
CHAPTER V
CHARACTERIZATION OF PRODUCTS DERIVED FROM THE PYROLYSIS 

OF DIFFERENT RAW MATERIALS

5.1 Abstract

In  th is study, pyrolysis o f polyethylene (PE), polypropylene (PP), polystyrene 

(PS), waste tire  (W T), sewage sludge (SS) and o il sludge (OS) was carried out in a 

fixed-bed reactor at 550°C. The results showed that the pyro ly tic  product yields, i.e. 

gas, liqu id  and solid, correspond to the com position obtained from  proxim ate analysis. 

Most o f vo la tile  matters in  raw  materials are converted in to  gas and liq u id  fractions 

w h ilst fixed carbon and ash result in the solid product. The gas and liq u id  yields are up 

to 89 w t.%  fo r the pyrolysis o f PE, PP and PS because o f the ir re la tive ly high vo la tile  

matters whereas the solid yields are up to 62 w t.%  fo r the pyro lysis o f W T, OS and SS 

w ith  respect to the ir high values o f fixed carbon and ash content. Regardless o f raw 

materials used, the composition o f the gaseous products is ins ign ifican tly  d ifferent and 

m ainly composed o f H 2, and C 1-C4 hydrocarbons. On the other hand, the com position o f 

liqu id  products consisting o f water, o il, and wax is varied dependently on the nature o f 

raw materials. The characteristics o f pyro ly tic  o ils  were found to be varied and 

influenced by the chemical structures o f the starting materials containing aliphatic, 

aromatic, oxygenated and nitrogenated groups.

5.2 Introduction

Pyrolysis o f waste materials has been received a great attention since the 

pyro ly tic  liqu id  or b io -o il has high potential to  be used as fuels o r other useful 

chemicals. Comprehensive review ing articles on biomass pyrolysis science and 

technology including pyro lytic liqu id  applications have been published [1 -5 ]. The yie lds 

and compositions o f pyro ly tic  o ils are influenced by not on ly the reactor types and 

pyrolysis conditions [6 , 7] but also the chem ical structures o f the pyrolyzed materials. 

For instance, o ils from  the simple structures o f po lyo le fin  wastes such as polyethylene 

(PE) and polypropylene (PP) y ie ld  the o il and wax that are m ain ly composed o f alkanes, 

alkenes and alkadienes [8]. Pyrolysis o f polystyrene (PS) was reported to produce the
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p yro ly tic  liq u id  having styrene and other arom atics as m ain products [9 ]. A lthough  

waste tires (W T ) are a com plex m ixtu re  o f rubbers, steel cord, and other m ino r 

components, the p y ro ly tic  liq u id  obtained from  th e ir pyro lysis m a in ly  contains single 

rin g  arom atics (such as benzene, toluene and xylenes) and dipentenes (o r lim onene)

[1 0 ] . For h ig h ly  heterogeneous m aterials, e.g. sewage sludge (SS) and o il sludge (O S), 

the obtained p y ro ly tic  liq u id s  from  them  present somewhat com plex com positions. The 

oxygenated arom atic compounds o f phenols and th e ir derivatives and long  chain 

a lipha tic  ca rboxylic  acids are the dom inating components in  the o il from  sewage sludge

[1 1 ] . For liq u id s  derived from  o il sludge, the a liphatics and arom atics are th e ir m ajor 

com positions [12 ]. In  th is  con tribu tion , the pyro lysis o f several types o f m ateria ls such 

as PE, PP, PS, W T, SS and OS was investigated in  a fixe d  bed reactor at 550°c. The 

p y ro ly tic  products were then characterized by various techniques. The re la tionsh ips 

between raw  m aterial com position and p y ro ly tic  product y ie ld  were determ ined. In  

add ition , an attem pt in  corre la ting  the chem ical structure o f  raw  m ateria ls and 

com ponent o f products has been made.

5.3 Experimental

5.3.1 M ateria ls

To study the effects o f chem ical structures o f  feedstocks on the 

com position o f p y ro ly tic  o il, polyethylene (PE), polypropylene (PP), polystyrene (PS), 

waste tire  (W T ), sewage sludge (SS) and o il sludge (O S) were chosen. A ccord ing  to 

th e ir b u ild in g  u n it and the hydrogen to  carbon ra tio  (H /C  atom ic ra tio ), these m ateria ls 

were categorized in to  3 groups, a lipha tic , ฝ ipha tic  +  arom atic, and com plex a lipha tic  + 

arom atic compounds, as shown in  Table 5.1. PE was selected as a representative fo r the 

a lipha tic  structure w h ile  PS was fo r both the a lipha tic  and arom atic structures. S im ila r 

to  PE, PP contains the a lipha tic  structure but it  also contains m ethyl group on the side o f 

backbone. Hence, PP was ju s tifie d  to  be an interm ediate structure between PE and PS. 

Furtherm ore, s im ila r to  PS, W T  contains both the a lipha tic  and arom atic structures but it  

contains m uch low er arom atic content. The SS and OS were categorized as h ig h ly  

heterogeneous m aterials due to th e ir unknow n b u ild in g  units. For SS, there are attem pts 

to illus tra te  a s im ila rity  between th e ir com positions and those o f the biom ass fractions 

[13 ].
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Table 5.1 C lassifica tion  o f pyro lyzed m aterials

Material Building unit Elemental
composition

Category
Polyethylene Ethylene c, H Aliphatics

Aliphatics3Polypropylene Propylene c, H
Polystyrene Styrene c, H Aliphatics + aromatics
Tireb Styrene-co-butadiene,

isoprene
C, H, 0 , N, ร Aliphatics + aromatics

Sewage sludge Lignocellulosic, 
lipids and proteins

C, H, 0 ,  N, ร Complex aliphatics + aromatics
Oil sludge Heavy hydrocarbon 

compound
C, H, 0 , N, ร Complex aliphatics + aromatics

a interm ediate structure between PE and PS

b low e r arom atic contents compared to  PS

5.3.2 Pyro lysis

The experim ents were perform ed in  a gas-distributed fixed-bed 

pyro lyzer. A bout 50 g o f a sample was placed in  a w ired-m esh basket hung over a gas- 

d is trib u to r insta lled  in  a 2.5 L  stainless steel reactor and heated by an e lectric  furnace. 

The reactor was purged p rio r to  the experim ent by flo w in g  N 2 to  e lim inate  a ir o rig in a lly  

contained in  the reactor. The N 2 flo w  rate was then increased to 100 m l m in ' 1 w h ile  the 

reactor tem perature was increased from  room  tem perature to  550°c w ith  a heating rate 

o f 20°c m in 1. The sw ept-out vo la tile  conta in ing products were condensed in  a series o f 

co ld  traps m aintained at be low  0°c w ith  the aid o f an ice/acetone m ixtu re .

5.3.3 Products analysis

P yro ly tic  gases were chrom atographically analyzed using a Shim adzu 

GC 8A  fitte d  w ith  a therm al conductiv ity  detector (T C D ). A  C TR  I  (A llte c h ) packed 

co lum n was used to  separate the gases under isotherm al cond ition  at 50°c. The 

tem peratures o f both in jec to r and detector were set at 120°c.
P yro ly tic  o ils  obtained from  each experim ent were dissolved in  a m ix tu re  o f ท- 

pentane to  m ethanol volum e ra tio  o f 1:1. Then, the deuterated standards, benzene-^, 

naphthalene-c/g, phenanthrene-t/io and octadecanoic acid-G?35, were added in to  the 

so lu tion  p rio r to  the analysis by using a Therm oFinnigan Trace GC 2000 gas 

chrom atograph connected w ith  a PolarizQ  mass spectrom eter (G C -M S ). One pL  

resultant so lu tion was in jected in to  a 250°C -in jection  p o rt w ith  the sp litless in je c tion
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mode. A  ZB -5 ca p illa ry  co lum n o f 60 m x0.25 m m  coated w ith  a 0.25 pm  th ick  film  o f 

5% phenylm ethylpo lysiloxane was equipped at the in jec tion  po rt w ith  flo w in g  He o f 1.0 

m l m in "1 under the program m ed oven tem perature. In itia lly , the GC oven was set at 

40°c and held fo r 7 m in  then increased to  300°c w ith  a heating rate o f 5°c m in '1, and 

m aintained at 300°c fo r 30 m in. The M S was operated at an e lectron energy o f 70 eV in  

electron im pact io n iza tion  mode. Data were collected in  a fu ll scan mode w ith  the m /z  
ratios between 10 and 250. The chrom atographic peaks, w ith  signal to  noise ra tio  

greater than 500, were id e n tified  using the N IS T  spectrum  lib ra ry . A  sem iquantitative 

estim ation o f the y ie lds was determ ined using the corresponding factors obtained from  

the deuterated standards.

5.4 Results and Discussion

5.4.1 Product yie lds

Table 5.2 shows the proxim ate analysis, elem ental com position o f 

starting m ateria ls, and product d is trib u tio n  obtained from  pyro lys is  o f such m ateria ls. I t  

was found that PE, pp  and PS have vo la tile  m atters as a m ain frac tion  w h ile  W T , ss 
and OS conta in less vo la tile  but m ore fixe d  carbon and ash. The u ltim a te  analysis 

showed tha t PE, pp  and PS consist so le ly o f c and H, w h ile  the presence o f heteroatoms 

such as O, N  and ร was found in  W T, SS and OS in  particu la r fo r ss and OS. S im ila r 

proxim ate and u ltim a te  analyses were also reported in  the other lite ra tures [14-17 ].

G enerally, pyro lys is  products consist o f gas, liq u id  and so lid  products. A s shown 

in  Table 5.2, liq u id  (up to  89 w t.% ) is the m ajor p roduct obtained from  pyro lysis o f  PE, 

PP and PS w h ile  so lid  (up to  62 w t.% ) is  the m ain p y ro ly tic  p roduct o f W T, ss and OS. 

The gas y ie ld  was found in  the range o f ca. 9 to  18 w t.% . The results suggested tha t the 

m ore the vo la tile  m atters, the h igher the gas and liq u id  fractions, on the other hand, the 

less the vo la tile  m atters, the higher the so lid  fraction . The so lid  y ie lds o f such m ateria ls 

were observed to  be h igher than the com bination o f fixe d  carbon and ash in  the starting 

m aterials. I t  was, in  tu rn , suggested that no t on ly be the so lid  residue generated fro m  the 

fixe d  carbon and ash bu t also be derived from  po lym eriza tion  and carbonization o f 

p y ro ly tic  products [18 ].

L iq u id s  derived from  pyro lysis o f p lastics (PE, pp  and PS) consist o f  o il (ca. 

43-70 w t.% ) and w ax (ca. 19-38 w t.% ). I t  was noticed that the w ax content is  related to
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the a lipha tic  content o f raw  m aterials since both PE and p p  conta in considerable 

amounts o f a lipha tic  content (Table 5.2). In  pyro lysis, pp  y ie lded low e r wax frac tion  

than PE because pp  contains m ethyl pendant groups w h ich  can be converted in to  m ore 

o il product [9 ], The h igh am ount o f w ater produced is expected from  the m ateria lร 

conta in ing h igh  oxygen contents [19 ]. For exam ple, W T  contains on ly 3.4 w t.%  oxygen 

and then yie lds 1.1 w t.%  w ater in  to ta l p y ro ly tic  product w h ile  ss and OS conta in ing 

oxygen more than 40 w t.%  provide w ater o f 12 w t.%  o r higher.
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Table 5.2 Proximate analysis, elemental composition of starting materials, and product
distribution obtained from pyrolysis of such materials.

M ateria l PE PP PS W T SS OS

Proxim ate analysis (w t.% )

V o la tile 99.97 99.2 99.8 62.2 43.4 48.1

F ixed carbon - 0.11 - 29.4 5.2 11 .0
Ash 0.03 0.70 0 .2 7.1 46.3 38.4

E lem ental com position (w t.% )

c 85.7 85.7 92.3 86.4 42.0 48.8

H 14.3 14.3 7.7 8.0 6 .8 7.1

0 - - - 3.4 41.5 43.3

N - - - 0.5 6.4 0 .8
ร - - - 1.7 3.3 2.4

D is trib u tio n  o f products (w t.% )

Gasa 17.4 17.7 8.9 18.2 13.5 15.8

L iq u id b 81.3 80.8 88.9 36.5 24.7 32.2

O ils 43.1 52.7 70.0 28.1 11.9 2 0 .2
W ax 38.2 27.1 18.9 7.3 - -

W ater - - 1.1 12.8 12.0
S olid 1.3 1.5 2 .2 45.3 61.8 52.0

O ils /W ax ra tio 1.1 2.3 3.7 3.8 . -

O ils/W ater ra tio - - - 25.5 0.9 1.7

a w t.%  gas =  100 -  w t.%  o il -  w t.%  w ax -  w t.%  w ater — w t.%  so lid  

b w t.%  liq u id  =  w t.%  o ils  +  w t.%  w ax +  w t.%  w ater
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5.4.2 Gas and o il com positions

Table 5.3 shows the com positions o f gaseous products derived from  the 

fixed-bed pyro lysis o f each raw  m ateria l. T yp ica lly , they are composed o f hydrogen, 

C 1-C4 hydrocarbons, CO  and CO 2. Methane was found as the m ain com position  in  

gaseous products obtained from  PE, pp, PS and W T  whereas CO and CO 2 were the 

m ain com positions o f gaseous products from  OS and ss pyro lys is . Since CO  and CO2 
are produced from  the m ateria ls conta in ing oxygen when pyro lyzed. CO was produced 

by decarbonylation and CO2 was produced by decarboxylation [2 0 ]. A no ther possible 

explanation fo r CO production is that the resu lting  CO 2 can fu rthe r react w ith  the char 

form ed during  the pyro lys is , and then produce CO v ia  char gasifica tion  reaction [19 ].

Table 5.3 Gaseous products obtained from  pyro lys is  o f such m aterials.

C om position
M a teria l

PE PP PS W T SS OS

G a s y i e ld  (w t.% )

H ydrogen 0.22 0.41 1.30 0.67 0.78 1.04

Methane 7.57 9.05 3.86 7.93 0.69 0.66

Ethane 2.74 2.55 1.31 0.93 0.06 0.28

Ethylene 2.82 2.48 2.07 2.10 0.10 0.34

C3 +  C4 4.05 3.21 0.36 2.89 0.99 0.79

Carbon m onoxide - - - 0.30 2.01 2.48

Carbon d ioxide - - - 3.38 8.87 10.21

Tota l (w t.% ) 17.4 17.7 8.9 18.2 13.5 15.8

The chrom atogram s and the com positions o f  p y ro ly tic  o ils  derived from  each 

raw  m ateria l are depicted in  F igure 5.1 and sum m arized in  Table 5.4, respective ly. The 

results showed that o il com positions can be d iv ided  in to  4 m ain groups; (/■) a liphatics 

w h ich  can be d iv ided  in to  3 subgroups as alkanes, alkenes and ฟ kadienes, (น ) single 

rin g  arom atics and its  a lky l derivatives, ( ill)  oxygenates and ( iv )  nitrogenates. It  was 

observed tha t a liphatics ex ist in  the o ils  derived fro m  the m ateria ls conta in ing  m a in ly 

the a lipha tic  structures, such as PE and pp , w h ils t arom atics conta in in  those derived 

from  the m ateria lร having the arom atic structures, such as PS, W T, ss and OS.
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Oxygenates and nitrogenates were found on ly  in  the o ils  derived from  the m ateria ls that 

contain heteroatom s o f o and N , respectively, such as W T , ss and OS. รu lfนr 

conta in ing com pounds were, on the other hand, not found in  a ll derived o ils . Th is m igh t 

be due to the p y ro ly tic  o ils  contain on ly a litt le  am ount o f su lfu r conta in ing com pounds 

w h ich  cannot be detected by M S w ith  S/N (signal to  noise) ra tios >  500. A no ther 

p o ss ib ility  is  i t  m igh t be trapped by the so lid  residue form ed during  the course o f 

reactions. H ow ever, i t  was reported tha t approxim ate ly h a lf o f  the o rig in a l su lfu r s till 

rem ained in  the so lid  char rather than being released as a vapor during  pyro lysis in  the 

range o f 350-850°C  [21 ].

A  w ide range o f product d is trib u tio n  was expected from  the therm al 

degradation o f the polyalkene plastics ( i.e ., PE and PP) because a pyro lysis reaction was 

believed to  occur through the random  scission mechanism [2 2 ], PE pyro lys is  norm a lly  

yie lds a board d is trib u tio n  o f a lipha tic  products consisting o f alkadienes, 1 -alkenes and 

«-alkanes (F igure 5 .1(a)) Since the p roportion  o f ฟ kadienes was present in  a sm all 

fraction , it  m igh t be due to  alkadienes were converted in to  1-alkenes and n-alkanes by 

self-hydrogenation reaction [ 8 ],

Because PE and PP are s im ila r in  th e ir structure, the therm al degradation 

products w ou ld  be anticipated to be s im ila r. However, the product d is trib u tio n  (F igure 

5 .1(b)) and o il com position (Table 5.4) o f those derived from  both PE and PP pyro lys is  

are somewhat d iffe ren t. The m ain com positions in  the o il obtained from  PP pyro lys is  

are the saturated a lic y c lic  hydrocarbons such as l,3 ,3 ,-T rim e thyl-2 -cyclohexane  and 3- 

E thyl-5 -m ethyl cyclohexane. The saturated and unsaturated branched hydrocarbons 

were also found in  s ig n ifican t amounts, such as 5-Tridecene and 2 -M e thy l octene. Th is 

m igh t be due to  the m ethyl group at the PP hydrocarbon backbone w h ich  can in fluence 

the se lec tiv ity  tow ard a lic yc lic  and branched hydrocarbons resulted from  the rad ica l 

recom bination [9 ].

Styrene was also reported as the m ain product fo r PS derived o il [23 -25 ], In  

th is  study, as shown in  F igure 5.1(c), styrene and its  o ligom ers were produced up to  ca. 

64 w t.% . The chain scission p re fe ren tia lly  takes place at the C-C  bonds perta in ing  to  the 

backbone ra ther than at others e .g ., C -C  conjugated bonds in  the phenyl group. T h is 

leads to the fo rm ation  o f the styrene m onom er. Subsequently, styrene can fu rthe r react 

to  fo rm  styrene oligom ers and other hydrocarbons such as toluene, m ethylbenzene and a 

series o f a lipha tic  products [23 ].
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Besides the know n p rim er structures (i.e ., PE, p p  and PS), the analyses o f the 

o ils  derived fro m  m u lti-p rim e r structures o f waste tire  (W T ), sewage sludge (SS) and o il 

sludge (OS) were carried out. The resultant chrom atogram s are shown in  Figures. 

5 .1(d), 5.1(e) and 5 .1 (f), respective ly. The W T  derived o il contains the h ighest am ount 

o f J-lim onene (up to  12 w t.% ) and various amounts o f unsaturated com pounds such as 

4-propyl-3-heptene, 5 ,8 -d ie thy l dodecene, 2 ,6 ,10-trim e thyl dodecene and 2,6,10- 

trim e th y l tetradecene. The s im ila r fin d in g  was also reported elsewhere [26 ]. d -  
Lim onene was possib ly generated by e ither the depolym erization o f natural rubber 

through /3-scission [27 ] o r isoprene m onom er recom bination v ia  a D ie ls -A ld e r reaction 

[28 ]. M oreover, phenols and acids were also found. These are the degradation products 

o f oxygenated com pounds conta in ing  in  the tire  additives, such as stearic acid and 

extender o il [26 ].

The SS consists o f several organic and inorgan ic com pounds. C ellu lose, 

hem icellu lose, lig n in , fats, o ils  and proteins are the m ain organic constituents in  SS 

[13 ]. In  SS pyro lysis, the obtained o il com positions were somewhat com plex and they 

consist o f a liphatics (20 w t.% ), single rin g  arom atics (7  w t.% ), oxygenates (38 w t.% ), 

and nitrogenates (14 w t.% ). M oreover, some o f «-alkanes and 1-alkenes were know n to 

fo rm  by therm al degradation o f acids and ฝ cohols conta in ing  in  SS [29 ]. The single 

rin g  arom atics and oxygenates were the products o f the lig n oce llu lo s ic  compounds 

decom position [1 1 ]. Fatty acids (p a rticu la rly , long stra ight chain fa tty  acids) and 

steroids were present and orig inated from  the sludge lip id s . In  add ition , nitrogenated 

compounds (such as indo le , trim e th y l adenine) were generated from  prote ins w h ich  are 

in it ia lly  in  SS [30 ]. H ow ever, some unexpected products such as p o lycyc lic  arom atic 

hydrocarbons m igh t be orig inated from  the secondary pyro lys is  reaction catalyzed by 

the m etals in  the sludge and char form ed during  the process.

Therm al decom position o f o il sludge (O S) y ie lded  the ฟ ipha tic  com pounds as 

the m a jo r com position in  o il fra c tio n  s im ila r to  tha t derived fro m  PE. A pparen tly , the 

p rim er structure o f the OS was m a in ly  a lip h a tic -like  com pounds as ind icated Table 5.4. 

H ow ever, single rin g  arom atic and oxygenated com pounds were also found  in  its  o il 

fraction . This can be attribu ted to  the arom atization o f the decomposed products leading 

to the fo rm ation  o f arom atics [31 ]. S im ila rly , the oxygenated com pounds o f  ca. 5 w t.%  

m igh t be orig inated from  oxygen content in  OS.
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Figure 5.1 Tota l ion  current chrom atogram s o f o ils  derived from  (a) polyethylene (PE), (b ) po lypropylene  (PP), (c) polystyrene (PS), 
(d) waste tire  (W T ), (e) sewage sludge (SS), and ( f)  o il sludge (OS)
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T a b le  5.4 M a jo r components in  p y ro ly tic  o ils  derived from  various m ateria ls

Material Compound wt.% Compound wt.%
Polyethylene A lip h atics A liphatics
(PE) ท-c 6‘ 0.43 พ-C] 8 4.37

J1-C7 0.76 พ-c 19 4.41
n-Cg 1.56 พ-C20 4.34
/1-C9 1.75 พ-c 21 4.21
พ-c 10 1.95 พ-C22 3.98
พ-Cn 2.01 II-C23 3.96
พ-C12 2.43 II-C24 3.91
พ-Ci3 2.64 พ-c 25 3.01
พ-C14 3.01 พ-c 26 2.42
พ-Cis 3.81 พ-C27 1.48
พ-c 16 4.23 «-C28 1.02
พ-Ci7 4.36 n-Ci9 0.75

Unidentified 33.20

Polypropylene A lip h atics A liphatics
(PP) 3,4-Diethyl-3-hexane 0.91 5-Tridecene 3.25

111,3-Trimethyl-2-cyclohexane 3.19 2,4,6-Trimethyl cyclohexane 2.74
l,3,3-Trimethyl-2-cyclohexane 13.65 6,10-Dimethyl-1,6-diene dodecane 1.58
1,3,5-Trimethyl cyclohexane 1.22 3,7,11-Trimethyl dodecane 1.34
1-Heptene 1.04 i-Tridecane 1.32
1 -Butyl-2-ethyl-cyclopentane 1.27 2-Hexyl octene 0.62
1,1 -Dimethy 1-2,4-di isopropyl 1.18 Tetradecene 1.22
cyclohexane 2.00 3-Hexyl decene 1.83
2-Methyl octene 2.73 2-Methyl-E-7-hexadecene 1.34
1-Nonene 2.16 5,11-Hexadecene 1.32
3,7-Dimethyl octene 1.71 2,4,6-Trimethyl heptadecene 0.92
3,3,6-Trimethyl-l ,4-heptadiene 5.88 1,19-Eicosadiene 0.76
3-Ethyl-5-methyl cylcohexane 4.03 4-Eicosene 1.19
7-Undecene 2.18 1,2,3,5-Tetraisopropyl cyclohexane 1.68
2-Methyl-Z-4-tetradecene Unidentified 35.74

Polystyrene A lip h atics A liphatics
(PS) 1-Dodecene 0.54 พ» 0.39

1-Tetradecene 0.65 ท, i-C24 0.52
1-Octadecene 0.94 Single ring arom atics
1-Nonadecene 0.85 Toluene 0.34
1-Eicosene 0.43 Styrene 45.11
2-Methyl tetradecene 0.66 Methyl styrene 0.54
2,6,10-Trimethyl hexadecene 0.61 Styrene-dimer 12.43
พ.- i-C21 0.67 Styrene-trimer 6.23

Unidentified 29.09
a the doublet chromatographic peaks of a-olefins and n-paraffin were observed
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T ab le  5.4 M a jo r com ponents in  p y ro ly tic  o ils  derived from  various m ateria ls (con t’ d)

Material Compound wt.% Compound wt.%
Waste tire A liphatics S in gle  ring arom atics
(WT) cf-Limonene 12.26 Benzene 1.20

2-Methyl octane 1.69 Toluene 1.36
4-Propyl-3-heptene 2.16 Xyleneb 2.30
5,8-Diethyl dodecene 1.37 Ethylbenzene 2.81
2,6,10-Trimethyl dodecene 1.69 O xygenates
2-Methyl-Z-4-tetradecene 1.88 Phenol 1.97
2,6,10-Trimethyl dodecene 7.62 Methyl phenol 1.23
2,6,10-Trimethyl tetradecene 4.49 2-HexenyI benzoate 1.92
C21-C28 (Waxes) 17.18 rran.s-2-undecen-1 -ol 1.69

Unidentified 35.18

Sewage sludge A liphatics O xygenates
(SS) 1-Dodecene 2.16 Methyl phenol 1.19

n-Dodecane 2.35 Dimethyl phenol 1.04
1-Tridecene 2.77 1-Decanoic acid 4.52
n-Tridecane 3.25 1 -Dodecanoic acid 3.26
1-Tetradecene 3.57 Tetradecanoic acid 4.96
n-Tetradecane 4.02 Hexadecanoic acid 6.29
Cyclohexadecane 1.22 Octadecanoic acid 10.58
Single ring arom atics Cholest-5-cn-3-/?-ol 1.74
Benzene 3.63 Steroid 1.22
Toluene 2.31 N itrogen ates
Xylene 0.59 Pyrrole 1.85
Ethylbenzene 0.78 Indole 3.57
O xygenates Methyl indole 4.83
Phenol 2.24 Trimethyl adenine 3.18

Unidentified 22.88

Oil sludge A lip h atics A lip h atics
(OS) n-cy 3.82 ท-Cl3 3.12

ท-c น 4.49 ท-C 24 2.59
ท-c  ท 5.92 n -c 25C 2.04
ท-c ท 6.22 S in gle  ring arom atics
ท-Cj4 6.48 Benzene 0.62
ท-C lร 6.31 Toluene 2.04
ท-c  16 5.71 Xyleneb 1.22
ท-Ci7 5.21 Ethylbenzene 0.87
n-C\% 4.94 O xygen ates
ท-C 19 4.66 Phenol 0.66
ท-c  20 4.49 Methyl phenol 2.77
ท-C  21 4.02 Dimethyl phenol 1.75
ท-C 22 3.11 Unidentified 16.94

k mixed-xylene, 0-, m - and p-isomers
c the doublet chromatographic peaks of a-olefins and «-paraffin were observed
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5.5 Conclusion

Based on a proxim ate analysis, the m ateria lร conta in ing  h igh  vo la tile  m atters 

y ie ld  h igh gas and liq u id  fractions whereas those conta in ing h igh  fixe d  carbon and ash 

y ie ld  a h igh  so lid  fraction . How ever, there are some varia tions in  each fraction  w h ich  

depends on the structure o f the m aterials. The com positions o f the derived o ils  are 

s im ila r in  the content bu t d iffe re n t in  the d is trib u tio n  o f products. Four m a jo r 

com ponents can be categories; (0  a liphatics ( ii)  single rin g  arom atics and its  ฟ k y l 

derivatives, (พ )  oxygenates, and (zv) nitrogenates. Each constituent in  the derived o il 

can be speculated from  the decom position o f its  prim er. H ow ever, there is  no d irect 

re la tionsh ip  between the product com position and its  raw  m aterial structures.
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