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APPENDICES
Appendix A: Kinetic Evaluation from TGA Data

Several mathematical manipulations have been developed to determine the
kinetic parameters from the data obtained from TG experiment. These methods have
been developed over the years since the early 1960s and are still applying effectively.
One of classic and popular methods was proposed by Coats and Redfem (1964). This
method starts at a reaction scheme A(S) -» B(s) + C(g), and the rate of conversion of
A can be written as

(A)
where x is the fractional conversion and k is the rate constant, expressed as
- .
k-AexR i) (A2)

where A and £ are Arrhenius parameters known as the frequency factor and the
activation energy, respectively, while is the reaction order. Since not much
theoretical justification can be provided for frequency factor and reaction order, in
the case of solid decomposition, Gadalla (1985) recommends the use of terms “pre-
exponential factor” and “exponent term”, respectively, to avoid any misconception,

For a constant heating rate, a = id?’ the substitution for k in Eq. (A.1) can

be made as follows:

gzgexp(_R_’;)u_xy,or (A3)
ﬁ = gexp(— %)d]‘ (A4)
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In order to integrate Eq (A.4) within the limits of X=0tox and 7= 0to T,
at first substitute = £/RT. The approximate solution for the right-hand side of this
integral is then given as

RW »=1-VE(-1)"-£1 (A5)
Substituting this solution into equation (A.4) for not equal to zero hence

0% ARTI
S ZET ¢ Ti) =

and for = 15equation (A.4) becomes

g (1+3) L AT
RIS Y A1)

To determine the kinetic parameters for any reaction by using this method,
one has to make a quess at the reaction order. Subsequently, by taking the log of both
sides, equations (A.6 and A.7) transform into a linear function: y = mx +¢. The
reaction order for which the linearity of the function is best defined can then be used
't0 determine the Kinetic parameters by using the graphical technique.

The method of Coats and Redfem (1964) has been used successfully by
many researchers. However, one of the drawhacks of this method is that the reaction
order has to be known beforehand or one has to do extensive linear fit on the
experiment data for various reaction orders until the error is optimized. Another
limitation of this method is that for the cases where there is a stepwise conversion of
multiple reactions, the treatment of data has to be done for separate steps individually
(Gaur and Reed, 1998).



Appendix B: Full Detail of Sewage Sludge Properties
B.I General Characteristics

B.1.1 Appearance

As-received sewage sludge sample is fine soil-like particle. The dry
particles are loosely packed into a larger piece that is crispy and easy to break. This
textural property is rather similar for most samples. The unpleasant smell of sludge
indicates the significant amount of volatile organic contents. The color of sludge
varies from light to dark, green-brawn or red-brawn depending upon the original
source. The difference in color possibly means the different components and their
fractions of original materials. Nevertheless, some samples are obviously reddish-
brawn in color and sandy in texture, which may be inferred to the significant amount
of metal containing components. Absorption of moisture is possible when leaving the
sample exposed to the air.

B.I.2 Homogeneity

Considered the origin of sewage sludge, it is generally created by
human activities, naturally settled and collected in the water treatment plant. That
means, the sludge can be originated from different environments among person,
place, treatment system, processing, collecting, handling or even contamination,
Thus, it can be considered as inhomogeneous material. The inhomogeneity can be
observed on site after sludge processing and collecting. Because there is no physical
mixing of the components in settled sludge, it is possible to virtually observe the
distinguished layers of bulk components. This inhomogeneity property is analogy to
that of other solids such as any coal (except Anthracite) or granite rock efc.
(Schabert, 1990).

Therefore, in order to provide a good sample for this study, the
samples were carefully collected following the standard method. Prior to use in the
experiments, sludge specimens with enough quantity were well crushed and sieved in
order to at least obtain the macroscopic homogeneity.



B.2 Compositions and Heating Value

The chemical reactions conceming to the development of processes for
producing derived fuels and chemicals are highly related to the chemical structure of
major organic compositions in sewage sludge. Like other fuels, they were served as
the first priority of fuel evaluation prior to use in the thermal applications. Here, the
sludge samples were analyzed for their compositions in term of proximate and
ultimate analyses as well as for their heating values.

B.2.1 Proximate Analysis

Proximate analysis (standard ASTM D3172) is a particular group of
tests designed as hasis for coal characterization in connection with coal utilization.
However, the standard is also allowed to use for evaluation of other solid fuels
including sewage sludge as emphasized in this work. The method includes the
determination of moisture, volatile matter, ash and fixed carbon contents (by
difference). Table B.| shows complete information of sewage sludge proximate
compositions (as well as its ultimate compositions and heating value).

B.2.2 Ultimate Analysis

B.2.0.1 Elemental Compositions

In contrast to proximate analysis, ultimate analysis (ASTM
D3178) provides the elemental compositions i.e. carbon, hydrogen, nitrogen, sulfur
and oxygen (by difference). Analogy to the hiomass component such as carbohydrate
(or polysaccharide) that has general formula (COHnOs),!, the sewage sludge may be
represented in term of an empirical formula as (CoHn.604.4No.8S0.i)n, in average. The
sludge organic has C/H ratio of 6.20 by weight or that atomic ratio of 0.52. However,
some sludges has drastically low C/H ratio as 2.94 and as high as 8.10 by weight.
The high hydrogen containing can be inferred to an aliphatic nature in sludge. The
sludge organic also have nitrogen functionality and less proportion of sulfur
functionality. The sludge organic has average c/o ratio of 1.03 by weight or that
atomic ratio of 1.37.
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Table B.I Sewage sludge samples properties by source

Proximate analysis Ultimate analysis HHV
Source Noo M VA e ¢ H N 0 (Mlkg)
Seepraya 1 48 404 551 45 208 34 34 09 164 9.4
2 41 432 521 471 217 33 34 i 18.3 10.6
3 49 456 470 75 229 39 37 b 21.6 10.7
4 34 448 461 91 235 36 37 14 21 12.0
5 49 432 490 78 227 35 34 11 203 10.6
6 30 452 472 76 210 34 33 07 244 11.1
724 433 487 80 207 32 31 08 235 10.6
§ 09 404 536 60 195 31 32 09 198 10.2
9 30 385 575 40 177 30 27 05 187 8.3
10 18 419 538 43 212 36 32 11 171 9.5
73 381 597 22 176 31 29 o8 160 8.5
Klong-tuey 1 52 532 406 62 201 45 47 116 20.0 129
259 497 425 11 268 42 40 21.4 12.3
3 67 505 436 59 268 40 40 13 203 11.6
4 45 543 370 87 321 40 30 11 228 147
5 49 521 418 61 218 43 43 o8 209 14.0
6 3.6 518 417 65 255 38 38 H 24.2 14.0
725 497 426 78 266 39 3.9 22.0 136
8 32 501 435 64 266 42 41 17 198 122
9 43 500 446 54 263 37 39 15 200 138
10 78 512 430 59 273 43 Al 0.% 20.5 12.9
o 71 512 414 74 280 43 43 10 210 13.1
Tungsonghong 1 63 243 529 28 215 36 32 12 117 10,5
2 13 470 504 27 233 41 37 15 170 104
3 51 491 486 23 234 38 38 13 192 9.8
4 75 466 478 55 237 40 38 14 193 10.5
5 6.6 487 464 49 250 42 39 16 189 11.2
6 59 484 464 51 243 39 40 12 202 115
752 472 477 51 252 39 40 13 180 112
8 56 475 475 50 224 36 38 11 216 11.2
9 54 492 457 51 247 40 40 12 205 11.9
10 83 472 492 36 235 39 38 12 184 114
11 57 489 467 43 261 47 42 19 164 12.0
1 78 468 510 21 230 36 38 13 172 10.7
Sena Hospital 1 66 596 361 43 211 41 45 0.6 21.5 14.3
) 85 602 365 33 317 49 53 10 2056 14.9
3 63 599 358 42 205 31 31 06 369 14.9
4 59 517 408 75 267 42 45 0.6 23.4 12.6
5 74 561 381 59 292 44 50 10 223 134
6 2.7 546 382 72 284 42 47 07 238 134
7 66 580 372 48 222 35 36 05 331 134
8 63 554 394 52 280 40 42 o6 238 133
9 75 508 444 48 257 40 40 08 212 12.8
10 75 524 434 42 214 42 42 07 201 12.2
1 76 513 434 52 267 40 42 08 210 117
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Table B.| (cont'd) Sewage sludge samples properties by source

Proximate analysis Ultimate analysis HHV
source Nooo My A e ¢ H N 0o (Mkg)
Uniliver 159 531 425 44 276 44 26 08 220 121

2 48 516 435 49 254 41 35 08 228 12.2
3 65 570 402 258 257 41 44 07 249 105
4 26 529 421 50 245 39 39 11 245 10.9
5 67 536 452 13 227 39 38 09 235 10.7
6 43 533 414 53 260 42 35 07 241 10.6
7 45 543 422 36 254 39 41 08 237 10.8
8 51 527 450 23 213 36 33 09 259 9.3
9 51 573 402 25 269 43 46 10 231 11.9
10 54 548 425 27 243 39 39 12 243 10.2
1 43 564 404 32 263 38 41 08 246 10.7
12 7.7 569 421 10 256 40 41 07 235 11.2
Rattanakosintra 1 40 352 640 08 152 26 23 04 154 6.4
2 43 349 630 21 172 31 30 13 124 7.4
3 41 343 648 09 106 23 L7 11 195 7.1
4 63 350 610 40 172 31 31 15 141 1.1
5 18 316 623 60 148 24 23 13 169 7.0
6 35 315 657 28 141 26 22 11 144 6.9
7 37 317 647 36 161 29 32 10 122 6.8
g8 25 319 651 3.0 139 23 29 14 144 7.0
9 03 344 610 46 140 23 28 13 186 6.8
10 35 354 620 26 152 26 29 12 161 7.8
1 51 319 638 43 132 27 24 11 168 5.6
12 79 314 645 40 128 26 22 12 166 5.7
Bangna 1 69 481 445 74 257 41 42 o6 209 11.8
2 48 466 473 61 251 38 39 08 192 11.2
3 63 460 485 56 238 38 38 08 193 11.2
4 64 531 397 72 286 46 47 11 214 12.7
5 46 552 361 87 292 44 48 12 244 145
6 29 5.1 361 87 289 46 49 11 244 14.8
7 56 549 388 63 252 37 41 06 277 135
8§ 43 448 470 82 274 41 48 08 159 11.0
9 42 481 450 69 242 39 35 10 225 12.8
10 73 475 472 53 242 39 35 11 202 12.3
1w 42 477 457 67 251 39 41 09 204 11.8
12 67 527 406 67 289 43 49 09 203 131
Phuket 1 19 337 598 65 178 31 28 07 158 8.0
2 31 333 612 55 163 26 24 07 168 1.1
3 44 394 574 32 216 34 34 09 133 8.2
4 46 447 512 41 216 34 34 06 198 10.0
5 32 437 504 58 205 34 33 07 217 9.7



Table B.| (cont’d) Sewage sludge samples properties by source

Proximate analysis Ultimate analysis
Source No. M v A eC . H N
Pathumthani 198 435 518 47 306 50 59 10
Hospital 2101 473 480 47 309 49 52 10
3 62 461 491 48 300 47 48 10
4 32 562 343 95 297 46 52 11
5 34 520 405 75 260 39 47 11
6 43 503 443 54 281 45 46 07
T 44 493 447 61 323 4T 54 08
§ 55 564 361 76 308 47 53 11
9 55 538 382 80 263 39 40 o8
10 58 581 348 71 302 44 51 12
1 60 58.0 348 73 323 47 54 12
12 73 600 306 94 284 46 47 09
On-nuch 1 g0 240 735 24 111 23 15 07
2 113 219 748 32 92 26 15 19
3 127 207 762 30 91 25 15 17
4 124 174 803 23 68 23 11 05
5 98 221 766 12 87 24 13 06
6 93 251 724 26 107 22 15 05
791 255 721 24 93 22 16 2.0
8 53 266 7L7 17 91 22 15 24
9 51 229 738 33 715 17 13 19
10 84 218 768 14 78 20 14 18
78 269 710 21 93 23 16 24
12 76 259 714 27 94 22 16 28
St. louis Hospital 1 65 486 488 25 255 39 37 08
2 1.0 478 497 26 250 38 37 09
3 51 486 479 35 235 36 33 08
4 57 493 417 29 233 36 34 08
5 45 519 433 48 261 40 38 11
6 53 5L1 447 42 257 36 36 06
7 82 515 459 26 247 38 37 08
8 98 505 473 22 251 39 38 06
9 96 517 412 71 253 39 38 07
10 75 531 407 62 255 38 37 08
Pranungklao 1 71 504 429 67 2711 42 44 08
Hospital 2 34 439 502 59 247 35 39 10
3 44 435 517 49 228 35 35 08
4 35 435 504 61 257 41 44 07
5 54 492 428 79 252 38 39 07
6 44 491 432 77 260 40 46 13
745 494 444 62 263 38 39 06
8§ 32 491 436 73 264 40 45 16
9 3.0 493 433 75 263 41 45 16
10 67 495 460 45 240 37 43 12

WM N GTE B WM ™
EPho o RO © O
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Table B.I (cont’d) Sewage sludge samples properties by source

Proximate analysis Ultimate analysis HHV
Source N M TR o HN o (Mlkg)
Yannawa 154 341 648 10 152 26 23 04 146 5.7
2 8.0 327 660 12 139 24 20 05 152 5.6
3 48 333 646 20 165 2.7 24 05 132 6.7
4 35 321 626 53 155 25 24 04 166 6.6
5 23 326 625 49 168 27 25 05 151 6.5
6 35 303 657 40 148 24 22 05 144 6.6
7 27 316 634 50 161 26 24 05 150 6.7
8 21 328 635 38 1562 26 24 02 161 6.9
9 02 340 622 39 150 23 22 04 179 6.8
10 2.8 339 630 31 149 23 23 03 172 6.8
1w 45 347 641 12 153 27 25 o6 148 6.5
12 47 322 661 L7 144 25 24 o6 141 6.5
Tasai 1 52 334 653 13 149 22 22 07 147 7.8
2 47 359 617 24 187 27 30 10 130 8.0
322 339 641 20 130 22 19 06 182 8.0
4 18 311 647 43 148 22 20 04 160 5.7
5 36 309 671 20 126 19 15 10 159 5.9
6 25 301 679 20 128 20 L7 06 150 5.7
731 312 664 24 98 18 19 05 195 51
8 22 294 689 17 96 16 19 04 176 48
9 12 288 696 16 126 19 15 05 139 4.7
10 20 282 711 07 125 19 16 05 126 4.9
w44 2719 710 11 103 18 15 05 149 3.8
12 56 260 734 o6 104 17 15 04 126 4.3
Ramin-dra 1 63 365 597 39 187 32 23 09 153 111
2 50 355 614 31 184 30 25 09 137 7.8
3 22 349 604 47 181 29 22 08 156 8.0
4 33 342 607 52 189 31 23 o8 143 8.3
5 22 315 633 52 166 27 21 09 144 8.4
6 37 310 631 59 169 25 23 08 143 7.6
7 42 339 622 38 184 29 22 07 135 9.4
8 52 328 644 28 178 29 22 08 119 9.3
9 30 342 626 32 168 27 21 07 151 9.8
10 40 384 599 17 187 31 24 o8 151 11.7
1 61 363 623 13 186 3.0 23 09 129 11.9
Sahaphat 1 51 364 605 32 177 33 L7 23 146 8.8
Industrial Estate 2 26 364 594 42 173 34 16 22 163 8.4
3 67 366 610 24 177 37 L7 21 137 8.6
4 51 380 599 21 174 33 17 19 158 8.2
5 42 376 602 22 172 31 16 18 161 9.4
6 51 387 587 26 197 36 19 18 144 9.3
7 53 364 616 21 201 37 19 17 109 8.7
§ 51 372 610 18 171 32 15 15 158 8.9
9 34 375 582 43 184 32 16 16 170 9.7
10 49 394 560 47 166 36 22 13 203 7.8
1w 42 420 539 40 205 35 19 17 184 10.2
12 48 416 554 31 201 36 19 17 174 10.0



Table B.I (cont’d) Sewage sludge samples properties by source

Proximate analysis Ultimate analysis HHV
Source Nooo M A e ¢ N 0 (Mlkg)
Sansook 144 247 720 33 142 24 21 02 92 5.7
248 214 745 40 103 18 15 03 115 3.1
3 52 243 729 28 99 19 16 04 134 3.2
4 22 253 736 11 103 19 16 06 120 45
5 52 290 704 o6 107 19 16 04 150 4.6
6 41 264 711 25 99 18 15 04 154 4.8
742 251 709 40 97 19 15 03 156 4.3
§ 48 232 759 09 103 19 18 05 96 4.1
9 47 241 750 09 98 22 L7 06 107 4.4
Waste Treatment 1 67 571 342 87 345 50 35 13 214 16.3
Department 239 534 347 118 324 41 34 17 237 14.8
3 36 489 452 59 256 39 36 12 206 13.2
4 43 517 366 116 279 37 27 09 282 13.7
5 54 510 384 106 356 47 34 0.% 16.9 13.6
6 55 472 445 83 267 35 27 10 216 12.1
7 64 533 381 86 310 40 31 11 228 14.4
§ 52 585 322 93 362 53 36 1 209 15.5
9 84 552 380 68 327 40 32 %é 21.1 14.0
10 74 532 405 63 317 44 33 J o191 13.0
172 543 399 58 305 40 32 09 215 13.1
12 92 524 381 95 285 38 34 11 250 13.3
Ayudhya Hospital 1 45 351 621 28 187 27 25 08 132 8.2
2 45 339 633 28 163 26 20 07 162 6.0
3 39 314 665 21 155 26 19 14 121 6.2
4 g0 402 588 L1 198 31 27 13 144 10.7
5 29 384 570 46 196 29 29 L7 159 9.7
6 08 420 544 35 200 29 29 14 183 8.8
733 374 595 32 204 31 30 09 132 8.2
g 43 3L7 640 43 214 38 31 16 6.0 6.4
9 67 385 571 44 196 30 29 12 162 8.8
10 72 317 592 31 195 29 29 11 143 9.2
Ladkrabung 1 62 426 561 12 200 30 27 15 163 8.1
Industrial Estate 232 434 554 12 193 27 23 21 183 1.8
3 42 429 555 16 191 29 27 15 184 1.9
4 52 440 519 41 238 34 33 20 156 10.1
5 55 533 429 38 268 37 35 25 205 13.6
6 36 516 441 43 262 37 35 16 209 12.9
7 57 419 546 35 239 32 28 17 138 8.9
§ 53 456 513 31 208 29 23 17 211 10.0
9 60 452 524 24 220 35 32 26 164 9.8
10 43 468 503 30 244 34 29 29 162 10.3
1 62 438 535 27 223 30 23 22 168 9.7
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B.2.2.2 HIC and 0 /¢ Atomic Ratio

The detailed discussion on H/C and o/c atomic ratios would
be useful in the predicting the quality of unknown organic substance from well-
known ones. By adaptation the data from Table 4.1, 4.2 and B.I, H/C and o/c
atomic ratios of sewage sludge were averaged as 1.94 and 0.73, respectively.

For H/C atomic ratio, it is good to consider different kinds of
hydrocarbons through paraffinic- cyclic- and aromatic compounds. The information
of HIC atomic ratios of some compounds was examined and represented in Table
B.2. For instance, the H/C atomic ratio of hexane is 2.33 and that of cyclohexene is
1.67. Those of aromatic compounds are less than 1.00. Since sewage sludge was
considered highly heterogeneous, it possibly contains a mixture of all categorized
compounds. As mention above, H/C atomic ratios of sewage sludge was averaged as
1.94 with a small deviation. Thus, it can be inferred that, in average, organic content
in sewage sludge would be closely categorized into parafinic or cyclic compounds.

In contrary, o/c atomic ratio was believed to relate to the
level of oxygenated components and consequent heating value of substances. More
detail was discussed in Section B.3.

B.2.3 Heating Value

Energy content or heating value of material was considered as a
crucial property for thermal applications. It is used as the first priority for evaluating
the energy potential of material. The level of energy contained depends upon the
quality of the organic content in the materials. Also seen in Table 4.1, 4.2 and B,
typical heating values of different sewage sludges are varying in range between
around less than 4.0 MJ/kg and as high as almost 14.0 MJ/kg. The average value is at
9.7 MJ/kg. However, those of hospital and industrial sludge samples are between the
average values and that on the high side.
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Table B.2 HIC atomic ratios of some well-known compounds

Compound Structure Carbon  Hydrogen HIC

Alkanes

- Hexane CH3(CH2)4CH3 6 14 2.33

- Octane CH3(CH2)6CH3 8 18 2.25

- Hexadecane CH3(CH2) 14CH3 16 3 2.13
Cyclic-compounds

- Cyclohexane 0 b 12 2.00

- Cyclohexene 0 b 10 167

- Cyclohexadiene 0 6 B 133
Aromatics

- Benzene 0 6 b 1.00

- Naphthalene 'z 10 8 0.80

- Phenanthrene 14 10 0.71

B.2.4 Comparison between Sewage Sludges and Other Materials

Consider the heating value of different solid materials represented in
Figure B.I, it seems that sewage sludge has low to moderate fuel quality comparing
to other materials. In order to maintain the minimum fuel property requirement for
underline applications, the evaluation and selection of sewage sludge prior to
practical use in thermal process should be done carefully. The minimum heating
value of existing solid fuel used in industrial practice starts from 9.0 MJ/kg or about
the averaged value of sewage sludge in this study. In this case, the sludge that has the
moderate heating value or higher are recommended for selection to use in the
underline application.



Type of fuel

Anthracite

Bituminous

Subbituminous
Lignite ;

polyvinyl chloride

paraffin
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cellophane plastics

rubber scrap
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nut hulls
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bagasse 1

other sludges 1

sewage sludge in this study
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High heating value (MJ/kg)

Figure B.I Heating values of various solid fuels used in industry (adapted from
Perry’s Chemical Engineering Handbook).



B.3 Some Aspects in Relationship between Heating Value and Compositions

It was noticed that there shall be some correlations between compositions
and property of material that has a variety in itself. Also, the sewage sludge has a
close correlation between its composition and heating value. The expression for
predicting the heating value of sewage sludge from its proximate and ultimate
analyses were established and presented in Chapter 4.

Nevertheless, some information that was not included in Chapter 4 was
discussed here. It is the fact that the fraction of oxygenated component is related to
the heat of combustion of substances in the same series. For instance, butane (C4H1),
butanol (C4H9OH) and butanoic acid (C4H9COOH) have the heating values of 2880,
2675 and 2193 k/mol, respectively (Schobert, 1990). This fact was also
demonstrated for sewage sludge when the o/c ratio was plot with heating value
(Figure B.2). The heating value decreases as the o/c ratio increase. The trend was in
turn following the rule of thumb.

18000
16000
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1712000

'+ 10000

| 8000

| 6000

4000
2000
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0.0 5 1.0 15 2.0 2.5
QIC atomic ratio

Figure B.2 Correlation between the heating value of sewage sludge and its o/¢
atomic ratio,
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