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1 The methods 

1.1 Thermogravimetry analysis 

Thermogravimetric analysis (TG) is a technical method to continuously measure 

the mass and temperature of the heated material under programmed temperature 

control conditions [1-3]. The TG experiments were conducted using a TG analyzer 

(Evo1150, Setaram, France), which can measure the quality change of samples in 

real-time under specific atmosphere and programmed temperature control conditions 
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to obtain the weight loss information such as dehydration, decomposition, and 

volatilization or weight gain information such as hydration, oxidation and adsorption. 

To comprehensively evaluate the pyrolysis and combustion characteristics of 

sludge, the TG curve and data were analyzed in this study, and the following 

evaluation parameters were used [4]: maximum precipitation rate [(dw1/dt)max, %/min]; 

maximum precipitation temperature (T1max, °C) corresponding to (dw1/dt) max; initial 

volatile temperature (Ts, °C) what is the inflection point temperature corresponding to 

the lowest point of the first curve after the loss of water on the curve; maximum 

volatile release rate [(dw2/dt)max, %/min]; temperature (T2max, °C) corresponding to 

(dw2/dt)max; temperature (∆T1/2, °C) corresponding to (dw/dt)max)/(dw2/dt)max = 0.5; 

final temperature residue ratio (R, %), 900°C as the final temperature of pyrolysis. 

The larger the value of (dw2/dt)max, the more intense the release of volatiles, and 

the smaller the Ts, the easier the volatiles are precipitated. The smaller the T2max, the 

narrower the ∆T1/2, the earlier and more concentrated the peak value of volatilization 

analysis, and the better the ignition characteristics and combustion efficiency of 

sludge. 

Based on the above parameters, the volatile matter release characteristic index 

(D, %·min−1·C−3) can be defined as follows: 

1/2smax2

max2

TTT

)/dtdw(


=D

               (S1)

 

  The higher the value, the better the volatilization characteristics of sludge, and 

the easier the pyrolysis reaction. 

1.2 Combustion index 
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To evaluate the combustion characteristics of SS more comprehensively, the TG 

data were analyzed. The following evaluation parameters were used [5,6]: 

Ignition temperature Ti is one of the indicators to evaluate the ignition 

performance of the fuel. It refers to the lowest temperature at which the fuel reaches 

continuous combustion. The lower the ignition temperature, the better the ignition 

performance. In this study, the TG-DTG method was used to determine the ignition 

temperature of samples, i.e., to find the peak point on the DTG curve as the 

intersection point between the vertical line and TG curve, then, to use the tangent 

plug-in to obtain a tangent line, and the intersection point between the tangent line 

and parallel line when weight loss begins is the Ti. 

Burnout temperature Tf refers to the burnout characteristics of fuel. The higher 

the Tf, the worse the burnout characteristics of fuel. In this study, the temperature 

corresponding to the weight-loss rate accounting for 95% of the total weight-loss rate 

was used as the Tf. 

The maximum weight-loss rate (dw/dt)max represents the intensity of the reaction 

during combustion, and Tmax reflects the temperature at which the maximum 

weight-loss rate is achieved. The larger the max, the more intense the reaction. The 

smaller the Tmax, the easier the sample will reach the (dw/dt)max and the easier the 

sample will burn. And the (dw/dt)mean reflects the mean combustion temperature. 

Flammability index C reflects the speed of fuel combustion and the degree of 

difficulty in igniting. The larger the flammability index, the better the ignition stability 

of the sample [7]. It can be calculated as follows: 
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The flammability stability index G reflects the difficulty of fuel ignition and 

burnout. It can be calculated as follows: 

imax

max

TT

)dt/dw(


=G                (S3) 

The comprehensive combustion characteristic index S is a comprehensive index 

to evaluate the combustion characteristics of fuel. It can fully reflect the ignition and 

burnout performance of the sample. The larger the value of S, the better the overall 

combustion performance of the fuel. It can be calculated as follows: 

f

2

i

meanmax )d/dw()dt/dw(

TT

t
S =             (S4)   

where the mean combustion rate (dw/dt) = β(w0−w1)/(TF−Ti); w0 and w1 are the 

relative masses corresponding to the ignition temperature and burnout temperature, 

respectively. 

1.3 Kinetic analyses 

To study the reaction mechanism of SS and BC co-combustion, it is necessary to 

study the reaction kinetics effect of SS and BC to provide guidance for its pyrolysis 

and combustion [8-10]. 

The fuel is pyrolyzed in a TG analyzer, and the reaction can be shown as follows: 

)g(C+B(s)A(s) ⎯→⎯             (S5) 

 where A represents a solid reactant; B represents the solid phase of pyrolysis 

reaction products; and C represents the pyrolysis gas generated by the reaction, 

mainly including H2, CO, CH4, and other noncondensable gases, and generally refers 
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to gaseous condensable organic macromolecules. 

The pyrolysis reaction rate is a function of reaction temperature, heating rate, and 

mass of reactants, where α represents the conversion rate, α = (m0−mi)/(m0−m∞), m0, 

mi, and m∞ represent the mass of reactants at the initial time, i time, and termination, 

respectively (kg). 

Pyrolysis reaction rate: 

)(kf
dt

d



=

                   (S6) 

By combining the Arrhenius formula and reaction rate formula, the integral form 

of pyrolysis rate can be obtained as follows: 

)(fe
dt

d -




RT

E

A=
                 (S7) 

where k is the reaction rate constant (s−1), A is the prefactor (s−1), E is the 

activation energy (kJ/mol), R is the gas constant (8.314 J/(mol•K)), T is the 

temperature (°C), and F(α) is the differential form of the pyrolysis mechanism 

function. 

he early studies on thermal analysis dynamics were all based on isothermal 

method, and then due to the development of thermal analysis technology, 

nonisothermal dynamic method gradually replaced the isothermal method with its 

advantages of rapid and accurate analysis [11,12]. Nonisothermal method usually uses 

the constant rate of heating, i.e., the heating rate is a constant. Therefore, the 

decomposition rate of samples determined by nonisothermal dynamics method can be 

expressed as follows: 
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where β is the heating rate (K/min), expressed as β = dT/dt. 

According to the Coats–Redfern method, integration by parts can be obtained as 

follows: 
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d
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, for most of the reaction E values within the 

general temperature range, 2(RT)/E is far less than 1, so it can be translated into: 
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               (S10) 

At this point, ln[G(α)·T−2] has a linear relationship with T−1 under constant 

heating rate β, and the slope of fitting data can be used to obtain the apparent 

activation energy E. Finally, the most reasonable mechanism equation was obtained 

by comparing the fitting degree of curves under different mechanism functions [13]. 

The commonly used mechanism functions are listed as the Table S1. 
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Table S1 Common reaction mechanism functions 

No. mechanism G（α） f（α） 

1 One-dimensional diffusion，1D α2 1/(2α) 

2 Two-dimensional diffusion，2D α+(1-α)ln(1-α) [-ln(1-α)]-1 

3 Two-dimensional diffusion，2D，n=1/2 [1-(1-α)1/2]1/2 4(1-α)1/2[1-(1-α)1/2]1/2 

4 Two-dimensional diffusion，2D，n=2 [1-(1-α)1/2]2 (1-α)1/2[1-(1-α)1/2]-1 

5 Three-dimensional diffusion，3D，n=2 [1-(1-α)1/3]1/2 6(1-α)2/3[1-(1-α)1/3]1/2 

6 

Three-dimensional diffusion，3D， 

Spherical symmetry 

[1-(1-α)1/3]2 3/2(1-α)2/3[1-(1-α)1/3]-1 

7 

Three-dimensional diffusion，3D， 

Cylindrical symmetry 

(1-2α/3)-(1-α)2/3 3/2[(1-α)-1/3-1]-1 

8 Three-dimensional diffusion，3D [(1+α)1/3-1]2 3/2(1+α)2/3[(1+α)1/3-1]-1 

9 Three-dimensional diffusion，3D [(1-α)-1/3-1]2 3/2(1-α)4//3[(1-α)1/3-1]-1 

10~20 

Random nucleation growth 

(n=4,3,5/2,2,3/2,4/3， 

1,2/3,1/2,1/3,1/4) 

[-ln(1-α)]1/n 1/n(1-α)[-ln(1-α)](n-1)/n 

21 

Autocatalytic reaction，unciform 

nucleation 

ln[α/(1-α)] α/(1-α) 

22~26 

Power function rule，exponential 

nucleation 

α1/n 1/n(1-α)(n-1)/n 
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(n=2/3,1,2,3,4) 

27 

Geometry of contraction (spherical 

symmetry), 

n=1/3 

1-(1-α)1/3 3(1-α)2/3 

28 

Geometry of contraction (cylindrically 

symmetric)， 

n=1/2 

1-(1-α)1/2 2(1-α)1/2 

29 Chemical reaction order，n=1/4 1-(1-α)1/4 4(1-α)3/4 

30 Chemical reaction order，n=2 1-(1-α)2 4(1-α)-1 

31 Chemical reaction order，n=3 1-(1-α)3 4(1-α)-2 
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Table S2 Types of bonds and typical wavenumber values during the Fourier transform 

infrared (FTIR) spectrometer process 

Types of bonds Wavenumber(cm-1) 

C-H 

3300 (alkyne stretch) 

3000–2850 (alkanes stretch) 

900–690 (aromatic out-of-plane bend)  

1000–650 (alkenes out-of-plane bend) 

1450–1375 (alkanes: −CH3 bend) 

1465 (alkanes − CH2 − bend) 

3100–3000 (alkenes stretch) 

2900–2800 (aldehyde) 

C=C 

1680–1600 (alkene) 

1600–1475 (aromatic) 

C≡C 2250–2100 (alkyne) 

C-O 1300–1000 (alcohol, ethers, esters, carboxylic acids, anhydrides) 

N-H 

3500–3100 (primary, secondary amines, and amides: stretch) 

1640–1550 (primary, secondary amines, and amides: bend) 

O-H 

3650–3600 (free alcohols, phenols) 

3400–3200 (H-bonded alcohols, phenols) 

3400–2400 (carboxylic acid) 

C=O 

1740–1720 (aldehyde) 

1725–1705 (ketone) 
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1750–1730 (ester) 

1725–1700 (carboxylic acid) 

1810–760 (anhydride) 

1680–1630 (amide) 

1800 (acid chloride) 

C=S 1168 (thiocarbonyl) 

S=O 1033 & 1054 (sulfoxide) 

N-O 931 & 965 (aliphatic) 
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Figure S1

 

3-Dprofiles of FTIR spectra of evolved gases for volatiles with different 

temperatures during combustion process of BC 

 

 

Figure S2

 

3-Dprofiles of FTIR spectra of evolved gases for volatiles with different 

temperatures during combustion process of SS-50-BC95 

 

 

 



12 
 

 

Figure S3

 

3-Dprofiles of FTIR spectra of evolved gases for volatiles with 

different temperatures during combustion process of SS-50-BC90

 

 

 

Figure S4

 

3-Dprofiles of FTIR spectra of evolved gases for volatiles with different 

temperatures during combustion process of SS-50-BC85 
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Figure S5

 

3-Dprofiles of FTIR spectra of evolved gases for volatiles with different 

temperatures during combustion process of SS-50-BC80 

 

 

Figure S6

 

3-Dprofiles of FTIR spectra of evolved gases for volatiles with different 

temperatures during combustion process of SS-50-BC70 
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Figure S7

 

3-Dprofiles of FTIR spectra of evolved gases for volatiles with different 

temperatures during combustion process of SS-50-BC40 
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Figure S8

 

TG analyzer (Evo1150, Setaram, France) 

 

 

Figure S9 The thermogravimetric analyzer (Sta 449F3, Netzsch, Germany) coupled 

to an FTIR spectrometer (Vertex80v, Bruker, Germany) 
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