 0.13 0.22 0.55 0.29 0.34 0.36
81 Docosane 0.34 0.58 0.67 0.40 0.36 0.31 0.36 0.31
82 1-Eicosanol 0.55 0.42 0.37 0.16 1.32 0.46 0.38 0.38
83 Eicosanoic acid 0.18 0.46 0.38 0.18 1.07 0.61 0.57 0.57
84 N-methyl-1 -octadecanamine 1.09 0.50 0.69 0.41 0.42 0.36 0.59 0.48
85 Undecanoic acid 0.76 1.00 0.83 0.63 0.33 0.20 0.26 0.21
86 Tricosane 0.14 0.48 0.50 0.70 0.22 0.22 0.33 0.31
87 Docosanoic acid 0.20 0.36 0.31 0.25 1.97 0.81 0.77 0.70
88 1-Tetracosene 0.15 0.38 0.44 0.63 1.19 0.47 0.48 0.44
89 3-Cloestene 0.78 1.07 1.14 1.04 0.98 0.41 0.34 0.35
90 Cholestene 0.45 0.65 0.65 0.65 0.62 0.30 0.26 0.22
91 Cholestene 0.84 1.49 1.49 1.39 1.76 0.91 0.86 0.72
92 Cholestene 0.87 1.22 1.28 1.17 0.53 0.22 0.18 0.18
93 Cholestadiene 0.19 0.27 0.27 0.26 0.20 0.10 0.06 0.06
94 Hexadecanoic acid dodecyl ester 0.25 0.13 0.10 0.09 0.12 0.07 0.05 005
95 9-Octadecanoic acid dodecyl ester 0.06 0.08 0.06 0.07 0.07 0.07 0.06 0.06
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It was found that the a lipha tic , m onoarom atic and oxygenated com pounds were 

the m ain constituents in  the p y ro ly tic  liq u id  as shown in  F igure 4.5. The am ount o f the 

a lipha tic  and m onoarom atic compounds increases w h ile  the oxygenated com pound 

decreases w ith  the increasing pyro lys is  tem perature. It  was reported (Am en-C hen e t a l.,
2 0 0 1 ) that the m onoarom atic fo rm ation  is resulted from  the decom position o f a lig n in  at 

h igh tem perature, and also be generated by the cycloadd ition  reaction o f alkenes 

(D om inguez e t a l., 2005). M oreover, the decarboxylation reaction coupled w ith  e ither 

cracking o r arom atization w ou ld  y ie ld  a reduction in  the oxygenated com pounds but a 

rise in  the a lipha tic  and the m onoarom atic compounds. Th is is  true fo r pyro lys is  under 

both N 2 and CO2 atmospheres but there are somewhat differences in  th e ir p roportion  as 

shown in  Table 4.2. I t  was found that the d is trib u tio n  o f the a lipha tic  and the 

m onoarom atic com pounds in  the p y ro ly tic  liq u id  obtain from  pyro lys is  under CO 2 and 

N 2 atmospheres were in s ig n ifica n tly  d iffe ren t. However, the amount o f oxygenated 

compounds in  the p y ro ly tic  liq u id  obtain from  pyro lysis under CO2 atmosphere was 

h igher than those obta in  from  the pyro lys is  under N 2 atmosphere. Th is is  believed to be 

due to the insertion  o f CO2 in to  the obtained liq u id  w ith  the catalysis ro le  o f trans ition  

m etals (Omae, 2006).



9 0

Figure 4.5 The d is trib u tio n  o f the d iffe re n t chem ical classes conta in ing in  the liq u id  

product from : (a) N 2 atmosphere and (b ) CO2 atmosphere.



91

Nitrogenates, steroids and PACs, on the other hand, were presented as trace 

components in  the p y ro ly tic  liq u id . It  should be noted tha t the liq u id  product obtained 

from  pyro lys is  under CO2 atmosphere conta in a higher p ropo rtion  o f the nitrogenated 

com pounds but contain a low er p roportion  o f  steroids and PACs than the liq u id  

obtained from  pyro lys is  under N 2 atmosphere when at the pyro lys is  tem perature is 

greater than 450 °c. The increase o f nitrogenated com pound is m a in ly  due to  an 

increase in  the p roportion  o f 3-Carbam ic acid m ethyl ester (Table 4.2). Th is com pound 

appears on ly  in  the case o f pyro lys is  under CO 2 atmosphere, therefore th is  com pound 

m igh t be the product o f the insertion  o f CO2 m olecule in to  the nitrogenated compounds.

4.5 Conclusions

I t  can be concluded tha t under CO2 atmosphere, tw o  decom position steps are 

s till observed. The firs t reaction is s ig n ifica n tly  accelerated whereas the secondary 

reaction tem perature sh ifts to  a low er tem perature. The apparent activa tion  energies fo r 

the firs t reaction o f both N 2 and CO2 atmosphere, corresponding to  the m ain 

decom position ty p ic a lly  at 305°c, is  reported at ca. 72 kJ m o l' 1 w h ile  tha t o f the second 

reaction decreases fro m  154 to  104 kJ m o l"1 under CO2 atmosphere. The typ ica l reaction 

order o f the decom position under both N 2 and CO2 atmosphere is in  the range o f 1 .0 - 

1.5. The so lid  y ie ld  s lig h tly  decreases w h ile  the gas and liq u id  y ie lds are somewhat 

im proved in  the presence o f CO 2. The am ount o f แ 2, CO  and C H 4  form ed is  h igher 

when decomposed the sewage sludge under CO2 atmosphere. The chem ical 

com positions in  liq u id  product are ten ta tive ly  id e n tifie d  and quan tified  and they can be 

categorized by th e ir functiona l groups in to  6  classes; (1 ) M onoarom atics and sing le  rin g  

o f  heterocyclic com pounds (2 ) A lip h a tic  com pounds, (3) Oxygenated com pounds,(4) 

N itrogenated com pounds, (5) Steroids, and (6)  P o lycyc lic  arom atic com pounds (PACs). 

CO2 in fluences the liq u id  product by increasing oxygenated com pounds thus decreasing 

a lipha tic  compounds v ia  the insertion  o f CO2 in to  the unsaturated a lipha tic  compounds, 

resu lting  in  carboxylics and ketones form ation.
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