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Abstract: Sewage sludge is a common form of municipal solid waste, and can be utilized as a
renewable energy source. This study examines the effects of different key operational parameters
on sewage sludge pyrolysis process for pyrolytic oil production using the Taguchi method.
The digested sewage sludge was provided by the urban wastewater treatment plant of Tainan,
Taiwan. The experimental results indicate that the maximum pyrolytic oil yield, 10.19% (18.4% on
dry ash free (daf) basis) by weight achieved, is obtained under the operation conditions of 450 °C
pyrolytic temperature, residence time of 60 min, 10 °C/min heating rate, and 700 mL/min nitrogen
flow rate. According to the experimental results, the order of sensitivity of the parameters that affect
the yield of sludge pyrolytic oil is the nitrogen flow rate, pyrolytic temperature, heating rate and
residence time. The pyrolysis and oxidation reactions of sludge pyrolytic oil are also investigated
using thermogravimetric analysis. The combustion performance parameters, such as the ignition
temperature, burnout temperature, flammability index and combustion characteristics index are
calculated and compared with those of heavy fuel oil. For the blend of sludge pyrolytic oil with
heavy fuel oil, a synergistic effect occurs and the results show that sludge pyrolytic oil significantly
enhances the ignition and combustion of heavy fuel oil.
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1. Introduction

Even now, a large part of the global energy supply still depends on fossil fuels, resulting in rapid
depletion of these resources and enormous GHG (greenhouse gas) emissions. In order to mitigate
the problems associated with this fossil fuel depletion and climate warming, it is necessary to either
improve the efficiency of fossil fuel utilization [1,2], or partially replace the use of such fossil fuels with
zero or neutral carbon footprint alternative energy supplies [3,4]. Among the alternative fuels that are
now being considered, biomass is widely recognized as a promising, eco-friendly source of renewable
energy, which has the advantage of being readily available around the world.

Biomass derives from botanical or biological sources, or from a combination of these.
Ordinary sources of biomass include agricultural solid waste, forestry residues, municipal waste,
energy crops, and biological waste. Sewage sludge, the major municipal waste from the wastewater
treatment plants, is a complicated mixture of undigested organics, inorganic materials, and moisture.
The traditional treatment of sewage sludge includes agricultural use, incineration, and landfill.
However, these methods have several shortcomings. With regard to agricultural use, sewage sludge
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contains pathogenic bacteria, viruses, and parasitic helminths, which can harm the health of humans,
animals, and plants. For incineration, the heating value of dewatered sewage sludge is low. For landfill,
sludge contains a certain amount of organic substance, which generates a biogas rich in methane.
Moreover, the cost of this approach is also increasing, because it is more and more difficult to
find appropriate areas for landfill. In addition, with recent increases in the sewage treatment rate,
the volume of sludge has grown rapidly, and thus alternative methods of sludge management are
urgently needed. Thermochemical processes, such as pyrolysis or gasification, have been studied and
recommended as suitable alternatives [5]. Thermochemical processes can produce energy from the
sludge and have little influence on the environment.

For conversion into bio-fuel from biomass, biochemical conversion (BCC) and thermochemical
conversion (TCC) are the two general broad approaches. BCC often uses fermentation and biological
conversion processes. Direct combustion, gasification, pyrolysis, and liquefaction are generally used
for TCC [6,7]. The resulting products can be used directly as fuels, or further processed for specialty
chemicals [8,9].

Among the various thermochemical conversion processes, thermal pyrolysis has attracted
more interest with regard to yielding liquid fuel products from various biomass species, such as
woody biomass [10], bagasse [11], straws [12], miscanthus [13], castor meal [14], oil palm fiber [15],
fruit waste [16], and municipal solid waste [6,17]. Even for waste oil, pyrolysis approaches offer some
advantages over existing methods (transesterification, hydrotreating, gasification, solvent extraction,
and membrane technology) in producing useful pyrolysis products for future reuse [18]. Products from
pyrolysis processes depend strongly on the heating rate, heating temperature, gas residence time,
particle size of biomass, and water content of the biomass. In fact, great work related to the conversion
of biomass to liquid fuels was performed during the oil crisis of the 1970s [19], and most studies on
sludge liquid fuel production are based on pyrolysis for lignocellulosic materials. In general, in order
to increase the yield of bio-oil, the biomass in the fast pyrolysis process is rapidly heated to a high
temperature (425-600 °C) and has a short gas residence time (<3 s) in the absence of oxygen [20].

The review work of sewage sludge pyrolysis by Fonts et al. [21] placed specific emphasis on
liquid sewage sludge pyrolytic fuel production, and detailed comparisons of pyrolytic oils between
sewage sludge and lignocellulose were also made. Several studies have performed sewage sludge
pyrolysis to produce liquid fuel, which is composed of aqueous and organic phase compounds [22-27].
Some papers emphasize the influence of operational conditions and composition on the sludge
pyrolysis product, especially the liquid yield. There are few studies related to the maximum yield
of sludge pyrolytic oil and its combustion characteristics. Therefore, in this study we examined
the influence of different key parameters on sewage sludge pyrolysis process for pyrolytic oil using
the Taguchi method. As an example, the method was applied in determining the pyrolysis process
parameters of the digested sewage sludge provided by the urban wastewater treatment plant of
Tainan, Taiwan. The combustion characteristics of the resulting pyrolytic oil are also investigated by
thermogravimetric analysis. The experimental results are also compared with those for heavy fuel oil,
since the co-firing of sludge pyrolytic oil with heavy fuel oil is a promising potential alternative for
practical applications.

2. Methodology

2.1. Experimental Setup

The feedstock used for the studies is typical digested sewage sludge from a wastewater treatment
plant in Tainan, Taiwan (Figure 1). Even though the sludge is dewatered in the wastewater treatment
plant, its water content is still higher than 30%. Therefore, before the pyrolysis experiment, the sewage
sludge was preheated to 110 °C in an oven until the water content of the sewage sludge was lower
than 10% (see Table 1). The drying step is important and can even affect the conversion of a waste
into other products with high added value [28]. Figure 2a depicts the experimental thermal pyrolysis
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apparatus. In the experiment, the dried sewage sludge was mixed and ground to pass through a
100-mesh sieve, and 90 g of sewage sludge were packed in a cylindrical holder made of quartz and
put into the furnace. The covers of the cylindrical holder were made of stainless steel with many
holes. For pyrolysis, the tubular furnace was first vacuumed, and then flushed with N, to ambient
pressure. The furnace was then heated to the preset temperature and maintained at the temperature
for a designated residence time. The residence time here is different from the gas residence time,
which represents the residence time for pyrolytic vapor inside the pyrolysis furnace. In addition,
the gas residence time is inversely proportional to the nitrogen flow rate. The heated carrier gas
can flow into the holder and interact with the sludge. The generated volatile gas was collected and
delivered to a condensing system kept at 25 °C to form a liquid product. Figure 2b shows the thermal
pyrolysis operating process in a fixed-bed tubular furnace and it must undergo two steps: being
heated up from room temperature to the target temperature at a specific heating rate and holding at
the targeted temperature for a designated residence time. The production of pyrolytic oil occurs in a
certain conditions and is influenced by the combination of four operational parameters: heating rate,
target pyrolytic temperature, residence time, and nitrogen flow rate. The Taguchi method will be used
to analyze the influence of this parameter combination on the pyrolytic oil production from sewage
sludge using a fixed-bed tubular furnace. After the experiment, the condensing bottle was held for 24 h,
and the pyrolytic oil was separated from the aqueous matter using a separatory funnel. This pyrolytic
oil has a high heating value, and was the target product in the study. As to the aqueous product,
it could be used as a source for fertilizers or chemicals due to the nitrogen-containing compounds [29],
or as a source of triacetonamine [30].

Figure 1. Photograph of sewage sludge, (a) sludge from the wastewater treatment plant and (b) sludge
after preheating.

Table 1. Proximate analysis of sewage sludge.

Proximate Analysis Sewage Sludge Sewage Sludge [21]
Moisture (wt %) 6.94 1.5-7.1
Volatiles (wt %) 45.45 38.3-66.8

Ash (wt %) 37.67 22.6-52.0

Fixed carbon (wt %) 9.94 0.8-19.7
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Figure 2. Schematic diagram of (a) experimental setup and (b) operating process for thermal pyrolysis.

Simultaneous thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC)
measurement were performed using the thermal analyzer (PerkinElmer, Waltham, MA, USA: STA
8000). The temperature range was 30-1200 °C, with a heating rate of 10 °C/min. A 145-uL alumina
crucible was used to hold the testing sample, and the flow rate of air or nitrogen environmental gas
was 50 mL/min.

A portable pH meter (ROCKER, New Taipei City, Taiwan: EC-210) was used to measure the pH
value of sludge pyrolytic oil, with an accuracy of about 0.01 £ 1 digit. The pH value of sludge pyrolytic
oil can be measured directly because of the low water content. In addition, a bomb calorimeter (Parr
Instrument, Moline, IL, USA: Model 6200) was used to measure the heating values of different samples,
while an elemental analyzer (Elementar, Langenselbold, Hesse, Germany: vario EL III) was used to
analyze the C, H, O, N and S composition of the sewage sludge, pyrolytic sludge oil and heavy fuel oil.
The chemical compounds contained in the sludge pyrolytic oil were analyzed by Agilent 7890A-GC
and Agilent 5975C-MSD (Agilent Technologies, Santa Clara, CA, USA).

2.2. Taguchi Method

The Taguchi method was used to find the maximum yield of sludge pyrolytic oil from the pyrolysis
experiments. The feature of the Taguchi method uses an orthogonal array experimental design with
a simple analysis of variance. In Taguchi method, the variables are assigned to each column, called
orthogonal arrays for the design of experiments [31], of a matrix related to experimental parameters
and experiment levels. In general, the Taguchi method is not aimed at finding the optimal conditions
as a full factorial method, but it can analyze the best trend with fewer experimental data, and thus is
commonly applied to optimize industrial processes.

Taguchi method was previously applied to analyze caster meal pyrolysis by Chen et al. and this
group [14]. The Taguchi method uses the S/N ratio, the signal to noise ratio , to measure the quality
characteristics deviating from the desired value [32]. Different strategic categories of nominal—the
best (NTB), smaller the better (STB), and larger the better (LB)—are used to describe the S/N ratio
characteristics [33]. In this study, for example, to obtain the maximum yield of pyrolytic oil, the “larger
the better” characteristic must be adopted. The expression of S/N ratio is shown as follows:

1 352
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where N is the test number, y; is the value of the pyrolytic oil yield in the ith test, and ¥ is the average
yield of pyrolytic oil. The procedure for the experimental design with the Taguchi method can be
found in previous work [14].
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2.3. Characteristic Combustion Parameters

Several characteristic combustion parameters can be deduced from a TG-DTG curve to assess
the combustion properties of fuels. This study will make use of the ignition temperature (T;), burnout
temperature (T,), combustion characteristics index (S), and flammability index (C) to evaluate the
combustion characteristics of sludge pyrolysis oil mixed with different percentages of heavy fuel
oil. The weight loss curve is used to define the ignition temperature. There are many studies
concerning the definition of the ignition temperature using TG-DTG curves [34-36], and the method
proposed by Tognotti et al. [34] is widely used to predict the ignition temperature for different fuels.
In this, the weight loss curve of fuel in the air atmosphere is overlapped with that in inert gas
atmosphere (N3), and the ignition temperature (T;) corresponds to the first bifurcation point in the TG
curves [37]. In addition, the burnout temperature (T,) is defined as the temperature corresponding to
99% conversion of the fuel in the TG curve of air atmosphere.

Since the ignition and burnout temperatures show only a single combustion property of the
fuel, an integrated index is required for the global combustion performance of fuels. Therefore,
the combustion characteristic index (S) and flammability index (C) are also used for benchmarking
the combustibility of fuels [38]. The combustion characteristic index (S) was first proposed by
Cheng et al. [39]. The larger the combustion characteristics index, the better the combustion
characteristics of the fuel. The combustion rate is expressed by the Arrhenius Law, as follows:

dW/dt = Aexp(—E/RT), 2)

where dW/dT is the combustion rate, A is a pre-exponential factor, E is the activation energy, and T is
the absolute temperature.
Take the differential of Equation (2) with temperature and rearrange it as follows:

E “dr\dr ) dr = T2
1 1H 3 3 L (dw/dr)max (dw/dr)mean .
At ignition temperature T;, Equation (3) is multiplied by @W/dr)r Te :
E  dT\ dt )¢ g (dW/dT)r_p T, T2 x T, ’

where (dW/dt),,,, is the maximum combustion rate, which can be obtained from the peak of DTG
curve. (dW/dT), . is the mean combustion rate, which can be obtained from the mean of DTG
curve. The first term of Equation (4) on the left-hand side represents the reaction strength of fuel
combustion, which is related to the activation energy. The second term stands for the change rate of
fuel combustion rate at the ignition temperature and the third term refers to the ratio of maximum
combustion rate to the combustion rate at the ignition temperature. These two terms are related to the
ignition temperature. The last term is the ratio of mean combustion rate to the burnout temperature;
the larger the value, the shorter the burnout time of the fuel.
The right-hand side of Equation (4) is the combustion characteristic index (5):

AW /dT) oy X (AW /dT)

(
S:
T x T,

mean . (5)

The flammability index combines the influence of maximum combustion rate and the ignition
temperature. It can reflect the difficulty of fuel combustion and the burning out speed. The fuel with a
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large flammability index will have better combustion stability and the flammability index (C) of the
sample can be expressed as follows:

C = (dW/dr) T2 (6)

max /

3. Results and Discussion

3.1. Thermogravimetric Analysis of Sewage Sludge

Table 1 shows the approximate analysis of the sewage sludge used in this study, and it is
composed of 6.94 wt % moisture, 45.45 wt % volatiles, 9.94 wt % fixed carbon, and 37.67 wt %
ash. This composition is well within the range of the different kinds of sewage sludge analyzed by
Fonts et al. [21].

Figure 3 shows the TGA thermograph of sewage sludge. The heating rate is 10 °C/min and the
nitrogen flow rate is 50 mL/min. The purple curve shows thermogravimetry (TG), the blue curve
shows differential of thermogravimetry (DTG), the red curve shows differential scanning calorimetry
(DSC), while the green curve represents TG in air atmosphere. The mass loss of sewage sludge increases
along with the temperature, and the major reactions occur between 120 °C and 500 °C.

For the purple TG curve in Figure 3, there are three stages of weight loss. The first stage has
a weight loss of 9.33% in the temperature range of 30-200 °C, due to the removal of the water and
organics with low boiling points. In the second stage, there are two distinct peaks at the temperatures
of 273 °C and 323 °C in the DTG curve. About 33.57% of the original sewage sludge is lost, and this is
mainly from the decomposition of aliphatic compound protein and carbohydrates contained in the
sewage sludge [40—43]. In the third stage, the weight loss tends to be mild when the temperature
exceeds 500 °C, which might be from the decomposition of residual organic matter and the inorganic
materials, such as calcium carbonate [44]. Finally, the residue is about 46.79% of the original weight of
the sewage sludge when the temperature reaches 1000 °C.
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Figure 3. Thermogravimetric analysis results for sewage sludge at a heating rate of 10 °C/min and
nitrogen flow rate of 50 mL/min.

3.2. Pyrolytic Parameters for Sewage Sludge

3.2.1. The Influence of Nitrogen Flow Rate on the Pyrolytic Oil Yield

Inert carrying gases such as nitrogen and carbon dioxide are often used in the pyrolysis process.
Inert gas can keep the reactor in an oxygen-free state, and causes the volatiles to move quickly away
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from the system and thus avoid condensing again. Piitlin et al. investigated the effects of the sweeping
gas flow rate (Ny) on pyrolysis products, and found that increasing the sweeping gas will reduce the
gas residence time and prevent the pyrolytic products from the secondary thermal decomposition,
thus maximizing the liquid yield [45].

The influence of the N, flow rate on the sludge pyrolytic oil was also investigated in this study,
as shown in Figure 4. The conditions were fixed as a pyrolytic temperature of 500 °C, heating rate
of 20 °C/min and residence time of 60 min. The pyrolytic oil yield increases with the N, flow
rate in the range of 300-700 mL/min. However, it then decreases again after the N, flow rate
surpasses 700 mL/min. Higher liquid yield is usually obtained in a certain range of gas residence
time. According to the volume of the quartz holder in this study, the filled volume of 90 g sludge
and the nitrogen flow rate of 700 mL/min, the gas residence time is between 2.5 s and 3 s. It is under
the range preferred for fast pyrolysis to obtain more oil product [20]. When the nitrogen flow rate
is less than 700 mL/min, the gas residence time is increased and this gas residence time may cause
condensable gases secondary decomposition, which is not conducive to oil product. Nevertheless,
the variation in the nitrogen flow rate would also vary the degree of dilution of the pyrolysis vapors.
When the dilution of the vapors increases, the vapor pressure decreases, making it more difficult to
reach saturation pressure. This affects the condensation and thus the liquid yield. It is speculated this
reason make sludge pyrolytic oil decrease after the nitrogen flow rate exceeds 700 mL/min. Therefore,
the nitrogen flow rate was chosen as 300, 500, 700 and 900 mL/min in the following work.

15

Pyrolytic temperature : 500 °C
N Residence time : 60 min
Heating rate : 20 °C/min

10 — —&—— Pyrolytic oil yield
5 .,,//\\‘

L DL L L
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Yield pyrolytic oil (wt%)
]

Figure 4. The effect of nitrogen flow rate on the yield of pyrolytic oil.

3.2.2. The Optimal Conditions for Sludge Pyrolysis

The optimal pyrolysis conditions for the maximum yield of sludge pyrolytic oil are investigated
in the fixed-bed reactor using the Taguchi method. Table 2 gives the pyrolysis parameters and
their levels. Four pyrolysis parameters are the heating rate, pyrolysis temperature, residence time,
and nitrogen flow rate. These parameters are assumed to be independent and each parameter has four
levels. According to the number of parameters and their levels, the L14(4°) orthogonal array will be
selected. Table 3 shows the experimental layout using an L14(4%) orthogonal array and the original
256 experimental conditions for the full factorial method are thus diminished significantly to only 16.
Table 4 reveals the mass balances of all 16 experimental conditions, including aqueous, oil, and solid
yields. Gas yield was obtained by calculation since it was not collected. It shows that sewage sludge
char accounts for 50-60% of total product, and the liquid yield is in the range of 18-27%. To assure the
reliability of the results, each experiment was performed three times to take the average.
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Table 2. Pyrolysis control factors and their levels.

8of 17

Level 1 Level 2 Level 3

Level 4

Heating rate (°C/min) 10 20 30
Temperature (°C) 450 500 550
Residence time (min) 30 60 90
N, flow rate (mL/min) 300 500 700

40
600
120
900

Table 3. Experimental layout using an Ly6(4°) orthogonal array.

Experiment  Heating Rate = Temperature Residence N, Flow Rate Cooling
No. (°C/min) °O Time (min) (mL/min) Temperature (°C)
1 10 450 30 300 25
2 10 500 60 500 25
3 10 550 90 700 25
4 10 600 120 900 25
5 20 450 60 700 25
6 20 500 30 900 25
7 20 550 120 300 25
8 20 600 90 500 25
9 30 450 90 900 25
10 30 500 120 700 25
11 30 550 30 500 25
12 30 600 60 300 25
13 40 450 120 500 25
14 40 500 90 300 25
15 40 550 60 900 25
16 40 600 30 700 25
Table 4. The mass balances of all 16 experimental conditions.
Experiment No. Aqueous (wt %) Oil (wt %) Solid (wt %) Gas (by diff.) (wt %)
1 11.42 8.71 57.02 22.85
2 12.67 8.88 55.09 23.36
3 15.06 9.87 54.48 20.60
4 13.42 7.29 52.18 27.11
5 14.93 8.76 54.92 21.40
6 14.09 791 53.37 24.63
7 14.31 8.62 52.45 24.62
8 9.44 9.22 54.10 27.24
9 13.41 8.31 55.80 22.49
10 12.12 9.32 54.56 24.00
11 12.93 6.59 53.10 27.38
12 13.76 7.58 52.91 25.75
13 14.70 9.20 54.43 21.66
14 13.11 5.43 54.30 27.17
15 18.41 9.22 53.33 19.03
16 15.67 7.88 51.82 24.63

After obtaining the experimental yield of sludge pyrolytic oil, the corresponding S/N ratio can be
calculated using Equation (1). Since the experimental design is orthogonal, the effect of each pyrolysis
parameter at different levels can be separated out. The mean S/N ratio for the 16 experimental
conditions is computed and the mean S/N ratio for each level of the other pyrolysis parameters can
then be calculated. The S/N response for the mean S/N ratio of the pyrolysis parameters at each level
are shown in Table 5 and it is used to determine the maximum yield of sludge pyrolytic oil.
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Table 5. S/N response table for sludge pyrolytic oil.

L1 L2 L3 L4 Max-Min
(A) Heating rate -21.27  -2129  -2206  —22.20 0.929
(B) Temperature -21.17 —22.25 —21.43 —21.98 1.074
(C) Residence time =~ —22.23  —21.32  —2193  -21.34 0.910
(D) N, flow rate —-2255  =2152  —=2099 2177 1.564

Based on the experimental results and the calculated S/N ratio, the optimal operation conditions
are determined as shown in Figure 5. In Figure 5, these four pyrolysis parameters are labelled as “A”
for heating rate, “B” for pyrolytic temperature, “C” for residence time, and “D” for nitrogen flow
rate. Although the results for pyrolytic temperature and residence time are zigzag, several studies
concerning the Taguchi method also show the same phenomenon for S/N ratios [46—48]. It can be
deduced from Figure 5 that the optimal pyrolysis conditions are Al, Bl, C2 and D3, which represent a
heating rate of 10 °C/min, pyrolytic temperature of 450 °C, residence time of 60 min, and nitrogen flow
rate of 700 mL/min. It should be mentioned that fast pyrolysis, which represents a pyrolysis reaction
carried out at high heating rates, moderate temperatures and short gas residence times, is usually
used to obtain high yield of pyrolysis oil. There are three main kinds of technologies for fast pyrolysis:
ablative pyrolysis, fluidized bed pyrolysis, and vacuum pyrolysis. However, in the study, a tubular
furnace, a type of fixed-bed reactor was used. The results show that oil yield was affected by the
combination of four operational parameters. The heating rate is not the dominant parameter due that
it was restricted by the pyrolytic temperature. Among these parameters, the nitrogen flow rate has
the most obvious effect, which is followed by the pyrolytic temperature and the residence time has
the least effect. The nitrogen flow rate (inversely proportional to the gas residence time) has a more
significant effect on the oil yield than heating rate.

—19
] —A—— Heating rate
] —— Pyrolytic temperature
—20 7 —<&—— Residence time
- N, flow rate
g ]
5_5 —21 — %
) ] /
7 &
—23 ) ) 1 1 I ) ) 1 1 I ) 1 1 ) I 1 1 LI
Al A2A3A4 "BIB2B3B4 " C1C2C3C4 " DID2D3D4

Figure 5. S/N response for sludge pyrolytic oil.

3.2.3. Confirmation Experiment

In the Taguchi method, the confirmation experiment is the last step and the aim of this is to
validate the yield of sludge pyrolytic oil. After obtaining the optimum conditions and predicting the
response under these conditions, a new experiment was performed with the optimum levels of these
pyrolysis parameters. The theoretical optimal S/N ratio can be estimated as:

S/Nopt =S/Nay + (A1 — S/Nay) + (Bl — S/Nay) + (C2 — S/Nay) + (D3 — S/Nay) = —19.63, (7)

where S/N sy is the total mean of the S/N ratio and S/Nopt is the S/N ratio at the optimal level.
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From the experimental results of the standard L;¢(4°) orthogonal array, the theoretical
optimization S/N value is —19.63, and it can be deduced that the theoretical maximum pyrolytic oil
yield is 0.1044 g/ g sewage sludge (18.85% on dry ash free (daf) basis). The real yield of the confirmation
experiment is 0.1019 g/g-sewage sludge (18.4% on dry ash free (daf) basis). The difference is only
0.0025 g/g sewage sludge, and thus real experimental result is very close to the theoretical value.
In addition, under the optimal conditions, the solid product is about 54.83%, aqueous product is about
15% and by mass balance, the gas product is 19.98%. Although the solid product is not suitable to
be used as fuel due to high content of inorganic matter (ash), it can be used to produce adsorbents
for disposing of pollutants such as H,S and NOy [21]. The aqueous product could be used for the
production of fertilizer since it has high content of nitrogen-containing compounds. As to the gas
product, it could be recycled and used for the drying of feedstock.

3.3. Elemental Analysis and Heating Values of the Different Fuels

Table 6 shows the elemental analysis and heating value for the sewage sludge, sludge pyrolytic oil
and heavy fuel oil on the wet basis. The sludge pyrolytic oil is obtained using the optimal conditions
from the Taguchi method. The results show that the dried sewage sludge contained 1.28% sulfur and
the sludge pyrolytic oil contained 1.25% sulfur. Compared to the sulfur content of heavy oil, it can
be seen that when using sludge pyrolytic oil as fuel more care must be taken with regard to the SOx
emissions. However, since the combustion of pure sludge pyrolytic oil appears to be impractical
because of the yield, it is more feasible to co-combust this and other fuels, such as heavy fuel oil. In this
case, the sulfur content would drop significantly and thus decrease the sulfur oxide emissions. As to the
high nitrogen content in the sludge pyrolytic oil, it is usually related to fuel NOy during the combustion
process. Therefore, the blending ratio of sludge pyrolytic oil and heavy fuel oil should be also well
selected to have less SOx and NOx emissions. Sludge pyrolytic oil also has a higher oxygen content
than heavy fuel oil. A high oxygen content directly affects the energy density, and the resulting heating
value is usually lower than that of heavy fuel oil. Although the heating value of sludge pyrolytic oil is
only about 2/3 that of heavy fuel oil (28.66 MJ/kg vs. 44.87 M] /kg), it is still significantly higher than
the common bio-oil from lignocellulose. In addition, it does not have the corrosive character that is
often seen in other pyrolysis liquids obtained from lignocellulosic biomass, as the pH value of sludge
pyrolytic oil is between 8.86 and 9.67 in this study. Accordingly, these advantageous properties make
sludge pyrolytic oil favorable as fuel for the co-combustion with other fossil fuels, like heavy fuel
oil. In addition, sludge pyrolytic oil contains a high nitrogen and sulfur content, primarily due to the
decomposition of protein contained within the dried sewage sludge [21].

Table 6. Elemental analysis and heating values of different fuels.

Samples N% C% H% 0% $% HHV(M]J/kg)
Sewage sludge 4.14 22.62 493 35.29 1.28 10.18
Sludge pyrolytic oil 5.92 58.44 9.08 18.98 1.25 28.66
Heavy fuel oil 0.46 86.7 11.81 0.26 0.28 44.87

Table 7 compares the properties of diesel, heavy fuel oil, and sludge pyrolytic oil. The optimal
combination conditions obtained from the Taguchi method is used for the yield of sludge pyrolytic oil.
The test standards used in this study for different properties are also shown in Table 7. The density
of sludge pyrolytic oil is larger than that of diesel and heavy fuel oils and it is a little higher than the
density of water. The viscosity of sludge pyrolytic oil is between that of diesel and heavy fuel oils.
The flash point of sludge pyrolytic oil is 80 °C, which makes it safe to use as a fuel. The pour point of
sludge pyrolytic oil is lower than that of heavy fuel oil and it still retains mobility at low temperatures.
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Table 7. Properties of different kinds of liquid fuels.

Properties Diesel = Heavy Fuel Oil Sludge Oil (Pyrolysis) Test Method
Density (g/cm?, @15 °C) 0.8335 0.9533 1.04 ASTM D4052
Viscosity (mm?/s @40 °C) 3.024 130.3 64.86 ASTM D445
Flash Point (°C) 52-80 110 80 ASTM D93
Pour Point (°C) -9 12 6 ASTM D97
Heating Value (M]/kg) 42.50 44.87 28.66 ASTM D240

The bio-oil characterization was carried out using GC/MS spectrometry at the optimal conditions
for the maximum yield of the pyrolytic oil. Figure 6 shows the GC/MS mass spectra of sludge
pyrolytic oil, and there are more than 100 peaks corresponding to different organic compounds
detected. However, many of them cannot be identified. The major compounds are shown in Table 8
and the area percentage in the tables represents the area fraction under the peak for that identified
component. The highest peak areas of the identified compounds were for n-hexadecanoic acid,
cholest-4-ene, octadecanoic acid, hexadecanamide, oleic acid, 4-methyl phenol, toluene, indole, and so
on. Oleic acid is a monounsaturated fatty acid, and can be found in a variety of animal and vegetable
materials. The saturated form of this acid is stearic acid, and is used in Lorenzo’s oil. Indole is generally
used in the production of synthetic jasmine oil. Huang et al. also investigated bio-oil from pyrolysis of
granular sewage sludge [49]. In their study, the GC-MS results of bio-oil also indicated n-hexadecanoic
acid (C16H3,0,) is the major component at the pyrolysis temperature of 500 °C, which is close to our
operation condition. The n-hexadecanoic acid accounts for a large proportion of the known ingredients
in the sludge pyrolytic oil. The other identical components in both studies include octadecanoic acid
(C18H360,), tetradecanoic acid (C14Hp307) and hexadecanamide (C16H33NO). In general, carboxylic
acid is the most compound type of the known ingredients.
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Figure 6. GC-MS mass spectra for sludge pyrolytic oil.
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Table 8. GC-MS analysis of sludge pyrolytic oil.

Peak Retention Time Chemical Name Mol Formula Area%
1 2.178 acetic acid CoH4 0, 0.40%
2 2.277 2-butanone C4HgO 0.18%
3 4.551 Pyrrole C4HsN 0.75%
4 4.994 Toluene CyHg 3.63%
5 7.228 ethyl benzene CgHjyg 0.93%
6 7.764 styrene CgHg 1.47%
7 8.995 phenol Ce¢HgO 3.07%
8 10.017 4-methyl phenol C;HgO 4.41%
9 10.839 4-ethyl phenol CgH;pO 1.23%
10 11.474 benzene propane nitrile - 0.87%
11 11.929 indole CgHyN 3.18%
12 12.603 3-methyl indole CoHgN 1.31%
13 14.729 tetradecanoic acid C14Hp50, 1.83%
14 15.504 pentadecanenitrile Ci5HygN 3.17%
15 15.793 n-hexadecanoic acid C16H30, 31.90%
16 16.664 oleic acid C18H3402 4.86%
17 16.739 octadecanoic acid C18H3602 5.89%
18 16.855 hexadecanamide C16H33NO 4.97%
19 17.748 octadecanamide C18H3yNO 1.06%
20 19.833 Unknown - 3.18%
21 19.991 cholest-2-ene CoryHyg 2.08%
22 20.077 cholest-3-ene CoyHyg 1.69%
23 20.16 cholest-4-ene C27H46 9.42%
24 20.464 cholesta-3.5-dienl - 2.10%
25 21.518 unknown - 6.41%

3.4. Combustion Characteristic Parameters

Thermogravimetric analysis was performed for sludge pyrolytic oil (SPO), heavy fuel oil (HFO),
20% SPO/80% HFO, and 50% SPO/50% HFO, and the results were used to calculate the ignition
temperature, burnout temperature, combustion characteristic index (S) and flammability index (C).
In these experiments, the samples were inserted into an alumina crucible and heated up to 1200 °C at
the heating rate of 10 °C/min. A nitrogen flow rate of 50 mL/min is used for the pyrolysis process and
an air flow rate of 50 mL /min is used for the oxidation reaction.

Figure 7 shows the TGA burning profiles of different blending ratio for sludge pyrolytic oil/heavy
fuel oil, and the TG pyrolysis curve for sludge pyrolytic oil with N; carrying gas is also shown to
identify the ignition temperature. In Figure 7a, the main reaction for pure sludge pyrolytic oil occurs
between 300 and 600 °C. The oxidation processes can be divided into three stages, as follows. (1) The
stage of moisture release: the first peak of DTG curves occurs between 30 and 136 °C, corresponding to
the endothermic reaction in the DSC curve. This mainly represents the heat adsorption by water and
the organic matter with low boiling point. The weight loss in this stage is about 21.63 wt %. (2) The
volatilization and oxidation stage of the light volatile substance, which occurs between 136 °C and
471 °C. The DSC curve indicates an exothermic reaction in this stage, and the weight loss is about
65.21 wt %. (3) The stage of nonvolatile combustion, which represents the combustion of heavy organic
matter after 471 °C, and there is a peak in the DTG curve at the temperature of 565 °C, corresponding
to a higher exothermic peak in the DSC curve. The weight loss in this stage is about 11.67 wt %. Finally,
the remaining substance after oxidation is about 1.16 wt %.
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Figure 7. TGA burning profiles of sludge pyrolytic oil at a heating rate of 10 °C/min and air flow rate
of 50 mL/min. (a) Pure sludge pyrolytic oil; (b) pure heavy fuel oil; (c) 20% sludge pyrolytic oil and
80% heavy fuel oil; (d) 50% sludge pyrolytic oil and 50% heavy fuel oil. (Green curve: TG; blue curve:
DTG; red curve: DSC; purple curve: TG in the pyrolysis process).

In Figure 7b, the main reaction for pure heavy fuel oil occurs between 300 and 650 °C.
The oxidation processes have two stages, as follows. (1) The volatilization and oxidation stage
of light volatile substances and there are several peaks in the DTG curve between 300 and 510 °C.
The DSC curve indicates an exothermic reaction in this stage, and the weight loss is about 83.41 wt
%. (2) The stage of nonvolatile combustion represents the combustion of heavy organic matter after
510 °C, and there is a peak in the DTG curve at the temperature of about 600 °C, corresponding to a
higher exothermic peak in the DSC curve. The weight loss in this stage is about 16.06 wt %. Finally,
the remaining residue is about 0.42 wt %.

For the blends, Figure 7c shows the TGA burning profiles of 20% sludge pyrolytic 0il/80% heavy
fuel oil. The TG curve decreases faster than that of pure heavy oil due to the mixture of sludge
pyrolytic oil, which has more volatile organic compounds. Similar to the case of pure sludge pyrolytic
oil, the reaction processes can be divided into three stages, as follows. (1) The stage of moisture release,
when the first peak of the DTG curves occurs between 30 and 150 °C and the weight loss in this stage is
about 5.17 wt %. (2) The volatilization and oxidation stage of the light volatile substances, which occurs
between 150 and 510 °C; the overall trend is the same as for the heavy oil. The DSC curve indicates an
exothermic reaction in this stage, and the weight loss is about 82.97 wt %. (3) The stage of nonvolatile
combustion, which represents the combustion of heavy organic matter above 510 °C. There is a peak
in the DTG curve at the temperature of about 600 °C, corresponding to a higher exothermic peak in
the DSC curve, and the weight loss in this stage is about 11.87 wt %. There is almost no residue left
after oxidation.

When the blending ratio increases to 50% as shown in Figure 7d, The TG curve only decreases
slower than that of pure sludge pyrolytic oil in these cases, and this is primarily due to the mixture of
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sludge pyrolytic oil, which has more volatile organic compounds. The reaction processes can also be
divided into three stages, as follows. (1) The stage of moisture release, when the first peak of the DTG
curves occurs between 30 and 145 °C, and the weight loss in this stage is about 14.23 wt %. (2) The
volatilization and oxidation stage of the light volatile substances, which occurs between 145 and 500 °C
and can be further divided into two parts. The first is close to the oxidation of sludge pyrolytic oil and
is between 145 and 415 °C, while the second is close to the oxidation of heavy fuel oil and is between
415 and 500 °C. The DSC curve indicates an exothermic reaction in this stage, and the weight loss
is about 72.58 wt %. (3) The stage of nonvolatile combustion, which represents the combustion of
heavy organic matter above 500 °C. There is a peak in the DTG curve at the temperature of 566 °C,
corresponding to a higher exothermic peak in the DSC curve, and the weight loss in this stage is about
12.3 wt %. After oxidation, the residue is about 0.75 wt %.

From Figure 7, these results show that for the blends the second DTG peak, which represents
the combustion of volatile substances and determines the ignition temperature, shifts to a lower
temperature when compared to the case of pure heavy fuel oil. As can be seen in the TGs and DTGs
for the blends of sludge pyrolytic oil and heavy fuel oil, there is an obvious interaction between the
blend components. Table 9 shows the combustion characteristic parameters of sludge pyrolytic oil,
heavy fuel oil, and the blends. Sludge pyrolytic oil has a lower ignition temperature (274 °C) than
heavy fuel oil (434 °C), since it has more volatile matter. In addition, a greater percentage of sludge
pyrolytic oil in the blend will reduce the ignition temperature to a greater extent. We also found
similar trends for combustion characteristics of a single droplet in the suspended droplet experimental
system [50]. A higher blending ratio of sludge pyrolytic oil will make ignition easier. However,
the burnout temperature is around 600 °C in all these cases because the combustion characteristics
of heavy organic matter (the last DTG peak) are similar for these oils. The last DTG peak derived
from the oxidation of heavy organic matter determines the burnout temperature. Table 9 also shows
that the maximum combustion rate of sludge pyrolytic oil is higher than that of heavy fuel oil.
An interesting finding is that the maximum combustion rate in the blend is even higher than for
pure sludge pyrolytic oil. This indicates that there is an interaction between these blend components,
and synergistic effects can be perceived. In addition, as the blending ratio of sludge pyrolytic oil
increases, the maximum combustion rate also moves to a lower temperature and represents the
domination shifts from heavy organic matter to light volatile substances. Finally, the flammability
index and combustion characteristics index in the blend are higher than those of heavy fuel oil. Since
the sludge pyrolytic oil has a higher volatile content than heavy fuel oil, adding a certain amount of
sludge pyrolytic oil will promote the ignition performance of heavy fuel oil, which is conductive to the
stability of heavy fuel oil combustion. The co-combustion of sludge pyrolytic oil and heavy fuel oil
has better combustion characteristics than seen with pure heavy fuel oil. Moreover, it is even better
than pure sludge pyrolytic oil, especially in the case of 50% sludge pyrolytic oil mixed with 50% heavy
fuel oil.

Table 9. The combustion characteristic parameters of sludge pyrolytic oil, heavy fuel oil, and the blends.

Fuel (dWldt) . (AWIAT) ey T: (°C) T (°C)  Sx107 Cx10°
Heavy fuel oil 3.517 1.544 434 612 0.470 1.863
20%SPO + 80%HFO 5.003 1.783 311 601 1.531 5.157
50%SPO + 50%HFO 5.464 1.562 295 600 1.631 6.257
Sludge pyrolytic oil 4.360 1.162 274 605 1.114 5.832

4. Conclusions

The Taguchi method was used in this study to optimize the pyrolysis of sewage sludge for
obtaining the maximum pyrolytic oil yield. The combustion characteristic parameters are evaluated
based on a thermogravimetric analysis to explore the combustion characteristics of sludge pyrolytic oil
and heavy fuel oil. The findings of this study are summarized as follows.
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The effective sequence of pyrolytic parameters for the yield of sludge pyrolytic oil is nitrogen
flow rate, pyrolytic temperature, heating rate, and residence time. The best operating conditions
for sewage sludge pyrolysis are a heating rate of 10 °C/min, pyrolysis temperature of 450 °C,
residence time of 60 min, and nitrogen flow rate of 700 mL/min. Under these conditions,
the obtained pyrolytic oil yield is 10.19% (18.4% on dry ash free (daf) basis), which is very close
to 10.44% (18.85% on dry ash free (daf) basis.), the ideal value from the Taguchi method.

From the thermogravimetric analysis of sludge pyrolytic o0il, the combustion performance
parameters, such as the ignition temperature, burnout temperature, flammability index,
and combustion characteristics index, are calculated and compared with those of heavy fuel oil.
Since the sludge pyrolytic oil has volatile substances with lower boiling temperatures, it has a
lower ignition temperature and better combustion characteristics than heavy fuel oil.

For the blends of sludge pyrolytic oil and heavy fuel oil, the maximum combustion rate,
the flammability index, and combustion characteristics index all increase markedly along with
the amount of sludge pyrolytic oil. Sludge pyrolytic oil significantly enhances the combustion
of heavy fuel oil, with the mix producing even better results than those seen with pure sludge
pyrolytic oil (synergistic effects).
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