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Abstract

Co-thermal treatment of binary biomass mixture is an alternative to enhance the refractory decomposition of
biomass thermal degradation efficiency resulted in the synergistic reaction. Rice straw (RS) containing a large
amount of fixed carbon (FC) is quite difficult to thermally decompose at a lower temperature. Considering the RS
and sewage sludge (SS), co-thermal treatment for enhancing energy conversion efficiency was feasible. This study
investigates the kinetic behaviors and gas evolution of RS, SS, and their blends under co-thermal decomposition
processes using Thermogravimetric analysis combined with Fourier-Transform Infrared Spectroscopy (FTIR). The
experimental results indicate that SS could enhance the volatile matter decomposition in RS co-thermal process at
lower temperatures. Activation energy decreases from 53 to 49 kJ mol™ ' with an increase in SS addition from 50 to
80% under pyrolysis conditions. The major volatile components were aliphatic chains with double bonds, as well as
carbonyl, hydroxyl, and C-H groups in organic compounds by FTIR identification. The tested materials
characteristics in terms of volatile matter (VM)-to-FC ratio significantly affected the thermal degradation
performance. Activation energy was decreased with increasing the VM/FC ratio. It implied that co-thermal reaction
could be accelerated. In summary, the results could provide the important information for co-thermal treatment of
SS and RS in application for commercial-scale plant design.
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Introduction

Approximately 170 kt (based on 80% moisture content)
of sewage sludge (SS) derived from municipal wastewa-
ter treatment plants (WWTPs) are generated in Taiwan
annually [1]. The amount of SS is expected to dramatic-
ally increase due to the rapid increase in sewer system
establishment and stringent requirements for water re-
sources protection. Sanitary landfills are currently a
major solution for SS final disposal. Rice production is
one of the most important agricultural activities in
Taiwan. The average rice straw (RS) generation is nearly
1.5 Mt annually [2]. The common traditional habits of
farmers include open firing RS treatment. However, this
option will not be sustainable at current or projected
levels due to increasing competition for landfill space,
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higher costs, more stringent environmental standards,
and the implementation of policies to promote recycling.
Energy recovery from RS and/or SS has become an at-
tractive solution using thermal chemical conversion pro-
cesses including combustion, torrefaction, pyrolysis, and
gasification. The valuable products, such as heat, syngas,
bio-char, and/or bio-oil can convert from sludge, waste,
and biomass via above thermal technologies. It does not
only generate bioenergy, but also effectively reduce the
impact of traditional sanitary landfilling to the environ-
ment. Especially, in comparison with other thermal
cracking technologies, gasification could turn waste into
gaseous product with higher calorific value, higher car-
bon conversion and has the advantage to be widely ap-
plied for chemical products development [3-10]. Even
though the SS has been treated by traditional dewatering
methods, one of the issues of public concern for energy
conversion is SS containing relatively high moisture con-
tent (approximately 60-80%) resulting in low energy
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yield. The use of SS and other types of organic wastes
could be an alternatives technology for solving the ob-
stacles and improving the energy yield. To cope with the
increasingly stringent regulations, constantly rising treat-
ment cost and final disposal cost of SS and RS, the
Taiwan government planned to establish strategies and
develop innovative technologies for treating the above
wastes and achieving the circular economy target.
Among the thermal conversion technologies, gasification
is an innovative technology because it has several poten-
tial advantages associated with high carbon conversion,
high calorific value synthesis gas, and flexible biomass
utilization and/or agricultural waste-to-energy [3]. On
the other hand, SS and biomass (pine sawdust) co-
gasification was also investigated [4]. The literature re-
sults indicated that co-gasification could improve volatile
matter thermal behavior and enhance energy conversion
efficiency.

Thermogravimetric analysis (TGA) has become a com-
mon analysis technique to investigate thermal behavior
and kinetics. This involves the weight loss
characterization of tested materials as a function of the
reaction temperature controlled in simulated thermal re-
action atmospheres. Typical TGA advantages are accur-
ate real-time sample mass measurements, high
reproducibility, and well-defined temperature and gas-
phase conditions [11, 12]. TGA has been applied to the
study of SS, RS, woody biomass, plastics, and other or-
ganic waste thermal characteristics using simulated pyr-
olysis conditions [4, 13, 14]. TGA can be coupled with
spectrometers, such as Fourier transform infrared spec-
troscopy (FTIR), to analyze the temporal resolution of
specific gas-phase fragments. This contributes to the
analysis and understanding of thermal degradation mech-
anisms for waste and/or biomass treatment [15-18].

Moreover, little information has been collected on the
relationships between waste and/or biomass characteris-
tics, reaction kinetics, and gaseous speciation during the
thermal degradation process. Moreover, biomass proper-
ties play important roles in thermal degradation process.
Some parameters such as VM, fixed carbon (FC), mois-
ture, or elemental contents (C, H, N, S) are key factors
that affect the energy conversion process. The VM and
FC contents in biomass are practical parameters for
evaluating the volatility and ignitability [19]. Practically,
the different characteristics of biomass fuels from coal to
plastic include their higher VM and lower carbon con-
tent. Pyrolysis and gasification system modifications
need to consider these characteristics along with other
factors. Therefore, the objectives of this research were:
(1) to determine the kinetic triplets (activation energy,
Arrhenius const. and reaction order) in co-thermal deg-
radation of RS, SS, and their blends; (2) to understand
the characteristics of gas evolution and possible speciation
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during the co-thermal degardation process; and (3) to in-
vestigate the relationship between the tested materials
characteristics and kinetic triplets during the co-thermal
degradation process.

Materials and methods

Materials

The feedstocks used for the co-thermal process in this
research were SS and RS. SS was obtained from Dihua
urban WWTP, which was established in July 1980 with a
capacity of 500,000m> d™' in Taipei City, Taiwan. SS
was treated using gravity thickening, anaerobic digestion,
and dewatering. To reduce the sludge volume and save
transportation cost, SS is dewatered by drying prior to
the final disposal. RS was collected from Chung-Li
District, Tao-Yuan city located in the northern part of
Taiwan. RS and SS were first dried, shredded, and sieved
to extract a particle size between 150 and 210 pm by la-
boratory oven, crusher, and sieve, which were manufac-
tured by Melojia Enterprise Co. Taiwan. In order to
precisely analyze the thermal reaction, RS was pelletized
using a mini-pellet press due to its light and bulky prop-
erties. Proximate analysis indicated the percentage by
weight of moisture, ash content, VM, and FC. The tested
samples were determined in triplicate using regulation
testing procedures specified by the Taiwan Environmen-
tal Protection Administration and the Chinese National
Standards, which are similar to the American Standard
for Testing Materials. The ultimate analysis of the com-
bustibles in the SS and RS was also analyzed in triplicate
using an elemental analyzer (Elemental Analyzer Vario
MICRO cube, Thermo Fisher Scientific, Germany). The
energy contents in SS and RS were determined using a
bomb calorimeter (Parr 1341 calorimeter, Parr Instru-
ment, USA).

Experimental conditions

TGA is a common technique used to understand ther-
mal behavior and investigate the reaction kinetics in RS
and SS co-pyrolysis and/or gasification. The TA analyzer
used in this study is a commercially available laboratory
instrument (TGA-STA 7300, Thermal Analysis System,
Thermo Fisher Scientific, Hitachi, Japan). The dried SS
was prepared by drying and mixing with 20, 40, and 50
wt% of RS, respectively. RS and their blends were evalu-
ated using TGA and TGA-FTIR (Frontier MIR/FIR
Spectrometer, Thermo Fisher Scientific, USA). To deter-
mine the thermal reaction conditions, raw materials
were placed in a ceramic crucible 5mm in inner diam-
eter and 5 mm in height. A precision balance constantly
weighed the crucible carrying the samples with a reso-
lution of 0.1 pg. The TGA experiments were performed
from 40 to 1000 °C and operated at heating rates of 5,
10, 20 °Cmin™ ' in different pyrolysis and/or gasification
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atmospheres. In the pyrolysis experiments, about 3 mg
of the tested samples were pyrolyzed under 100 mL
min~* with 100% N, as the carrier gas. A gasification ex-
periment was established to utilize the partial combus-
tion of RS and SS by carefully controlling the amount of
air as an oxidizer. The amount of oxidizer can be calcu-
lated corresponding to the equivalence ratio at 0.35 and
theoretical air demand of RS and SS at 4.18 and 4.42
Nm? kg™ !, respectively, the total time needed for the en-
tire process was calculated. As the result, the air input
flow rates are 0.3, 0.5, and 1.0 mL min~ ' corresponding
to heating rate at 5, 10, and 20°Cmin" ', respectively.
To further simulate the gasification, atmosphere air and
nitrogen was well-mixed as the carrier gas are controlled
between 0.3 and 1.0 vol% air mixing ratio under total a
flow rate of 100 mL min~'. A change in the heating rates
brings a corresponding change in air/N, ratios of 0.3/
99.7, 0.5/99.5, and 1.0/99.0, respectively. Figure 1 illus-
trates the schematic diagram of an experimental set-up
for TGA-FTIR.

Kinetic analysis

The thermal decomposition reaction kinetics of carbon-
aceous materials is complicated. The kinetic parameters
were determined, including activation energy, reaction
order, and pre-exponential factor. The activation energy
was determined using the integral method that can be
simply expressed as the Arrhenius equation:

X Ay
d_T = -Ae X (1)

where
A: pre-exponential or frequency factor (min~');
E: decomposition reaction activation energy (k] mol™ by;
X" for the dependence of extent of conversion (X) in
relation to reaction model with order of reaction (n);
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X = (mgy — my)/(mo — my), where my and mg¢ for the ini-
tial mass and the final mass, respectively; and m, for the
mass of the sample at temperature T.

R: universal gas constant (k] mol™ Ty

t: time (min); T: absolute temperature (K).

The multiple linearized regression form of the Arrhe-
nius equation was used to determine A, E, and n by ap-
plying a least-squares (multiple linear regression)
technique. The ideas for calculating reaction order were
introduced by previous published literature [20]. Mul-
tiple regression analysis can be regarded as an extension
of straight-line regression to the situation in which more
than one independent variable must be considered. The
implied form of the linearized rate equation is

y=B+Cx+Dz (2)

The parameters y, x, z B, C, and D in Eq. (2) are de-
fined as follows.

= o [owal (&) @

X =37 (4)

z = In {—(W-Wf)} (5)
WoW¢

where w: weight of sample at time t (min); wg weight of
residue at the end of the reaction (g); and w,: initial
weight of the sample. The coefficients B, C, and D in Eq.
(2), which correspond to the logarithm of the pre-
exponential factor In A; the activation energy E; and the
reaction order n, respectively, were determined for each
type of RS, SS and their mixture through the multiple
linear regression analysis methods using thermo-

gravimetric data by Statistica software (Data analysis-
software system, version 10, StatSoft, Europe).

Flowmeter
C220°c
[1220°C
A'_r ) | Thermocouple Thermocouple r Venter
MIXINE | Furnace -; :.- —IR> =
o Transfer line
Processor
Balance|
Purge gas*, — q
Thermo-gravimetric analyzer Fourier-transform
products infrared spectroscopy
° o
— =
200
Air N,
Data recorder
Note the purge gas* used were nitrogen and air for TGA and TGA-FTIR, respectively.
Fig. 1 Schematic diagram of TGA-FTIR experiment
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Results and discussion
Analysis results of thermal kinetic
Comparison between the pyrolysis and gasification of RS
The physical-chemical characteristics of RS and SS are
shown in Table 1. Elemental analysis shows that tested
samples have high carbon content at nearly 40%. The
higher heating value of SS (17.6 MJ kg~ D was higher
than that of RS (15.9 MJ kg™ '). The higher heating value
of these materials has proven that SS and RS have po-
tential as bio-fuel for themal processes. Nevertheless,
VM, the key factor in thermal conversion process is on
average at 59.4 and 64.2% from SS and RS, respectively.
Figure 2 shows TGA (in wt%) and derived thermogra-
vimetric DTG (in wt% min~") curves obtained during
the decomposition of RS in pyrolysis and gasification at
heating rates of 10°Cmin~ ' from 40 to 1000 °C. From
the DTG curves, it could be illustrated that only one
peak is observed in the DTA graph corresponding to the
number of degradation stages. Besides, the temperature
of the peak in the DTA corresponds to the temperature
at which max degradation occurs. As observed in Fig. 2,
the pyrolysis process can be divided into three main
stages. The first stage (40-178°C) corresponds to the
moisture lost during drying, about 1.7 wt% of RS. The
second step (179-500°C) relates to organic matter de-
composition, and about 57.8 wt% of the biomass was lost
during this stage. The final stage (> 500 °C) is inorganic
matter degradation (residual). The sample weight loss
during RS pyrolysis was 71.5 wt%. The weight decreased
rapidly, attributed mainly to cellulose, hemicellulose, and
partial lignin devolatilization [21]. The lignin decompos-
ition continued to give a gradual weight loss beyond
450 °C. Hemicellulose and cellulose pyrolysis occurred
rapidly in the range of 250-340 and 340-400°C,

Table 1 Characteristic of tested sewage sludge and rice straw

Sewage sludge Rice straw

Proximate analysis (wt%)

Moisture 6.7£09 10510

Ash 23001 96£0.2

VM 594+02 642105

FC 109 158
Ultimate analysis (wt%, dry basis)

C 397409 399+06

H 59+02 6.2+0.2

N 6.5+0.2 09+0.1

S 1.1£0.1 02+0.1

O 17.0 32.8
Energy content (MJkg™")

HHV 176+0.1 159+0.3

LHV 14.6 12.1
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respectively, contributing to a sharp drop in the TG pro-
file. The obtained results are in good agreement with
those by Lin et al. [22].

In a partial oxidative atmosphere (gasification process),
RS thermal degradation can be classified into three steps,
(i) moisture evaporation, (ii) cellulose, and hemicellulose
pyrolytic decomposition and (iii) lignin and char oxida-
tive pyrolytic decomposition. The first step was from
room temperature to 175 °C, with about 3.4 wt% RS loss.
The second step is the fast decomposition stage, from
176 to 530 °C. About 55.9% of the weight is lost during
this stage. During the entire gasification process, weight
loss is about 70.5%. The RS weight loss performance was
similar under both pyrolysis and gasification conditions
at low temperatures, showing that the presence of air
atmosphere did not contribute to the increasing decom-
position rate.

Effect of added SS on thermal performances

As seen in Fig. 2, a comparison between the pyrolysis/
gasification behavior of SS and RS blends can also be
made. According to the results, the weight loss profiles
for RS, SS, and additives obtained from pyrolysis slightly
differ from those of gasification. Thermal degradation of
both RS, SS and their additives during pyrolysis under
an inert atmosphere can be classified into three main
stages including (i) moisture evaporation, (ii) organics
devolatilization, and (iii) inorganic devolatilization. The
beginning and ending temperatures of the decompos-
ition process are important characteristic parameters for
feedstocks. In the case of pyrolysis, the beginning SS and
RS temperatures were 153 and 178°C, and the corre-
sponding ending temperatures were 517 and 500 °C,
respectively. For SS and their blends, the major decom-
position temperature at a lower temperature range varies
ranged between 147 and 173 and 515-535°C. The final
temperature for weight loss of SS and their blends at the
end is approximately 535 °C due to the fact that FC could
not decompose at this temperature. RS and SS have nar-
row decomposition temperature ranges for adding RS
samples resulting in T; decreasing by 5-31°C. This indi-
cates that adding SS to RS results in shifting to lower ini-
tial decomposition temperature compared to that of RS.
Comparing with the pyrolysis process, DTG gasification
performance curves also show one prominent reaction
zone existing in the heating rate range studied and the
weight loss of SS, RS and their blends have the same
trends (Fig. 2b). The weight loss curve results for the
tested samples are recognized to have similar trends,
meaning that these materials have potentially promising
applications in co-pyrolysis/gasification. This proves that
biomass and their blends have the same pyrolysis and gas-
ification thermal decomposition behavior and the thermal
degradation of all materials occurred in the three stages.
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Fig. 2 A comparison between TG/DTG curves detected from rice straw, sewage sludge and their additives pyrolysis and air gasification at 10 °C
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Thermal decomposition kinetics of different types of
biomass

Table 2 summarizes some characteristic parameters ob-
tained from pyrolysis/gasification thermogravimetric
data. The calculating reaction order idea was introduced
in numerous studies [4, 35]. The biomass reaction order
was found at around 0.69-3.57 (as indicated in Table 2)
[23-34, 36, 37]. These include the temperatures for the
initial weight loss (T; at the end of the reaction (Ty), and
the corresponding peak temperatures (Tp) of thermal
decomposition behavior with different types of biomass
such as RS, sugarcane baggage, pinewood, SS, via Arrhe-
nius law in the literature [23—-34]. Biomass kinetic ana-
lysis plays an important role in determining the reaction
kinetics necessary for mathematical modeling and re-
actor operational parameter optimization. TGA of raw
materials was therefore considered during the pyrolysis/
gasification conditions.

The physical characteristic of the wastes influences the
thermal process related to the temperature peak (T,).
Under thermal conditions, when these materials are ex-
posed to high temperatures, their structure, and atomic
configuration are changed, which causes some exother-
mic or endothermic peaks to appear in the thermal dia-
gram [38]. When the DTG curves have a peak, it implies
that at this temperature, the molecular relaxation
becomes greater and promotes the process to a faster
reaction rate. Table 2 illustrates the peak temperature
for the decomposition process, which occurs mostly in
the 270-350°C range. Higher peak temperatures 358—
491 °C were found, particularly in coal and polypropyl-
ene. VM is highly thermal sensitive. High VM content
indicates that a large amount of weight will be lost under
high temperatures in the thermal process. Maintaining
the pyrolysis/gasification temperature below Ty, (max-
imum temperature) to avoid significant mass and energy
loss must be carefully considered [39]. Furthermore,

some wastes are under incomplete decomposition condi-
tions in the temperature range near 600°C. This may
suggest that the pyrolysis temperature must be con-
trolled at lower degrees than 600 °C in order to ensure
that the majority of the material reacts and decomposes.

In general, material that has low activation energy re-
quires more input energy demand. Therefore, the tested
sludge has higher FC content that it requires more en-
ergy for the thermal decomposition process. To further
understand the enhanced syngas yield tendency in
gasification-oxidation reaction (C+% O,— CO), the
carbon-to-FC ratio was used as an index for the gasifica-
tion reaction. The experimental results indicated that
the activation energy of the tested sludge samples ranged
from 50 to 100 kJ mol™ ! with C/FC ratio ranged between
2 and 4. It implied that the tested sludge could easily
produce more CO which improves lower heating value
of the producer gas due to partial carbon oxidation reac-
tion. The kinetics of co-pyrolysis/gasification were thor-
oughly investigated by others [40—42]. The experimental
results indicated that biomass could enhance the degrad-
ation of plastics corresponding to an increase in light li-
quid products [40]. Co-pyrolysis of biomass and plastic
could promote high quality chars with higher calorific
values as compared bio-chars only generated in biomass
pyrolysis [41]. The iso-conversion method was devel-
oped by previous research that could calculate the kin-
etic parameters in co-pyrolysis of microalgae biomass
and low-rank coal [42]. Therefore, TGA results could
contribute to enhance the knowledge of tested materials
containing high C/FC ratio thermal degradation
characterization and to establish the optimum operation
conditions for syngas production.

Table 3 shows some kinetic parameters (activation en-
ergy and pre-exponential factor) and temperature range
of thermal decomposition behavior of RS, SS, and blends
obtained from pyrolysis and gasification simulations.
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Table 2 Comparison of the kinetic analysis in this study and those in the literature

Feedstocks Carrier gas Flow rate Ti L T E(kJmol™) A (min™") n R? Ref.
(mLmin™")

RS N, 100 178 319 500 754 186x10° 143 082 This study
Air 100 175 323 530 89.6 059% 10° 212 071

sS N, 100 153 272,321 517 49.1 137x10° 241 090 This study
Air 100 148 273,325 550 60.1 197 % 10° 357 084

20%RS + 80%SS N, 100 173 324 535 486 071x10° 152 086 This study
Air 100 154 279,324 659 63.7 540% 10° 33 081

40%RS + 60%SS N, 100 154 321 515 506 084x10° 09 084 This study
Air 100 160 323 551 643 144x10° 245 078

509%RS + 50%SS N, 100 147 320 516 53.1 144 % 10° 069 083 This study
Air 100 166 325 534 68.7 19.1x10° 226 080

RS N, 100 266 320 353 599 24x10* 10 0995  [23]

ssS 100 248 310 385 19.7 1391 10 0.998

sS N, 50 150 299 550 319 2735 1. 0982  [24]

sS H,O-Ar 150 - - 65.7 39%10° 10 0998  [25]

Industrial sludge 150 227 - 527 68.1 107 x 10 10 0.991

Fluff 150 227 - 527 830 127 x10° 10 0.951

Scrap tire powder 150 227 - 527 132 41x%10° 1.0 0.994

Rice husk N, 100 172 348 576 874 132x 107 - 0984  [26]

Rice husk Air (1st zone) - 191 321 - 534 3.77x10° 141 - [27]
Air (2nd zone) 321 - 510 208 141 x10° 047

Sugarcane bagasse N, (1st zone) 20 140 325 - 535 0.28 04 0.995 [28]
N, (2nd zone) 325 - 493 430 0.15 03 0.971

Cotton stalks N, (1st zone) 20 150 287 - 102 122 1.0 0.997
N, (2nd zone) 287 - 471 985 045 07 0.966

Chlorella vulgaris Air 25 165 - 367 410 3.9981 - - [29]

Pine wood N, 45 245 - 405 68.7 1.75 % 10 - - [30]

Activated carbon N> 45 80 - 800 530 643%107° - -

Coal Char N, 600 506.5 6533  130-153 7.12%10° 10 >096  [31]

Coal Char Co, 200-500 760 - 820 285 39%x 10" - - [32]

Coal Air 50 - - - 527 33x10° - - (331
0, 50 - - - 93.1 13%x10' - -

Coal N, (1st zone) 30 174 358 - 369 378 10 0986  [34]
N, (2nd zone) 358 491 - 129 55x10° 0.995
N, (3rd zone) 491 - 667 115 18%10° 0976

HDPE N, 30 439 - 523 457 35x10% 10 0.998

LDPE N, 30 426 - 526 300 22x10% 10 0.998

Plastic (PP) N, 30 399 491 507 320 59x10% 10 0.998

R?: correlation coefficient
T, T, and T express the initial, peak and final temperature of VM release
-: not available

Kinetic evaluation in the pyrolysis and gasification at
heating rates of 5, 10, and 20 °C min~ ' can be analyzed.
It illustrates that as the heating rate is increased, no vari-
ation of the kinetic constants. In RS pyrolysis analysis,
the activation energy obtained by the Arrhenius plot

method was 75.4kJmol™ ' for a heating rate of 10°C
min~'. SS was observed to react faster during pyrolysis
compared to RS. The lower activation energy was found
at 49.1kJmol™ !, due to the slightly higher amount of
ash in SS. This conclusion is consistent with the
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Table 3 Kinetic constants for pyrolysis and gasification at different heating rates

Items Pyrolysis (N, atmosphere) Gasification (air atmosphere)
Temp range (°C) Thermal decomposition rate R? Temp range (°C) Thermal decomposition rate R?
Heating rate 5°C min~'
sS 147-522 k=777 x 10" e 7&RT(x)262 091 137-529 k=154x 10> eTOVRT(x)379 084
20RS:805S 153-521 k=582 x 10% e*208/RT(x)1.75 088 145-568 k=082 x 10° e4/RT(x)>47 0.80
40RS:605S 148-513 k=256x 10" e*86/RT(x)084 084 151-521 k=1.11x107 ’875RT(x)*2" 0.86
50RS:5055 148-521 k=575x 10" e2>VRT(x)074 084 163-519 k=139x 10° e574RT(x)2"1 0.79
RS 151-522 k=856x10° e’26RT(x)!3> 087 179-503 k=587 x 107 e 15/RT(x)>0 0.74

Heating rate 10°C min™'

sS 153-517 k=137 x10° *1RT(x)24’
20RS:80SS 173-535 k=071x10° e*0¥/RT(x)1->2
40RS:60SS 154-515 k=084 x10° e**°RT(x)0?
50RS:50SS 147-516 k=144 x10° e97/RT ()0
RS 178-500 k=186x10° e/>40RT(x)143

Heating rate 20°C min~'

sS 158-560 k=347 x10° 047/RT(x)232
20RS:80SS 156-531 k=167 x10° '2RT(x)!!
40RS:60SS 157-550 k=084 x 10° ™°1/RT(x)00
50RS:50SS 152-560 k=158x10° e>103¥RT(x)10
RS 150-548 k=3.82x 107 ”*0VRT(x)08

0.90 148-550 k=197 x 10> 51 ¥RT(x)>> 0.84
0.86 154-659 k=540x 10" %373/RT(x)33 081
0.84 160-551 k=144x 10> 5*3/RT(x)24° 078
083 160-551 k=19.1x 10> e5865/RT(x)226 0.80
082 166-534 k=059 x 108 3%°¢/RT(x)>12 071

k=877 x 10> e540>/RT(x)339 084
k=538 x10° e5330/RT(x)26% 0.80

091 153-532 X
X)

k=109x 107 ”>2¥/RT(x)>3° 0.80
X)
X)

0.90 168-615
0.84 177-550
0.80 175-573
0.80 190-515

k=891 x 10° e”38/RT(x)282 0.80
k=162 x 10°% e8809RT(x)1:20 0.70

R? in a multiple regression model

previous published literature result that reduced the
activation energy from 87.7 to 51.6kJ mol™ ' by adding
oil-palm solid wastes into paper sludge under pyrolysis
conditions [22]. The higher activation energies were
obtained for gasification 89.6 and 60.1kJmol™' in RS
and SS, respectively. RS was found to be more reactive
to gasification compared to SS. This is due to the
relatively higher amount of VM in RS compared to SS.
Highly reactive combustible components may account
for the high reactivity towards gasification by SS sam-
ples. As shown in Table 3, the activation energy in-
creases with increasing RS addition in the 48.6-53.1 k]
mol~' range in pyrolysis and 63.7-68.7 k] mol~ " under
gasification conditions with 20 to 50 wt% addition ratios.

In the multiple regression model, the multiple correl-
ation coefficient (R?) value indicates the dependent vari-
able relation (activation energy) and two other predictor
variables (pre-exponential and reaction order). Table 3
shows the coefficient of multiple correlations are in the
region of 0.7-0.9 and is not a measure of the straight-
line model appropriateness. The linear regression estab-
lishing the relationship between the fitted line and all of
the activation energy and time function data points. The
strong correlation coefficients have partial correlation
(R?) in the 0.9-0.99 range and decrease slightly by add-
ing one more variable (reaction order). The reaction
order values were different from stage to stage and chan-
ged with different fuel mixing ratios.

The RS and their blends exponential factors were in
the 0.71 x 10°-18.6 x 10° (min~') pyrolysis condition
range. Higher pre-exponential values were found in the
gasification simulation, with the higher estimated value
in the 1.97 x 10°-0.59 x 10® (min~') range, respectively.
That can be explained by oxidation reactions occurring
after the gasification process, from reaction by-products
that include syngas, char and tar production. Tar prod-
uct is decomposed due to the presence of oxygen, mak-
ing the thermal decomposition process longer than
pyrolysis. The results were also confirmed by previous
published literature [36, 37]. Similar phenomena oc-
curred in this research with higher activation energy
found under gasification conditions, due to highly react-
ive ash components. Comparison of different atmo-
spheres, it leads to the conclusion that an increasing
tendency in the increasing degree of oxidation causes
the increases in the degradation rates and shifts the de-
composition of non-biodegradable matter to lower tem-
peratures, due to a more exothermal balance.

Characterization of the gas evolution during the co-
thermal degradation of RS and SS

Figure 3a shows the 3D FTIR diagram of the RS pyroly-
sis process with a heating rate of 10°C min™'. The re-
sults indicated that four pyrolysis stages occur at the
temperature ranges of 40-178, 179-319, 320-500°C,
and above 500°C. Figure 3b displays the observed
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Fig. 3 Analysis showing a) 3D FTIR diagram b) FTIR spectrum for volatiles in pyrolysis ¢) FTIR spectrum for volatiles in gasification of rice straw

change in the FTIR spectra during the RS pyrolysis
process. The main gas phases that occur in pyrolysis in-
clude CO, CO,, CHy, HCI, aldehyde, CH3COOH, phe-
nol, and methanol. Based on the results obtained from
TG-DTG curves (as shown in Fig. 2), the results showed
the chemical reaction occurs in changes from one phase
to others, either the endothermic reaction (usually for
melting) or exothermic reaction (e.g., crystallization,

release some energies). The first stage is related to the
dewatering process (moisture content evaporation) from
the start of run 40 to 178°C. During this stage, the
amount of water vapor increases, and the identifiable
gaseous product is water. The initial peaks at 1750—
1250cm™ ' and 4000-3200cm™' represent moisture
within the biomass and sludge as detailed by the
published literature [15, 30, 43—47]. The second stage
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corresponds to biomass decarboxylation and oxidation.
When the temperature is higher than 151°C, the RS
chemical structure starts to change dramatically. Some
gaseous products are detected in this stage, such as CO,,
CO, CHy, and water vapor. The band at 2920 cm™ ' rep-
resents C-H stretching. The band at 2350 and 2250
cm™ ' is assigned to the carbonyl (C=0) stretching. Car-
bonyls mainly exist in the side chains of lignin structural
units. The band near 3000-2600 cm™ ' can be described
as C-H bending in cellulose and hemicellulose. The peak
at 2250-2000 cm™ ' is indicative of C-O stretching.

The TGA-FTIR spectra for RS demonstrate character-
istic peaks involved in the representative of SO,. The lit-
erature results reported the aromatic compounds at the
absorbance wavenumber of 1342 and 1600-1450 cm™*
[48]. This suggests that the second stage was mainly re-
sponsible for the initial decomposition of RS contami-
nants. On the other hand, SO, was found in RS
gasification due to the sulfur containing in the RS gasi-
fied at partial oxidation atmosphere. When the operation
temperature was reached to 500 °C, almost all functional
groups are eliminated due to organic matter decompos-
ition. Gaseous products were generated, such as H,O,
CH,, and phenol (C¢Hs;OH), that would be further
decomposed in the third stage. According to the analysis
results of TGA-FTIR, the evolution of gaseous products
increases with the temperature, reaching their maximum
values between 178 and 500°C. At the higher
temperature range from 500 to 1000 °C, the release of
pollutant gases is almost negligible due to the comple-
tion of pyrolysis reaction.

TG-FTIR is also a good technique for determining the
different gaseous species existing during different ther-
mal decomposition processes. Figure 3c showed the gas
evolution in the RS gasification. Gasification is a partly
oxidizing process that converts biomass into useful en-
ergy such as syngas, which contributes to developing
hydrogen, methanol, and synthetic fuels [49]. The gasifi-
cation process gas is injected into the TGA-FTIR. The
IR spectra results show that more CO, CO, products are
measured under the operating condition. That can be
explained using the following reactions (R;-R3):

C+% O, — CO Carbon partial oxidation (Ry)
CO+% O, — CO, Carbon monoxide oxidation (Ry)
C+0, — CO, Carbon oxidation (Rs)

The major producer gases in RS gasification, including
CO,, CO, CH, HCI, SO,, NO, ether, alcohol, and
phenol, were a little bit different with that of producer
gases in pyrolysis. The two highest peaks were found at
319 and 323°C corresponding with the FTIR spectrum
for volatiles in RS gasification. Partial air oxidation
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reaction could promote the reaction rate. In this
research, FTIR spectrum for volatiles in RS pyrolysis
also showed a peak at wavenumber 1618 cm™' which
represented aromatic skeletal vibration. This is because
pyrolytic products mainly produced from volatiles and
tar cracking during RS pyrolysis. It implied that some of
condensable, non-condensable, and polycyclic aromatic
hydrocarbons could be presented in the pyrolytic prod-
ucts. The results were confirmed by previous investiga-
tors [13]. On the other hand, the higher and broader
peak related to organic hydrocarbon compounds, such
as C-O stretching at wavenumber as 1300-950 cm™’,
was found in RS pyrolysis. This could explain that some
interactions existed such as hydrogen bonding inter-
action. Therefore, if the peak is broader, it could mean
the number of bonds occurs in the gas product must be
considered. More tar (oil) is generated by pyrolysis com-
pared with gasification.

The FTIR spectrum indicated the gases generated
during RS and SS mixture pyrolysis (RS proportion from
0 to 50% as a function of both wavenumber and
temperature). Figure 4a illustrates that the gases
evolution of the 3D FTIR diagram in pyrolysis of SS only
(0% of RS) and mixtures with 20, 40, and 50% of RS.
The main volatile components in organic compounds
identified by FTIR were aliphatic chains with double
bonds accompanying C=0, OH-, and C—H groups. The
major functional groups and gaseous species were
measured in the pyrolysis reaction, including C=0
stretching (2400-2250 cm™ b, C-0 stretching (2240-
2000cm™ '), C-H stretching (3000-2600cm™'), O-H
(4000-3500 cm™ '), HCl (2789 cm™ '), and NH; (850-
736 cm™'). During the pyrolysis process, specific chem-
ical compounds, such as syngas, aldehyde, HCI, and
NHj;, were determined by TGA-FTIR. This is due to the
chlorine and nitrogen content existence in RS that were
partially converted to hydrogen chloride (HCI) and am-
monia (NHj3). Figure 4b shows the TGA-FTIR spectro-
grams representing characteristic absorption bands
within the 1700-800 cm™' region, such as acetic acid,
toluene, phenol, and formic acid. The presence of NHj,
HCIl and other acid gases detected by TGA-FTIR was
also confirmed by previous pyrolysis works [45, 50]. Fig-
ure 4c illustrates clearly the characteristic infrared ab-
sorption peaks of the volatile components. It is observed
that absorbance increases with higher gas concentration
when the RS mixing ratio is increased from 0 to 40%. It
implies that increasing the RS mixing ratio up to 40% in-
creases the concentration of the gaseous product. How-
ever, in the case of the RS content further increasing
from 40 to 50%, the gaseous products seem to be de-
creased due to the corresponding lower absorbance. This
is because the hydrocarbon reformation and/or water-
gas shift reactions could be inhibited. Besides, ash
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agglomeration could coour and block oxygen diffusion
into the char particles due to the RS containing a high
potassium and silicon concentration [51]. The O-H bond
vibrations (stretching and bending) are represented
along the wide band from 3000 to 4000 cm™' and the
peak situated at 1650 cm™* (as shown in Fig. 4c). These
bonds denote the presence of water. These vibrations
are more intense after co-gasifcation reactions, suggests
the water formation. It could be supposed that some
chemical reactions produced water [52]. The reduction
reactions lead to the formation of methane or syngas
(CO +H,). The tar, char, and volatile substances pro-
duced by the aforementioned pyrolysis are subjected to

the effects of water gas reaction, water gas shift reaction,
and methanation reaction. The spectrograms exhibiting
characteristic absorption bands within the 2700-3000
cm™ ! regions, corespond to the existence of methane
(CHa).

Table 4 displays the detected gaseous species
adsorption bands during pyrolysis and further presents a
comparison between the present study and those of
others using TG-FTIR [8-10, 24, 38—40]. The waste ma-
terials (biomass and sludge) pyrolysis process presents
CO, CO, CH,y, CH3COOH, HCOOH, methanol, phenol,
and esters as the main gaseous species produced. The
RS chemical structure indicated that the abundant
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Sample Wavenumber range Peak Species Functional Vibration Ref.
(em™) (em™) group
RS, SS, and their blend 2375-2250 2350, 2250 CO, =0 Stretching  This
study
Wood, plastic, tire, and RDF 2400-2250 2350 [15]
Spruce and pine biomass 2400-2240 2359, 2322 [30]
Straw with absorbed glycerol 2400-2240 2360 [44]
Solid waste, paper mill sludge, and their 2400-2240 [45]
blends
Marine sediment 2400-2240 7]
Palm kernel shell from palm oil 2400-2250 [46]
RS, SS, and their blend 2167-2120 2170 Cco cO Stretching This
study
Wood, plastic, tire, and RDF 2250-2000 2110, 2200 [15]
Coals, sawdust, RS, and corn stalk 2240-2027 [16]
Palm kernel shell from palm oil 2250-2000 [46]
Solid waste, paper mill sludge, and their 2178 [45]
blends
Marine sediment 2240-2060 N7
RS, SS, and their blend 3000-2600 2920 CH,4 CH Stretching  This
study
Wood, plastic, tire, and RDF 2930 [15]
Spruce and pine biomass 3000-2600 2897, 2821 [30]
Coals, sawdust, RS, and corn stalk 3045-2875 [16]
Palm kernel shell from palm oil 3000-2700 [46]
Straw with absorbed glycerol 3100 [44]
Solid waste, paper mill sludge, and their 3100-2850 3016 [45]
blends
Marine sediment 3000-2880 7]
RS, SS, and their blend 3964-3500 3800, 3600  H,O O-H Stretching This
study
Wood, plastic, tire, and RDF 4000-3500 [15]
Coals, sawdust, RS, and corn stalk 1750-1250 [16]
Palm kernel shell from palm oil 4000-3400 [46]
Straw with absorbed glycerol 4000-3600 [44]
Solid waste, paper mill sludge, and their 4000-3500 [45]
blends
Spruce and pine biomass 3900-3200 3853, 3568 [30]
RS, SS, and their blend 1900-1600 1750, 1720 CH3;COOH C-O(H) This
study
Wood, plastic, tire, and RDF 1900-1600 =0 Stretching [15]
Spruce and pine biomass 1845-1500 1768, 1745 [30]
Coals, sawdust, RS, and corn stalk 1900-1603 [16]
Palm kernel shell from palm oil 1900-1650 [46]
Solid waste, paper mill sludge, and their 1850-1600 [45]
blends
RS, SS, and their blend 1200-1100 1120 HCOOH C-O(H) Stretching  This
study
Wood, plastic, tire, and RDF 1400, 1745 [15]
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Table 4 Gaseous species based on wavenumbers (cm™ ') and functional groups for pyrolysis studies (Continued)

Sample Wavenumber range Peak Species Functional Vibration Ref.
(em™) (em™) group
Coals, sawdust, RS, and corn stalk 1200-1100 [1e]
RS, SS, and their blend 1400-1200 1320. 1250  CgHsOH (Phenol)  O-H Bending  This
study
Wood, plastic, tire, and RDF 1100, 1300 [15]
Spruce and pine biomass 1500-1325 1373 [30]
Coals, sawdust, RS, and corn stalk 1400-1200 [16]
Palm kernel shell from palm oil 1300-1200 cO stretching  [46]
RS, SS, and their blend 1279-1100 1100 CH50OH O-H Blending  This
(Methanol) study
Wood, plastic, tire, and RDF 3000-2900 [15]
Spruce and pine biomass 1300-950 1165, 1120 c-O Stretching  [30]
Palm kernel shell from palm oil 1200-1000 [46]
Straw with absorbed glycerol 1130-1030 1055 [44]
RS, SS, and their blend 16001450 1470 Aromatic CH Bending  This
study
Spruce and pine biomass 1000-650 669, 642 [30]
Palm kernel shell from palm oil 1690-1450 c=C Stretching  [46]
Marine sediment 1600-1420 [17]
Solid waste, paper mill sludge, and their 1850-1600 Aldehyde =0 Stretching  [45]
blends
Straw with absorbed glycerol 1720 [44]
Marine sediment 1700-1600
Palm kernel shell from palm oil 1460-1365 Alkanes GG CH Stretching  [46]
Marine sediment 850-736 NHs (6]
RDF Refuse-derived fuel
chemical bonds were O-H, C-H, C=C and C-O, and aro- Conclusions

matic C=C/C-H. It implied that the aromatic com-
pounds formation was probably condensed during the
pyrolysis process which were determined as aromatic C-
H bond bending (wavenumber was between 2000 and
1660 cm™ ') [41]. The literature results also proved that
some weak peaks were representing aromatic hydrocar-
bon in the 1400-1000 cm * range [40]. Based on the
TG-FTIR analysis results, the main groups in the RS
were aliphatic chains with double bonds, as well as car-
bonyl (C=0), hydroxyl (O-H), alkane (C-H) and alkyl
amine. In summary, the experimental results suggested
that RS at the mixing ratio of 40 wt% with 60 wt% SS
could be the optimum conditions in co-thermal treat-
ment. From the kinetic analysis results, RS and SS co-
gasification can reduce the required activation energy
and enhance the reaction rate. This study discussed how
mixing RS with SS could simulate the pyrolysis and gas-
ification process and quantitatively analyze the gaseous
components. Further studies are necessary to understand
the FTIR that gives reliable quantitative information re-
garding the functional groups present.

The co-pyrolysis/gasification characteristics and kinetic
analysis with or without SS, RS, and their blends addi-
tives under different heating rates using TG-FTIR were
studied. The results obtained in this research were given
as follows. From the TG and DTG analysis of RS, SS,
and their blends, it was found that SS is decomposed at
a lower temperature than RS. The temperature range of
VM devolatilization is broader when the extra RS
amount is added. RS has a significant influence on the
VM released in co-pyrolysis/gasification. Activation en-
ergy calculated using the Arrhenius equation could in-
crease from 48.6-53.1kJ mol™ ' in a linearly correlating
behavior with increasing RS addition. The exponential
factors of RS and their blends under the pyrolysis condi-
tion ranged from 0.71 x 10°-18.6 x 10° (min~'). TGA-
FTIR revealed a series of organic species (the gaseous
volatile) containing moisture, CO,, CO, CH,, acidic
gases, and aromatic compounds. In addition, this study
also proved that the RS co-pyrolysis/gasification process
imposed a significant impact on gaseous pollutants pro-
duction (CO,, NO, and SO,). This is an astounding
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acknowledgment for the co-thermal treatment of partial
oxidation performance for some blends. The main vola-
tile components identified by FTIR were aliphatic chains
with double bonds, as well as carbonyl, hydroxyl, and
C-H groups. In particular, functional groups and gas-
eous species contributed to the entire pyrolysis reaction
were: C=0 stretching (2400-2250 cm™ b, c-0 stretching
(2240-2000 cm™ '), C-H stretching (3000-2600 cm™ %),
O-H (4000-3500cm™ '), and SO, (1350-1342cm™ "),
HCl (2798-2789cm™ '), NO (1762c¢cm™') and NH;
(850-736 cm™ *). The experimental results show that RS
at 40 wt% mixed with 60 wt% SS was the optimum co-
thermal treatment proportion. In summary, by exploit-
ing such information, operators or designers can choose
a suitable condition for running pyrolysis/gasification in
commercial-scale plant in the future.
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