CHARPTER IV
THERMOCHEMICAL DECOMPOSITION OF SEWAGE SLUDGE
IN CO. AND N2ATMOSPHERE

41 Abstract

In this study, the effect ofCOZ2 on the thermal conversion o f sewage sludge was
investigated by means of the thermogravimetric analysis and the batch-type thermal
process. The results showed that the kinetics o f sewage sludge during thermal treatment
under both N2 and CO?2 atmospheres are quite similar and can be described by a pseudo
bi-component separated state model (PBSM). It was, however, noticed that under co?
atmosphere, the first reaction was significantly accelerated whereas the secondary
reaction temperature was shifted to a lower temperature. The apparent activation
energies for the first decomposition reaction under both N2 and CO2 atmosphere,
corresponding to the main decomposition typically at 305 °c were similarly attained at
ca. 72 kJ m o1l while that o f the second decomposition reaction was found to decrease
from 154 to 104 kJ mofl under cO2 atmosphere. The typical reaction order of the
decomposition under both N2 and CO2 atmosphere was in the range of 1.0-1.5. The
solid yield was slightly reduced while the gas and liquid yields were somewhat
improved in the presence of COZ2. Furthermore, COZ was found to influence the liquid
product by increasing the oxygenated compounds and lessening the aliphatic
compounds through the insertion ofCOZ to the unsaturated compounds resulting in the

carboxylics and the ketones formation.

4.2 Introduction

Since last few years, the amount o f sewage sludge generated has increased due
to the growth of urban wastewater plants (Kress €t al., 2004; Lundin et al., 2004).
Pyrolysis, thermal decomposition, is considered as a promising technique to
simultaneously treat and stabilize sewage sludge. From pyrolysis, three types of
product; gas, liquid and solid, are generated. The process conditions can be optimized to
maximize the production of these products depending on a specific application (Meier

and Faix, 1999; Inguanzo &t al., 2002). The liquid products have a potential to be
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modified to use as an alternative energy resource and a raw material for chemicals
(Yaman, 2004). The solid can be used as an adsorbent (Laszlo €t aI., 1997). The gas
product from sewage sludge decomposition is mainly composed of co? In a
commercial-scaled pyrolysis plant, it has to be operated under relatively oxygen-free
atmosphere. Therefore, recycling a gas product stream, to provide such an atmosphere,
seems to be an economical way. However, such areactive atmosphere may significantly
influence the yields and quality of the products (Minkova &t al., 2000). Most of
literatures report only the effect of co?2 on the solid product (Teng 6t aI., 1997;
Minkova 6t aI., 2000) but there are few publications focusing on the gas and liquid
products. In this study, the thermal decomposition of sewage sludge under either N2 or
co? atmosphere was studied in order to understand the effects of different atmospheric

gases used on the kinetics o freaction, product yields and quality o fproducts.
4.3 Experimental

4.3.1 Sewage sludge
Sewage sludge from an urban wastewater treatment plant was selected in
this study. The sewage sludge collection method and sample preparation can be found
elsewhere (Thipkhunthod &t aI., 2006). The sludge compositions are mainly volatile
matters and ash content, 43% and 46%, respectively. The sludge contains a relatively
small amount of moisture and fixed carbon with 6% and 5%, respectively. The
empirical formula ofthe dried sewage sludge, (C6H ii04 4No.8So.2)n which is calculated

from the ultimate analysis are compared to the pure cellulose (CéHioCDn-

4.3.2 Thermochemical conversion
4.3.2.1 Thermogravimetric analysis (TGA)

Thermal decomposition o f sewage sludge was carried out using a
TG7 Perkin Elmer thermogravimetric analyzer under either N2 or CO2 atmosphere.
Typically, ca. 5 mg of sample were used for each run under non-isothermal conditions.
The sample was heated up from ambient temperature to 105°C and held at this
temperature for approximately 10 min to ensure that free-water was completely
removed. Then, the sample was further heated to 800°c with a heating rate between 5

and 20°c/min. Three repeated experiments were accomplished for data confirmation.
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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 Batch-type thermal decomposition

The thermal decomposition ofthe sewage sludge under either N2
or CO2 atmosphere was carried out in a horizontal stainless-steel tubular reactor with an
outer diameter of 190.5 mm placed in an electrical furnace. Approximately 5 g of the
sample were placed in the reactor between the two layers of quartz wool. The reactor
temperature was set at the desired temperatures between 350 and 650°c. The pyrolysis
products were swept out o ff the reactor and passed through a condenser immersed in a
mixture of ice and acetone. The uncondensable gas was collected by a Tedlar® gas
sampling bag. At the end o f each experiment, the solid residue and condensable liquid
were weighed for the evaluation of the product yields. The gas yield was obtained by
difference. The products from the pyrolysis were named using AX codes, where A
represents the pyrolysis atmosphere, which is either N for N2 or ¢ for CO2, and X

represents the pyrolysis temperature.

4.3.2.3 Productanalysis

The uncondensable vapor was chromatographically analyzed
using a Shimadzu GC 8A fitted with a thermal conductivity detector. A CTR | (Alltech)
packed column was used to separate the gas product under isothermal condition at
50°c. The injection and a detector temperature was 120°C. The condensable liquid was
analyzed using a Thermo-Finnigan Trace GC 2000 gas chromatograph coupled with a
PolarizQ mass spectrometer. The separation was carried out with a 30 m X 0.25 mm
capillary column coated with a 0.25 pm thick fiim of 5% phenylmethylpolysiloxane.
Helium was employed as a carrier gas at a flow of 1.0 ml/min. The initial oven
temperature of 40°C was held for 5 min and then programmed from 40 to 300°C at
5°c/min when isothermally held for 30 min. Splitless injection was carried out at 300
°C and the purge valve was on for 1 min. The ion source and mass transfer line
temperatures were 230 and 325°cC, respectively. Data were collected in a full-scan mode
with the m/z ratios between 10 and 300, and with a 5-min solvent delay. The

identification of compounds was performed by comparing the mass spectrum of the
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sample with the NIST mass spectra library. The percentage of compounds was
calculated from the peak area of the total ion chromatogram (TIC). This method does
not give quantitative results but is suitable for comparing the relative proportions of the
compounds as used by other authors (Goncalves 6t aI., 1997; Marin et al, 2002;

Dominguez €t al., 2003).

4.4 Results and discussion

441 Thermogravimetric analysis (TGA)

Typical TG and DTG curves of sewage sludge decomposition under N2
and CO:z atmospheres are shown in Figure 4.1a. The temperatures corresponding to the
peaks in the DTG curves are summarized in Table 4.1. The decomposition of sewage
sludge presents incomplete separation of the two decomposition steps. For
decomposition under CO:2 atmosphere, the first step is between 200 and 370°c and peak
at ca. 305°c. The second step is between 370 and 600°Cc and peak at ca. 425°c. On the
other hand, for decomposition under N2 atmosphere, the first 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 decomposition of the first and the second steps is accounted to be
approximately 60% and 40% of decomposable fraction, respectively. The T %%, the
temperature at which 90% o f sludge was decomposed, is ca. 540°c. The decompaosition
temperature of the sludge is comparable to those of various materials which can be
found elsewhere. The decomposition at 300-350°C was found to be the decomposition
ofhemicellulose (Miller-Hagedon €t al., 2003), cellulose (Gronli &t al., 2002; M uller-
Hagedon €t al., 2003), micro algae (Peng et al., 2001), leather (Heikkinen &t al., 2004),
and some aliphatic amino acid (Tang 6t aI., 2006), whereas the decomposition at higher
temperature, 400-500°C, is believed to be the decomposition of the complex and/or
aromatic structures in various material such as AP separator sludge (Punnaruttanakun
et al., 2003), bituminous coal (Folgueras &t al., 2005) and some plastics (Chen and
Jeyaseelan, 2001). By decomposition under CO:z atmosphere, the two steps of the
decomposition can still be observed. The magnitude ofthe DTG curve of the first step
increases while that ofthe second step is relatively constant. Moreover, the DTG peak

temperature o fthe second step shifts to alower temperature, from 500 to 425°c, and the



78

shape o fthe peak becomes narrow corresponding to a decrease in Tgo%. It might be due
to the reactivity ofCO?2 at this temperature range for enhancement o f the decomposition
by direct heterogeneous oxidation of fixed carbon and volatile matter in the sewage

sludge.
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Figure 41 76 and DTG profiles ofthe sewage sludge decomposition under (*) N2 and (o) co? atmosphere with a heating

rate = 20°C min'L (a) this work (b) type I11* and (c) type V* (*source: Thipkhunthod €t al, 2006).
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TabIe 41 DTG peak temperature in accordance with the sewage sludge decomposition

Atmosphere ”Fma n/&nfa T
n2 305+6 50049 540+4
co? 305+8 425+4 510+3

Notes: aTml and TTRare the peak temperatures for the first and second reaction, respectively.
bT%his the temperature at which 90% of sewage sludge mass was pyrolyzed.

Therefore, TGA of the two additional sources of the sewage sludge which are
defined as types Ill and V according to the Thipkhunthod et al., 2006, and was studied
and their DTG profiles are also shown in Figure 4.1(b) and 4.1(c). The result confirmed
that the reactivity of CcO?2 on the sewage sludge decomposition was still observed.
Moreover, the similar findings were found in the case of the decomposition of some
biomass (Encinar 6t aI., 1998), phenol-formaldehyde sphere in the presence of co?
(Kim et aI., 2004), and the decomposition o f sewage sludge in the presence of oxygen
(Calvo et aI., 2004) including the co-combustion of coal and sewage sludge (Folgueras

et al., 2005).

4.4.2 Kinetic modeling

W ith the result of COZ2 reactivity, the kinetic parameters were extracted
for comparison purpose. As shown in Figure 4.1, the decomposition of the sewage
sludge as a function of temperature under either N2 or CO2 atmosphere occurs in two
steps. Thus, the pseudo bi-component separated state model (PBSM) was reasonably
adopted to describe the kinetics of the sewage sludge decomposition. Although the
decomposition reactions exhibit incomplete separation, PBSM model can be applied
and the obtained kinetic parameters are in good agreement with others method (M Uller-
Hagedon 6t aI., 2003). With the PBSM, the sludge was considered as two pseudo
components and individually decomposed over a temperature range, which can be

written as follows:

dx y- o, dxx
I}l 10< f l(D
~dT 0. o0 )
0- 2dx2
v ,0_ 2©dT 20 < < 2. »
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where

Nz — exp(- fl(xy V<w< 03

Aoozy exp(-- M) 2x2) D< < 2.

and x is the mass loss fraction; (3 is the heating rate; A is the frequency factor; E is the
activation energy; R is the universal gas constant; T is the absolute tem perature andf(X)
represents the hypothetical model o fthe reaction mechanism or ‘model function’, which
can be expressed by * order ofreaction,f(X) = (I-x)n. Subscripts 1 and 2 correspond to
the pseudo components 1 and 2, respectively, as well as subscripts O and @ correspond
to the initial and final mass percentages, respectively. The derivation can be found
elsewhere (Punnaruttanakun €t al., 2003; Thipkhunthod €t al., 2006). The order of
reaction can be estimated by Coats and Redfem approximation method (Coats and
Redfem, 1964).

From the kinetics consideration, it was found that the PBSM model explains
reasonably well the weight loss of the sewage sludge regardless of the differences of
atmospheric gases used. The apparent activation energies for the first and the second
steps o f decomposition are 71.5 and 153.7 kJ mol'l, respectively. These values of the
apparent activation energies obtained are in agreement with those reported elsewhere
(Conesa 6t al., 1997: chen and Jeyaseelan, 2001; Chao 6t al., 2002). The reasonable
values o fthe order o fthe reaction were obtained and were found to be 1.5 and 1 for the
first and the second decomposition, respectively.

In the presence ofCO?2, the apparent activation energy and the reaction order for
the first step, El =729kImolland = 15, are quite similar to those ofN2atmosphere.
The increase in reaction rate at 300°c seemed to be influenced by the increasing in
frequency factor term in the Arrhenius expression. For the second step, the apparent
activation energy was decreased (103.9 kJ mol')) while the order of the reaction was
constant at unity. Comparison to the decomposition of sewage sludge under oxygen

atmosphere, it was reported that the apparent activation energies are in the between 83
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4.4.3 Productyields

Figure 4.2 shows the yields of the products. Under N2 atmosphere, the
solid fraction decreases while the liguid and gas fractions increase as the temperature
increases. The trend ofthe productyield is the same as for the decomposition under co?
atmosphere. However, a decrease in solid residue is more significant for the
decomposition under co? atmosphere than that of N2 atmosphere. Moreover, the gas
and liquid fractions increase in the presence of COZ2. The increases in gas and liquid
fractions indicate that COZ2 facilitates their formation reaction. Hence, the solid fraction
is also decreased. It was found that the decomposition under either N2 or cO2 produces
the highest oil yield at 550°c at which it seems to be an optimum temperature for oil

production.

4.4.4. Gases

The main components of the gas product evolved during the
decomposition of sewage sludge are H 2, cH4, c2H4, 2 6, co and C02 The evolution
profiles ofthe gas product are shown in Figure 4.3. It was found that the amount of all
gas products increases with increasing the temperature under both N2 and cO2
atmosphere. However, the amount of H2, CO, and CHU formed was found to be higher
for the decomposition under co? atmosphere. This might be due to the reactions
between COZ2 and the products as indicated by the decrease in Cc02 with increasing
pyrolysis temperature (Figure 4.3(c)). It might be postulated that the possible gas phase

reactions involving CcO? are as follows:
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Figure 43 Evolved gas concentrations obtained from the sewage sludge decomposition

underN2 and CO2 atmosphere: (a) H2, (b) cH4, c2H4 and C2H 6, (c) CO and CO02.
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Boudouard reaction: ¢ + C02 2CO All28 = 173 kI mol'l 1)
Reversed water gas shift: H2+ C02<»H2b + CO Aff28 = 41 kImol'l (2)
Methane dry reforming: CH4+COl<»H2+co AH = 247 kI mol'l 3)

These reactions were suggested to occur at this temperatures range (Chao &t aI., 2002;
Menéndez &t aI., 2004) and could be catalyzed by the presence of metals in the sewage
sludge. Hence, the large amount of CO formed is anticipated as shown in Figure 4.3(c).
Moreover, the increasing of cHé might be due to the cracking reaction of the organics

containing in sewage sludge pronounced by oxidizing ability ofco? (Figure 4.3(b)).

4.45 Liquids

The liquid mainly consists of aqueous and oil fractions. However, only
oil fraction is emphasized in this work. Figure 4.4 shows the typical TIC
chromatograms o fthe liguid obtained from sewage sludge decomposition under both N2
and CO2 atmospheres. From the chromatograms, the chemical compositions are
tentatively identified and quantified (Table 4.2) and they can be categorized by their
functional groups into 6 classes; (1) Monoaromatics and single ring of heterocyclic
compounds such as benzene, benzene alkyl derivatives, toluene, xylene, styrene, phenol
and its derivatives and pyrrole (2) Aliphatic compounds such as 1-alkenes, n-alkanes
and their methyl derivatives, (3) Oxygenated compounds such as long chain carboxylic
acids, esters, aldehydes and ketones, (4) Nitrogenated compounds such as amine and
amide, (5) Steroids such as cholestene and cholestadiene, and (6) Polycyclic aromatic
compounds (PACs) such as |IH-indene, methyl-lH-indene, naphthalene and

acetonaphthalene



87

Table 4.2 Relative proportions (% area) of the chemical compounds containing in
liguid product obtained from the decomposition ofthe sewage sludge under N 2and C02

atmosphere

Peak  Compound N350 N450 N550 N650 C350  C450  C550
1 Benzene 259 18 163 032 499 214 228
2 Toluene 166 22 23% 12 100 189 183
3 Xylene 042 122 248 424 059 509 411
i s?gren,e 0% 30 40 si 1% M6l 5%
o] 2 4-Dimethyl-I H-pyrole 183 057 082 038

6 Phenol 060 310 294 597 365 54 451
1 HeEptane 249 092 118 208 173 284
9 4-Ethyl-2-methyl-pyrrole 030 033 073 158 0l 012
10 Limonene 13 124 167 022 056 063
1 [ndene 017 035 006 02 023
12 Isololnocarveol 022 05 056 100

13 I-NCychhexen-I-yI) ethanone 11 046 055 268

il 6-Nonynoic acid  ~ 1.28 035 064 071
15 2-Methoxy henzenamine 0.90 107 126 163
17 4-Methyl phenol 124 3712 35 50 412 231
18 3-Carbamic acid methyl ester 222 319 52
19 1-%-C}¥clohexen-1-[%/l gthanone 141 163 202 4T

2 5-Methyl-2-hexanone 0.19

21 Octane™ 020 09 109 118 035 080 150
2 5H-1-Pyrindine 036 020 0201 024 026 026 025
23 |-Azidg-2-methy| benzene 48 012 000 00 05 03 086
2 Benzene?ropa_nmc acid 123 0% 079 148 12 086
2 3-Methyl-1H-Indene 0.17 015 043 006 017 0lb
20 2-MethyI-S-Q-metherthenyI) cyclohexanol 138 087 08 098 06l 03 039
21 2-(Pheriylmethyl)-1,3-dioxolane 01l 066 049 068 08 03 023
28 1s0-Nonane 021 033 045 030 017 032 090
29 2,5-Dimethyl phenol 019 035 066 016 28 065
30 1-Nonene 044 053 089 105 02 076 15
3 2-Methoxy-4-methyl phenol 038 0/6 053 059 053 049 034
32 Nonane *~ = 124 149 217 028 098 13
33 Pyrridine derivatives 078 017 021 028 008 OH9 020
34 ono  kylpyridine 015 171 14 113 16 148 000
3 2-Propyl phenol 077 033 047 057 000 037 042
36 Butyl butanoate 103 076 065 080 12 06l 0.4
3l 1-Decene 323 087 15 239 055 107 12
8 Decane 5200 474 500 743 521 530
39 Indole o 118 147 12

40 Ththene derivatives 0.35 035 000 023 280
4 Butyl phenyl ethers 090 030 024 039 034 03 030
4 Pentyl thiophenes 046 082 091 103 084 057 042
43 Butyl henzoate 051 111 103 130 002 08 088
44 1-Undecene 8.42 224 244 34 8%0 18 242
45 Undecane oL 000 163 216 4 130 158
46 iso-Dodecene 036 13 122 119 000 123 013
47 is0-Dodecane 127 08 076 069 040 060 0.5
48 1-Dodecene 167 126 170 130 08 18 206
49 Dodecane 118 180 216 18

50 Naphthalene 09 051 064 017 054 033 060
5 uinolein 078 057 062 053 074 037 030
52 -Tridecene 076 1% 19 092 108 14/
52 Tridecane 00 14 16 127 068 161 163
54 is0-Tetradecane 120 134 133 043 082 081 080
5% 1-Tetradecene 18 112 127 093 078 08 138
56 Tetradecane 067 160 018 126 072 12 17l
5 Acenaﬁhth ene 43 122 091 059 062 Q71 077
5 2-Methy|-| -tetradecene 19% 406 332 18 342 2 281
59 2 5-Peritadecadien-I-ol 121 118 05 150 101 117
60 1-Pentadecene 126 114 121 082 111 0% 13
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Table 4.2 (continued)

Peak  Compound

6l Pentadecane

62 1,9-Hexadecadiene

63 1-Hexadecene

04 Hexadecane

65 Hexadecanal

66 Oleic acid

6/ 1-Heptadecene

68 Heptadecane

69 Hexadecanoic acid

10 Hexadecanoic acid 14-methyl

il 1-Octadecene

J/ QOctadecane, .

13 Octadecanoic acid

14 9-Octadecenamide

[6) Nonadecane

16 1-Eicosene

17 Eicosane o

8 9-Qctadecen-12-ynoic acid methyl ester
79 Uncosene

80 Uncosane

8l Docosane

82 1-Eicosanol

83 Eicosanoic acid ,

84 N-methyl-1 -octadecanamine

85 Undecanoic acid

86 Tricosane,

87 Docosanoic acid

88 1-Tetracosene

89 3-Cloestene

90 Cholestene

9 Cholestene

92 C oestege
93 Cholestadiene

94 Hexadecanoic acid dodecyl ester
% 9-Octadecanoic acid dodecyl ester
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It was found that the aliphatic, monoaromatic and oxygenated compounds were
the main constituents in the pyrolytic liguid as shown in Figure 4.5. The amount o f the
aliphatic and monoaromatic compounds increases while the oxygenated compound
decreases with the increasing pyrolysis temperature. It was reported (Amen-Chen €t aI.,
2001) that the monoaromatic formation is resulted from the decomposition ofalignin at
high temperature, and also be generated by the cycloaddition reaction of alkenes
(Dominguez €t aI., 2005). Moreover, the decarboxylation reaction coupled with either
cracking or aromatization would yield a reduction in the oxygenated compounds but a
rise in the aliphatic and the monoaromatic compounds. This is true for pyrolysis under
both N2 and COZatmospheres but there are somewhat differences in their proportion as
shown in Table 4.2. It was found that the distribution of the aliphatic and the
monoaromatic compounds in the pyrolytic liquid obtain from pyrolysis under co? and
N2 atmospheres were insignificantly different. However, the amount of oxygenated
compounds in the pyrolytic liguid obtain from pyrolysis under co? atmosphere was
higher than those obtain from the pyrolysis under N2atmosphere. This is believed to be
due to the insertion of COZ into the obtained liguid with the catalysis role oftransition

metals (Omae, 2006).
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Nitrogenates, steroids and PACs, on the other hand, were presented as trace
components in the pyrolytic liquid. It should be noted that the liquid product obtained
from pyrolysis under co? atmosphere contain a higher proportion of the nitrogenated
compounds but contain a lower proportion of steroids and PACs than the liquid
obtained from pyrolysis under N2 atmosphere when at the pyrolysis temperature is
greater than 450 °c. The increase of nitrogenated compound is mainly due to an
increase in the proportion of 3-Carbamic acid methyl ester (Table 4.2). This compound
appears only in the case of pyrolysis under co? atmosphere, therefore this compound

might be the product o fthe insertion ofCOZmolecule into the nitrogenated compounds.

4.5 Conclusions

It can be concluded that under CO2 atmosphere, two decomposition steps are
still observed. The first reaction is significantly accelerated whereas the secondary
reaction temperature shifts to a lower temperature. The apparent activation energies for
the first reaction of both N2 and CO?2 atmosphere, corresponding to the main
decomposition typically at 305°c, is reported at ca. 72 kJ mol'lwhile that o fthe second
reaction decreases from 154 to 104 kJ mol"lunder CO2 atmosphere. The typical reaction
order o fthe decomposition under both N2 and COZ2 atmosphere is in the range of 1.0-
15. The solid yield slightly decreases while the gas and liquid yields are somewhat
improved in the presence of CO2. The amount of 2, CO and CH4 formed is higher
when decomposed the sewage sludge under co? atmosphere. The chemical
compositions in liquid product are tentatively identified and quantified and they can be
categorized by their functional groups into 0 classes; (1) Monoaromatics and single ring
of heterocyclic compounds (2) Aliphatic compounds, (3) Oxygenated compounds,(4)
Nitrogenated compounds, (5) Steroids, and (6) Polycyclic aromatic compounds (PACS).
co?influences the liguid product by increasing oxygenated compounds thus decreasing
aliphatic compounds via the insertion ofCOZ2 into the unsaturated aliphatic compounds,

resulting in carboxylics and ketones formation.
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