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&e pollution emissions from the utilization of fuels have
become a troublesome global problem due to its severe
hazard to both human health and the environment. &e
pollutants emissions, such as SO2, nitric oxides (NOx), CO2,
heavy metals, and particulate matters (PM), have limited the
utilization of environmental-friendly fuels and require to be
reduced [1–4]. &ese pollutants come from the combustion,
gasification, and pyrolysis process of coal, biomass, waste-
derived fuels, and other solid fuels [1, 5]. Regulations and
legislations are being updated for limiting emissions from
thermal conversion of fuels and negative effects to human
health and environment. &ere are ongoing research ac-
tivities and technology development aiming at under-
standing, controlling, and preventing formation and
emission of these pollutants. &us, the aim of this special
issue was to publish research papers addressing recent ad-
vances on the fuel thermochemistry and the following
pollution issues.

After the evaluation of manuscripts submitted to the
special issue, we have accepted ten for publication in the
special issue. Liu and coworkers investigated the influence of
inner and secondary air ratios (ISA/OSA) on the coal
combustion characteristic and flame shape. In particular, the
study was carried out in a swirl burner with a prechamber in
a 14MW pilot scale pulverized-coal combustion system.
&ey found that the flame shape size exhibited an inflection

point with increasing ISA/OSA and the ratio of 1 : 2 was the
optimized case under experiment conditions.

Xu and coworkers studied the denitrification of
decomposing furnace for NOx reduction. &ey modeled the
2500 t/d new dry-process cement kiln decomposing furnace
and verified the simulation methods by the field test. &ey
concluded that the NO concentration, NH3 escape, and
denitrification efficiency could be limited to 187.60mg/m3,
32.40mg/m3, and 74.75%, respectively.

Huang and coworkers built a reactor network analysis
model with a detailed mechanism to describe and calculate
the process in the sulfur recovery unit. &en, they used the
verifiedmodel to find the optimum condition parameters for
a real device in the Puguang gas field.&e results were able to
correlate to the best sulfur recovery to reduce pollution
emissions and improve economic performance.

Yu and coworkers simulated the CO2 emissions of
China’s power industry with different carbon tax levels based
on the TIMES model. &ey quantitatively studied the power
consumption demand, primary energy consumption
structure, CO2 emission characteristics, emission reduction
potential, and cost of different carbon tax levels. &e authors
predicted the peak value of CO2 emissions during
2030–2040; the medium carbon tax level was recommended
for the most elastic impact on the national economy and the
smallest GDP loss.
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Wang and coworkers concerned the mechanism of
chlorine corrosion to heating surface in the boiler for
corrosion prevention and the safety of boiler operation.
&ey studied the reaction kinetics of chlorine corrosion by
the weight gain method and simulated the temperature,
atmosphere, and fouling in the boiler. &e authors re-
ported a fast corrosion rate in the early stage of ash de-
posits but a slower rate after the formation of the
protective layer on heat transfer tube surfaces. Low
temperature and concentration of HCl in the gas phase
were suggested. Another work by the authors is the in-
vestigation on the corrosion mechanism related to ash
deposition on the boiler heating surface. &ey concluded
that the addition of biomass aggravated the corrosion of
metal tubes, and T91 was the ideal material for the bio-
mass-fired boiler against metal corrosion.

Lin and coworkers investigated the effect of B2O3
additives on the crystal behavior of high Ti-bearing blast
furnace slag. &e authors concluded that the B2O3 ad-
ditives can restrain the appearance of the perovskite
phase, decrease the apparent viscosity, and promote the
metallurgical properties of Ti-bearing blast furnace slag.
&eir findings provided a feasible and convenient method
to prevent the slagging problem for Ti-bearing blast
furnaces.

Mohamed and coworkers aim to synthesize Cr (III), Mn
(II), Fe (III), Co (II), Ni (II), Cu (II), Zn (II), and Cd (II)
complexes with the new diazo ligand (H2L) and to examine
their physical properties involving spectral behaviors and
the electrical conductance values. &ey determined the ef-
ficiency of the synthesized complexes against pathogenic
bacteria and obtained the contact angle, molecular structure,
and molecular docking. &e results showed that the Cd (II)
complex can be considered as a super hydrophobic material
and has significant biological activities with different sen-
sitivity levels. &e binding between H2L and its Cd (II)
complex with receptors of crystal structure of S. aureus (PDB
ID: 3Q8U), crystal structure of protein phosphatase (PPZ1)
of Candida albicans (PDB ID: 5JPE), receptors of breast
cancer mutant oxidoreductase (PDB ID: 3HB5), and crystal
structure of Escherichia coli (PDB ID: 3T88) was predicted
and given in details.

Finally, this special issue includes two comprehensive
reviews. Wang and coworkers reviewed the urea pyrolysis in
three parts: urea pyrolysis pathway, catalytic hydrolysis of
HNCO, and catalytic pyrolysis of aqueous urea solution.
&ey proposed that the current research focused on the
analysis of urea pyrolysis products and exploration of cat-
alysts used to improve ammonia yields, but the mechanism
study and development of a kinetic model with high ac-
curacy need further exploration. Hameed and coworkers
presented the state-of-the-art review on utilizing biomass
and sewage sludge in combination with coal for improve-
ment in energy conversion processes. &ey concluded the
blending impact on tar release, alkali and ash, char char-
acteristics, and thermal co-conversion behaviors. &is study
will provide recent development and future prospects for co-
thermal conversion of these blends.

In conclusion, the current special issue offers updated
information to the readers on the recent advancements
regarding Pollutant Formation and Control during Fuel
&ermochemical Conversion and gives a deeper insight into
their formation mechanisms and control strategy. It is
clearly evidenced that the thermochemical conversion of
fossil fuel is a current topic and needs further investigation
towards their clean and efficient utilization.
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Metal complexes of the 2,2’-(1,3-phenylenebis(diazene-2,1-diyl))bis(4-aminobenzoic acid) diazo ligand (H2L) derived from m-
phenylenediamine and p-aminobenzoic acid were synthesized and characterized by different spectral, thermal, and analytical
tools. 'e H2L ligand reacted with the metal ions Cr(III), Mn(II), Fe(III), Co(II), Ni(II), Cu(II), Zn(II), and Cd(II) as 1 :1
stoichiometry. All complexes displayed an octahedral geometry according to the electronic and magnetic moment measurements.
'e IR spectra revealed the binding of the azo ligand to the metal ions via two azo nitrogen atoms and protonated carboxylate O in
a neutral tetradentate manner. Both IR and 1H NMR spectra documented the involvement of the carboxylate group without
proton displacement.'e thermal studies pointed out that the complexes had higher thermal stability comparable with that of the
free ligand. SEM images revealed the presence of the diazo ligand and its Cd(II) complex in a nanostructure form. 'e contact
angle measurements proved that the Cd(II) complex can be considered as a superhydrophobic material. 'e molecular and
electronic structure of H2L and [Cd(H2L)Cl2].H2O were optimized theoretically, and the quantum chemical parameters were
calculated.'e biological activities of the ligand, as well as its metal complexes, have been tested in vitro against some bacteria and
fungi species.'e results showed that all the tested compounds have significant biological activities with different sensitivity levels.
'e binding between H2L and its Cd(II) complex with receptors of the crystal structure of S. aureus (PDB ID: 3Q8U), crystal
structure of protein phosphatase (PPZ1) of Candida albicans (PDB ID: 5JPE), receptors of breast cancer mutant oxidoreductase
(PDB ID: 3HB5), and crystal structure of Escherichia coli (PDB ID: 3T88) was predicted and given in detail using
molecular docking.

1. Introduction

Azo compounds were highly colored compounds. 'ey had
widespread use as dyes and pigments in a variety of ap-
plications including fibers, coloring a large variety of leather,
clothing, food, toys, medical devices, plastics, cosmetics, and
dyeing of textile, as well as nonlinear and photo electronics,
especially in optical information storage, biological medical
studies, and advanced applications in organic synthesis
[1–3]. In the development of metal complexes, the design
and synthesis of a ligand was the most important step. 'ey
exhibited unique properties and novel reactivity due to
electron-donor, electron-acceptor properties, structural,

functional groups, and the position of the ligand in the
coordination sphere [4, 5]. Azo dyes with hydrophobic
characters have wide applications especially when these dyes
exhibit superhydrophobic characters. Some applications of
water repellency include clothing that will be both breath-
able and water repellant, umbrellas that stayed completely
dry, building materials, paints, epoxies, and silicones.
Superhydrophobic paints and epoxies could greatly reduce
the cost of transporting goods, also eliminate many of the
effects of ice storms and aircraft icing. Low-permeability
paint, used as a water and vapor barrier, is the standard way
of protecting metal surfaces from corrosion. Super-
hydrophobic biomaterials are also being evaluated in more
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demanding biological applications, such as the prevention of
blood coagulation and drug delivery [6, 7].

New diazo ligand (H2L) has the IUPAC name 2,2’-(1,3-
phenylenebis(diazene-2,1-diyl))bis(4-aminobenzoic acid)
(Scheme 1). 'is piece of work had devoted with the aim to
synthesize Cr(III), Mn(II), Fe(III), Co(II), Ni(II), Cu(II),
Zn(II), and Cd(II) complexes with the new diazo ligand and
to examine their physical properties involving spectral be-
haviors and the electrical conductance values, and to de-
termine the efficiency of the synthesized complexes against
pathogenic bacteria. 'e molecular structure and molecular
docking were also carried out in order to illustrate the way of
bonding of the azo ligand and its complexes with receptors
of the crystal structure of S. aureus (PDB ID: 3Q8U), crystal
structure of protein phosphatase (PPZ1) of Candida albicans
(PDB ID: 5JPE), receptors of breast cancer mutant oxido-
reductase (PDB ID: 3HB5), and crystal structure of
Escherichia coli (PDB ID: 3T88). In view of these findings,
the contact angle measurements were performed to study the
hydrophobic characters of the prepared compounds.

2. Experimental

2.1. Materials and Measurements

2.1.1. Materials and Reagents. 'e chemicals used were of
highest purity available and pure grade. Most of them were
used without further purification. m-Phenylenediamine
(Sigma), p-aminobenzoic acid (VEB Berlin-Chemie),
CrCl3.6H2O (Sigma), MnCl2.2H2O (Sigma), NiCl2.6H2O
(BDH), FeCl3.6H2O (Sigma), CoCl2.6H2O (Aldrich),
CuCl2.2H2O (Merck), ZnCl2 (Strem Chemicals), and CdCl2
(Aldrich) were used. Organic solvents were spectroscopic
pure from BDH and included ethanol and N,N-dime-
thylformamide. Hydrochloric acid, sodium nitrite, and so-
dium acetate (AR) were used.

2.1.2. Solutions. 1× 10−3M stock solutions of complexes
were prepared by dissolving the appropriate amount of the
complexes in DMF. It was used for conductivity measure-
ment. For UV-Vis spectra measurement, 1× 10−4 or
1× 10−5M solutions of the diazo ligand andmetal complexes
were prepared by accurate dilution from the previously
prepared stock solutions.

2.1.3. Measurements. Electronic and 1H NMR spectra were
carried out at room temperature using Shimadzu 3101PC
spectrophotometer and 300MHz Varian-Oxford Mercury,
respectively. For 1H NMR spectra, solution of DMSO-d6 was
used, and TMS was used as an internal standard. FT-IR
spectra were recorded on a PerkinElmer 1650 spectrometer
(4000–400 cm−1) in KBr pellets. Electron spin resonance
spectra were also recorded on the JES-FE2XG ESR spec-
trophotometer at Microanalytical Center, Tanta University.
Microanalyses of carbon, hydrogen, and nitrogen were
carried out at Microanalytical Center, Cairo University,
Egypt, using CHNS-932 (LECO) Vario Elemental Analyzer.
Analyses of the metals were conducted by dissolving the

solid complexes in concentrated HNO3 and dissolving the
residue in deionized water. 'e metal content was carried
out using inductively coupled plasma atomic absorption
spectrometry (ICP-AES), Egyptian Petroleum Research
Institute. Mass spectra were recorded by the EI technique at
70 eV using the MS-5988 GS-MS Hewlett–Packard instru-
ment at Microanalytical Center, National Center for Re-
search, Egypt. 'e molar magnetic susceptibility was
measured on powdered samples using the Faraday method.
'e diamagnetic corrections were made by Pascal’s constant,
and Hg[Co(SCN)4] was used as a calibrant. Molar con-
ductivities of 10−3M solutions of the solid complexes in
DMF were measured using the Jenway 4010 conductivity
meter.'e thermogravimetric analyses (TG andDTG) of the
solid complexes were carried out from room temperature to
800°C using a Shimadzu TG-50H thermal analyzer. 'e
X-ray powder diffraction analyses were carried out by using
Philips Analytical X-ray BV, diffractometer-type PW 1840.
Radiation was provided by the copper target (Cu anode
2000W) high-intensity X-ray tube operated at 40KV and
25mA, and SEM (scanning electron microscopy) for these
samples was performed at the Egyptian Mineral Resources
Authority, using SEM Model Quanta 250 FEG (field
emission gun) attached with an EDX unit (energy-dispersive
X-ray analyses), with accelerating voltage 30KV, magnifi-
cation 14x up to 1,000,000 and resolution for Gun.1n.
Contact angle was measured by the contact-angle Attension
'eta model (version 2.7), Biolin Scientific company, Fin-
land, Egyptian Nanotechnology Center (EGNC). 'e heavy
phase was water, where the volume of drop was 4mL, and
the light phase was air. Divergence and the receiving slits
were 1 and 0.2, respectively.'e antimicrobial activities were
carried out at Microanalytical Center, Cairo University,
Egypt.

2.2. Synthesis of 2,2’-(1,3-Phenylenebis(diazene-2,1-diyl))
bis(4-aminobenzoic Acid) (H2L). m-Phenylenediamine (2 g/
0.01mol) was dissolved in 50ml of ethanol, while 10ml
concentrated hydrochloric acid was diluted with about 60 g
of crushed ice; then, dropwise addition of m-phenylenedi-
amine solution to the crushed ice was carried out. To this
cold solution, sodium nitrite (5 g/20mL water) was added
and stirred for about 1 h till dark reddish colored solution
was obtained. 'e coupling agent p-aminobenzoic acid
(5.6 g/0.02mol) was dissolved in 50ml of ethanol and then
was added to the cold mixture. 'e resulting solution was
stirred well, and sodium acetate (3 g) was added to neu-
tralization. 'e solid product was removed by filtration,
washed with hot ethanol followed by diethyl ether, and dried
in a vacuum desiccator over anhydrous calcium chloride.
Preparation of the (H2L) ligand pathway is shown in
Scheme 1.

Yield 90%; m.p.> 300°C; reddish brown solid. Anal.
Calcd for C20H16N6O4 (%): C, 59.20; H, 3.96; N, 20.70.
Found (%): C, 58.74; H, 3.58; N, 20.17. IR (], cm−1): 3433br
(OH), 1603m (N═N), 1660m (C═O carboxylic), 1543s
(COOasym), 1384m (COOsym). 1H NMR (300MHz, DMSO-
d6, δ, ppm): 7.25–7.91 (m, 10H, Ar-H), 4.78 ppm (s, 4H,
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NH2) and 10.12 ppm (s, 2H, COOH). UV-visible (λmax, nm):
375 (π–π∗), 271 (n–π∗).

2.3. Synthesis of Metal Complexes. H2L ligand (0.45 g/
1.11mmol) was dissolved in the mixture of 30ml DMF.
'en, the metal chloride salts (1.11mmol) were dissolved in
10ml ethanol, and their hot solutions were added to the clear
hot solution of the diazo ligand. 'e precipitated complexes
were filtered and collected. 'ey were washed with a little
amount of ethanol and dried over vacuum. 'e route of
synthesis is shown in Scheme 2.

2.3.1. [CrH2LCl2]Cl.2H2O. Yield 92%; dark red;
m.p.> 300°C. Anal. Calcd for Cr (C20H20Cl3CrN6O6) (%): C,
40.61; H, 3.34; N, 14.03; Cl, 17.79; Cr, 8.23. Found (%): C,
40.85; H, 3.05; N, 14.23; Cl, 17.46; Cr, 8.68. IR (], cm−1):
3423br (OH), 1610sh (N═N), 1655sh (C═O carboxylic),
1534m (COOasym), 1402w (COO sym), 537w (M─O), 426w
(M─N). UV-visible (λmax, nm): 286 (π–π∗), 388 (n–π∗).
Diffuse reflectance: 28,489, 24,780, and 13,449 cm−1 for
4A2g(F)⟶ 4T2g(F), 4A2g(F)⟶ 4T1g(F), and 4A2g(F)⟶
4T2g(P).

2.3.2. [MnH2LCl2]. Yield 85%; pale green solid;
m.p.> 300°C. Anal. Calcd for Mn (C20H16Cl2MnN6O4) (%):
C, 44.20; H, 3.00; N, 15.80; Cl, 13.30; Mn, 10.49. Found (%):
C, 44.54; H, 3.20; N, 15.34; Cl, 12.86; Mn, 10.37. IR (], cm−1):
3423br (OH), 1599m (N═N), 1655s (C═O carboxylic),
1553m (COOasym), 1389s (COOsym), 556w (M─O), 439w
(M─N). UV-visible (λmax, nm): 269 (π–π∗), 374 (n–π∗).
Diffuse reflectance: 26,645, 19,648, and 15,660 cm−1 for
4T1g⟶ 6A1g, 4T2g(G)⟶ 6A1g, and 4T1g (D)⟶ 6A1g
transitions.

2.3.3. [FeH2LCl2]Cl.H2O. Yield 93%; black solid;
m.p.> 300°C. Anal. Calcd for Fe(C20H18Cl3FeN6O5) (%): C,
41.02; H, 3.07; N, 14.63; Cl, 18.41; Fe, 9.32. Found (%): C,
41.27; H, 3.29; N, 14.35; Cl, 18.27; Fe, 9.57. IR (], cm−1):
3442br (OH), 1600sh (N═N), 1563s (C═O carboxylic),
1555m (COOasym), 1401s (COOsym), 578w (M─O), 442w
(M─N). UV-visible (λmax, nm): 271 (π–π∗), 363 (n–π∗).

Diffuse reflectance: 21,490 and 20,890 cm−1 for 6A1g⟶T2g
(G), 6A1g⟶ 5T1g and charge transfer, respectively.

2.3.4. [CoH2LCl2]. Yield 91%; brown solid; m.p.> 300°C.
Anal. Calcd for Co(C20H16Cl2CoN6O4) (%): C, 42.90; H,
2.99; N, 15.60; Cl, 13.20; Co, 11.53. Found (%): C, 43.12; H,
2.86; N, 15.11; Cl, 12.86; Co, 11.04. IR (], cm−1): 3425br
(OH), 1612sh (N═N), 1652s (C═O carboxylic), 1537m
(COOasym), 1384m (COOsym), 553w (M─O), 431w (M─N).
UV-visible (λmax, nm): 260 (π–π∗), 343 (n–π∗). Diffuse
reflectance: 23,110, 15,240, and 12,845 cm−1 for 4T1g(F)⟶
4T2g(F), 4T1g(F)⟶ 4A2g(F), and 4T1g(F)⟶ 4T1g(P)
transitions.

2.3.5. [NiH2LCl2]. Yield 93%; dark brown solid;
m.p.> 300°C. Anal. Calcd for Ni(C20H16Cl2N6NiO4) (%): C,
43.90; H, 3.00; N, 15.71; Cl, 13.20; Ni, 11.45. Found (%): C,
43.51; H, 2.87; N, 15.22; Cl, 13.05; Ni, 11.04. IR (], cm−1):
3420br (OH), 1611m (N═N), 1654s (C═O carboxylic),
1537m (COOasym), 1391s (COOsym), 541w (M─O), 432w
(M─N). UV-visible (λmax, nm): 287 (π–π∗), 365 (n–π∗).
Diffuse reflectance: 26,680, 14,757, and 13,122 cm−1 for li-
gand-metal charge transfer (LMCT), 3A2g(F)⟶ 3T2g(F),
3A2g(F)⟶ 3T1g(F), and 3A2g(F)⟶ 3T1g transitions.

2.3.6. [CuH2LCl2].3/2H2O. Yield 91%; reddish brown solid;
m.p.> 300°C. Anal. Calcd for Cu(C20H19Cl2CuN6O5.5) (%):
C, 42.56; H, 3.76; N, 14.36; Cl, 12.91; Cu, 11.56. Found (%):
C, 42.47; H, 3.35; N, 14.85; Cl, 12.55; Cu, 11.31. IR (], cm−1):
3450br (OH), 1614m (N═N), 1650s (C═O carboxylic),
1554w (COOasym), 1392m (COOsym), 561w (M─O), 445w
(M─N). UV-visible (λmax, nm): 270 (π–π∗), 346 (n–π∗).
Diffuse reflectance: 24 729 and 13 290 cm−1 for 2B1g⟶ 2B2g,
2B1g⟶ 2Eg and 2B1g⟶ 2A1g transitions for LMCT.

2.3.7. [Zn(H2L)Cl2].H2O. Yield 95%; reddish yellow solid;
m.p.> 300°C. Anal. Calcd for Zn(C20H18Cl2N6O5Zn) (%): C,
42.97; H, 3.22; N, 15.04; Cl, 12.71; Cu, 11.96. Found (%): C,
42.81; H, 3.07; N, 14.88; Cl, 12.54; Zn, 11.54. IR (], cm−1):
3433br (OH), 1628m (N═N), 1656s (C═O carboxylic),
1551m (COOasym), 1389s (COOsym), 573w (M─O), 429w
(M─N). 1H NMR (300MHz, DMSO-d6, δ, ppm): 7.20–7.89
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Scheme 1: Pathway of formation of the H2L diazo ligand.
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(m, 10H, Ar-H), 4.78 ppm (s, 4H, NH2) and 10.40 ppm (s,
2H, COOH); UV-visible (λmax, nm): 280 (π–π∗), 395 (n–π∗).

2.3.8. [Cd(H2L)Cl2].H2O. Yield 94%; orange solid;
m.p.> 300°C. Anal. Calcd for Cd(C20H18CdCl2N6O5) (%): C,
39.67; H, 2.97; N, 13.88; Cl, 11.73; Cu, 18.57. Found (%): C,
39.56; H, 2.71; N, 13.68; Cl, 11.64; Cd, 18.13. IR (], cm−1):
3450br (OH), 1618m (N═N), 1656s (C═O carboxylic), 1538s
(COOasym), 1390m (COOsym), 546w (M─O), 435w (M─N).
1H NMR (300MHz, DMSO-d6, δ, ppm): 7.25–7.93 (m, 10H,
Ar-H), 4.78 ppm (s, 4H, NH2) and 10.38 ppm (s, 2H,
COOH); UV-visible (λmax, nm): 275(π–π∗), 350 (n–π∗).

2.4. Spectrophotometric Studies. 'e absorption spectra were
recorded for 1× 10−4M solutions of the free diazo ligand and
its metal complexes dissolved in DMF. 'e spectra were
scanned within the wavelength range from 200 to 700 nm.

2.5. Pharmacology

2.5.1. Antimicrobial Activity. 'e antimicrobial activity was
carried out using the diffusion agar technique [7, 8]. LB agar
media surfaces were inoculated with four investigated
bacteria (Gram-positive bacteria: Bacillus subtilis and
Staphylococcus aureus; Gram-negative bacteria: Neisseria
gonorrhoeae and Escherichia coli) and one strain of fungi
(Candida albicans) and then transferred to a saturated disk
with a tested solution in the center of Petri dishes (agar
plates). DMSO served as a control. All Petri dishes were
incubated at 25°C for 48 h where clear or inhibition zones
were detected around each disk. Antibacterial activity was
calculated [9, 10] by subtracting the diameter of the inhi-
bition zone resulting with dimethylformamide from that
obtained in each case. Amikacin and ketokonazole were used
as reference compounds for antibacterial and antifungal
activities, respectively. All experiments were performed as
triplicate, and data plotted were the mean value.

2.6. Computational Methodology. 'e electronic structure
calculations of H2L and Zn(II) complex were carried out
using the Gaussian09 suite of program [11]. 'ey were fully
optimized employing DFT-based B3LYP method along with
the LANL2DZ basis set. In order to incorporate the effect of
the solvent around the molecule, the TD-DFT method

(along with the LANL2DZ basis set) was used to calculate the
electronic absorption spectra of the ligand and its Zn(II)
complex. 'e contribution of the molecular orbital to
HOMO and LUMO was also calculated.

2.7. Molecular Docking. Crystal structure of S. aureus (PDB
ID: 3Q8U), crystal structure of protein phosphatase (PPZ1)
of Candida albicans (PDB ID: 5JPE), receptors of breast
cancer mutant oxidoreductase (PDB ID: 3HB5), and crystal
structure of Escherichia coli (PDB ID: 3T88) were used in
this study. Molecular docking studies were performed using
MOE 2008 software [12] in order to find out the possible
binding modes of the most active compounds against the
above receptors. It is an interactive molecular graphics
program for calculating and displaying feasible docking
modes of a receptor and ligand and complex molecules. It
necessitates the ligand and the receptor as the input in the
PDB format. 'e amino acid chain was kept, and the water
molecules and cocrystallized ligands were removed. 'e
structure of complexes in the PDB file format was created by
Gaussian03 software. Crystal structure of HSA (human
serum albumin) (PDB ID: 5FUO), crystal structure of
protein phosphatase (PPZ1) of Candida albicans (PDB ID:
5JPE), receptors of breast cancer mutant oxidoreductase
(PDB ID: 3HB5), and crystal structure of Escherichia coli
(PDB ID: 3T88) were downloaded from the Protein Data
Bank (http://www.rcsb.org./pdb).

3. Results and Discussion

3.1. Characterization of the Free Diazo Ligand (H2L). 'e
synthesized diazo ligand (H2L) was soluble in DMF and
DMSO solvents and of high melting point which indicated
its stability. From the elemental analysis data of the ligand
(Supplementary Table 1), it was found that the theoretical
values were in agreement with the found values. 'e IR
spectrum of the free diazo ligand was carried out in the range
of 4000–400 cm−1, and the most effective bands are listed in
Supplementary Table 2. 'e broad band observed at
3433 cm−1 can be attributed to the ](O-H) stretching vi-
bration. Also, band observed at 1660 cm−1 and sharp band at
1603 cm−1 can be attributed to C�O stretching vibration [13]
and N�N [14], respectively. Also, the ](COO)asym and
](COO)sym stretching vibration bands were observed at 1543
and 1384 cm−1, respectively.
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Scheme 2: Synthesis of metal complexes of the diazo ligand (H2L).
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1H NMR spectrum of the free diazo ligand (H2L) in
DMSO-d6 exhibited the following signals: 7.25–7.91 ppm
(m, 10H, Ar-H) [13], 4.78 ppm (s, 4H, NH2) [15–17], and
10.12 ppm (s, 2H, COOH).'ese signals indicated that three
different types of protons were present in the diazo ligand.
'e position of NH2 was confirmed from carrying out the
spectra in the deuterated solvent.

'e mass spectrum of the ligand (H2L) showed an ac-
curate parent molecular ion peak at m/z 404 amu, matched
with the theoretical molecular weight. Also, the mass
spectrum displayed multiple peaks corresponding to suc-
cessive degradation of the ligand. 'e base peak appeared at
m/z� 134 due to the [C7H6NO2]+ ion. 'e other fragments
gave the peaks at 104, 132, 136, 164, 240, and 268 amu with
various intensities.

3.2. Characterization of Metal Complexes

3.2.1. Elemental Analyses. 'e stoichiometry and formula-
tion of the free diazo ligand (H2L) and its metal complexes
were confirmed by their elemental analysis (Supplementary
Table 1). 'e metal : ligand ratio was found to be 1 :1 in all
complexes, which has been arrived by estimating the carbon,
hydrogen, nitrogen, chloride, and metal contents of the
complexes. 'e elemental analyses of the ligand and its
complexes revealed good agreement with the proposed
structures. 'e ligand and its metal complexes have high
melting points, and they were found to be air-stable. 'e
diazo ligand was soluble in common organic solvents, and all
the complexes were freely soluble in DMF and DMSO but
insoluble in methanol, ethanol, and water. 'e results of
elemental analyses suggested formulae [M(H2L)Cl2].nH2O
(M�Co(II), Ni(II), Cu(II), Mn(II), Zn(II) and Cd(II)) and
[M(H2L)Cl2]Cl.nH2O (M�Cr(III) and Fe(III)).

3.2.2. Molar Conductance. 'e results given in Supple-
mentary Table 1 showed that the Cr(III) and Fe(III) com-
plexes had molar conductivity values of 59 and
77Ω−1mol−1 cm2, respectively. It is obvious from these data
that these chelates were ionic in nature, and they were
electrolytes [18], but the molar conductivity values of
Mn(II), Co(II), Ni(II), Cu(II), Zn(II), and Cd(II) chelates fall
in the range of 11–31Ω−1mol−1 cm2 indicative of their
nonelectrolytic nature [14].

3.2.3. IR Spectral Studies. 'e infrared spectra of the H2L
ligand and its metal complexes taken in the region
4000–400 cm−1 are listed in Supplementary Table 2 which
gave the most useful assignments for bands diagnostic to the
mode of coordination of the ligand. 'e band observed at
1603 cm−1 in the free diazo ligand (H2L) was assigned to the
](N�N) stretching vibration. 'is band was found in the
spectra of the complexes at 1610–1628 cm−1. Also, another
band observed at 1660 cm−1 assigned to carbonyl of car-
boxylate ](C�O) at the free diazo ligand (H2L) was found in
the spectra of the complexes at 1649–1656 cm−1 (Supple-
mentary Table 2). 'e shift in the azo groups of the diazo

ligand confirmed the participation of the azo group in
chelation.

'e broad band at 3433 cm−1 observed in the diazo li-
gand was shifted to 3423–3450 cm−1, which was attributed to
the ](O-H) stretching vibration. 'is shift can be attributed
to the bond formation with metal ions and also the presence
of hydrated water molecules. 'e broadening of this band
may be attributed to the presence of the intramolecular
hydrogen bond [19].

'e ]asym(COO−) and ]sym(COO−) stretching vibrations
were observed at 1543 and 1384 cm −1, respectively, for the
free diazo ligand (H2L) [19–26]. Coordination with metal
ions via the carboxylate O atom and nitrogen atom was
indicated by the shift in the position of the ]asym(COO) and
]sym(COO) stretching vibration bands to 1534–1555
and1384–1402 cm−1, respectively, for ligand-metal
complexes.

New bands of low intensity were observed in the far-IR
region in the range of 530–578 and 427–445 cm−1 which can
be assigned to ](M-O) and ](M-N) stretching vibrations,
respectively [20–28]. 'erefore, from the IR spectral studies,
it was concluded that the H2L ligand behaved as a neutral
tetradentate ligand with N coordination sites and protonated
carboxylate oxygen upon coordinated to the metal ions
[20–27].

3.2.4. 1H NMR Spectral Studies. 'e 1HNMR spectra of the
diazo ligand and its Zn(II) complex were recorded in
DMSO-d6 solution using tetramethylsilane (TMS) as the
internal standard. 1H NMR spectrum of the ligand revealed
the following signals at δ � 4.78 (m, 4H, NH2), 7.05–7.94 (m,
10H, Ar-H), and 10.18 ppm (s, 2H, COOH). 'e shift in the
carboxylic acid protons (10.40 ppm) indicated that oxygen of
(COOH) groups was coordinated to the Zn(II) ion. How-
ever, the singlet signal of the amino group that appeared at δ
4.78 ppm (s, 4H, NH2) means that the two singlet signals
assigned to the two NH2 protons remained in their position
as in the free diazo ligand (H2L), confirming the remaining
of these groups inert towards coordination. 'e upfield shift
in the spectrum of the complex relative to the free ligand can
be attributed to the effect of metal ions in chelation.

3.2.5. Mass Spectroscopy. 'e electronic mass spectrum of
the [Zn(H2L)Cl2].H2O complex confirmed formation of this
complex by showing a molecular ion peak at m/z� 540.81 g/
mol corresponding to (M-H2O), which was very close to the
expected molecular weight which was 540.50 g/mol, and it
also showed a peak at m/z� 403 amu, respectively, corre-
sponding to the ligand moiety. 'e intensities of these peaks
showed the stability of the complex.

3.2.6. Spectrophotometric Studies. UV-visible spectral data
of the ligand and its chelate (10−4M) solutions in DMF were
recorded from 200 to 700 nm at room temperature using the
same solvent as blank. 'e free ligand (H2L) exhibited broad
bands in the UV-visible region at 375 and 271 nm. 'e first
band was assigned to the intraligand n⟶ π∗ electronic
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transition. 'e second broad band around 271 nm was
assigned to the π⟶ π∗ electronic transition. 'e n⟶ π∗
and π⟶ π∗ transition bands were shifted to 339–395 and
261–285 nm, respectively, indicating that the ligand coor-
dinated to metal ions [29, 30].

3.2.7. Magnetic Susceptibility and Electronic Spectral Studies.
A comparison of the electronic spectra of the free diazo
ligand (H2L) coordinated with those of the corresponding
metal complexes was discussed. 'is can be considered as
evidence for the complex formation. Additionally, the dif-
fused reflectance spectra of metal complexes showed dif-
ferent bands at different wavelengths; each one was
corresponding to a certain transition which suggested the
geometry of the complexes. 'e diffused reflectance spectra
of the complexes were dominated by intense intraligand
charge-transfer bands.

'e diffused reflectance spectrum of the Cr(III) complex
exhibited three bands at 28,489, 24,780, and
13,449 cm−1which may be assigned to the 4A2g(F)⟶
4T2g(F), 4A2g(F)⟶ 4T1g(F), and 4A2g(F)⟶ 4T2g(P) spin-
allowed d–d transitions, respectively. 'e magnetic moment
value was found to be 4.81 BM which indicated the presence
of the Cr(III) complex in the octahedral geometry [31, 32].

'e diffused reflectance spectrum of the Mn(II)
complex showed three bands at 26,645, 19,490, and
15.660 cm−1 assignable to 4T1g⟶ 6A1g, 4T2g(G)⟶ 6A1g,
and 4T1g(D)⟶ 6A1g transitions, respectively [31]. 'e
magnetic moment value was found to be 5.54 BM which
indicated the presence of the Mn(II) complex in the oc-
tahedral structure.

From the diffused reflectance spectrum, it is observed
that the Fe(III) chelate exhibited bands at 21,490 and
20,890 cm−1, which may be assigned to the 6A1g⟶T2g(G)
and 6A1g⟶ 5T1g transitions in the octahedral geometry of
the complex [33]. 'e observed magnetic moment value of
the Fe(III) complex was found to be 5.30 BM.'e reflectance
spectrum of the Co(II) complex displayed bands near 23,110,
15,240, and 12.845 cm−1, assigned to 4T1g(F)⟶ 4T2g(F),
4T1g(F)⟶ 4A2g(F), and 4T1g(F)⟶ 4T1g(P) transitions,
respectively. 'ese bands suggested an octahedral geometry
for the Co(II) complex. 'e magnetic moment value of the
Co(II) complex was 5.16 BM which was consistent with the
high-spin octahedral geometry.

'e diffused reflectance spectrum of the Ni(II) com-
plex showed absorption bands at 20,680, 14,757, and
13,120 cm−1 which are attributed to 3A2g(F)⟶ 3T2g(F),
3A2g(F)⟶ 3T1g(F), and 3A2g(F)⟶ 3T1g transitions, re-
spectively, and assignable to the octahedral geometry for
the Ni(II) complex [34]. 'e magnetic moment value of
the Ni(II) complex was 3.80 BM corresponding to the
octahedral complex. 'e diffused reflectance spectrum of
the Cu(II) complex exhibited broad bands in ranges
24,729 and 13,290 cm−1 assigned to 2B1g⟶ 2B2g,
2B1g⟶ 2Eg and 2B1g⟶ 2A1g transitions, respectively.
'ese bands suggested distorted octahedral geometry for
the Cu(II) complex. 'e magnetic moment value was
found to be 1.78 BM indicating octahedral geometry [35].

'e Zn(II) and Cd(II) complexes were diamagnetic.
According to the empirical formulae, an octahedral geom-
etry was proposed for these chelates.

3.2.8. ESR Studies of the Cu(II)-H2L Complex. 'e ESR
spectrum of the Cu(II) complex was recorded in DMSO at
300 and 77K (Figure 1). 'e observed order for the Cu(II)
complex (A║ (197)>A┴ (98.88); g║ (2.445)> g┴ (2.333))
indicated that the complex exerted an octahedral geometry
[35–37]. 'e observed value of G for the Cu(II) complex
(G �1.421) implied that the exchange coupling was
not present, and misalignment was appreciable. 'e trend
g ||> g⊥> ge (2.0023) showed that the unpaired electron was
localized in the dx2-y2 orbital of the Cu(II) ion in the complex
[35–38]. 'e giso (2.0023) value was less than 2.3 which
indicated the covalent character of the metal-ligand bond,
and the α2 value (0.76) suggested the presence of in-plane
covalency. 'e calculated value (g║/A║) 124 cm for the
complex was consistent with the slightly distorted structure.
'e orbital reduction factors K║ and K⊥were estimated from
the following expressions: K║� (g║ −2.0023) ΔE/8λ and
K⊥� (g║ −2.0023)ΔE/2λ, λ� −828 cm−1 (spin-orbit coupling
constant for the free ion), and K║ (0.718)>K⊥ (0.45) showed
poor in-plane π bonding.

3.2.9. Powder X-Ray Diffraction and SEM. 'e XRD pat-
terns indicated crystalline nature for the H2L diazo ligand
and the Cd(II) complex only. It can be easily seen that the
pattern of the H2L diazo ligand differed from its metal
complexes, which may be attributed to the formation of a
well-defined distorted crystalline structure. Probably, this
behavior was due to the incorporation of water molecules
into the coordination sphere. On comparing the XRD
spectra of the chelates with the XRD spectra of the free
ligand, it was concluded that all chelates under study can be
considered to have amorphous structures as they lack sharp
peaks except the Cd(II) complex where it had a crystalline
structure. 'erefore, the nonsimilarity of the XRD pattern
between the metal ions and chelates suggested that these
chelates had different phase structures than the free diazo
ligand (H2L). Such facts suggested that H2L and the Cd(II)
complex were crystalline, while its Cr(III), Mn(II), Fe(III),
Co(II), Ni(II), Cu(II), and Zn(II) complexes were
amorphous.

'e average crystallite size (ξ) can be calculated from the
XRD pattern according to the Debye–Scherrer equation
[39, 40]:

ξ �
Kλ

β1/2cos θ
. (1)

'e equation uses the reference peak width at angle θ,
where λ is the wavelength of the X-ray radiation
(1.541874 Å), K is a constant taken as 0.95 for organic
compounds [37], and β1/2 is the width at half maximum of
the reference diffraction peak measured in radians. 'e
dislocation density, δ, is the number of dislocation lines per
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unit area of the crystal.'e value of δ is related to the average
particle diameter (ξ) by the following relation [41, 42]:

δ �
1
ξ2

. (2)

'e value of δ was calculated and found to be 33.78 and
26.77 nm, and the value of δ was 8.76×10−4 and 1.39×10−3

nm−2 for H2L and Cd(II) complex, respectively, giving ev-
idence for the formation of the free azo ligand and its
cadmium(II) complex in a nanosize.

'e SEM micrographs of H2L and its Cd(II) are given in
Figure 2. 'ere is a significant difference in the morpho-
logical structures, and the particle size is in the nanometer
range.'e particle size of the ligand was 64–67 nm, while the
Cd(II) complex was 20–32 nm.

3.2.10. Contact Angle. For two centuries or more of re-
search, wetting phenomena still remain popular topics of
investigations. Young’s static and dynamic contact angle
equations [6, 7] are the most common and relevant pa-
rameters describing the wetting property of a surface with
respect to liquid water:

cos θY �
σsv − σs1

σ1v

 , (3)

where θY �Young’s contact angle, σsv � surface tension
(energy per unit surface) of the solid-vapor interface,
σsl � surface tension of the solid-liquid interface, and
σlv � surface tension of the liquid-vapor interface.

'e mean contact angles were measured for H2L and its
metal complexes (Supplementary Figure 3). 'e data listed
in Table 1 proved that the diazo ligand and all the complexes
are hydrophobic, and the Cd(II) complex can be considered
as a superhydrophobic material. Superhydrophobic surfaces
are actively studied across a wide range of applications and
industries and are now finding increased use in the bio-
medical areas. A partial list includes clothing that will be
both breathable and water repellant, umbrellas that stayed

completely dry, building materials, paints, epoxies, goods
transport, and anticorrosion. Superhydrophobic materials
such as this promising nano-Cd(II) complex exhibit a
number of unique properties that arise from the high
roughness of a low surface energy material that stabilizes a
nonwetted state [6, 7].

3.2.11. Jermal Analyses. 'ermogravimetric analyses of
the metal complexes under investigation were used to get
information about the thermal stability of these new com-
plexes, to decide whether the water molecules (if present)
were inside or outside the inner coordination sphere of the
central metal ion, and to suggest a general scheme for
thermal decomposition of these chelates. In the present
investigation, heating rates were suitably controlled at 10°C
min−1 under nitrogen atmosphere, and the weight loss was
measured from the ambient temperature up to ∼1000°C.'e
TG curves of the complexes are listed in Table 2. 'e weight
losses for each chelate were calculated within the corre-
sponding temperature ranges.

'e thermal decomposition process of H2L involved
three decomposition steps. Decomposition of H2L started at
30°C and finished at 100°C with three stages.'e first stage of
decomposition involved the removal of four molecules of
NH3 and two molecules of carbon dioxide gas in the
30–355°C temperature range and was accompanied by a
weight loss of 36.53% (calcd.� 36.41%). 'e second and
third stages of decomposition occurred in the 355–1000°C
temperature range, corresponding to the loss of the C18H4N2
molecule and were accompanied by a weight loss of 62.76%
(calcd.� 62.59%).

Decomposition of the [Cr(H2L)Cl2]Cl.2H2O complex
started at 45°C and finished at 1000°C with four stages at four
maxima at 79, 210, 377, and 865°C and was accompanied by
a weight loss of 80.29%, corresponding to the loss of 2H2O,
3/2Cl2, 2N2, CH4, and C17H12NO2.5 molecules which was
very close to the calculated value of 81.53%.

'ermogravimetric curve for the [Mn(H2L)Cl2] complex
showed two weight loss events. 'e first step of decompo-
sition occurred within the range of 30–435°C, with a
maximum temperature at 234°C, and it corresponds to the
loss of Cl2, 2N2 gases and C9H5N2 molecules. 'e second
step of decomposition occurred in the range of 435–1000°C
with the maximum temperature at 595oC. 'ere were sig-
nificant mass loss events due to the decomposition of the
C4H11O3molecule (Table 2).

'e thermal decomposition of the [Fe(H2L)Cl2]Cl.H2O
complex proceeded via five degradation steps. 'e first step
of decomposition occurred within the temperature range
from 45 to 100°C, with a maximum temperature at 75°C, and
it corresponds to the loss of one water molecule of hydration.
'e second step of decomposition occurred in the range of
100–355°C, with one maxima at 244°C, and corresponds to
the elimination of 3/2Cl2, 3N2, 3CH4, and CO2 with a mass
loss of 47.89% (calcd.� 48.33%). 'e last three steps of
decomposition occurred within the temperature range of
355–1000°C with three maxima at 485, 565, and 803°C and
were simultaneously decomposed to ferric oxide
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Figure 1: ESR spectrum of the [Cu(H2L)Cl2].3/2H2O complex
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Table 1: 'e mean contact angle of H2L and its complexes.

Compound Mean contact angle (°) Wettability classification Surface morphology
[Cr(H2L)Cl2]Cl.2H2O 137 Hydrophobic Rough and porous
[Mn(H2L)Cl2] 128 Hydrophobic Rough and porous
[Fe(H2L)Cl2]Cl.H2O 142 Hydrophobic Rough and porous
[Co(H2L)Cl2] 123 Hydrophobic Rough and porous
[Ni(H2L)Cl2] 132 Hydrophobic Rough and porous
[Cu(H2L)Cl2].3/2H2O 133 Hydrophobic Rough and porous
[Zn(H2L)Cl2].H2O 128 Hydrophobic Rough and porous
[Cd(H2L)Cl2].H2O 153 Superhydrophobic Very rough and very porous
H2L azo dye ligand 103 Hydrophobic Rough and porous

Table 2: 'ermoanalytical results (TG and DTG) of the H2L ligand and its metal complexes.

Complex TG range
(oC) DTG max n∗ Mass loss estim (calcd)% (total

mass loss) Assignment Residues

Diazo ligand (H2L)
30–355 216 1 36.53 (38.61) Loss of 4NH3 and 2CO2 —355–1000 476,602 2 61.76 (61.38) 100.0 (99.90) Loss of C18H14N2

[Cr(H2L)Cl2]
Cl.2H2O

45–115 79 1 8.88 (8.53) Loss of 2H2O and NH3 1/2 Cr2O3115–310 210 1 30.00 (29.90) Loss of 3/2Cl2, 2N2, and CH4
310–990 377,865 2 41.30 (43.10) 80.18 (81.53) Loss of C17H12NO2.5

[Mn(H2L)Cl2]
30–435 234 1 58.98 (58.86) Loss of 2N2,Cl2, and C9H5N2 7C+MnO435–1000 592 1 20.88 (20.18) 79.66 (79.04) Loss of C4H11O3

[Fe(H2L)Cl2]
Cl.H2O

45–100 75 1 3.29 (3.07) Loss of H2O
5C+ 1/
2Fe2O3

100–355 244 1 47.89 (48.33) Loss of 3/2Cl2, 3N2, 3CH4, and
CO2

355–1000 485,565,803 3 25.37 (24.63) 76.62 (76.03) Loss of C11H4O0.5

[Co(H2L)Cl2]
30–260 177 1 12.23 (12.45) Loss of 2NH3 and1/2Cl2

2C+CoO260–475 364 1 6.33 (6.64) Loss of 1/2 Cl2
475–890 640 1 60.3 (60.03) 78.91 (79.09) Loss of C18H13N5O

[Ni(H2L)Cl2]
40–290 199 1 31.24 (31.27) Loss of 4NH3,N2, and Cl2 8C+NiO290–970 395,883 2 35.57 (36.70) 67.85 (67.95) Loss of C12H4O3

[Cu(H2L)Cl2].3/
2H2O

45–145 88 1 4.71 (4.77) Loss of 3/2H2O 2C+CuO145–990 287 1 77.67 (76.92) 82.38 (81.70) Loss of C18H16Cl2N6O3

[Zn(H2L)Cl2].H2O
45–130 86 1 5.42 (5.72) Loss of H2O and 1/2N2

3C+ZnO130–270 205 1 10.36 (10.26) Loss of 2N2
270–1000 348,467 2 63.4 (63.20) 79.17 (79.18) Loss of C17H16Cl2NO3

[Cd(H2L)Cl2].H2O
40–130 98 1 2.95 (2.90) Loss of H2O

CdO130–355 222 1 25.63 (25.62) Loss of 3N2 and Cl2
355–1000 414,591,833 3 50.15 (50.25) 78.73 (78.77) Loss of C20H16O3

n∗�number of decomposition steps.

Figure 2: 'e SEM micrographs of (a) Cd(II)-H2L and (b) H2L.
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contaminated with carbon as a final product. 'ey were
accompanied by a weight loss of 25.37% (calcd.� 24.63%)
and corresponded to the loss of the C11H4O0.5 molecule. 'e
actual weight loss from these five steps was 76.62% which
was close to the calculated value of 76.03%.

'e thermal degradation of the [Co(H2L)Cl2] complex
took place in three degradation stages within the temper-
ature range from 30 to 990oC. 'e first stage of decom-
position occurred at maximum 177°C and was accompanied
by a weight loss of 12.23% (calcd.�12.45%) corresponding
to the loss of 2NH3 and 1/2Cl2 gases. 'e second and third
steps of decomposition occurred at two maxima 364 and
640°C and were accompanied by a weight loss of 6.33%
(calcd.� 6.64%) and 60.30% (calcd.� 60.03%), respectively,
corresponding to the loss of 1/2Cl2 gas and C18H3N5O
molecule giving CoO contaminated with carbon as a final
product. 'eoretically, the weight loss in these steps was
78.91% which agrees with the experimental value of 79.09%.

'e [Ni(H2L)Cl2] complex lost upon heating 4NH3, Cl2,
and N2 gases in the first step of decomposition within the
temperature range of 40–290oC. 'e last two steps of de-
composition occurred at two maxima at 395 and 880°C. 'ese
steps were associated with the loss of the C12H4O3 molecule
forming NiO contaminated with carbon as a final product.'e
actual total weight loss of 67.85% was in agreement with the
calculated total weight loss value of 67.95%.

'e complex [Cu(H2L)Cl2].3/2H2O lost upon heating all
water molecules at one maxima 90oC with an estimated
weight loss of 4.70% (calcd.� 4.77%). 'e dehydrated Cu(II)
complex was simultaneously decomposed to CuO and 2C at
the 287oC maximum temperature. 'e total weight loss
amounted to 82.38% (calcd.� 81.74%).

'e [Zn(H2L)Cl2].H2O complex was thermally decom-
posed into four steps within the temperature range from 45
to 1000oC. 'e first decomposition step with an estimated
mass loss of 5.42% (calcd.� 5.72%) occurred within the
temperature range from 45 to 130oC. 'is step may be at-
tributed to the liberation of the hydrated water molecules
and NH3 gas. 'e remaining three decomposition steps of
the Zn(II) complex were observed within the temperature
range from 130 to 1000oC. Estimated mass losses of 73.76%
(calcd.� 74.42%) were reasonably accounted for the removal
of two 2N2 gases and a C17H16Cl2NO3 molecule in two steps.

TG curve of the [Cd(H2L)Cl2].H2O complex displayed a
five-step decomposition. 'e first step of decomposition
occurred within the temperature range from 40 to 130oC,
with a maximum temperature at 98 oC, and corresponded to
the loss of one water molecule of hydration. 'e second step
of decomposition occurred in the range of 130–355 oC, with
one maxima at 222oC, and corresponded to the elimination
of Cl2 and 3N2 gases with a mass loss of 25.62%
(calcd.� 25.63%). 'e last three steps of decomposition
occurred within the temperature range of 355–1000oC with
three maxima at 414, 591, and 833oC and were simulta-
neously decomposed to CdO as a final product. 'ey were
accompanied by a weight loss of 50.25% (calcd.� 50.15%)
corresponding to the loss of the C20H16O3 molecule. 'e
weight loss from these five steps was 78.77% which was close
to the calculated value of 78.73%.

3.3. Geometry Optimization. 'e geometric parameters
(bond lengths and bond angles) of the optimized structures
of the H2L azo ligand and its Cd(II) complex (Figure 3) are
listed in Supplementary Table 5. From the analysis of these
data, the following remarks were found:

(1) 'ere was an elongation in the coordination bonds
after complexation, and a large variation in N(11)-
N(14), N(12)-N(13), O(35)-H(40), and O(38)-H(39)
bond lengths of the ligand occurred upon com-
plexation. It became slightly longer confirming that
the coordination took place via azo N atoms and
protonated O groups.

(2) All the active groups taking part in coordination
have bonds longer than those already existed in the
ligands (for example, N�N).

(3) 'e bond angles of the free ligand moiety were al-
tered somewhat upon coordination; also, the bond
angles surrounding the central cadmium atom in the
complex lie in the range reported for octahedral
geometry [43].

(4) 'e decrease in the metal-chloride angles may be
attributed to the intramolecular hydrogen bond [43].

3.4. Molecular Electrostatic Potential (MEP). 'e MEP is a
plot of electrostatic potential mapped onto the constant
electron density surface. It is also very useful in the research
of the molecular structure with its physiochemical property
relationship. It is also can be used to understand the mo-
lecular interactions and predict the reactive sites for elec-
trophilic and nucleophilic attacks [43]. 'e MEP is directly
related to chemical reactivity. Red color represented the
regions of negative electrostatic potential. 'e negative re-
gions are related to electrophilic reactivity. However, the
electron-poor region has blue color (favor site for the nu-
cleophilic attack) [43, 44], but the region with green color
points to the neutral electrostatic potential region. Figure 4
represents 3D plots of the MEP for the parent ligand and its
Cd(II) complex. It was found that oxygen and nitrogen
atoms of free H2L were surrounded by a greater negative
charge surface, making these sites potentially more favorable
for the electrophilic attack (Figure 4(a)), where a greater
negative charge was surrounded to the metal center
(Figure 4(b)) confirming the complexation process.

3.5. Mulliken Charges. Supplementary Table 6 and Sup-
plementary Figure 6 clarify Mulliken atomic charges for
some important atoms. 'e calculated charge value for N13
and N14 is −0.08 and −0.007 a.u., respectively, in contrast to
the expected one (−1 a.u.), which indicated electron transfer
from these atoms to the metal center. Furthermore, decrease
of oxygen and chlorine formal charge from the expected
values is a reason for migration of electrons to the cadmium
center in order to forming the complex. Finally, this charge
transfer from donor atoms to the metal center causes the
calculated value to decrease to −0.756 a.u. against the formal
charge of +2 for the cadmium atom [43, 44].
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3.6. Molecular Parameters. Figure 5 shows the molecular
orbital representation of the H2L ligand and its Cd(II)
complex along with their HOMO, LUMO energies and
energy band gaps. Both the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) were the main orbitals that participate in chemical
stability [11, 44, 45]. 'e HOMO represented the ability to
donate an electron; LUMO as an electron acceptor repre-
sents the ability to obtain an electron. In other words, the
energy of the HOMO is directly related to the ionization
potential; LUMO energy is directly related to the electron
affinity. Hence, these frontier energies play an important role

in the electric and optical properties. 'e energy gap be-
tween the HOMO and LUMO energies is a critical pa-
rameter in determining molecular electrical transport
properties due to providing measurement of electron con-
ductivity. In addition, this energy gap characterizes the
molecular stability and spectroscopic properties of the
molecular systems. 'e smaller energy gap describes a
chemically soft molecule which can be easily polarizable.'e
HOMO-LUMO energy gap has proved to be an important
tool in determining the kinetic stability and chemical re-
activity of a molecule. 'e lower energy gap is a suitable
condition where a molecule can be exited easily, whereas a

(a)

(b)

Figure 3: 'e optimized structure of (a) H2L and (b) [Cd(H2L)Cl2].H2O.

10 Journal of Chemistry



higher energy gap leads to higher kinetic stability but lower
chemical reactivity of the molecule. 'e difference between
the energy gap for the ligand reflects the presence of the
complexation status. 'e increase in the global electrophi-
licity value attributed to the highest capacity of accepted
electrons, so the ligand has a highly powerful donation
ability. 'e calculation of both absolute hardness (η) and
absolute softness (σ) parameters is useful to recognize the
molecular stability and reactivity. 'e calculations of the
binding energy indicated that the increase of the value of the
calculated binding energy of the complex compared to that
of the free ligand indicated that the stability of the formed
Cd(II) complex was higher than that of the free diazo ligand.

Additional parameters such as chemical potentials Pi,
global electrophilicity ω, global softness S, electrophilicity
index (χ), and additional electronic charge ∆Nmax were
calculated for the free H2L ligand and the Cd-H2L complex
(Table 3). 'e high ω value of both free H2L and Cd(II)
complex suggested a great chance and priority for biological
activity which is further confirmed by the experimental data.

'e mentioned quantum chemical parameters were
calculated with the help of the following equations [43, 44]:

ΔE � ELUMO − EHOMO,

χ �
− EHOMO + ELUMO( 

2
,

η �
ELUMO − EHOMO

2
,

σ �
1
η

,

Pi � −χ,

S �
1
2η

,

ω �
Pi

2

2η
,

ΔNmax �
Pi

η
.

(4)

3.7. Vibrational Properties. In order to acquire the spec-
troscopic signature of the diazo ligand and its complexes, a
frequency calculation analysis was performed. Vibrational
properties had been investigated to determine vibrational
modes connected with the molecular structure of the cad-
mium (II) complex using FT-IR spectra based on the op-
timized geometry. It is well known that the vibrational
frequencies computed at quantum chemical methods such as
DFT levels contain well-known systematic errors. 'e
scaling factor of 0.96 for the LanL2DZ level was used to
correct the effects of anharmonicity and neglected part of
electron correlation [11, 44, 45]. 'e theoretical and the
experimental spectra are shown in Supplementary Figure 8.

It is also noteworthy that experimental results belong to the
solid phase, while theoretical calculations belong to a gas
phase.

'e stretching vibration of a free or nonhydrogen-
bonded OH group of H2L appears at 3664 cm−1 [11, 45].
υ(COO−)asy and υ(COO−)sy stretching of the free ligand
appeared at 1597 cm−1 and 1392 cm−1, respectively. 'e
theoretical spectrum of the free azo ligand showed υNH2 and
υN�N modes at 3637 and 1694 cm−1, respectively. In the
Cd(II) complex, the chelating ring occurred by means of the
ligand bonding to the cadmium (II) ion with a tetradentate
N,O chelated mode. It was observed from Figures 6 that the
wavenumber interval between the υ(COO−)asy and υ(COO
−)sy stretching modes is an effective indicator of forming
complexation. 'e wavenumber value of υN�N for the
complex was lower than free H2L which was an indicator of
the coordination through the nitrogen atom. 'e spectrum
of the Cd(II) complex showed υNH2 at a wave number very
close to free H2L at 3639 cm−1 confirming that this group did
not participate in the complex formation process. υM-O,
υM-N, and υM-Cl modes of the Cd(II) complex were found
at 564, 487, and 326 cm−1, respectively. 'e calculated and
experimental data were very close to each other (Supple-
mentary Figure 8).

3.8. Structural Interpretation of Metal Complexes. 'e
structures of the complexes of the H2L diazo ligand with
Cr(III), Mn(II), Fe(III), Co(II), Ni(II), Cu(II), Zn(II), and
Cd(II) ions were confirmed by the elemental analyses, IR,
molar conductance, magnetic, mass, solid reflectance, and
thermal analysis data. 'erefore, from the IR spectra, it
was concluded that H2L behaved as a neutral tetradentate
ligand coordinated to the metal ions via two nitrogen
atoms of azo groups (N�N) and two oxygen atoms of
protonated carboxylate groups (COO). From the molar
conductance data, it was found that the complexes were
electrolytes. On the basis of the above observations and
from the magnetic and solid reflectance measurements,
octahedral geometry was suggested for the investigated
complexes (Figure 6).

3.9. Antimicrobial Activity of Metal Complexes

3.9.1. Antifungal Activities. 'e preliminary fungi toxicity
screening of the H2L diazo ligand and complexes was
performed against Candida albicans in vitro by the diffusion
technique [46]. H2L free ligand and Cr(III), Mn(II), and
Fe(III) complexes showed no fungal growth inhibition, but
Co(II), Ni(II), Cu(II), Zn(II), and Cd(II) complexes showed
fungal growth inhibition at different rates (Figure 7). 'e
Cd(II) and Ni(II) complexes in this study were nearly two
times more active than the ketokonazole standard against
the Candida albicans microorganism used (Table 4).

3.9.2. Antibacterial Activities. 'e antibacterial activities of
the H2L diazo ligand and its complexes against Bacillus subtilis,
Staphylococcus aureus, Neisseria gonorrhoeae, and Escherichia
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coli are presented in Table 4.'eH2L ligand was found to have
no activity at all towards both different types of bacteria (Gram-
positive Bacillus subtilis and Staphylococcus aureus and Gram-
negative Neisseria gonorrhoeae and Escherichia coli). 'is can
be attributed to their very versatile nutritional capability,
adaptability to various hydrocarbon rings, and the possession
of the pump mechanism which ejects metal complexes as soon
as they enter the cell [47]. In addition, Bacillus subtilis,
Staphylococcus aureus, Neisseria gonorrhoeae, and Escherichia
coli were sensitive to all the complexes, and an inhibitory zone
was obtained in the range of 9.0–23.0mm (Figure 7).

In all cases, the metal complexes were found to be more
active than the H2L ligand expectedly due to chelation,
which reduced the polarity of the metal atom, mainly

Table 3: 'e calculated quantum chemical parameters of H2L and
its Cd(II) complex.

'e quantum parameter H2L [Cd(H2L)Cl2].H2O
E (a.u.) −1402.46 −140.88
Dipole moment (Debye) 1.37 18.022
EHOMO (eV) −6.095 −5.61
ELUMO (eV) −2.977 −4.096
Δ E (eV) 3.349 1.508
`χ(eV) 4.534 4.853
η (eV) 1.559 0.757
σ (eV)−1 0.641 1.321
Pi (eV) −4.534 −4.853
S (eV)−1 0.321 0.661
ω (eV) 6.593 15.559
∆Nmax 2.9 6.412

(a) (b)

Figure 4: Molecular electrostatic potential map of (a) H2L and (b) [Cd(H2L)Cl2].H2O. 'e electron density isosurface is 0.004 a.u.
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Figure 5: Surface phase of frontier orbitals of H2L and [Cd(H2L)Cl2].H2O.
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because of partial sharing of its positive charge with donor
groups of the ligand and possible π-electron delocalization
on the aromatic rings. 'is increased the lipophilic char-
acter, favouring its permeation into the bacterial membrane,
causing the death of the organisms [48].

Higher activity of the metal complex was probably due to
greater lipophilic nature of the complex. It increased the ac-
tivity of themetal complex and can be explained on the basis of
Overtone’s concept and Tweedy’s chelation theory [49–52].
According to Overtone’s concept of cell permeability, the lipid
membrane that surrounds the cell favours the passage of only
lipid-soluble materials due to which liposolubility was con-
sidered to be an important factor that controls the antimi-
crobial activity. On chelation, the polarity of the metal ion will
be reduced to a greater extent due to the overlap of the ligand
orbital and partial sharing of the positive charge of the metal
ion with donor groups [53, 54]. Furthermore, it increased the
delocalization of the π electrons over the whole chelate ring and
enhanced the lipophilicity of the complex. 'is increased
lipophilicity enhanced the penetration of the complexes into
the lipid membrane and thus blocked the metal-binding sites
on enzymes of microorganisms [55]. 'ese metal complexes

also disturb the respiration process of the cell and thus block
the synthesis of proteins, which restricts further growth of the
organism [56].
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Table 4: Biological activity of the H2L ligand and its metal complexes.

Sample
Inhibition zone diameter (mm/mg sample)

Bacillus subtilis Escherichia coli Neisseria gonorrhoeae Staphylococcus aureus Candida albicans
Control: DMSO 0.0 0.0 0.0 0.0 0.0
Ligand (H2L) 0.0 0.0 0.0 0.0 0.0
[Cr(H2L)Cl2]Cl.2H2O 14 15 15 15 0.0
[Mn(H2L)Cl2] 9 10 9 0.0 0.0
[Fe(H2L)Cl2]Cl.H2O 9 9 9 0.0 0.0
[Co(H2L) Cl2] 16 16 15 16 12
[Ni(H2L)Cl2] 14 14 15 13 16
[Cu(H2L)Cl2].3/2H2O 12 12 12 13 10
[Zn(H2L)Cl2].H2O 11 12 13 15 9
[Cd(H2L)Cl2].H2O 18 15 13 23 17
Amikacin 6 9 7 6 0
Ketokonazole — — — — 9

Table 5: Energy values obtained in docking calculations of H2L with receptors of the crystal structure of S. aureus (PDB ID: 3Q8U), crystal
structure of protein phosphatase (PPZ1) of Candida albicans (PDB ID: 5JPE), receptors of breast cancer mutant oxidoreductase (PDB ID:
3HB5), and crystal structure of Escherichia coli (PDB ID: 3T88).

Receptor Ligand moiety Receptor Interaction Distance E (kcal/mol)

5JPE

N 41 O HIS 413 (A) H-donor 3.07 −2.5
N 14 NE2 HIS 290 (A) H-acceptor 3.33 −2.3
O 34 NH2 ARG 386 (A) H-acceptor 3.01 −2.8
O 36 NH2 ARG 261 (A) H-acceptor 2.93 −1.4
O 36 NE2 HIS 290 (A) H-acceptor 2.99 −1.1

3HB5

N 41 OD1 ASN 152(X) H-donor 2.83 −3.1
N 42 O GLY 9(X) H-donor 3.44 −0.7
O 36 OG SER 142(X) H-acceptor 2.87 −1.5
6-ring CD2 PHE 192(X) Pi-H 3.75 −0.6

3Q8U

O 38 OE1 GLU 95 (A) H-donor 2.90 −6.0
N 42 OE2 GLU 51 (A) H-donor 3.00 −2.0
N 14 N THR 91 (A) H-acceptor 3.54 −1.6
O 34 NZ LYS 9 (A) H-acceptor 3.58 −0.6
O 34 NH2 ARG 102 (A) H-acceptor 3.04 −2.9
O 38 OE1 GLU 95 (A) H-donor 2.90 −6.0

3T88

O 38 O PHE 162 (A) H-donor 3.33 −0.6
N 41 OD2 ASP 163 (A) H-donor 3.11 −2.2
N 14 OH TYR 97 (A) H-acceptor 3.18 −1.2
O 36 OH TYR 97 (A) H-acceptor 3.38 −0.6

Table 6: Energy values obtained in docking calculations of [Cd(H2L)Cl2].H2O with receptors of the crystal structure of S. aureus (PDB ID:
3Q8U), crystal structure of protein phosphatase (PPZ1) of Candida albicans (PDB ID: 5JPE), receptors of breast cancer mutant oxi-
doreductase (PDB ID: 3HB5), and crystal structure of Escherichia coli (PDB ID: 3T88).

Receptor Ligand moiety Receptor Interaction Distance E (kcal/mol)

5JPE

N 42 OD2 ASP 373 (A) H-donor 2.89 −3.1
O 48 O ARG 386 (A) H-donor 3.07 −0.7
O 38 NH2 ARG 386 (A) H-acceptor 3.16 −2.4
6-ring CE2 TYR 437 (A) Pi-H 4.62 −0.6

3HB5
O 48 O CYS 185 (X) H-donor 2.53 −0.2
O 48 OG SER 142 (X) H-acceptor 2.68 −4.7
6-ring CG1 VAL 225 (X) Pi-H 4.14 −0.7

3Q8U

N 10 OE1 GLU 51 (A) H-donor 2.72 −18
N 10 OE2 GLU 51 (A) H-donor 3.38 −0.7
CL 36 O HIS 48 (A) H-donor 3.68 −0.7
O 48 O GLY 116 (A) H-donor 2.79 −2.2
O 50 NH1 ARG 125 (A) H-acceptor 2.85 −4.4
N 10 OE1 GLU 51 (A) Ionic 2.72 −6.7
N 10 OE2 GLU 51 (A) Ionic 3.38 −2.4
N 10 OD1 ASP 118 (A) Ionic 2.69 −7.0

3T88 N 10 O PHE 162 (A) H-donor 2.89 −5.2
O 38 OH TYR 97 (A) H-acceptor 2.68 −2.0
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A look at the antibiotic, amikacin, activities
(6.0–9.0mm) against various bacterial isolates relative to the
metal complexes (9.0–23.0mm) showed that the activities of
the former were much lower, with optimum activity being
about half of metal complexes, against all the bacterial
organisms.

When the antimicrobial activity of metal complexes is
investigated, the following principal factors [57] should be
considered: (i) the chelate effect of the ligands; (ii) the
nature of the N-donor ligands; (iii) the total charge of the
complex; (iv) the existence and the nature of the ion
neutralizing the ionic complex; and (v) the nuclearity of
the metal center in the complex. 'is is probably one of
the reasons for the diverse antibacterial activity shown by
the complexes, while the nature of the metal ion coor-
dinated to the H2L ligand may have a significant role to
this diversity. In general, all the complexes exhibited
better inhibition than free H2L against Bacillus subtilis,
Staphylococcus aureus, Neisseria gonorrhoeae, and
Escherichia coli (Table 4). More specifically, Cd(II) and
Co(II) complexes showed the best inhibition among all
the complexes in this study, and they were one to twenty-
three times more active than the H2L diazo ligand against
all the microorganisms used, indicating that the coordi-
nation of the H2L ligand to Cd(II) and Co(II) ions

enhanced its antimicrobial activity (Figure 7). On the
contrary, the rest complexes present higher antimicrobial
activity to H2L against the four microorganisms.

3.10. Molecular Docking. Targeting the minor groove of DNA
through binding to a small molecule has long been considered
an important tool in molecular recognition of a specific DNA
sequence. DNA is considered a major biological target for metal
complexes that have pharmacological activity. In this context,
molecular docking between H2L and [Cd(H2L)Cl2].H2O with
four possible biological targets, receptors of the crystal structure
of S. aureus (PDB ID: 3Q8U), crystal structure of protein
phosphatase (PPZ1) of Candida albicans (PDB ID: 5JPE), re-
ceptors of breast cancer mutant oxidoreductase (PDB ID:
3HB5), and the crystal structure of Escherichia coli (PDB ID:
3T88), was performed. 'e structures of these macromolecules
were obtained from the Protein Data Bank. 'e calculated
binding energies for the interaction with these proteins are listed
in Tables 5 and 6 . 'e 3D plot curves of docking with free H2L
and [Cd(H2L)Cl2].H2O are shown in Figures 8 and 9.

From these data, the following can be concluded
[58–60]:

(1) First, H2L and its Cd(II) complex showed strong
binding affinities for all proteins

(a) (b)

(c) (d)

Figure 8: 3D plot of the interaction between the H2L ligand with receptors of (a) 5JPE, (b) 3HB5, (c) 3Q8U, and (d) 3T88.
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(2) 'e [Cd(H2L)Cl2].H2O complex binds stronger than
the free ligand to different proteins, see Figure 10

(3) 'e binding energy for the interaction of the cad-
mium (II) complex with the receptor protein 3Q8U
was three times less than the free diazo ligand
confirming the high activity of this compound [58]

(4) A closer look at the interactions indicated that the
presence of heteroatoms such as oxygen and ni-
trogen was critical to how the compound binds [59]

(5) Generally speaking, H-acceptor interaction domi-
nates the binding of the synthesized complexes to
different receptors besides the metal binding to the
protein backbone

4. Conclusion

A new diazo ligand, 2,2’-(1,3-phenylenebis(diazene-2,1-
diyl))bis(4-aminobenzoic acid), was synthesized and treated
with different metal salts to give the corresponding metal
complexes. 'e new ligand H2L reacted with the metal ions

(a) (b)

(c) (d)

Figure 9: 3D plot of the interaction between Cd-H2L with receptors of (a) 5JPE, (b) 3HB5, (c) 3Q8U, and (d) 3T88.
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as 1 :1 unit. 'e analytical data showed that reactions of the
free diazo ligand (H2L) with Mn(II), Co(II), Ni(II), Cu(II),
Zn(II), and Cd(II) formed complexes with chemical for-
mulae [M(H2L)Cl2].nH2O (M�Co(II), Ni(II), Cu(II),
Mn(II), Zn(II) and Cd(II)) and [M(H2L)Cl2]Cl.nH2O
(M�Cr(III) and Fe(III)). 'e possible structures of the li-
gand and its metal-azo complexes were proposed based on
elemental analyses, 1H NMR, ESR, MS, IR, and UV-Vis
electronic absorption. It was concluded that the H2L ligand
behaved as a neutral tetradentate ligand with N coordination
sites and protonated carboxylate oxygen upon coordination
to the metal ions leading to the formation of octahedral
geometries for all complexes. 'e thermal studies for the
compounds showed a higher thermal stability for the
complexes than that of the free ligand. 'is may be due to
chelation, the type, and the number of solvents of crystal-
lization in the metal complexes. Also, the ligand and its
metal complexes were screened in vitro against microor-
ganisms (bacteria or fungi). 'e results of biological activity
showed that the Cd(II) complex had higher antibacterial
activity against the (Gram-positive) bacteria and fungi, while
Co(II) had higher antibacterial activity against the (Gram-
negative) bacteria compared to the free ligand and other
metal complexes. Molecular docking studies of the free li-
gand and the Cd(II) complex with four different receptors
clarified that the Cd(II) complex showed the minimum
binding ability with the binding energy of −18 kcal/mol with
the crystal structure of S. aureus (3Q8U).
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Lignocellulosic biomass is a vital resource for providing clean future energy with a sustainable environment. Besides ligno-
cellulosic residues, nonlignocellulosic residues such as sewage sludge from industrial and municipal wastes are gained much
attention due to its large quantities and ability to produce cheap and clean energy to potentially replace fossil fuels. +ese cheap
and abundantly resources can reduce global warming owing to their less polluting nature. +e low-quality biomass and high ash
content of sewage sludge-based thermal conversion processes face several disadvantages towards its commercialization.+erefore,
it is necessary to utilize these residues in combination with coal for improvement in energy conversion processes. As per author
information, no concrete study is available to discuss the synergy and decomposition mechanism of residues blending. +e
objective of this study is to present the state-of-the-art review based on the thermal coconversion of biomass/sewage sludge, coal/
biomass, and coal/sewage sludge blends through thermogravimetric analysis (TGA) to explore the synergistic effects of the
composition, thermal conversion, and blending for bioenergy production. +is paper will also contribute to detailing the
operating conditions (heating rate, temperature, and residence time) of copyrolysis and cocombustion processes, properties, and
chemical composition that may affect these processes and will provide a basis to improve the yield of biofuels from biomass/
sewage sludge, coal/sewage sludge, and coal/biomass blends in thermal coconversion through thermogravimetric technique.
Furthermore, the influencing factors and the possible decompositionmechanism are elaborated and discussed in detail.+is study
will provide recent development and future prospects for cothermal conversion of biomass, sewage, coal, and their blends.

1. Introduction

Fossil fuels have been extensively used for the last two
centuries to meet the energy demand of the growing pop-
ulation for global development [1–3]. +e increase in the
environmental and sustainability summons due to the
greenhouse emissions that are related to fossil fuel usage and
the unceremonious distribution of fossil fuel resources has

increased the global energy [4, 5]. It is the need of the time to
introduce an alternate energy approach to meet current and
future energy demands [6].+e replacement of conventional
fossil fuels with sewage sludge, coal, and lignocellulosic
biomass fuels as renewable energy resources is considered
promising as these have already contributed to around 10%
of the global energy supply [7–12]. Soncini et al. stated that
from the past thirty years, lignocellulosic biomass was a focal
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point of research for renewable energy because 56% of
energy is provided by biomass, 26% by solar, 11% by wind
power, 5% by geothermal energy, and 2% by hydropower
[13]. In the future, utilization of renewable sources and
biofuels will increase from 2 to 27% [14]. +e abundance of
biomass and sewage sludge coupled with lower environ-
mental concern and technical ease is the main reason for
intensive research and utilization of these sources as feed-
stocks [15].

Coal is the largest source of energy in the United States
(fulfilling to about 42% of net energy demand) [16]. Global
coal demand dropped during 2014–2016 despite the eco-
nomic growth during these two years. +e growth in the
energy demand in China, the US, and Europe has been met
partly by renewables and natural gas switch in power
generation from coal. However, coal demand grew in India
and South East Asia Region due to the increased power
demand for their social development and growing econo-
mies. Still, in the 21st century, coal is a major source of world
energy due to lower cost and a higher energy density [17]. It
is expected that coal will contribute to future energy de-
mands in many fast-developing countries, such as China and
India [18]. +e conversion of biomass to fuels and chemicals
by thermal conversion has a substantial value in the pet-
rochemical industry (Figure 1). +e major downside of coal
is that it is responsible for the emission of ecologically
damaging compounds such as sulfur (S), nitrogen (N), and
heavy metals, so its utilization with biomass and sewage
sludge can mitigate the impact [21].

Lignocellulosic biomass, a clean and alternative energy
source, has been the point of focus for its abundance and the
lower tendency of greenhouse gas emissions [22]. CO2
exhausted from the burning of biomass is absorbed through
photosynthesis, thereby controlling global warming [23, 24].
Sewage sludge is another important energy source to pro-
duce biofuels through thermochemical conversion, which
also solves the disposal problem of waste sludge. +e dried
sewage sludge is reasonably rich in volatile matters and high
in calorific value [25]. Cellulose, hemicellulose, lignin, and
extractives are the main constituents of lignocellulosic
biomass. Lignocellulosic biomass can be crudely categorized
as woody, nonwoody, and wastes. +ese can be converted
into bio-oils, gases, and chemicals through different ther-
mochemical processes such as pyrolysis, gasification, liq-
uefaction, and high-pressure supercritical extraction [26,
27]. Lignocellulosic biomass is considered as the largest
sustainable energy source and approximately 220 billion
tons of dry biomass is produced annually. It is also called the
sole source of obtaining energy because it provides around
14% of the world’s energy supply. According to the UN Food
and Agriculture Organization, the world biomass produc-
tion has increased from 19 million tons to 25 million tons in
between 2012 and 2017 [28]. +e coconversion of ligno-
cellulosic biomass and sludge by using copyrolysis process
can improve the quality of bio-oils and other gaseous
products. +e use of copyrolysis processes is gaining at-
tention due to its simple and efficient operation to produce
liquid [29]. Copyrolysis of lignocellulosic biomass and coal
blends can offer several advantages such as reduction in

CO2, SOx, and NOx emissions and improve economy and
efficiency [30]. A thermogravimetric analyser (TGA) can
study the behavior and characteristics of coconversion
through copyrolysis. TGA is an important tool to study
thermal degradation behavior and synergic effect of many
copyrolysis samples [31, 32]. TGA measures the percentage
of mass loss of a sample with respect to temperature and
time from these data; thermal decomposition behavior
during pyrolysis is examined [33]. Moreover, kinetics of
degradation of organic material during the pyrolysis process
can also be investigated. +ermal degradation is an im-
portant factor in designing pyrolysis and copyrolysis pro-
cesses. TGA is also useful in studying the synergy of different
feedstock such as coal, lignocellulosic biomass, and sludge.+e
synergetic effects depend on the different types of feedstock
mix, the intensity of sample contact, type of reactor, experi-
mental conditions, and characteristics of the sample [34]. +e
effect of mixing ratio and temperature on the product distri-
bution can also be studied by TGA. +e most important ad-
vantage of thermal coconversion of coal, lignocellulosic
biomass, and sewage sludge blends is the reduction in the
harmful emissions. +ermal coconversion of biomass and
sludge with coal is a relatively profound, cost-effective, and
efficient process [35]. +ermal conversion of lignocellulosic
biomass can reduce the landfill methane emission and
coconversion can reduce the N2O emission as compared to the
conversion of coal alone [36]. +ermal coconversion of coal
and lignocellulosic biomass offers a better way to utilize coal
and wastes/biomass in an inexpensive, harmless, and envi-
ronmentally acceptable manner [37].

Previously published work on the thermal conversion of
the different types of lignocellulosic biomass, sewage sludge,
and coal is summarized in many review articles (Figure 2).
Some review articles have focused on the advancement of
conversion techniques to improve the oil quality (Figure 3).
However, blending ratio is an important factor in thermal
coconversion biomass and sludge/coal, and to the best of
authors’ knowledge, there is no comprehensive review on
the thermal coconversion of different blends using TGA.+e
compiled data and related discussions in this review will be
beneficial in designing and developing efficient cothermal
processes.

+ermal coconversion is getting much attention recently
from the researcher due to its economic as well as envi-
ronmental benefits. Especially during the past ten years, an
exponential increase has been seen in the published litera-
ture at Web of Science related to thermal coconversion of
coal/sludge or coal/biomass.

+e work has been mostly published by the authors from
the developing and developed nations. China is by far
leading the rest of the world. Compared to sludge, the
copyrolysis of coal/biomass is found inmore instances. Most
of the related literature appeared in Bioresource Technology,
Energy and Fuels, Fuel, and Journal of Analytical and
Applied Pyrolysis (Figure 4). From 2010 onwards, a sharp
increase in the number of published papers is quite evident.

+e aim of this paper is to comprehensively review the
thermal coconversion of the different types of lignocellulosic
biomass, sewage sludge, and coal to reveal the synergistic
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effect of their composition, conversion processes, and
blending impact. Previously, there are no concrete and unique
studies coupled with thermal coconversion (pyrolysis or
combustion) of biomass, sludge, coal, and their blends and
discussed their challenges. In addition, some comprehensive
discussion is provided emphasizing the behavior of ligno-
cellulosic biomass and blending ratio with coal and sewage
sludge focusing on the relevant properties and technical issues
that may influence the yield of bio-oils during thermal
coconversion. In result, the effect of the properties and
chemical composition of blending mixtures of sewage sludge,
coal, and lignocellulosic biomass blends on the behavior of
these processes will provide pinpoints to increase the effi-
ciency and yield of biofuels obtained from biomass/sewage
sludge, coal/sewage sludge, and coal/biomass blends by im-
proving the operating conditions of TGA technique.

2. Feedstock and Thermal Coconversion

+e selection of feedstock mainly depends on two factors:
availability and the property of the material. +e feedstock

is divided into three main categories. One is lignocellu-
losic biomass other is coal, and the third is municipal
waste.

2.1. Lignocellulosic Biomass. +emost abundant feedstock is
lignocellulosic biomass. Any organic material that can be
burned and used as a fuel is called lignocellulosic biomass.
Lignocellulosic biomass is the most convenient energy asset
that can be used to obtain different liquid fuels and bio-oils.
All types of lignocellulosic biomass are classified into pri-
mary, secondary, and tertiary biomass based on their re-
source. Primary biomass can be formed directly by using
solar energy and is grown from the land such as woody
crops, oilseeds, rice husk, corn comb, rice straw, and bark
from trees [38]. An energy research indicated that biomass
has the capability to fulfil 10% of the energy supply globally
[39]. Secondary biomass can be generated from chemical,
physical, and biological processing of primary biomass re-
sources. +e bulging substitute as a raw material for bio-oil
production for industrial corporations is usually plant-
derived biomass, such as corn, sweet sorghum, sugarcane

Bioenergy conversion technologies
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Biochemical processes

Fermentation

Methane production in landfills

Anaerobic digestion
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Figure 1: Biomass conversion processes [19, 20].
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bagasse, wheat, and crop residue, and the feedstock prices
are very practical, for example, 7.40 US$/ton in which
transportation cost is also included. Accordingly, com-
mercialization of this second-generation biomass turned
is being considered as very auspicious and valuable [40].
Tertiary biomass consists of animal fats, used vegetable oil,
packaging wastes, and construction wastes. Hossain et al.
indicated that microalgae wedged the awareness of presence
as third-generation source of biofuel, raw material, nutri-
ment, and collections of extremely treasured products in
medicinal and agricultural industries [41]. She also sug-
gested microalgae fuel could be applied for electricity
generation by using static diesel engines. +ey all are
composed of cellulose, hemicellulose, lignin, and extractives.
Lignocellulosic biomass has the tendency to be transformed
into bio-oils, gases, and chemicals [42, 43].

2.2. Coal. +e other feedstock is coal, which is the second
largest source used for energy and can be classified into
bituminous, subbituminous, and lignite according to
property and origin. Coal is a natural and abundant source
to be used. +e United States has approximately 260 billion
short tons of recoverable reserves, that is, 27% of total re-
serves around the world. +ere are many studies which
prove the potential of different types of coal in the usage of
thermochemical conversion process under different oper-
ating conditions.

2.3. Sewage Sludge. +e next important feedstock is sewage
sludge, which is obtained from the municipal and industrial
wastewater treatment plants. Sludge is collected as lumps, so
it is necessary to reduce particle size and remove the excess
moisture content (<10%) to upgrade the quality of
the feedstock. To improve the quality of the products, the

feedstocks of different properties are mixed in desired
blending ratios. Sewage sludge can provide energy and fuel by
thermochemical conversion, so this is considered as the most
promising alternate technology to reduce the amount of waste
and harmful environmental impact. +e amount of sewage
sludge production is largely depending upon the level and
method of treatment applied to wastewater, population
growth, and volume of wastewater stream [44]. As indicated
by Fytili et al., dried sewage has unpredictable substance of
30–88% and calorific esteem normally 11–25.5MJ/kg [45].
+e utilization of sewage sludge as sustainable power source
assets is taken as a healthier choice since this source can give
around 10% of worldwide vitality stock [30].

2.4. :ermal Coconversion. +e conversion of individual
coal through thermochemical conversation has environ-
mental challenges in terms of harmful emission which can
be minimized by using thermal coconversion of different
raw materials, biomass, coal, and sewage sludge bends in
different ratios [46]. +e thermal coconversion depends
upon how feedstock interacts under a specific condition
with the specified ratio. Zhang et al. studied the synergy
effect of lignite coal and biomass by grinding and sieving at
a particle size range of 0.3–0.45mm with 1 : 1 and dried it in
an oven at 105°C for 24 h to improve the yield of the
products [47]. Biomass and sewage sludge fuels usually
contain a lower amount of fixed carbon and a higher
percentage of volatile matter as compared to coal. Usually,
thermal coconversion of coal and biomass or sewage sludge
produces less carbon-containing compounds such as CO2,
CO, CH4, and other light hydrocarbons as compared to the
conversion of coal alone [48, 49]. Increasing biomass
content in the blend can increase carbon-containing
compounds like CO2, CO, and light hydrocarbon gases
while hydrogen content decreases. Kumabe et al. used
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biomass with the higher hydrogen content to increase the
proportion of the hydrogen in the product, but the contrary
resulted in the product [50].

3. Factors for Synergistic Effects on
Thermal Coconversion

3.1. Ultimate, Proximate, andChemical CompositionAnalysis
of Coal. Coal is the combustible material containing 50% by
weight of carbon. It is a carbonaceous material with some
percentage of hydrogen, oxygen, nitrogen, sulfur, and ash.
Based on the fractions of hydrogen, oxygen, and carbon
present in the sample, coal is ranked into four main categories
such as bituminous coal, lignite, anthracite, and subbituminous
coal [51]. Coal is usually dried at 105°C for 24h in a muffle
furnace or electric furnace to improve the high heating value
(HHV).+e raw hydrothermally treatedmoisture-free coal has
some oxygenated functional group such as carboxyl, phenolic,
hydroxyl, and all acidic groups. Table 1 shows the elemental
composition, proximate analysis, and calorific value of the
different coals. +e ultimate analysis shows that coals contain
higher carbon (60–90%). +e proximate analysis shows vol-
atiles between 38% and 40% which is less than that present in
sewage sludge and bagasse. +e calorific value of coal not only
depends on the moisture, ash, and oxygen contents, but it also
varies with the drying process. +e raw coal has a high HHV
than residual coal, biomass, and sewage sludge. It has ranged
from8 to 38MJ/kg. Ash is the leftover residue after combustion
at 900°C.+e elemental analysis of char obtained from a sample
of coal showed trace amounts of Li, B, Na, Mg, Al, P, K, Ca, Fe,
and Ba [62]. Bhatt et al. reported the order of relative elemental
abundance in coal as Si>Al>Fe>Ca>Mg >K>Na> Sr>V
>Zn>Mn>Cr>Cu>Pb>Ni>Co>As>Cd [63]. Accord-
ing to the literature review, to obtain the maximum yield of
liquid fuel through efficient pyrolysis operation, it is important
to understand the properties, chemical composition, and be-
havior of different samples of coal. Bituminous coal has been
used more often as it contains a higher amount of volatile
matter, indicating its higher hydrocarbon potential. Depending
on the region fromwhere the coal was extracted, the amount of
sulfur may vary between 1% and 4%. Sulfur is an undesirable
constituent of coal; it requires a pretreatment step to eliminate
to avoid SOx formation during combustion.

3.2. Ultimate, Proximate, andChemical CompositionAnalysis
of Lignocellulosic Biomass. Any organic material that can be
burned and used as a fuel is called lignocellulosic biomass. It
is the most convenient energy resource that can obtain
different liquid fuels and bio-oils. Lignocellulosic biomass is
a nonfossil and complex biogenic solid composed of many
organic and inorganic constituents that originate from
natural and technical resources. Natural resources are ob-
tained from land- and water-based vegetation or generated
by animal and human food digestion. Technical resources
are obtained from the processing of the above natural re-
sources [64]. Some of which are trees, shrubs, bamboos,
grass, and plant leaves and waste such as food, rubbish, and
industrial and municipal waste. Agriculture and forest

residues are also called lignocellulosic biomass because they
are composed of cellulose, hemicellulose, and lignin. Some
lignocellulosic biomass may contain extractives up to 10%
[65]. Lignocellulosic biomass shows high reactivity during
conversion as they contain lower ash, carbon, sulfur, and
nitrogen and usually contain a higher amount of volatile
matters, hydrogen, oxygen, phosphorous, calcium, and
magnesium. Ash obtained from lignocellulosic biomass can
capture hazardous material. Using biomass in copyrolysis
has many benefits, as these are widely available cheapest
sustainable energy resource and neutralize CO2 in the at-
mosphere [66]. +e chemical composition of lignocellulosic
biomass affects thermal copyrolysis behavior. Lignocellu-
losic biomass containing a higher amount of hemicellulose
and cellulose favors a high conversion rate during pyrolysis.
+e hemicellulose and cellulose degrade at a lower tem-
perature range of 220–400°C while lignin degrades at a
higher temperature of 500–900°C [67, 68]. +e study of
lignocellulosic constituents is relevant in copyrolysis as
various constituents behave differently when subjected to
thermal degradation. According to Naqvi and Naqvi,
lignocellulosic biomass contains 35–50wt.% cellulose,
20–40wt.% hemicellulose, 20–27wt.% lignin, and 1–10wt.%
extractives [26]. Properties differ among the biomass; their
mixture or blends can be used to increase or reduce the
required content at a certain level. Table 2 summarizes the
proximate, ultimate, and chemical composition of different
biomass samples. It can be observed that bagasse contains
more volatiles than rice husk, showing that bagasse has
higher thermal conversion ability than rice husk. Yu et al.
find out that by increasing the pyrolysis temperature from
350–600°C, higher heating value (HHV) and volatile matter
content of char were also increased [74]. Rice husk and corn
stalk released CO2, CO, CH4, H2, and other light hydro-
carbons after thermal conversion. Anil et al. investigated the
physiochemical properties of various agricultural residues
(cotton stalk, rice husk, rice straw, and baggase) in copy-
rolysis process [72]. It was observed that biomass has a
higher percentage of volatile matter than that of coals and
has a higher percentage of hemicellulose 47% as compared
to cellulose and lignin. Table 3 depicts the elemental and
chemical composition of products obtained from coal, lig-
nocellulosic biomass, sludge, and their blends.

3.3. Ultimate, Proximate, andChemical CompositionAnalysis
of Sewage Sludge. +e major source of sewage sludge is
municipal wastewater treatment plants. Sewage sludge is a
complex mixture of organic and inorganic substances [86].
+e organic constituents are mainly proteins, peptides,
lipids, polysaccharides, and plant macromolecules with
phenolic structures or aliphatic structures along with or-
ganic micropollutants such as polycyclic aromatic hydro-
carbons. +e inorganic materials come from soil and
polymer waste [87]. Samolada and Zabaniotou find out that
sewage sludge also contains some precarious materials such
as heavy metals, organic pollutants, and pathogens [88]. In
most of the studies, the sewage sludge was dried at a certain
temperature (<110°C) to improve fuel quality. +e dried
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lumps of sewage sludge were disintegrated to fine powder.
Inguanzo et al. suggested the size range of sewage sludge
used for different pyrolysis experiments in fixed bed systems
[89]. Table 4 reviews the elemental and chemical compo-
sition of sewage sludge obtained from wastewater treatment
plants. +e volatile matters range between 38% and 70% and
ash contents between 1 and 12%. As shown from the ulti-
mate analysis, sewage sludge contains a higher percentage of
carbon between 23% and 46% and a lower percentage of
nitrogen and hydrogen contents. +e extractives are slightly
higher, about 7wt.% dry ash free, than that present in
biomasses. +ese extractives are composed of fatty acids,
steroids, and aliphatic compounds and these extractives can
improve the liquid fuel properties such as viscosity and

heating value and can provide ease in phase separation of
liquid fuels. Sewage sludge contains a relatively higher ni-
trogen content than lignocellulosic biomass [96].+is comes
from the protein fragments of samples and can favor its
usage in fertilizer [97]. +e proximate analysis reveals that
the sewage sludge has a high ash content than lignocellulosic
biomass, and this study shows that ash removal system
should be installed with reactor while using this type of
material. +e ash obtained as a result of sewage sludge
pyrolysis contains minerals such as quartz and calcite. +e
elemental analysis gives information regarding the mineral
composition in terms of Fe, Ca, Mg, and K which helps
catalyze the pyrolysis reaction. Some heavy metals such as
Cr, Ni, Co, Hg, Cd, Pb, and Zn are also present in sewage

Table 1: Elemental and chemical composition of coal.

Year Sample
Proximate analysis (wt.%) Ultimate analysis (wt.%) HHV Ref.

Moisture Volatiles Ash Fixed carbon C H N S O MJ/kg
2017 Coal 8.59 68.55 6.62 16.14 64.49 7.22 2.09 — 26.20 — [52]
2017 Bituminous coal 4.18 30.56 15.38 49.88 79.31 4.72 1.03 1.3 13.38 — [53]
2016 Bituminous coal 4.18 30.56 15.38 49.88 79.31 4.72 1.03 1.3 13.38 25.44 [54]
2016 South African coal 2.1 29.4 13.9 70.6 70.58 3.99 1.77 0.63 7.93 33.2 [55]
2016 Bituminous coal — 36.8 9.7 53.5 70.5 4.1 1.0 — 14.7 — [56]
2015 Bituminous coal — 34.39 11.43 56.91 76.04 4.99 0.86 0.62 8.42 — [57]
2015 Bituminous coal 2.28 9.09 16.57 72.06 74.50 2.66 1.39 0.48 18.96 28.10 [58]
2015 Bituminous coal 11.22 8.01 30.33 61.66 62.07 2.30 1.16 2.21 1.93 24.38 [59]
2014 Bituminous coal 4.18 30.56 15.38 49.88 79.31 4.72 1.02 1.3 13.38 25.44 [60]
2014 Bituminous coal 3.34 34.25 6.70 55.72 73.16 5.21 4.40 1.53 5.66 — [61]

Table 2: Elemental and chemical composition of lignocellulosic biomass.

Year Biomass
Proximate analysis (%) Ultimate analysis (%) Chemical composition (%)

Ref.
Moisture Volatiles Ash Fixed

carbon C H N S O Cellulose Hemicellulose Lignin

2017 Sugarcane
bagasse 6.21 82.38 2.94 8.47 45.3 7.92 0.15 — 46.6 [69]

2017 Sugarcane
bagasse 8.5 84.00 5.86 1.64 45.0 5.78 1.75 — 47.4 [69]

2017 Rice husk 10.89 73.41 15.14 11.44 41.9 6.34 1.85 0.47 49.4 [70]
2017 Rice husk 9.5 67.6 16.6 6.3 49.2 2.2 0.40 0.06 48.1 [71]

2016 Sugarcane
bagasse 5.4 80.2 3.1 11.3 44.8 5.87 0.24 0.06 48.9 47.6 39 11.2 [72]

2016 Sugarcane
bagasse 8.64 73.28 1.71 16.37 41.6 6.21 0.37 0.07 41.3 [73]

2016 Rice husk 8.8 59.2 26.2 14.6 35.6 4.5 0.19 0.02 59.7 35 33 23 [74]

2015 Sugarcane
bagasse 4.99 73.5 2.41 19.1 41.9 6.04 0.53 0.24 48.8 35–50 20–30 20–27 [75]

2015 Rice husk 4.7 69.3 15.8 10.2 39.8 5.10 1.09 — 53.8 40.2 24.3 18.1 [76]
2015 Rice husk 3.56 67.93 14.84 13.67 44.8 6.35 0.42 — 48.3 [77]

2014 Sugarcane
bagasse 4.99 73.5 2.41 19.1 41.9 6.04 0.53 0.24 48.8 35–50 20–30 2–27 [76]

2014 Sugarcane
bagasse — 90.02 1.33 9.60 47.1 6.14 0.30 — 46.4 [78]

2013 Rice husk 8.43 68.25 14.83 16.92 39.4 5.71 0.67 0.99 54.1 41.52 14.04 33.67 [79]
2013 Rice husk 12.08 60.55 12.35 15.2 45.4 5.40 0.48 0.06 36.05 [80]
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sludge [97]. Xu et al. found that sewage sludge contained
60.34% of volatile matters and a lower percentage of carbon
content about 36.8% with a HHV of 14.90MJ/kg [98].
According to the findings of Nadia et al., sewage sludge
obtained from municipal wastewater treatment plant con-
tained a higher percentage of carbon and oxygen and has a
lower percentage of fixed carbon, ash, and nitrogen [84]. A
higher amount of volatile matter makes sewage sludge a
better candidate as a feedstock for thermal conversion.
Sijiang et al. concluded that higher moisture content in the
sewage sludge can lead to the hydrogen-rich fuel which can
be compensated by the addition of volatile matters [85].
Xiong et al. described that sewage sludge contained a higher
percentage of protein about 27% and a lower percentage of
extractives about 9.9% [99].

3.4. :ermal Coconversion

3.4.1. Copyrolysis. Copyrolysis is a simple and effective
technique to obtain ideal liquid fuel or bio-oil. It is a process
by which two or more different materials are mixed and used
as feedstock. Copyrolysis of biomass can change the
properties, quantity, and quality of liquid oil with no im-
provement in the system process. Copyrolysis has better
applications in the industry than thermal cracking because
of its attractive production and promising features. +e
successful feature of this technique is the combined effect of
different materials. High yield of oil by using different blends
of biomass with sewage sludge and coal has originated from
hydrocarbons like paraffin, isoparaffins, olefins, naphthenes,
and aromatics and a noncondensable gas [100]. +e other
main advantage of copyrolysis method is that it can reduce
many environmental problems by reducing the amount of
waste and avoiding disposal as landfills [101].

+e operating method and conditions of copyrolysis are
the same as that of simple pyrolysis. +e process is per-
formed in a reactor system with optimum operating tem-
peratures in the absence of an oxidizing environment to
obtain liquid oils. +ere are three basic steps of the copy-
rolysis process: the preparation of feedstock, copyrolysis,
and condensation [102]. Inert gas is optionally used to
displace vapors from the pyrolysis zone. Residence time
plays a vital role in minimizing secondary reactions and
maximizing oil yield, and suitable residence time suggested
by researchers is less than 2 seconds [103].

Table 4 shows a detailed description of the literature
survey of the different types of biomass/coal and biomass/
sewage sludge blends through copyrolysis, various types of
reactors operated under different conditions and providing
various products. Akhtar and Amin reviewed that oil yield
obtained by the copyrolysis process of biomass, sewage
sludge, and coal is also affected by many parameters in-
cluding the type of biomass, temperature, heating rate, re-
action time, and particle size of feed. 45wt.% of the oil can be
obtained by subjecting the biomass blend at the typical
temperature range of 400–600°C, and the optimum tem-
perature at which the maximum oil is obtained depends
upon the type and characteristics of blends [104]. According
to different reviews, the other very important parameter is
the ratio of different blends which has a direct influence on
the production of oil [105, 106].+e type of reactors can also
influence the efficiency of copyrolysis process and can affect
the quality and quantity of the product. +e best conditions
for obtaining a high yield of bio-oil are the high heating rate,
moderate temperature, and short residence time. Each re-
actor has promising features to obtain a specific type of
products. For example, for fast pyrolysis to obtain maximum
liquid product, fluidized bed reactors are preferred over
fixed bed reactors as their operation and scalability are

Table 3: Elemental and chemical composition of product obtained from coal, lignocellulosic biomass, sludge, and their blends.

Sample name Volatile
matter (%)

Fixed
carbon (%) Ash (%) Calorific

value (MJ/kg) C (%) H (%) O (%) N (%) Ref.

Apricot stone biochar 19.83 71.70 8.47 30.76

[81]Hazelnut shell biochar 30.26 63.16 6.58 29.08
Grapeseed biochar 39.45 50.96 9.50 26.73
Chestnut shell biochar 34.32 60.32 5.36 25.86
Microalgae + sewage
sludge + coal mixtures 9.80–15.89 17.24–53.65 [82]

(Bituminous
coal + peanut shell)
biochar

45.12–8.46 41.81–71.23 9.53–12.03 23.99–28.79 61.72–79.99 4.64–1.83 21.38–2.07 0.28–0.20
[83]

(Bituminous coal +wheat
straw) biochar 35.65–8.67 53.36–77.99 8.15–11.82 16.82–24.07 49.81–70.29 3.99–1.98 36.39–14.95 1.04–0.45

Sewage sludge biochar 43.9–12.5 4.1–2.7 52–84.1

—

25.7–9.4 2.8–0.3 66.8–89.5 4.7–1.1

[84]
(Sewage sludge + rice
husk) biochar 63.2–31.6 0.4–2.9 36.4–65.5 35.8–26.3 3.9–0.6 57.8–71.3 2.8–1.8

(Sewage
sludge + sawdust) biochar 75.1–44.8 2.1–5.7 22.8–52.5 42.5–39.5 5.0–1.5 50.9–56.6 1.6–2.4

(Dewatered sewage
sludge + pine sawdust)
biochar

5.64 48.36 46.0 35.87 1.66 13.89 2.06 [85]
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simpler. Guo et al. investigated the co-pyrolytic behavior of
biomass and coal and low heating rates (10–50°C/min) and
higher heating rates (10°C/min) in tubular reactor and
furnace and concluded that under inert atmospheric con-
dition, the two fuels experience autonomous thermal con-
version, but lower heating rates are better than higher
heating rates in terms of better conversion [107]. Wang et al.
explored the effect of residence time (30–150min) on
copyrolysis product of sewage sludge and biomass and
concluded that extended residence times elevate the pH and
ash contents of the biochars, but these conditions decreased
the C, N, and H contents [108].

3.4.2. Cocombustion. Cocombustion is a high-temperature
thermochemical conversion technique in which sludge/coal,
coal/biomass, and biomass/sludge blends undergo thermal
degradation and release volatile matter such as CO, CO2,
H2O, H2, CH4, and tar. Among all thermochemical con-
version techniques, cocombustion is the only technique used
to produce both heat and electricity. +e advantages include
low cost, high efficiency, and low emission of SOx and NOx.
+e main drawback of using cocombustion technique is its
scale forming tendency in the boiler and limitation in using
alkali metals. Due to unwanted changes in ash configurations,
the proportion of biomass is usually kept limited to ap-
proximately 10% of the fuel intake. Cocombustion of biomass
with coal is the most important technique with respect to the
economic and environmental benefits to curb CO2 at a certain
level [109]. Economically lower capital investment and lower
amount of raw material are required, and the risk factor is
minimal while using cocombustion techniques. Cocombus-
tion techniques are further classified into three types; one is a
direct cocombustion in which biomass or waste is directly fed
into the reactor with coal (Figure 5).

In this process, both feedstocks are milled directly and fed
individually into the reactor. It has low flexibility; also, the
possibility of producing slag and fouling is high. Other is the
indirect cocombustion in which separate gasifier should be
installed to convert solid feedstock into syngas. It is a more

flexible technique, and the chance of slag formation and fouling
is lower. Parallel cocombustion includes the setting up of a
separate boiler to produce steam, which is useful in producing
electricity. +e parallel technique allows a greater amount of
biomass and deals with contamination issues. +e synergetic
effect during cocombustion is usually articulated in terms of the
high amount of gases, the high reactivity of the char during
cocombustion, and reduction in harmful emission during
cocombustion. Cocombustion operating parameters have a
large influence on product quality and emission control. Xiao
et al. studied the performance of sewage sludge and straw
blends in cocombustion environment at heating rate of 10,
20, and 40°K·min−1 and concluded that better efficiency of
cocombustion achieved at higher heating rates [111]. Munir
et al. investigated the effect of the thermal ratio of different
types of biomass in addition to municipal waste in cocom-
bustion environment and found that the adding of biomass
enlarged NO lessening under air stage conditions [112].

3.5. Blending Impact. Biomass, coal, and sewage sludge
blends in feedstock greatly influence the amount and
properties of products. +e following are the key points.

3.5.1. Blending Impact on Tar Release. Tar is defined as a
mixture of aromatic compounds and derivatives of aromatic
compounds produced under the partial oxidation envi-
ronment at ambient to lower temperatures. +e tar content
produced during copyrolysis of lignocellulosic biomass, coal,
and sewage sludge blends is one of the key factors affecting
the succeeding process stages. It is one of the most stimu-
lating elements of the syngas.+emain factors that affect the
yield of tar during copyrolysis are the type of feedstock and
temperature. +e blending of coal, sewage sludge, and lig-
nocellulosic biomass particles can lower the yield of tar
compared to the pyrolysis of individual feedstocks [113,
114]. Kumabe et al. found that increasing biomass ratio in a
blend of lignocellulosic biomass and coal slightly decreased
the yield of tar in a downdraft fixed bed reactor at 900°C [50].
Pinto et al. used a blend of 80% coal and 20% pine wood

Table 4: Elemental and chemical composition of sewage sludge.

Year Sewage sludge
Proximate analysis Ultimate analysis HV

Biochemical
composition Ref.

M (%) VM (%) FC (%) Ash (%) C (%) H (%) N (%) S (%) O (%) MJ/kg Protein Extr.
2017 Municipal 5.1 60.34 1.13 33.43 36.88 4.94 5.03 1.14 52.01 14.90 — — [90]

2017 Wastewater treatment
plant 7 50 3 40 27.9 4.7 4.5 1.4 34.6 12.50 28 3.5 [84]

2016 Wastewater treatment
plant 5.6 54.2 8.6 37.2 40.6 7.1 7.7 3.3 41.2 11.1 — — [91]

2016 Wastewater treatment
plant 7.4 63.1 7.1 22.5 38.0 5.1 6.9 1.2 19.0 — — — [92]

2016 Wastewater treatment
plant 5.8 54.1 6.0 34.2 34.9 4.8 4.5 1.1 14.8 — — — [93]

2015 Wastewater treatment
plant 8.71 61.11 9.20 26.89 45.16 7.20 7.69 — 27.59 16.18 — — [94]

2014 Wastewater treatment
plant 4.43 68.57 16.42 15.01 53.24 7.39 6.12 — 33.25 24.2 — — [95]
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Figure 5: Cocombustion techniques: (a) direct cocombustion, (b) indirect cocombustion, and (c) parallel cocombustion [110].
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waste in a fluidized bed reactor operating at atmospheric
pressure and at a temperature of 850–900°C [115]. +ey
found that an increase in the polyethylene waste into the
blend can cause an increase in tar release which can be
attributed to the breaking down of the feed element into
smaller elements by thermal cracking.+is can be avoided by
blending three materials: coal, polyethylene waste, and pine
that brings down tar release. +is effect can also be reduced
by using a dolomite catalyst during the cocombustion of coal
and biomass/waste mixtures [116]. Collot et al. experi-
mented on a blend of Polish coal and forest residue and
found no effect on synergy [117]. Aznar et al. and Andre
et al. also acknowledged higher tar yield with an increase in
the ratio of biomass percentage of the coal/biomass blend
and found a greater impact on synergetic effect during
cocombustion at specified conditions [49, 118]. More in-
vestigation is still required to briefly explain the issue re-
garding tar release and its impact on the synergy effect
during thermal coconversion of different coal, lignocellu-
losic biomass, and sewage sludge blends.

3.5.2. Blending Impact on Alkali and Ash. One of the major
problems during thermal coconversion of blends is the
deposition and formation of alkali and ash which can
cause slagging, agglomeration, or fouling on the heat
transfer surface of furnace and boiler because of the
inorganic constituents of lignocellulosic biomass, waste,
and coal mixture. +e type of feedstock, operating con-
dition, and flow dynamics have great influence on the
characteristics of ash formation. Usually, ash obtained
from lignocellulosic biomass has a low melting temper-
ature as compared to ash obtained from coal, so it is
necessary to pay attention to the behavior of ash produced
from lignocellulosic biomass and coal mixture during
copyrolysis or cocombustion. It is necessary to under-
stand the different forms of alkali constituent present in
blends and chemical reaction with a specific condition to
investigate the ash produced from coal and biomass
blends during thermal coconversion. Zheng et al. de-
tected that the percentage of potassium in the fly ash is
almost like the ash in the straw during combustion and
the cocombustion process [119]. He determined that if
the ash composition of the fuel and straw share are
known, the total percentage of potassium in fly ash can be
predicted. Condensation, vaporization, and agglomera-
tions are the mechanisms used to produce ash during
copyrolysis and cocombustion. Alkali metal and chloride
present in biomass vaporize and KCl, NaCl, K2SO4, and
Na2SO4 are formed. Strand et al. suggested two primary
ways used to condense these vapors into particles: a
homogeneous condensation in which vapor condenses
into agglomerates and then into a particle, and the other
is a heterogeneous condensation where the vapor on the
surface of an existing particle entrains in the flue gas
[120]. Wu et al. somewhat agree that the abrasive ash
particles formed by mechanisms such as coalescence and
shedding and fine particles are formed by vaporization
and condensation mechanisms [121].

3.5.3. Blending Impact on Char Characteristics. Bernardo
et al. investigated the physical and chemical properties of
chars obtained in the copyrolysis of three waste plastic,
tires, and pine mixtures [122]. He concluded that the yield
of char increases with the addition of tire because the
addition of plastic waste in copyrolysis of pine biomass had
no effect on char yield. +e quality of char obtained from
copyrolysis has a greater influence on the calorific value.
Paradela et al. found that the char products obtained from
the copyrolysis of a blend of biomass and plastic wastes
have higher HHV than char obtained from pyrolysis of
coal alone [116]. Brebu et al. concluded that char obtained
from pyrolysis of pine cone contains higher oxygen
content and lower calorific value than the char obtained
from copyrolysis [123]. It was also found that the char
contains less sulfur, so it can be easily used for the fuel in
cocombustion of coal and lignocellulosic biomass. An-
other advantage of the char obtained from copyrolysis is its
potential application as an absorbent to remove heavy
metals.

4. Behavior of Thermal
Coconversion through TGA

+e behavior of thermal coconversion or synergetic effect
of different types of coal, lignocellulosic biomass, and
sewage sludge can be obtained by using thermal analysis
tools such as thermogravimetric (TGA), derivative ther-
mogravimetric (DTG), and differential scanning calori-
metric (DSC) analyses (Table 5). TGA is an important tool
to measure the percentage of mass loss with respect to
temperature and time and to examine the thermal de-
composition behavior during pyrolysis. A detailed review
of TGA and kinetics of degradation of substances during
pyrolysis can help in plan and develop the pyrolysis process
[132]. According to different results obtained by TGA,
pyrolysis of biomass is usually divided into three main
stages; in the first stage, removal of moisture takes place at
the temperature range of less than 200°C. In the second
stage, from a temperature range of 200–600°C, the main
decomposition of substance occurs due to devolatilization
and oxidation.

Usually, during this stage cellulose, hemicellulose and
lignin decompose and this stage is further subdivided into two
parts; in the first part, at lower temperature range
(200–450°C), cellulose and hemicellulose of any biomass
sample decompose, and at a higher temperature (455°C to
1000°C), lignin is thermally degraded. In the third stage, at a
temperature above 600°C, the reduction in the decomposition
reaction occurs due to oxidation of char and remaining
substance. +e leftover material after complete burning is
called ash. Ash contains different types of metallic substances
that act as catalysts during the pyrolysis process.+e weight of
the sample in TGA can be varied from 1 to 150mg, and
sample weight greater than 10mg is often reported with a
sensitivity of 0.01mg. However, lower sample weight of
1-2mg is usually preferred, making sure the interior sample
temperature remains close to the measured furnace
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Table 5: +ermal coconversion of different samples by using copyrolysis and cocombustion techniques.

Year Sample
Sample
ratio
(%)

Reactor
type

Experimental conditions
Product Observations Ref.

Temperature Residence
time Heating rate Feed

2017
Sewage

sludge + lignocellulosic
biomass

SS : B
20 : 80
40 : 60
60 : 40
80 : 20

Moving
bed

reactor
25–1200°C 30min — 200 kg/h Syngas

(H2 +CO)

H2 content
increased from
33% to 47% in
blending of
60%SS + 40%

biomass

[124]

2017 Coal + lignocellulosic
biomass

Coal : B
100 : 0
50 : 50

Tubular
furnace 25–900°C 40min 10°C/min 25 g Ash

Ash properties
were

performed for
leaching test

[57]

2016 Rice husk + plastic
waste

RH :
PW

20 : 80
30 : 70
40 : 60
50 : 50

Batch
reactor 25–800°C 35min 5-6°C/min — Bio-oil

Around 66% of
liquid

compounds
can be obtained
by copyrolysis
of 20% of RH
blended with
plastic waste.
More than 20%

RH is not
favored for
liquid oil
production

[125]

2016 Coal + lignocellulosic
biomass

Coal : B
0:100
25 : 75
50 : 50
75 : 25
100 : 0

Moving
bed

pyrolyzer
500–850°C 2 h — 200 g/h Gases and

tar

Tar and gas
yields showed
an incremental
trend with the
increase in

biomass ratio

[99]

2015 Sewage sludge + rice
husk

SS : RH
50 : 50

Vacuum
fixed bed
reactor

900°C 2 h 10°C/min 10 g Gas
products

Higher amount
of SS promoted
CO2-C and
H2O-C

gasification
reactions

[126]

2015 Bituminous coal + rice
husk

B : coal
0:100
20 : 80
40 : 60
80 : 40
100 : 0

Fixed bed
reactor Up to 900°C 15min 10–30°C/

min — Biofuels

Experimental
and calculated
value observed
differently for

blended
samples

[127]

2015 Sugarcane
bagasse + sewage sludge

SS : SB
50 : 50
25 : 75

Pyrolyzer 25–600°C — 10°C/min 10mg Biofuels

Cocombustion
process showed

lower
activation
energy

[128]

2014
Sewage

sludge + lignocellulosic
biomass

SS : B
0:100
30 : 70
50 : 50
70 : 30
100 : 0

TG-MS 40–800°C — 10°C/min 10mg Gas
products

CO2, SO2, NH3,
HCN, and NO
were mainly

gaseous species
produced at

temperature of
523–873°K

[60]
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temperature. +e sample can be loaded in TGA as a fine
powder or small pieces. DTG is a simple analytical tool to
determine the amount of mass loss rate as a function of
temperature. By examining the DTG curves, the temperature
at which maximum rate mass loss appears can be determined
by the position of the peaks in the curve. It is also used to find
out the kinetic parameters (activation energy, preexponential
factor, and order of reaction) of different organic materials
during isothermal and nonisothermal conditions.

4.1. :ermogravimetric Analysis of Coal/Biomass Blends.
+e thermal coconversion of lignocellulosic biomass and
coal blends has the advantage of reducing greenhouse gas
emissions, such as sulfur oxides (SOx) and nitrogen oxides
(NOx) [5].+e conversion of different types of lignocellulosic
biomass such as sugarcane bagasse and rice husk blended
with coal can be easily realized cheaply with minor modi-
fications in the current coal operating plants to adopt the use
of blend. Coconversion of coal and lignocellulosic biomass
gives the advantage of using cleaner feedstock to dispose of
wastes/biomass safely and economically [133]. Cothermal
characteristics of coal and lignocellulosic biomass blends can
be examined widely by thermal analytical techniques such as

TG, DTG, and DTA. TGA can rapidly assess the fuel value,
the initial temperature at which degradation of component
starts, and the final temperature at which degradation of
component ends, and other characteristics such as maximum
reactivity temperature, the rate of maximum reactivity, and
amount of final residue. +ermal methods such as TG, DTG,
and DTA have been used extensively to study a variety of
thermal characteristics and parameters for the thermal
conversion of different materials with coal. +ermal analysis
can be used also to estimate kinetic parameters of different
thermal processes. +e main concern of the thermogravi-
metric study is to show that the decrease in particle size can
cause a decline in ignition temperature. +ermal analysis of
different coal and lignocellulosic biomass samples showed
different stages in terms of temperature ranges during py-
rolysis, combustion, and gasification processes. In coal-
biomass blends, three different stages can be commonly
observed. During the first stage, removal of moisture is
carried out, and during the second stage, decomposition of
cellulose and hemicellulose components occurs, and in the
third stage, lignin degradation can be observed. By using the
blends of biomass and coal, the decomposition of biomass is
more dominant in the second stage than the decomposition
of coal and the third stage is decomposition of coal with

Table 5: Continued.

Year Sample
Sample
ratio
(%)

Reactor
type

Experimental conditions
Product Observations Ref.

Temperature Residence
time Heating rate Feed

2013 Sewage sludge + rice
husk

SS : RH
0:100
10 : 90
20 : 80
30 : 70
50 : 50
70 : 30
100 : 0

Fixed bed
reactor 25–900°C 1-2 s 10°C/min 2 g Bio-oil,

biogas

Without
external heat

source,
copyrolysis
could be the
technology to

dispose
excessive
sludge

[129]

2013 Sewage
sludge + biomass

SS : B
0:100
100 : 0
90 :10
80 : 20
70 : 30
60 : 40

Fixed bed
tubular
reactor

25–800°C — 40°C/min 10mg Bio-oil,
biogas

Presence of
petroleum
sludge

promotes NH3
and HCN

formation with
biomass

coconversion

[130]

2012 Biomass +waste
materials

B :WM
30 : 70
50 : 50

Autoclave 450°C 15min 5°C/min —
Bio-oil,
char,
gases

A recovery of
63–81% of the
pyrolysis oils
was observed

[94]

2011 Sewage sludge + rice
husk

SS : RH
70 : 30
50 : 50
30 : 70

Fluidized
bed

reactor
500–650°C 2 s 30°C/min — Bio-oil

Combination
of feedstock
helps in

maximizing the
volume of

feedstock for
energy

conversion via
pyrolysis

[131]
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residual biomass.+emajor gaseous pollutants released from
the thermal processes CO, CO2, CH4, NO, and SO2 were
studied previously by TG-DTA. +e thermal behavior of the
material during thermal analysis techniques depend on
heating rates (5, 10, 20, 30, 40, 50, and 100°C/min), reacting
medium or environment (inert and oxidative by using N2,
argon, O2, and CO2), mass and size of the sample used, and
temperature ranges to be operated. +ese parameters can
affect the product distribution and percentage of solid-liquid
and gaseous fuels. Knowledge of these parameters can help to
optimize the process. Table 6 gives a detailed description of a
literature survey on the thermal behavior of various biomass
and coal blends using different thermal analysis techniques.
+e commonly used blend ratios are 1 :1, 2 : 3, 3 : 4, 4 : 3, and
3 : 2. Recently, Kandasamy Jayaraman et al. studied coal and
biomass blends and they concluded that by increasing the
ratio of biomass in the blends, the mass loss percentage
increases, indicating the high reactivity of samples, and the
activation energies were also increased by increasing biomass
ratio in the blends [57]. Betancur et al. studied that coal and
biomass blends increased combustion efficiency [124]. Blends
showed lower ignition temperatures, and activation energies
were decreased in the CO2 environment as compared to N2.
Guangwei Wang et al. stated the synergistic effect of the
combustion process of coal and biomass blends was prevalent
as they increased the ignition performance by increasing the
ratio of biomass [125]. Li et al. studied the copyrolysis of the
coal and biomass blends and indicated the deviations in
weight fractions [127].

4.2. :ermogravimetric Analysis of Sewage Sludge/Biomass
Blends. Cothermal processes such as copyrolysis and
cocombustion of sewage sludge with different types of lig-
nocellulosic biomass can be applied for converting sewage
sludge into useful energy and construction materials [139].
+e other advantage of copyrolysis and cocombustion can
help in reducing hazardous emissions to the atmosphere.
Sludge has a low HHV, so burning of sewage sludge alone is
neither cost-effective nor environmentally friendly. +e
blending of sewage sludge with lignocellulosic biomass
material can make burning easier.+e physical and chemical
properties of the different materials used can affect the
characteristics of the thermal process and residue obtained
[140]. TGA is effective in studying the thermal behavior and
characteristics of combustion of sewage sludge, biomass,
coal, and other materials [141, 142]. It is an important
technique to measure the percentage of mass loss of a sample
with respect to temperature and time and to examine the
thermal decomposition behavior during copyrolysis and
cocombustion. It is also helpful in studying the kinetics of
degradation of organic material during copyrolysis and
cocombustion processes. +ermal degradation is a key
element in designing sustainable copyrolysis and
cocombustion processes. +e thermal degradation of lig-
nocellulosic biomass and sewage sludge is a very compli-
cated process because of a variety of reactions. Conversion of
different solid biomass and sewage sludge blends to gaseous
and liquid products is difficult and complicated, so TG-DTA

can be helpful by interpreting the kinetics to better un-
derstand the cocombustion and copyrolysis processes. +e
advantage of TGA is that it can easily assess the fuel value
and the temperature at which combustion, pyrolysis, and
gasification start and end. It can provide information about
the highest reactivity temperature, the total amount of ash
remaining, and complete burning time, and these techniques
are important to study the thermal behavior of the pyrolysis
process. +e other advantage of TG-DTA is that it can
determine the purity of mineral, organic, and inorganic
compounds [75]. Ergudenler et al. describe that the weight of
the sample can be varied from range 1–150mg; usually, the
weight of sample greater than 10mg is preferred with a
sensitivity of 0.01mg. But if the excellent results are required,
weight must be 1-2mg [143].

Table 7 describes the detailed description of the literature
about the TG-DTA analysis of a different type of sample to
study the pyrolysis and copyrolysis behavior under certain
conditions. Mian Hu et al. stated that by blending sewage
sludge with biomass (pine sawdust), the devolatilization
properties of sewage sludge increased whereas the initial
decomposition temperatures increased by increasing bio-
mass ratio [144]. Jiang et al. stated that by increasing the
ratio of biomass with sewage sludge, the reactivity of blends
increases [145]. Yang et al. studied the synergistic effect of
copyrolysis of sewage sludge and wheat straw. +e syner-
gistic effect resulted in speeding up the pyrolysis process, the
increase in the volatiles, and reduction in char yield. +e
synergistic effect was maximum at a biomass proportion of
60% [146].

4.3. :ermogravimetric Analysis of Coal/Sewage Sludge
Blends. TGA is a useful tool to examine the copyrolysis and
cocombustion behavior of sewage sludge, coal, and their
mixture. Different atmospheric conditions (inert condition
for copyrolysis and oxidizing condition for cocombustion)
can be used.

Table 8 describes the detailed description of thermal
coconversion of coal and sewage sludge obtained from
different sources through thermogravimetric analysis to
examine the copyrolysis or cocombustion characteristics.
Previous studies on the TGA of thermal coconversion of coal
and dewatered sewage sludge blends show that the addition
of 10% of sewage sludge in the coal-sludge blend has hardly
brought any change in heat release and weight loss during
thermal coconversion processes [147, 148]. Barbosa et al.
worked on the sewage sludge and coal blend impregnated
with molasses to study the cocombustion characteristics and
found that fuel quality obtained from this type of blend was
improved [149]. But the char characteristics remained the
same as that of bituminous coal. Zhuo et al. experimented on
80% coal and 20% sludge blends to study the cocombustion
behavior under N2/O2 and CO2/O2 atmosphere and find out
that blend gives distinctive combustion peaks as compared
to combustion of sludge [150]. Jin et al. studied the influence
of the blend ratio of 60% coal and 40% dewatered sewage
sludge on flammability index, combustion characteristic
index, and release of harmful emission and heavy metals
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[151]. +is effect is ignorable if the dewatered sewage sludge
ratio is kept at less than 20%. Coimbra et al. studied the
copyrolysis and cocombustion behavior of bituminous coal
and pulp mill sludge blend of ratio 90 :10 and concluded that
cocombustion behavior of blend is similar to that of con-
version behavior of coal alone, but the copyrolysis of blends
occurs at lower devolatilization temperature than that of
pyrolysis of coal [52]. Zhang et al. also studied the com-
bustion characteristics of blends of different ratios of sewage
sludge and coal [53]. Xia and Li concluded from their result
that the TG and DTG profiles of sewage sludge should be the
same as the profile of coal but different from coal under
different blending ratios [152].

5. Future Perspectives

+is review provides a detailed description on the thermal
coconversion of different biomass, sewage sludge, and coal
blends through TGA to obtain optimum energy recovery
entrained from a different type of sewage sludge, biomass,
and coal; however, there are still many challenges to solve the
problem related to the copyrolysis and cocombustion of
blends. To overcome these challenges, some steps should be
taken to improve the process in order to obtain maximum
conversion. +e production of biofuels through thermal
coconversion processes is not fully established on a com-
mercial scale, so work should be done to make it better
energy recovery option commercially. +e different kinetic
models should be developed to find out the optimum op-
erating condition to design the copyrolysis or cocombustion
process to obtain the highest yield with lower investment.
More research is required in the field of thermal cocon-
version of coal, biomass, and sewage sludge blends in which
focus should be on scaling up and cost reduction. A com-
putational model should be developed to optimize the
physical, chemical, and reaction parameters that will help to
design the process.

6. Conclusions

+is review investigates the thermal coconversion of bio-
mass/sewage sludge, coal/sewage sludge, and coal/biomass
by using thermogravimetric analysis (TGA). Different ele-
mental, chemical composition, and experimental conditions
like the type of sample, type of reactors, different temper-
ature ranges, heating rates, and residence time were
reviewed to observe synergetic effects during copyrolysis of
sewage sludge, lignocellulosic biomass, and coal blends.
Many researchers have acknowledged that the copyrolysis
process can expressively improve the yield and eminence of
pyrolysis oil without helping aid such as catalysts, solvents,
and pressure.

+is technique can be considered as a simple, cheap, and
effective to obtain the optimum yield.+is study will provide
a better understanding to reduce the failure points in
obtaining and applying the copyrolysis process to obtain the
maximum yield of the product. A detailed review of TGA of
copyrolysis of different substances like sewage sludge, lig-
nocellulosic biomass, and coal blends, therefore, can help

plan and develop efficient industrial copyrolysis process.
Based on the critical analysis, the following recommenda-
tions are suggested for future perspective:

(i) Low energy intensive operation with high-quality
products techniques should be explored

(ii) Feedstock advance pretreatment processes could be
adopted to enhance the devolatilization

(iii) Synergistic effect of biomass types with other resi-
dues and their interactions should be comprehen-
sively investigated

(iv) Strict dewatering and drying steps are required
before thermal coconversion processes proceeding
for higher energy consumption

(v) Researcher should investigate the economic and
environmental concern related to thermal cocon-
version processes to reduce greenhouse gases
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“Fluidized-bed co-gasification of residual biomass/poor coal
blends for fuel gas production,” Fuel, vol. 79, no. 11,
pp. 1317–1326, 2000.

[49] M. P. Aznar, M. A. Caballero, J. A. Sancho, and E. Francés,
“Plastic waste elimination by co-gasification with coal and
biomass in fluidized bed with air in pilot plant,” Fuel Pro-
cessing Technology, vol. 87, no. 5, pp. 409–420, 2006.

[50] K. Kumabe, T. Hanaoka, S. Fujimoto, T. Minowa, and
K. Sakanishi, “Co-gasification of woody biomass and coal
with air and steam,” Fuel, vol. 86, no. 5-6, pp. 684–689, 2007.

[51] H. N. S. Schafer, “Carboxyl groups and ion exchange in low-
rank coals,” Fuel, vol. 49, no. 2, pp. 197–213, 1970.

[52] R. N. Coimbra, S. Paniagua, C. Escapa, L. F. Calvo, and
M. Otero, “+ermal valorization of pulp mill sludge by co-
processing with coal,” Waste and Biomass Valorization,
vol. 7, no. 4, pp. 995–1006, 2016.

[53] L. Zhang, F. Duan, and Y. Huang, “Effect of organic calcium
compounds on combustion characteristics of rice husk,
sewage sludge, and bituminous coal: thermogravimetric
investigation,” Bioresource Technology, vol. 181, pp. 62–71,
2015.

[54] G. K. Parshetti, A. Quek, R. Betha, and R. Balasubramanian,
“TGA-FTIR investigation of co-combustion characteristics
of blends of hydrothermally carbonized oil palm biomass
(EFB) and coal,” Fuel Processing Technology, vol. 118,
pp. 228–234, 2014.

[55] J. Q. Xia and H. P. Li, “Co-pyrolysis charateristics study of
dianchi lake sludge and coal,” Advanced Materials Research,
vol. 860–863, pp. 518–521, 2014.

[56] D.-X. Li, J.-B. Liu, M. R. Farahani, M. Imran, andM. K. Jamil,
“Techno-economic study of coal pyrolysis for production of
chemicals using a high-pressure fluidized bed,” Energy
Sources, Part B: Economics, Planning, and Policy, vol. 12,
no. 7, pp. 654–658, 2017.

[57] K. Jayaraman, M. V. Kok, and I. Gokalp, “+ermogravi-
metric and mass spectrometric (TG-MS) analysis and ki-
netics of coal-biomass blends,” Renewable Energy, vol. 101,
pp. 293–300, 2017.

[58] Z. Wu, W. Yang, H. Meng et al., “Physicochemical structure
and gasification reactivity of co-pyrolysis char from two
kinds of coal blended with lignocellulosic biomass: effects
of the carboxymethylcellulose sodium,” Applied Energy,
vol. 207, pp. 96–106, 2017.
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“Effect of catalysts in the quality of syngas and by-products
obtained by co-gasification of coal and wastes. (1) Tars and
nitrogen compounds abatement,” Fuel, vol. 86, no. 14,
pp. 2052–2063, 2007.

[116] F. Paradela, F. Pinto, I. Gulyurtlu, I. Cabrita, and N. Lapa,
“Study of the co-pyrolysis of biomass and plastic wastes,”
Clean Technologies and Environmental Policy, vol. 11, no. 1,
pp. 115–122, 2009.

[117] A.-G. Collot, Y. Zhuo, D. R. Dugwell, and R. Kandiyoti, “Co-
pyrolysis and co-gasification of coal and biomass in bench-
scale fixed-bed and fluidised bed reactors,” Fuel, vol. 78,
no. 6, pp. 667–679, 1999.
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/e swirl burner with a prechamber was used in a 14MW pulverized-coal combustion experiment to investigate the influence of
inner and secondary air ratios (ISA/OSA) on the combustion characteristic and flame shape in this work. /e temperatures and
species concentrations in the prechamber were measured via the flue gas analyzer and thermocouples./e flame shape beyond the
prechamber outlet was captured by using a high-speed camera. /e results showed that the combustion efficiency was increased
and low nitrogen combustion was achieved by adopting the swirl burner with a prechamber. /e high temperature corrosion and
slagging phenomenon did not occur in the prechamber. /e influence of ISA/OSA on temperature and species concentration
profiles at different areas in the prechamber was different. /e flame shape size exhibited an inflection point with increasing ISA/
OSA. Considering, comprehensively, the temperature peak, near wall temperature, oxygen-free zone, CO concentration, flame
length, flame diameter, and divergence angle, the case of ISA/OSA �1 : 2 had great processing on combustion efficiency and NOx
emission. /us, ISA/OSA� 1 : 2 was selected as the optimized case under experiment conditions.

1. Introduction

Pulverized-coal (PC) combustion is one of the maximum
coal application approaches. Combustion efficiency and
pollutant emissions are the two key factors that restrict the
development of PC combustion technology. In order to
improve the economic efficiency and ease the pressure on
environmental protection, large low nitrogen and high ef-
fective combustion technologies [1–5] are developed, such as
air staging, fuel staging, flue gas recirculation, fuel rich/lean
combustion, and preheating combustion. Achieving these
technologies usually depended on the burner or furnace. For
the swirl burner, the inner recirculation zone can be formed
to keep combustion stable, which is generally applied to the
PC boiler. Combining with the abovementioned technolo-
gies, the swirl burner has the ability of improving the
combustion efficiency and achieving low nitrogen com-
bustion. Flow characteristic analysis is a significant approach
to understand and optimize the combustion characteristic of

a swirl burner. Li et al. [6] experimentally investigated the
gas-particle flow characteristic of an axial swirl burner
(LNASB). /e air field, gas-particle flow and combustion
characteristic of the swirl burner (CFR) were researched by
Chen et al. [7, 8]. Also, Zhou et al. [9] numerically analyzed
that flame stability and the NOx formation mechanism
depend on the flow and combustion characteristic of the
swirl burner (HT-NR3). /us, the influences of the swirl
burner different variable (such as operating conditions and
burner structure) on PC combustion were investigated by
the flow and combustion characteristic. For all swirl burners
without an adjustable structure, operating conditions
[10–15] had significantly impacted on the flow and com-
bustion characteristic. On the influence of the ISA or OSA
ratio, Liu et al. [16] researched the position and size of the
recirculation zone for LNASB, and the combustion char-
acteristic was discussed in a 600MW supercritical boiler;
some dissertations [17–19] in china, respectively, studied the
air flow and combustion characteristic for the CFR swirl
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burner, and Jing et al. [13] discussed the gas-particle flow
characteristic. Xue et al. [14] investigated carbon burnout
and NOx emission with different experimental coals for a
radially biased swirl burner. Jiang et al. [20] experimentally
researched how to avoid high temperature corrosion by ISA
opening of a swirl burner in an opposed wall fired ultra-
supercritical boiler. /e abovementioned literatures indi-
cated that the relationship between ISA and OSA of a swirl
burner had a significant influence on PC combustion.

/e swirl burner with a prechamber structure was used
to solve the combustion difficult problem on inferior coal by
enhancing the recirculation zone and particle concentration.
With developing stable combustion technologies [21, 22]
and high temperature corrosion and slagging occurring
frequently, application of the prechamber structure gradu-
ally decreased. At present, a swirl burner with a prechamber
appeared in an industrial boiler combining with low ni-
trogen combustion technologies. Jiang et al. [23] numerically
investigated the combustion characteristic of the swirl
burner with a double-cone prechamber in an industrial
boiler; combining with deep air staging, Wang et al. [24]
discussed the NOx emission of an industrial boiler. Chi et al.
[25] also studied the combustion characteristic of a swirl
burner with a prechamber. However, the influence of the
ratio of ISA and OSA (ISA/OSA) on the flow and com-
bustion characteristic for a swirl burner with a prechamber
was less researched. Gong et al. [26] researched the influence
of ISA/OSA for a swirl burner with a prechamber, but ISA
and OSA were not provided at the same burner outlet.

In our present work, the influence of ISA/OSA had been
investigated on the air flow and combustion characteristic
for a swirl burner with a prechamber, but the primary air and
PC was reverse flow in the prechamber. /erefore, we de-
cided to experimentally research the influence of ISA/OSA
on the combustion and flame characteristic for a swirl
burner with a prechamber, in which primary air and PC
were normal flow.

2. Experiment and Methods

/e 14MW pilot scale PC combustion experiment system
was built in our work. Combining with measurement de-
vices and methods, the data of temperature and species
concentration in the prechamber and flame shape beyond
the prechamber outlet were obtained to analyse the influence
of ISA/OSA.

2.1. Pulverized-Coal Combustion Experiment System.
Figure 1 shows the schematic diagram of the experiment
system, which consisted of the coal feeding system, wind
system, ignition system, control system, a swirl burner,
temperature and gas species concentrations measurements
system, and flame capture system. /e coal feeding system
included storage facilities and feeding devices, and the
feeding speed was adjusted by frequency of feeding devices.
During each experiment condition, three times of 10min
feeding speed calibration were carried out, and the error was
maintained within ±8%. A Roots fan and three blowers

provide PA (primary air), ISA, OSA, and TA (tertiary air),
respectively. /en, the valve was adjusted to control the flow
rate displayed by the mass flowmeter. /e fuel oil for the
ignition system was ignited first, then the PC was fed to
achieve stable combustion, and finally, the fuel oil stopped
being supplied. /e control system was responsible for the
start and stop of the whole experiment system. /e sche-
matic diagram of the swirl burner is shown in Figure 2,
which had 9 axial movable swirl vanes in ISA, an expanding
cone-shaped prechamber, a combustion stabilizing device,
and an isolated area of PA and OSA.

2.2. Experiment Methods and Conditions. /e temperature
and gas species concentrations measurements system and
the flame capture system in Figure 1 were introduced as
measurement methods. /e 1.5m long stainless steel K-type
thermocouple with its own signal converter was adopted to
realize the online display of temperature. /e measurement
range of the thermocouple was 0–1300°C with an error of
0.5%. After the temperature was stable, the fluctuation range
of ±10°C was recorded as the measurement value. Flue gas
was sampled by using a water-cooled sucking probe, which
consisted of a centrally-located sampling pipe surrounded by
a double-deck stainless steel tube with high pressure water
for probe cooling. After being quickly cooled by water, gas
samples through the unit and were filtered and, then, an-
alyzed online by using a MRU VARIO PLUS flue gas an-
alyzer to obtain the gas species concentrations, with an
accuracy consisting of ±2% for the measurement values of
O2 and CO. Sixty groups’ data were measured at each
measuring point for 120 s, and the mean value of 30 s sta-
bility data was selected as the flue gas species concentration
value of this point. /e flame capture system mainly meant
the high-speed camera, which used its supporting applica-
tion software (PCC 3.1) to select camera parameters such as a
resolution of 1080× 504, exposure time of 200 μs, and
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Figure 1: Schematic diagram of the experiment system. 1, 2, and 4-
blower; 3- Roots fan; 5- storage facilities; 6- feeding device; 7- mass
flowmeter; 8- valve; 9- ignition device; 10- thermocouple; 11- air
compressor; 12- signal exchanger; 13- desktop computer; 14-
sampling device; 15- filter unit; 16- flue gas analyzer 17- high-speed
camera; 18- notebook computer; 19- protective wall; and 20-
burner.
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sampling rate of 1700 fps etc. /e scale was arranged at the
same section with the burner axis, the high-speed camera
took 8337 pictures of the flame, and the picture of the best
flame stability and length was selected as the follow-up
picture.

In this combustion experiment, Shenfu long flame coal
in China was used as the experimental coal, and its basic
characteristics are shown in Table 1. As a kind of high
volatile coal, it could ensure the smooth ignition and stable
combustion for the process of experiment. To avoid the
problem of high temperature corrosion and slagging and the
flame biasing of the swirl burner horizontal arrangement,
wall and swirl wind should be controlled. Considering the
flow type difference of ISA and OSA, three experimental
cases (ISA/OSA �2 :1, 1 :1, 1 : 2) were chosen, and the main
flow gradually changed from ISA to OSA. /e ISA swirl
number (S) in Table 2 was calculated using following for-
mula [10]:

S �
2
3

×
1 − di/do( 

3

1 − di/do( 
2

⎡⎣ ⎤⎦ × tan(θ), (1)

where di is the inner diameter of the ISA duct, do is the outer
diameter of the ISA duct, and θ is the special swirl vane angle
in experimental conditions. /e other specific experiment
parameters such as air mass flow and speed are shown in
Table 2.

/e axial distance of the burner outlet section and the
radial distance of the central axis were defined as X and R,
respectively. Four sections X� 268, 536, 670, and 804mm
from the measurement position of the burner outlet were
selected. /e measurement points of each section were,
respectively, 10, 60, 110, 160, 210, and 260mm from the wall
surface of the prechamber, and the last point was the central
axis. Finally, the temperature and flue gas species concen-
trations, respectively, were measured.

3. Results and Discussion

/e experimental results were obtained and divided into
three parts to discuss the influence of ISA/OSA, and then,
the specific process is as follows.

3.1. Effect of the ISA/OSA for Temperature in the Prechamber.
Figure 3 shows different temperature profiles in the pre-
chamber with different ISA/OSA. (a), (b), (c), and (d) in
Figure 3 are X� 268mm, 536mm, 670mm, and 804mm,
respectively. For all the cross sections of ISA/OSA in the
radial direction, the high temperature zone could be seen in
different areas of each temperature profile. /is finding
demonstrated that sufficient combustion of PC depended on
ISA in the prechamber. OSA was used to decrease wall
temperature and rich fuel combustion appeared on the
central axis. Tp (peak temperature) �933°C appeared at
R� 191mm for ISA/OSA �2 :1 was lower and farther away
from the central axis than other cases in the high-temper-
ature zone, Figure 3(a)./e divergence ability of strong swirl
was the main reason. Another Tp found was 1015°C at
R� 41mm, indicating that PC ignited and burned near the
central axis. /e temperature for ISA/OSA � 2 :1 was higher
than others in the area near the wall (R> 191mm), indi-
cating that the function of ISA was to ensure complete
combustion. Figures 3(b) and 3(c) are same as 3(a). In
Figure 3(d), Tp appeared at the same position, and the
difference of vales was slight. /e temperature for ISA/
OSA� 1 :1 was higher than that of others at the
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Figure 2: Schematic diagram of the swirl burner with the pre-
chamber. 1-primary air duct; 2-isolate duct; 3-inner secondary air
duct; 4-outer secondary air duct; 5-tertiary air duct; 6-axial
movable swirl vanes; 7-combustion stabilizing device; 8-expanding
cone-shaped prechamber; 9-location of measuring points.

Table 1: /e basic characteristics of experimental coal.

Proximate analysis (as received wt %, ad)
Volatiles 33.60
Ash 7.02
Moisture 5.62
Fixed carbon 53.76
Net heating value (kJ/kg) 27200
Ultimate analysis (as received wt %, ad)
Carbon 61.54
Hydrogen 4.16
Oxygen 11.64
Nitrogen 0.82
Sulfur 0.43

Table 2: Experimental conditions and parameters.

ISA/OSA 2 :1 1 :1 1 : 2
Feeding speed (kg/h) 1140 1140 1140
Primary air (kg/h) 900 900 900
Primary air speed (m/s) 26.3 26.3 26.3
Inner secondary air (kg/h) 3889 2917 1945
Inner secondary air speed (m/s) 22.3 16.7 11.1
ISA swirl number (S) 1.6 1.6 1.6
Outer secondary air (kg/h) 1945 2917 3889
Outer secondary air speed (m/s) 14.0 21.0 28.0
Tertiary air (kg/h) 1955 1955 1955
Tertiary air speed (m/s) 4.5 4.5 4.5
All air temperature (°C) 20 20 20
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R� 307–357mm area, indicating that the ISA or OSA
remaining mainstream position helped to reduce wall
temperature of the prechamber downstream.

Figure 4 shows the temperature profiles of the central
axis (Figure 4(a)) and the wall position in the prechamber
(Figure 4(b)) with different ISA/OSA. Along axis distance,
the low-temperature zone could be seen for all ISA/OSA in
Figure 4(a). /e reason was that the mixing of ISA decayed
and the endothermic process of PC pyrolysis appeared.
Comparing different ISA/OSA, the temperature for ISA/
OSA �2 :1 was lower than that of others. It was indicated
that Tp was lower and farther at the same PA and PC feeding
speed. In Figure 4(b), the distance from the measurement
point to the prechamber inner wall was 10mm, and tem-
peratures for all ISA/OSA were lower than 400°C. It was
indicated that high temperature corrosion could be avoided,
and the prechamber adopted general steel material. /e
results showed that OSA designed had a cooling effect in the
prechamber. Besides the X� 804mm point, temperature for
ISA/OSA� 1 : 2 was lower than that of others, indicating that
increasing OSA enhanced the cooling effect.

For the swirl burner with a prechamber, the function of
PA, ISA, and OSA, respectively, was ignition, ensuring stable
combustion and decreasing temperature in the prechamber.
Also, the endothermic process of PC pyrolysis appeared, and

high-temperature corrosion was avoided. /e influence of
ISA/OSA on different position temperature in the pre-
chamber was significant.

3.2. Effect of the ISA/OSA for Flue Gas Species Concentrations
in the Prechamber. /e O2 and CO concentration profiles
with different ISA/OSA are shown in Figures 5 and 6, re-
spectively. /e O2 concentration increased from near 0% to
near 21%, and the CO concentration decreased from high
concentration to near 0 ppm along radial direction for
different ISA/OSA at all cross sections. /e oxygen-free and
high CO concentration zone (O2 <1%, CO >5×104 ppm)
could be found in the prechamber. It could be attributed to
PC incomplete combustion and species diffusion.

For the case of ISA/OSA �2 :1, the O2 concentration
(R> 120mm) and oxygen-free zone, respectively, were
higher and smaller than others, and the CO concentration
was lower first and higher than others, as shown in
Figures 5(a), 5(b), 6(a), and 6(b). /e reason was that the
divergence ability of strong swirl inhibited species diffusion.
In Figures 5(c) and 6(c), the difference of O2 concentration
profiles for three ISA/OSA was not obvious besides
R� 90–140mm, and CO concentration for ISA/OSA �1 : 2
was slightly higher than others besides the central axis point.
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Figure 3: Temperature profiles along radial distance for different ISA/OSA. (a) X� 268mm. (b) X� 536mm. (c) X� 670mm. (d)
X� 804mm.
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It was indicated that ISA and OSA gradually mixed. In
Figures 5(d) and 6(d), the oxygen-free zone and O2 con-
centration (R> 120mm), respectively, were bigger and lower
than others, and the CO concentration was higher than
others for ISA/OSA �1 : 2. /e reason was that the mixing of
PA and SA was weak, under the diversity of ISA and OSA
was larger condition.

Figures 7 and 8 showed the O2 and CO concentration
profiles of the central axis (Figures 7(a) and 8(a)) and the
wall position of the prechamber (Figures 7(b) and 8(b)) for
three ISA/OSA. /ere were oxygen-free and high CO
concentration on the central axis with different ISA/OSA.
/e CO concentration for ISA/OSA �2 :1 was higher than
that of others, indicating that pyrolysis processing was
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Figure 4: Temperature profiles along axis distance for different ISA/OSA.
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Figure 5: O2 concentration profiles along radial distance for different ISA/OSA. (a) X� 268mm. (b) X� 536mm. (c) X� 670mm. (d)
X� 804mm.
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strong to decrease temperature. At the side wall of the
prechamber, the O2 concentration and CO concentration
were close to 21% and 0 ppm with different ISA/OSA, in-
dicating that the cooling effect of ISA was evidenced. Also,
the high temperature corrosion and slagging could be
avoided.

In the prechamber of the swirl burner, the zone of
oxygen-free and high CO concentration was found on the
centre. /e results showed that strong reducing atmosphere

inhibited NOx generation and decreased NOx emission. ISA/
OSA had impacted on no oxygen boundary and CO con-
centration of different regions. /e high temperature cor-
rosion and slagging phenomenon did not occur.

3.3. Effect of the ISA/OSA for a Flame Shape beyond the
Prechamber Outlet. Figure 9 shows different flame shapes
and profiles for different ISA/OSA. All images in Figure 9

0.0

5.0 × 104

1.0 × 105

1.5 × 105

2.0 × 105
Ca

rb
on

 m
on

ox
id

e (
pp

m
) X = 268mm

360 300 240 180 120 60 0
Radial distance (R/mm)

2:1
1:1
1:2

(a)

X = 536mm

0.0

5.0 × 104

1.0 × 105

1.5 × 105

2.0 × 105

Ca
rb

on
 m

on
ox

id
e (

pp
m

)

360 300 240 180 120 60 0
Radial distance (R/mm)

2:1
1:1
1:2

(b)

360 300 240 180 120 60 0
Radial distance (R/mm)

X = 670mm

2:1
1:1
1:2

0.0

5.0 × 104

1.0 × 105

1.5 × 105

2.0 × 105

Ca
rb

on
 m

on
ox

id
e (

pp
m

)

(c)

360 300 240 180 120 60 0
Radial distance (R/mm)

X = 804mm

2:1
1:1
1:2

0.0

5.0 × 104

1.0 × 105

1.5 × 105

2.0 × 105

Ca
rb

on
 m

on
ox

id
e (

pp
m

)

(d)

Figure 6: CO concentration profiles along radial distance for different ISA/OSA. (a) X� 268mm. (b) X� 536mm. (c) X� 670mm. (d)
X� 804mm.

250 350 450 550 650 750
0

7

14

21

O
xy

ge
n 

co
nc

en
tr

at
io

n 
(%

)

Axis distance (X/mm)

R = 0mm

2:1
1:1
1:2

(a)

250 350 450 550 650 750

O
xy

ge
n 

co
nc

en
tr

at
io

n 
(%

)

0

7

14

21

Axis distance (X/mm)

Wall position of
the prechamber

2:1
1:1
1:2

(b)

Figure 7: O2 concentration profiles along axis distance for different ISA/OSA.

6 Journal of Chemistry



showed that the flame surface had a typical turbulence
structure, which was favorable for mass, heat diffusion, and
flame propagation beyond the prechamber outlet. /is

indicated that the prechamber had the advantages in en-
hancing flame stability when it was adopted in the swirl
burner. Also, the interaction with external air flow indicates
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that it was diffusion flame. /erefore, the flame was judged
as a turbulent diffusion structure. A long low-speed flow
region was formed to stabilize flame, because high-speed jets
and the prechamber structure were used. According to the
scale placed on the central axis section of the swirl burner,
the flame profiles were drawn to obtain the flame length data
beyond the prechamber outlet. At the same time, the slope
and intercept of the fitting line were used to obtain the flame
diameter and divergence angle data at the prechamber
outlet. /e specific data are shown in Table 3.

/e divergence angle decreased from 12.1° to 10.5° at first
and, later, rose to 11.9° with decreasing ISA/OSA. /e
finding indicated that the flame divergence angle for ISA/
OSA� 1 :1 was lower than that for others. Also, the flame
length was longer than that of others, and the diameter was
narrower than that of others. /e length value varied from
4194mm to 5926mm at first and, later, to 5504mm with
decreasing ISA/OSA, and the diameter varied from
762.8mm to 386.1mm and to 424.8mm. /e rough and
short flame for ISA/OSA� 2 :1 were caused due to its ro-
tational divergent ability. /e flame length was shortened,
and the diameter was widened due to the low-speed flow
region slight shortening beyond the prechamber outlet.

/e gradient of jet velocity along the radial direction was
low for ISA/OSA �1 :1 which stretched the low-speed flow
region of flame stability.

/e swirl burner with the prechamber had stable PC
combustion flame with different ISA/OSA. An inflection
point of flame shape was found, indicating that reasonable
ISA/OSA needed to be considered.

Temperatures and species concentrations in the prechamber
reflected PC burning out, low nitrogen combustion, corrosion,
and slagging. Flame shape beyond the prechamber outlet
exhibited a jet characteristic and high temperature zone in the
future boiler. Also, the flame shape was affected by the com-
bustion characteristic in the prechamber./us, the combustion
efficiency and NOx emissions were predicted by temperatures,
species concentrations, and flame shapes. Combining with the
influence of ISA/OSA, reasonable ISA/OSA was selected to the
optimize operation condition of the swirl burner with the
prechamber.

4. Conclusions

/e temperatures and flue gas species concentrations in the
prechamber and flame shapes beyond the prechamber outlet
of the burner were researched and analyzed with variable
ISA/OSA, and conclusions were obtained as follows:

(1) /e high temperature, the oxygen-free zone, and
high CO concentrations were found in the pre-
chamber, and a long stable flame shape was observed

beyond the prechamber outlet. It was evidenced that
the swirl burner with the prechamber had certain
ability of increasing the combustion efficiency and
low nitrogen combustion. /e high-temperature
corrosion and slagging phenomenon of the pre-
chamber were avoided by designing OSA.

(2) /e influence of ISA/OSA was reflected on the
temperature peak, near wall temperature, oxygen-
free boundary, and CO concentrations in the pre-
chamber. In the prechamber upstream, the tem-
perature peak and oxygen-free zone decreased, with
increasing ISA/OSA, near wall temperature, and CO
concentrations. In the prechamber downstream, the
oxygen-free zone increased, with decreasing ISA/
OSA, and CO concentrations increased. /e tem-
perature peak had a slight difference.

(3) /e influence of ISA/OSA on the flame shape was
analyzed by flame length, diameter, and divergence
angle. Flame length had a maximum inflection point,
with decreasing ISA/OSA, and flame diameter and
divergence angle had a minimum inflection point. /e
relation between flame length and others was a con-
tradiction and needed to consider comprehensively.

(4) According to temperature profiles, species concen-
trations profiles, and flame shapes size, the ISA/
OSA� 1 : 2 case had higher temperature peak and
CO concentrations, larger oxygen-free zone, and
lower near wall temperature. Also, flame length was
longer, and flame diameter and divergence angle
were larger. /erefore, the ISA/OSA� 1 : 2 experi-
mental condition was selected as a reasonable op-
erating condition, under the experimental coal, 63%
load, and ISA swirl number S� 1.6 of the swirl
burner with a prechamber.
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Table 3: Flame shapes size for different ISA/OSA.

ISA/OSA Upper flame surface Downward flame surface Flame diameter (mm) Flame divergence angle (°) Flame length (mm)Intercept (mm) Slope Intercept (mm) Slope
2 :1 941.9 0.3813 179.1 0.1670 762.8 12.1 4194
1 :1 542.4 0.1752 156.3 −0.0102 386.1 10.5 5926
1 : 2 947.3 0.1079 522.5 −0.1033 424.8 11.9 5504
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In order to reduce the nitrogen oxide emission of cement plant, the denitrification of decomposing furnace is studied in this paper.
Based on Fluent software platform, the 2500 t/d new dry-process cement kiln decomposing furnace of a plant is modeled and
simulated by using air fractional combustion technology combined with selective noncatalytic reduction technology. 0e model
and simulation methods are verified by the field test. 0e effects of the urea injection position and ammonia-nitrogen molar ratio
on NO, NH3, and denitrification efficiency are studied by numerical simulation. 0e results show that the optimal injection
position of the urea solution is 12m, the optimal ammonia/nitrogen molar ratio is 1.8, and the optimal injection velocity of the
urea solution is 40m/s. 0e simulation results obtained under the optimal parameters are as follows: NO concentration is
187.60mg/m3, NH3 escape is 32.40mg/m3, and denitrification efficiency is 74.75%.

1. Introduction

Cement industry is the third largest source of NOx pollution
in China [1], and the resulting NOx can cause environmental
problems such as acid rain and photochemical smog [2, 3],
so it is urgent to carry out energy-saving and emission
reduction technology transformation. At present, NOx
emission reduction technologies mainly include low NOx
burners, fractional combustion (fuel classification or air
classification), selective catalytic reduction (SCR), and se-
lective noncatalytic reduction (SNCR) [4]. SCR denitrifi-
cation technology is highly efficient, but it is expensive and
complicated, involving ammonia supply system, ammonia
injection system, catalyst, and other systems [5, 6]. In
contrast, SNCR denitrification technology has a low oper-
ating cost and can be applied in combination with various
nitrogen oxide emission reduction technologies [7–10].

Han et al. [11] conducted SNCR denitrification tests on
power station boilers. 0e results showed that the optimal
reaction temperature for denitrification of ammonia and
urea solutions is about 1000°C, and the maximum denitri-
fication efficiency of SNCR is about 90% under typical test

conditions with an ammonia-nitrogen ratio of 1.5. Li and
Wu [12] completed the simulation process of SNCR of the
experimental device in CRF by numerical simulation. Li
et al. [13] conducted a simulation study on the CFB boiler
cyclone separator and analyzed the influence of temperature
window and ammonia-nitrogen molar ratio (NSR) on de-
nitrification efficiency. 0ey found that the optimal tem-
perature window is 850∼1050°C, and the optimal NSR is
1∼1.5. At present, SNCR technology research is mostly
concentrated in the field of power station boilers. Due to the
inhibitory effect of calcium compounds such as limestone on
the reaction of SNCR in the decomposing furnace, there are
relatively few research studies on SNCR in the field of ce-
ment decomposing furnace, which leads to the limitation of
the development of this technology in the cement industry.
However, because of its economy and convenience, SNCR
technology has great potential in optimizing SNCR deni-
trification and improving SNCR denitrification efficiency of
the decomposing furnace.

Based on previous studies, this paper, based on Fluent
software platform, simulates the SNCR denitrification based
on the new dry cement kiln decomposing furnace air
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fractional combustion.0e effects of the injection location of
urea solution along the height of the decomposing furnace,
the ammonia-nitrogen molar ratio, and the injection ve-
locity of urea solution on the NO concentration, NH3 escape
amount, and denitrification efficiency are studied in this
paper. 0e formulated SNCR denitrification process pa-
rameters with better denitrification efficiency are obtained.

2. Numerical Simulation of SNCR in
Decomposing Furnace

2.1. #e Geometric Model. 0e object of this simulation is a
decomposing furnace with an output of 2500 t/d in a cement
plant in Hunan. 0e model of the decomposing furnace is
modeled according to the actual scale, as shown in Figures 1
and 2. 0e pulverized coal and primary air in the decom-
posing furnace are sprayed into the furnace through the coal
injection pipes on both sides of the lower column. 0e high-
temperature flue gas from the end of the decomposing kiln
enters the furnace through the bottom of the cone and is
mixed with the pulverized coal airflow and the tertiary air for
ignition and combustion [14]. 0e burnout air is sprayed
into the furnace from the middle of the lower column, so
that the pulverized coal and raw materials escaping from the
core combustion zone continue to burn and decompose [15].

0is article uses the ICEM software for simulating
structural mesh, for improving the quality of the mesh, on
the whole decomposing furnace using O-mesh technology,
and the decomposing furnace reducing part and each en-
trance area mesh refinement processing, the calculation
mesh is shown in Figure 3. 0e total number of grids was
determined to be about 850,000 throughmesh independence
verification.

2.2. Calculation Model. 0e decomposing furnace model is
complex and contains multiple high-speed airflow and
mixed flow. 0e RNG k-ε model can better deal with the
strong turbulent flow with high strain velocity and large flow
line bending degree [16, 17], which is adopted for the gas-
phase turbulence model in this study. 0e calculation for-
mula is shown in the following equations:

z(ρk)

zt
+

z ρkμi( 

zxi

�
z

zxj

αk μ + μt( 
zk

zxj

  + Gk + ρε, (1)

z(ρε)
zt

+
z ρεμi( 

zxi

�
z

zxj

αε μ + μt( 
zk

zxj

  +
C∗1ε
k

Gk − C2ερ
ε2

k
,

(2)

where ρ is the density of the gas, kg/m3; k is turbulent kinetic
energy, J; ε is the turbulent dissipation velocity; μ is the
molecular viscosity coefficient; μt is the turbulent viscosity
coefficient; and C is the constant term coefficient.

Based on the detailed chemical reaction process of
turbulent combustion in the decomposing furnace, com-
ponent transport model and eddy dissipation conceptual
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Figure 1: Geometry model of the decomposing furnace.
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Figure 3: Decomposing furnace meshing diagram.
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model (EDC) are selected in this paper, in which the dif-
fusion/dynamic model is used for coke combustion and
limestone decomposing. 0e moisture only considers
evaporative heat absorption. 0e NOx reaction model in-
cluded in Fluent is selected for the pollutant model. Since
under the condition of fractional air and furnace temper-
ature (less than 1000°C) of the decomposing furnace, the
rapid NOx and thermal NOx generated by the combustion of
pulverized coal particles are few and negligible, only fuel
NOx is considered in the simulation, and the SCNRmodel is
activated to use urea as the reducing agent of the reaction.
According to the characteristics of pulverized coal particles
and urea particles in the furnace, the discrete phase model
(DPM) is used to calculate the particle phase flow, and the
diameter of urea droplets is set at 50–200 μm. Since the
proportion of particles in the mixed phase is less than 10%,
the particles (assumed to be spherical) are regarded as the
dilute phase, and the interactions between particles could be
ignored, and only the resistance and gravity are taken into
account [18, 19]. 0e temperature in the furnace is relatively
high, and the temperature in the core combustion zone is
about 1250K. 0e main heat transfer mode is radiation heat
transfer, so the radiation model adopts p1 model [20]. 0e
chemical reaction mechanism of all NOx involved in the
decomposing furnace with limestone is shown in Table 1.

2.3. #e Boundary Conditions. 0e boundary conditions of
decomposing furnaces are summarized as shown in Tables 2
and 3 through the operating parameters, coal burning
analysis data, and reasonable assumptions of running kilns.

2.4. SNCR Denitrification Design. In the process of SNCR
denitrification, the main factors influencing the denitrifi-
cation effect are reaction temperature, residence time of
reducing agent, mixing degree of reducing agent, and flue
gas and ammonia-nitrogen molar ratio. Combined with the
actual situation of the cement manufacturing process, this
paper mainly studied the effect of the injection location of
urea solution, NSR, and injection speed of urea solution on
denitrification. At the same time, in order to achieve the
uniform mixing of the urea solution and the NOx in the flue
gas, this article will arrange four symmetrical nozzles along
the different decomposing furnace height positions, and the
specific layout position is shown as 1, 2, 3, and 4 in Figure 1.

0e SNCR denitrification was studied using numerical
simulation combined with experimental study, and the
details are as follows:

(1) Firstly, a combustion model of the 2500 t/d
decomposing furnace was established. According to
the established combustion model, the numerical
simulation of the decomposing furnace was carried
out by Fluent software. In order to validate the re-
liability of the combustion model, a series of ex-
periments was performed on the 2500 t/d
decomposing furnace. 0e temperature of the fur-
nace outlet was measured by the gas pump ther-
mocouple, and the flue gas composition was

measured by the KM940 flue gas analyzer. 0e
simulation results were compared with the experi-
mental results to obtain a more reliable decomposing
furnace combustion model.

(2) Secondly, the SNCR denitrification reaction is added
to the obtained combustion model. 0e effects of the
injection location of the urea solution, NSR, and the
injection speed of the urea solution on SNCR de-
nitrification were studied by numerical simulation.
0e urea solution is injected into the furnace at the
heights of 6, 8, 10, 12, 14, 16, and 18m, respectively.
0e NSR gradually increases from 1.0 to 2.0, whose
increment is 0.2. 0e injection velocities of the urea
solution are 20, 40, 60, and 80m/s, respectively. 0e
desulfurization efficiency and nitrogen oxide emis-
sions under various parameters can be obtained by
numerical simulation, and the process parameters
with the best desulfurization effect can be concluded.

(3) Finally, based on the simulation results, the opera-
tion parameters of the 2500 t/d decomposition fur-
nace were adjusted, and the temperature and flue gas
composition of the decomposition furnace outlet
were measured again. 0en the measured results are
compared with the simulation results to provide a
reliable basis for the simulated parameters.

3. Combustion Simulation and
Experimental Verification

3.1. Simulation Analysis of Temperature Field and Concen-
tration Field. 0e simulation results of combustion tem-
perature and concentration of each component in the
decomposing furnace are shown in Figure 4. 0e combus-
tion temperature in the decomposing furnace is shown in
Figure 4(a). 0e junction of the bottom cone and the lower
column of the decomposing furnace is the core combustion
zone.0e highest combustion temperature is 1400K and the
average temperature is about 1250K. 0e temperature
distribution in the decomposing furnace is relatively uni-
form, which basically meets the requirements of the raw
material decomposing process. After passing through the
core combustion zone, the temperature gradually decreases
along the Z-axis direction, and the temperature rises slightly
when passing through the upper column, until the outlet
temperature of the decomposing furnace drops to 1200K.
0e distribution of O2, CO2, and CO is shown in
Figures 4(b)–4(d). In the core combustion area, pulverized
coal burns violently, and due to the large consumption of
oxygen, the O2 concentration drops sharply. Meanwhile, the
CO2 concentration increases rapidly and is accompanied by
the generation of CO. 0e O2 concentration at the outlet of
the decomposing furnace drops to 1.26%, the CO2 con-
centration increases to 31%, and the CO concentration value
is 0.88%. 0e distribution cloud diagram of NO is shown in
Figure 4(e). 0e concentration of NO in the cone of the
decomposing furnace is relatively small, and in a local area,
NO is generated in large amount with the pyrolysis of
volatiles, and its peak value is 1648mg/m3. As the height of
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the furnace increases, the tertiary air enters the furnace in
stages, and a reducing atmosphere is generated due to fuel-
rich combustion above the core combustion zone. Part of the
NO is reduced along the height of the decomposing furnace,
which gradually reduces the NO concentration. 0e un-
burned residual pulverized coal in the core area will be
burned with the over-fire air as the smoke rises, and the
secondary combustion will occur, which will increase the
CO2 concentration in the flue gas and gradually increase the
NO concentration. 0e final NO concentration at the outlet
of the decomposing furnace is 743mg/m3.

3.2. Experimental Verification. In this paper, based on the
feasibility of measurement, the flue gas temperature and
component concentration at the outlet of the Chenzhou
2500 t/d decomposing furnace are measured and compared
with the simulation results. Four measuring points are set at
the outlet of the decomposing furnace, and the positions are
0, 0.5, 1.0, and 1.5m away from the center of the measuring
point. Exhaust thermocouple (s-type thermocouple, Sie-
mens (China) Co., LTD.) was used to measure the tem-
perature of flue gas. 0e KM940 flue gas analyzer made in
Britain with high test accuracy and high temperature
adaptability is used to measure the concentration of flue gas

components. In order to reduce the influence of zero drift of
the instrument itself on the accuracy of the test, the in-
strument used before the test shall be strictly calibrated
according to the regulations. Test values and simulation
values of decomposing furnace outlet parameters are
summarized in Table 4. It can be found from Table 4 that
the error between the simulation results and the actual
measured values is small, so the experimental results can be
replaced by simulation. 0e simulation data used to sup-
port the findings of this study are included within the
article, and the experimental data used to support the
findings of this study are available from the corresponding
author upon request.

4. Analysis of SNCR Simulation Results

4.1. Analysis of Results of Urea Solution Injection Position.
0e injection position of the urea solution determines the
residence time of the urea in the furnace and the temperature
conditions under which the urea reacts. When injected into
the low position, the residence time is long, but the reaction
temperature is too high, and the urea is easily oxidized; when
injected into the high position, the reaction temperature is
too low and the residence time is short, which easily leads to
an increase in the amount of NH3 escape. 0is article selects

Table 1: 0e equations of the conversion of NOx and limestone.

No. Reactions kf � ATb exp(−E/RT) A (s−1) b E (kJ/mol)

(R1) NH3 + 1.25O2⟶ NO + 1.5H2O 3.10E+ 08 0 8.31E+ 07
(R2) NH3 + 0.75O2⟶ 0.5N2 + 1.5H2O 4.96E+ 08 0 8.31E+ 07
(R3) HCN + 0.75O2⟶ CNO + 0.5H2O 2.14E+ 04 0 8.31E+ 07
(R4) CNO + 0.5O2⟶ NO + CO 1.02E+ 12 0 2.12E+ 08
(R5) CNO + NO⟶ N2O + CO 1.02E+ 12 0 2.12E+ 08
(R6) NO + NH3 + 0.25O2⟶ N2 + 1.5H2O 1.10E+ 12 0 2.77E+ 04
(R7) NO + CO⟶ 0.5N2+CO2 1.95E+ 07 0 1.58E+ 08
(R8) N2O + 0.5O2⟶ N2+O2 1.50E+ 11 0 1.68E+ 08
(R9) N2O + CO⟶ N2+CO2 1.24E+ 09 0 4.92E+ 07
(R10) CO(NH2)2⟶ NH3 + HNCO 1.27E+ 04 0 1.55E+ 04
(R11) CO(NH2)2 + H2O⟶ 2NH3 + CO2 6.13E+ 10 0 2.10E+ 04
(R12) CaCO3⟶ CaO + CO2 6.08E+ 04 0 2.05E+ 08

Table 2: Boundary conditions.

0e boundary conditions Temperature (K) Mass flow (kg/s) Velocity (m/s) Pressure (Pa)
Tertiary air (reducing air/burnout air) 1300 18.57 (15.83/2.74) — —
Decomposing furnace flue gas 1400 — 30 —
Pulverized coal 321 2.68 — —
Primary air 321 — 45 —
CaCO3 1200 35.45 — —
Decomposing furnace outlet — — — −1200

Table 3: Ultimate analysis of coal.

Ultimate analysis (wt. %)
Lower heating value Qnet (kJ/kg)

Car Har Oar Nar Sar Aar Mar Vdaf

62.16 2.87 6.31 0.76 0.91 19.76 7.23 24.69 32789.3
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the urea solution spray into the position, respectively, along
the height direction (the Z-axis) of the decomposing furnace
is 6, 8, 10, 12, 14, 16, and 18m, and its temperature ranges
from 950 to 1250K.

0e distribution of NO and NH3 mass flow at different
heights of the decomposing furnace under different injection
positions of urea solution is shown in Figure 5. Under
different incident positions of urea solution, the
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Figure 4: Numerical simulation of combustion in the decomposing furnace. (a) Temperature. (b) O2. (c) CO2. (d) CO. (e) NO.
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concentration of NO and NH3 in the decomposing furnace
generally increases first and then decreases. 0e combustion
of pulverized coal particles in the core combustion zone and
the reducing tertiary air produces a large amount of NO,
which causes a sharp increase in the NO concentration at the
junction of the decomposing furnace cone and the lower half
of the cylinder. Fuel-rich combustion in the core combus-
tion zone consumes a large amount of oxygen due to the
tertiary air classification. A reducing atmosphere is gener-
ated above the core combustion zone to reduce part of the
NO, and the increase in NO concentration becomes slower.
When the urea solution is injected into the decomposing
furnace from a low height, the residence time of the urea
solution is long and the reaction temperature is too high,
which causes the urea to be easily oxidized. When the urea
solution is injected into the decomposing furnace from a
high height, the residence time of the urea solution is short
and the reaction temperature is too low, which results in an
increase in the concentration of NH3 escape. 0e distri-
bution curve of NO and NH3 concentrations in the cross
section of different injection heights of decomposing fur-
naces is shown in Figures 5(a) and 5(b). From Figures 5(a)
and 5(b), when the injection height is 6m, the peak con-
centrations of NO and NH3 are lower. 0e reason is that the
urea solution enters the furnace at a lower position, which is

close to the core combustion zone. And its average tem-
perature is about 1300K, which causes some of the NH3 and
HNCO produced by the decomposing of urea to be oxidized
to NO. Combined with the reducing ability of the urea
decomposing product itself and the reason for being oxi-
dized at high temperature, the two restrict each other and
cause the lower peak concentration of NO and NH3 in the
furnace. When the injection heights are 16 and 18m, the NO
concentration is increasing under the height of the
decomposing furnace below 15m, and its peak value is
1491mg/m3. And when the injection height is 16m, the NH3
escape amount is the largest, which is caused by the urea
solution injection position being too high and the residence
time shortened.

From the above analysis, it can be seen that the injection
position of the urea solution has a significant influence on
the ability to reduce nitrogen oxides. 0e variations of NO
concentration and NH3 escape concentration with injection
height of urea solution are shown in Figure 6, and the
variation of denitrification efficiency with injection height of
urea solution is shown in Figure 7. 0e NO concentration
and NH3 escape concentration curves are “U” and “M,”
respectively. When the injection height of the urea solution
increases, the NO concentration at the outlet of the
decomposing furnace decreases first and then increases.

Table 4: Comparison of the measured data and simulated data.

Data categories
Decomposing furnace outlet flue gas

temperature (K) Mass fraction (%) Concentration (mg/m3)

a b c d O2 CO2 CO NO
Experimental data 1302.8 1310.4 1303.4 1283.2 3.10 73.1 0.18 787.30
Simulation data 1327.1 1337.7 1266.0 1240.0 2.90 69.3 0.19 743
Relative error 1.87 2.08 2.94 3.34 6.75 5.10 5.56 5.97

N
O

 m
as

s fl
ow

 (k
g/

s)

0.008

0.012

0.016

0.020

0.024

0.028

0.032

5 10 15 20 25 30 350
Height of decomposition furnace (m)

No urea
6m
8m

10m
12m
14m

16m
18m

(a)

N
H

3 m
as

s fl
ow

 (k
g/

s)

0.000

0.002

0.004

0.006

0.008

0.010

0.012

No urea
6m
8m

10m
12m
14m

16m
18m

0 5 10 15 20 25 30 35–5
Height of decomposition furnace (m)

(b)
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Especially when the injection position is more than 16m, the
NO concentration rapidly increases from 207mg/m3 to
320mg/m3, and the amount of NH3 escaping decreased
significantly from 83.46mg/m3 to 39.65mg/m3. 0e reason
is that the wind is divided into three winds (burnout wind)
into the furnace and mixes with the flue gas, and the
combustion of residual coal powder increases the temper-
ature of the upper half of the column in the decomposing
furnace, so that part of NH3 is oxidized to NO. When the
injection height is 12m, the NO concentration and the
escape amount of NH3 are at a low level. It can be seen from
Figure 7 that the SNCR denitrification efficiency curves at
different heights are “inverted U,” and the denitrification
nitration efficiency increases first and then decreases as the
injection position increases. A comprehensive analysis of the

simulation results of SNCR at different injection heights of
urea solution shows that the optimized injection height is
12m. At this time, the NO concentration is 176mg/m3, the
amount of NH3 escape is 39.98mg/m3, and the denitrifi-
cation efficiency is 76.26%.

4.2. Analysis of Ammonia-Nitrogen Molar Ratio (NSR)
Results. According to the above SNCR chemical reaction
principle, it is known that theoretically reducing 1mol of
NO requires 1mol of NH3, which is NSR is equal to 1.
However, in practical engineering applications, it cannot
guarantee that all decomposed NH3 completely reacts with
NO in the flue gas due to the complicated chemical reaction
of urea and the complicated mixing process of the gas flow in
the decomposing furnace. When NSR is greater than 2,
excessive consumption of reducing agent will increase the
running cost and increase the amount of NH3 escape. 0e
research scheme of the effect of different ammonia-nitrogen
ratios (NSR) on denitrification is as follows: keep other
parameter settings unchanged (from the above analysis
results, the injection height of the urea solution is main-
tained at 12m, and the NSR gradually increased from 1.0 to
2.0 (successive increments are 0.2)), and carry out simula-
tion research on five sets of NSR schemes.

0e variations of concentrations of NO and NH3 in the
decomposing furnace with NSR are shown in Figure 8. From
the analysis in Figure 8, with different NSR, changes in the
NOx andNH3 concentration in the decomposing furnace are
more obvious. When the decomposing furnace height is
below 11m, the changes of NO and NH3 concentrations in
the furnace are basically synchronized. Between 11m and
13m, as the NSR increases, the peak value of NO concen-
tration in the furnace decreases, and the peak value of NH3
concentration increases. When the height of the decom-
posing furnace is more than 15m, the NO concentration in
the decomposing furnace generally decreases, and the slope
of the NO curve increases with the increase of NSR. 0e
reason is that when NSR is 1, the reduction reaction velocity
increases with the increase of NSR, so more NO will be
reduced. However, when NSR reached 1.8, NO in the de-
composer had reached a low concentration and could not be
reduced easily. If NH3 continues to be increased, it will not
only improve the denitrification efficiency, but also increase
the NH3 escapement.

0e variations of NO concentration and NH3 escape
amount at the outlet of the decomposing furnace with NSR
are shown in Figure 9. It can be seen from Figure 9 that the
change trend of the NO concentration and the NH3 escape
amount line is just the opposite. With the increase of NSR,
the NO concentration gradually decreases and the NH3
escape amount gradually increases. When the NSR is 1.0, the
NO concentration and NH3 escape concentration are
373.94mg/m3 and 16.42mg/m3, respectively. At this time,
the NO concentration of the decomposing furnace is the
highest. When the NSR is greater than 1.8, the NH3 escape
concentration rises linearly, and the NO concentration
decreases slowly at this time, indicating that the urea’s ability
to reduce NO tends to be saturated. 0e denitrification
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efficiency curves at different NSR are shown in Figure 10. It
can be seen from Figure 10 that the denitrification efficiency
increases with increasing NSR. Comprehensive analysis of
SNCR simulation results under different NSR shows that
when the NSR is increased from 1.0 to 1.8, the denitrification
efficiency is relatively evenly improved. 0is is because the
NO concentration in the furnace is higher at this time, and
the SNCR reaction is stronger. Increasing NSR will allow
more NO to be reduced. But when the NSR is greater than
1.8, the denitrification efficiency rise velocity begins to de-
crease, and the amount of NH3 escape will increase much, so
the optimal NSR is 1.8. Under this condition, the NO
concentration of the decomposing furnace is 187.60mg/m3,

the NH3 escape concentration is 32.40mg/m3, and the de-
nitrification efficiency is 74.75%.

4.3. Analysis of Urea Spray Velocity Results. 0e influence of
the spraying velocity of the urea solution on the denitrifi-
cation effect is mainly manifested in two aspects: the mixing
degree of the urea solution with the mainstream smoke and
the evaporation speed of the urea solution. Based on the
above research, when the injection height of the reducing
agent is 12m and themolar ratio of ammonia and nitrogen is
1.8, simulations of different reducing agent injection velocity
are performed. 0e jet velocity is from 20, 40, 60, and 80m/s
in order from low to high.
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Figure 8: Flow curves of NO (a) and NH3 (b) in the decomposing furnace with different NSR.
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0e variations of evaporation time and denitrification
efficiency of urea solution in the decomposing furnace with
the spray velocity are shown in Figure 11. 0e variation of
NO concentration and NH3 escape concentration at the
outlet of the decomposing furnace with the spray velocity of
urea solution is shown in Figure 12. It can be seen from
Figure 11 that the denitrification efficiency gradually in-
creases with the increase in spraying velocity. Increasing the
spray velocity and increasing the mixing speed of the urea
solution and the flue gas in the decomposing furnace
strengthen the heat transfer between the main flue gas
stream and the urea solution, which accelerates the evap-
oration process of the urea solution and makes the urea
decompose in advance in a suitable temperature window. At
the same time, the increase of the spray velocity is conducive
to extending the range of the urea solution in the depth
direction of the decomposing furnace, thereby enhancing
the degree of mixing of urea and the main flue gas stream
and improving the denitrification efficiency. It can be seen
from Figure 12 that the urea solution spray velocity in-
creases, and the NH3 concentration at the outlet of the
decomposing furnace decreases first and then increases.0is
indicates that there is an optimal value for the injection
velocity, and beyond this optimal value, the denitrification
effect is not significantly improved, and at the same time, the
NH3 escape concentration at the outlet of the decomposing
furnace is increased.

Based on the analysis in Figures 11 and 12, it can be seen
that it is reasonable to choose a urea solution spray velocity of
40m/s. At this time, the urea solution evaporation time is
0.038 s, and the NO concentration and NH3 escape concen-
tration at the outlet of the decomposing furnace are 350mg/m3

and 9.02mg/m3, and the denitrification efficiency is 63.54%.

5. SNCR Simulation Test Verification

0e simulation results were verified by the test results of a
decomposing furnace of a cement plant in Hunan Province.
0e NH3 escape concentration and NO concentration at the

outlet of the decomposing furnace were measured for ver-
ification. 0e layout of the measurement points of the test is
exactly the same with that of the simulation. Combined with
verifying the actual operation of SNCR denitrification in the
decomposing furnace, the SNCR denitrification parameter
settings of the decomposing furnace are summarized in
Table 5, and the comparison between the SNCR simulation
results and the test results is summarized in Table 6. 0e
simulation data used to support the findings of this study are
included within the article, and the experimental data used
to support the findings of this study are available from the
corresponding author upon request.

After verification, the relative error between the test
results and the simulation results is within 10%, which is
within the allowable range. 0erefore, the SNCR simulation
calculation model has good reliability, and the simulation
result can be used for production guidance.
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6. Conclusion

SNCR numerical study was carried out based on a 2500 t/d
new type dry cement kiln decomposing furnace in a plant of
Hunan Province. 0e research conclusions are as follows:

(1) 0e molar ratio of ammonia to nitrogen has a sig-
nificant effect on the NO reduction in the decom-
posing furnace: as the molar ratio of ammonia to
nitrogen increases, the concentration of NO at the
outlet of the decomposing furnace decreases and the
overall denitrification efficiency increases, but the
concentration of NH3 escaping also increases syn-
chronously. Under the research conditions, a better
ammonia-nitrogen molar ratio was 1.8.

(2) 0e molar ratio of ammonia to nitrogen has a sig-
nificant effect on the NO reduction in the decom-
posing furnace: as the molar ratio of ammonia to
nitrogen increases, the concentration of NO at the
outlet of the decomposing furnace decreases and the
overall denitrification efficiency increases, but the
concentration of NH3 escaping also increases syn-
chronously. Under the research conditions, a better
ammonia-nitrogen molar ratio was 1.8.

(3) With the increase of the spray velocity of urea so-
lution, the mixture of urea solution andmain flue gas
is more uniform. Meanwhile, the evaporation pro-
cess of urea solution is shorter and the denitrification
efficiency is further improved. Under the study
conditions, the better urea solution injection velocity
was 40m/s.

(4) Under the study conditions, the optimal process
parameters are as follows: the injection height of urea
solution is 12m, the NSR is 1.8, and the spray ve-
locity of urea solution is 40m/s. 0e simulation
results under the optimal process parameters are as
follows: the NO outlet concentration at the outlet of
the decomposing furnace is 187.60mg/m3, the NH3
escape concentration is 32.40mg/m3, and the de-
nitrification efficiency is 74.75%.

In this paper, the inlet layout and particle size distri-
bution of the urea solution are set as the same parameters in
the simulation. However, according to the practical oper-
ation experience of cement plants, the particle size and

particle size distribution of urea solution would also have a
great impact on SNCR denitrification.

Abbreviation

SNCR: Selective noncatalytic reduction
SCR: Selective catalytic reduction
CRF: Combustion research facility
CFB: Circulating fluidized bed
NSR: Ammonia-nitrogen molar ratio
EDC: Eddy dissipation conceptual model
Nomenclature
ρ: Density of the gas
k: Turbulent kinetic energy
ε: Turbulent dissipation velocity
μ: Molecular viscosity coefficient
μt: Turbulent viscosity coefficient
C: Constant term coefficient.
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Sulfur recovery from acid gas (H2S and CO2), which is contained in fresh natural gas, can bring many economic and envi-
ronmental benefits, and this topic has been studied for years. Finding an optimal operating condition for the factory is of much
importance. In this paper, we built a reactor network analysis model with a detailed mechanism to describe and calculate the
process in the sulfur recovery unit. ,is detailed mechanism included 94 species and 615 elementary reactions. Our model has a
more accurate residence time than other existing models. ,is simulation model was verified with industrial data, and the
calculation result was highly consistent with the industrial data and more accurate than other approaches. ,en, we used this
reactor network analysis model to study the effect of the excess air coefficient, the thermal reactor temperature, and the
temperature of cooling water on the sulfur recovery efficiency of a real device in the Puguang gas field.,e result showed the excess
air coefficient and thermal reactor temperature had a clear impact on sulfur recovery efficiency. After analysis, we got the optimum
condition parameters for this device. At last, these parameters were tested in the real sulfur recovery device, and the result was
reasonable. Our research provides a way to improve the sulfur recovery process in the industry, and it can be helpful to reduce
pollution emissions and improve economic performance.

1. Introduction

Sulfur recovery in natural gas extraction has been the subject
of much research in the recent years. ,e Claus process is
widely used to recover elementary sulfur from acid gas
contained in fresh natural gas. [1] And, the gas from the sour
water stripper (SWS) is also a common fuel used in Claus
process. It involves thermal oxidation of hydrogen sulfide and
its reaction with sulfur dioxide to form sulfur and water vapor.

,e basic scheme of a sulfur recovery unit (SRU) is
shown in Figure 1. [2],ere are five main kinds of devices in
the scheme: a burner, a thermal reactor (TR), a waste heat
boiler (WHB), two Claus reactors (CR), and a series of sulfur
condensers. ,e acid gas (containing H2S, CO2, H2O, CO,
NH3, and so on) is mixed with air at the burner [3], and then
the gas burns and flows into the thermal reactor, which

provides necessary residence time to form the Claus gas
(H2S : SO2 � 2). Next, Claus gas goes into the waste heat
boiler and the first condenser to cool down, and after that the
Claus gas is sent into the Claus reactors.

,e two steps of the overall process may be repre-
sented as follows. Equation (1) is the overall reaction
occurring in the TR. In this process, a third of the total
H2S reacts with oxygen at the best stoichiometric ratio to
form Claus gas. ,e main component of Claus gas is the
residual H2S and the generated SO2 (the molar concen-
tration ratio of H2S and SO2 is about 2, which meets the
best stoichiometric ratio of equation (2). Equation (2)
takes place in the downstream Claus reactor, and the
residual H2S is oxidized by the generated SO2 to form Sx.
,e elemental sulfur is removed by condensation in the
three-level condensers:
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H2S +
3
2
O2⟶ SO2 + H2O (1)

2H2S + SO2⟶
3
2
S2 + 2H2O (2)

,e most efficient and economical way to find the best-
operating conditions for an industrial sulfur recovery
process is simulation calculation. In 2015, Nabikandi and
Fatemi [4] performed a simulation of an industrial Claus
SRU process with equilibrium and kinetic methods
comparatively. ,eir research revealed that both kinetic
and equilibrium models present reliable results, but the
kinetic model which has the ability of prediction com-
positions, temperature, and pressure along the furnace
showed higher potential to cover the industrial results. But,
the reaction mechanism in this process is rather complex
and has not been completely understood. With the de-
velopment of the reaction mechanism and the tuning of the
kinetic parameters, the kinetic simulation methods can get
closer to the real results. After reviewing the kinetic models
of H2S combustion and evaluating the effect of the acid gas
impurities, Gupta et al. [5] indicated that a comprehensive
kinetic model that can capture the combustion chemistry
of H2S along with the presence of impurities in Claus
reactors can improve the efficiency of sulfur recovery
processes and sulfur quality. And, the effect of impurities
such as aromatics and mercaptans on the Claus process
was studied by Ibrahim [6] and Mahdipoor [7],
respectively.

,ough many industrial simulation studies have been
conducted, there is still room for improvement. ,e authors
in [8, 9] built a detailed reaction mechanism of the acid gas,
and they used this mechanism to do a CFD simulation of the
reactor furnace of the sulfur recovery units which focused on
the flow fields of the process.,en, the authors in [3, 10] also
did a kinetic simulation of acid gas destruction with a de-
tailed mechanism for simultaneous syngas and sulfur re-
covery, and their work investigated the optimal operating
conditions for H2 production other than sulfur recovery.
Manenti et al. [11–15] did much work on the modeling

simulation of the sulfur recovery process, and their work
covered not only the revision of the combustion mechanism
but also the optimization of the operating conditions for
sulfur recovery. ,ough their work was valuable, the
mechanism and model used in their work did not update
with the recent research findings. Most of all, their opti-
mization results were not verified by the industrial data.

To find a practical way to improve the efficiency of the
industrial sulfur recovery process, this paper was trying to
find the optimum operating condition for the sulfur re-
covery unit, especially for the burner, TR, and WHB. To
achieve this, we built a new reactor network analysis (RNA)
model with a revised detailed mechanism for the first step.
,en, the new analysis model with the revised mechanism
was verified with industrial data and other simulation re-
sults. After verification, this analysis scheme was used to do
the condition optimization research of a real sulfur recovery
unit in the Puguang Gas Field in China, and then the cal-
culation result was tested in the factory to see if the optimum
parameters work well.

,e organization of the paper is as follows. In Section 2,
we discuss the development of the reaction mechanism. In
Section 3, the settings of the RNAmodel and the verification
of this model are displayed. ,e operating condition opti-
mization research is provided in Section 4. At last, wemade a
conclusion of this research in Section 5. ,e results of this
research will provide further data to improve the process of
elementary sulfur recovery in the industry, which can be
helpful to reduce pollution emissions and improve economic
performance.

2. Reaction Mechanism

In our study, we summarized and discussed the recent
development of elementary reaction studies at first, and then
we selected appropriate reactions to fulfill the reaction
mechanism. And, some parameters of certain elementary
reactions have been revised according to the new academic
results. ,e final mechanism includes 94 species and 615
elementary reactions.
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Figure 1: Basic scheme of a sulfur recovery unit.
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2.1. H2S Pyrolysis. H2S pyrolysis plays a key role in the
combustion process; not only because H2S is the source of
the sulfur in SRUs, but also H2S pyrolysis provides the
radical pool, especially in the lean air combustion condi-
tions. In 2003, Binoist et al. [16] did a kinetic study of the
pyrolysis of H2S at different residence times (0.4∼1.6 s) and
at different temperatures (800∼1100°C) by experiment and
simulation. A detailed radical mechanism was written to
account for the experimental results, and it was in good
agreement with the experimental data. According to Binoist
et al, the pyrolysis kinetic scheme was the first step and the
core of a complete detailed mechanism capable of modeling
the various oxidation reactions encountered in an industrial
Claus furnace. In 2013, Manenti et al. [2] put forward a
revised detailed kinetic scheme for the pyrolysis and oxi-
dation of sulfur compounds. In their research, some ad-
justments were done to the pyrolysis of H2S. According to
Manenti et al, the kinetic model accuracy was improved by
10–20%, depending on the operating temperature. In 2017,
Li et al. [17] presented a detailed kinetic mechanism for
describing the chemical process during decomposition of the
H2S–CH4 mixture under dilution condition, and the pre-
diction of the conversion of H2S was accurate. ,e kinetic
parameters for the pyrolysis of H2S are shown in Table 1.

2.2. H2S Oxidation. In 2013, Zhou et al. [18] studied the
oxidation of H2S in an atmospheric pressure flow reactor at
temperatures from 950 to 1150 K, and a comprehensive
chemical kinetic model for H2S was developed. ,e H2S
oxidation mechanism developed by Zhou et al has been
validated versus the experimental data of the diluted H2S
oxidation process. In 2019, Li et al. [19] explored the
oxidation mechanisms of H2S by oxygen on activated
carbon, and H2S adsorbed on activated carbon is oxidized
by O2-producing elemental sulfur, which further oxidized
to SO2. ,is H2S oxidation compilation included H2 oxi-
dation, SO and SO2 oxidation mechanism, S/H reaction
subset, and other significant updated kinetic parameters
for the H/S/O system. ,e reaction path analysis is shown
in Figure 2.

In 2016, Barba et al. [20] did an experimental and nu-
merical analysis of the oxidative decomposition of H2S. In
this work, a comprehensive chemical kinetic model for the
oxidation of H2S in a low-oxygen atmosphere was studied,
by varying the O2/H2S ratio (0.2∼0.35), residence time
(150∼300ms), and process temperatures (900–1100°C). ,e
results showed a very good agreement with the experimental
values at higher temperatures (1100°C). Relevant reactions of
the kinetic scheme are shown in Table 2.

2.3. Other Mechanisms

2.3.1. C/H/O Mechanism. ,e mechanism for C/H/O is
taken from the well-known GRI-3.0. ,is mechanism has
been validated by many researchers and experimental re-
sults. ,e data were cited from http://combustion.berkeley.
edu/gri-mech/.

2.3.2. Formation of Sulfur Vapor (S2). ,anks to the py-
rolysis and oxidation of H2S, there will be an abundance of S
radicals and HS radicals in the thermal reactor. And, ele-
mental sulfur vapor (S2) can be formed via the following
chemical reactions [21]:

SH + SH⟷ S2 + H2 (3)

M + S + S⟷ S2 + M (4)

And, equation (3) leads to the production of H2, and
hydrogen is a species which deserved consideration in the
Claus process. As seen in the literature, Cong et al. [8],
Ravikumar et al. [10], Savelieva et al. [22], and Li et al. [23]
have studied the way to increase hydrogen production via
the thermolysis and oxidation of hydrogen sulfide (H2S).

2.3.3. Molecular Growth of Sulfur. When the concentrations
of S, HS, S2, H2S2, and HS2 are relatively high, the chance of
growth from S to S8 increases. ,e major steps can be
presented as follows [24]:

S2 + S + M↔ S3 + M

S3 + S + M↔ S4 + M

S4 + S + M↔ S5(c) + M

S5 + S + M↔ S6(c) + M

S6 + S + M↔ S7(c) + M

S7 + S + M↔ S8(c) + M

(5)

for thermodynamic reasons, the ring or the cyclic structure
of S5(c) would be formed. Depending on the temperature, an
equilibrium would be formed between the open linear

Table 1: ,e kinetic parameters for the pyrolysis of H2S.

Reactionsa A
(cm3·mol−1·s−1) n E (cal·mol−1)

S +H+M� SH+M 0.62×1017 −0.6 0
S +H2 � SH+H 0.14×1015 0.0 19 300
S2 +M� S + S +M 0.48×1014 0.0 77 000
H+ S2 +M�HS2 +M 0.40×1014 2.84 1 665
SH+ SH� S2 +H2 0.50×1012 0.0 0.0
SH+ S� S2 +H 0.30×1014 0.0 0.0
H2S +M� S +H2 +M 0.16×1025 2.613 89 100
H2S +H� SH+H2 0.35×1008 1.94 904
H2S + S� SH+ SH 0.83×1014 0.0 7400
HS2 +H� SH+ SH 0.97×1008 1.62 −1030
Duplicate 0.11× 1014 0.353 210
HS2 +H� S2 +H2 0.12×1009 1.653 −1105
HS2 +H�H2S+ S 0.44×1014 0.0 6326
HS2 + S� S2 + SH 0.42×1007 2.2 −600
HS2 + SH�H2S+ S2 0.63×1004 3.050 −1105
HS2 +HS2 �H2S2 + S2 0.96×101 1.0 57030
H2S2 +M� SH+ SH+M 0.14×1016 0.0 15 000
H2S2 +H�HS2 +H2 0.50×1008 1.933 −1408
H2S2 +H�H2S+ SH 0.20×1015 0.0 0.0
H2S2 + S�HS2 + SH 0.29×1007 2.31 1204
H2S2 + SH�HS2 +H2S 0.64×1004 2.98 −1480
aDeclared duplicate reaction.
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structure and its ring counterpart. [21] ,e process can be
described as the following typical reaction:

S5(c) + M↔ S5 + M (6)

And, radicals like HS, H2S2, and HS2 can also participate
in the formation process of big molecules like S3∼S8. Typical
chemical processes are as follows:

S2 + HS2↔ S4 + H (7)

HS + S7↔ S8(c) + H (8)

2.3.4. Formation of COS and CS2. ,ere is always CO2 in the
sour gas, and its volume fraction can take up to 40%. ,e
carbon species can react with the sulfur species, and the
typical products are carbonyl sulfide (COS) and carbon
disulfide (CS2). In SRUs, COS decreases the production of
elemental sulfur and it is a problem for certain Claus cat-
alysts. [13] ,e chemical paths leading to the formation of
those two species involve radical-addition reactions, and the
most common mechanism generating COS is as follows:

M + CO + S↔COS + M (9)

Researchers indicated that the formation of COS has
much to do with the presence of CO and sulfur [25–27]. So,
we can conclude that CO is the main precursor of COS
concerning CO2. Furthermore, Manenti et al found that CO
conversion to COS achieves the thermodynamic equilibrium
around 1000°C, which is approximately the typical operating
temperature of the thermal reactor furnace where the for-
mation of COS is maximum [13].

A mechanism for the formation of CS2 is given by
Petherbridge et al. [28]. ,ey presented a sequence of re-
actions leading to the formation of CS2 as follows:

SH + CH3↔CH3SH

SH + CH3↔H2 + CH2S

H + CH3SH↔CH3 + H2S

H + CH3SH↔CH3S + H2

H + CH3S↔CH2S + H2

H + CH2S↔HCS + H2

H + HCS↔H2 + CS

SH + CS↔H + CS2

(10)

,eir model agreed fairly well with the experimental
data, and even experimental errors in the species concen-
trations have been taken into consideration [21].

2.3.5. ;e Role of SO2 in Kinetic Mechanisms. As we can see
from the oxidation paths of H2S, SO2 is a predominant
product. And, SO2 will take part in the following Claus
reaction in the Claus reactor as a major reactant. In the
thermal reactor, SO2 is not likely to be oxidized to SO3
because of the lack of combustion air. Mueller et al. [29]
showed that the increasing concentration of SO2 progres-
sively decreases the oxidation of CO, highlighting a good
agreement between literature data and model predictions.

H2S

SH

SO

SO2

S S2 HSS HSSH

+H –H2 +OH –H2O

+H
–H2

+O2 –O

+O2
–O

+SO
–S

+O –S
+SH
–H2S

+SH
–H2S

+SH
–H2S

+SH+M
+S –H

+O
–H

+O
–OH

+SH
–H

O2 in large excess
O2 in moderate excess
O2 in low excess

Figure 2: Schematic mechanism for fuel-lean H2S oxidation showing main consumption pathways.

Table 2: Relevant reactions of the kinetic scheme.

Reactions A (cm3·mol−1·s−1) n E (cal·mol−1)
S +O2 � SO+O 4.898558×1005 2.11 1450.7
SO+O2 � SO2 +O 7.920000×1006 1.416 3629.0
H2O2 + SH�H2S+HO2 5.570000×1004 2.8 8668.0
S2 +O� SO+ S 1.720945×1011 0.7 −231.0
HS2 +O2 �HO2+ S2 4.100000×1003 2.5 10585.0
SH+O2 �H+SO2 6.500000×1011 0.0 15000.0
H2S + S� 2SHa 8.870000×1006 2.3 9007.0
H2S + S� 2SHa 9.181582×1017 −1.7 5975.0
SH+HO2 �HSO+OH 2.460000×1008 1.5 −2169.0
SH+O2 � SO+OH 7.500000×1004 2.1 16384.0
S2O+ SH�HS2 + SO 1.000000×1013 0.0 8000.0
SH+O2 �HSO+O 2.290000×1006 1.8 20008.0
HS2 +O2 �HSO+ SO 6.610000×1003 1.9 7071.0
aDeclared duplicate reaction.
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Dagaut et al. [30] showed that the inhibition effect is pro-
gressively reduced with higher temperatures for the cases of
stoichiometric and lean inlet oxygen. In the thermal reactor,
CS2 and COS can react with O radicals which were provided
by the thermal decomposition of SO2. ,e chemical paths
are as follows:

COS + O↔ [S − C(O) ≡ O]
∗↔CO2 + S

COS + O↔ [O − S − C ≡ O]
∗↔CO + SO

(11)

CS2 + O↔ [S − C(O) ≡ S]
∗↔COS + S (12)

2.3.6. ;e Oxidation of Methane. In some industrial thermal
reactors, CH4 is used for ignition and to maintain the
temperature. ,e overall scheme for the combustion of
methane is well known, and it involves, depending on the
conditions, species such as CH3, CH2O, CHO, CO, CO2,
C2H6, C2H4, C2H2, CH2, CH, C3H3, and C6H6. [31],e two-
carbon molecules become more important under fuel-rich
conditions. ,e research by Westbrook and Dryer [32] was
meaningful, and they showed that the methane combustion
in the atmosphere with hydrogen sulfide under fuel-rich
conditions was initiated by

CH4 + S↔CH3 + HS

CH4 + HS↔CH3 + H2S
(13)

,rough the above reactions, sulfur species can affect the
main chemical paths for methane oxidation.

3. Reactor Network Analysis Model

3.1. Settings of the RNAModel. We used Chemkin Pro to do
the analysis, and the scheme of the RNA model is shown in
Figure 3. According to Pierucci et al. [33], a perfectly mixed
reactor was adopted to describe the mix of acid gas and air.
In the model, H2S was oxidized to SO2 as soon as it met O2,
while the other species were assumed inert because of the fast
ignition of H2S concerning the other species.

We used a plug flow reactor (PFR) to simulate the
thermal reactor by defining the diameter along with the
distance. A smaller diameter was used to represent the
transition section between the burner and the reactor.
Residence time is a key factor influencing the chemical
process, and the residence time in this process is more
precise in this way.

,e acid gas starts to burn at the thermal burner and
continues to react in the thermal reactor. Chemical equi-
librium is supposed to reach before the outlet of the thermal
reactor because of sufficient residence time, so the gas
concentration at the end of the thermal reactor is even. ,e
tubes in the waste boiler are the same and independent, so
the chemical process and products in different tubes are the
same. As a result, a PFR was used to represent one tube in the
waste boiler. In the work byManenti et al. [11, 13], the whole
waste boiler was also considered as one tube, so the inlet flow
rate and the structure size were not appropriate. In our
simulation model, a gas flow splitter (GFS) was used. A

certain part of the gas of the thermal reactor was injected
into the waste boiler, while the other part of the tail gas was
directly transported to the first outlet. ,e product at this
outlet is the same as the product of the thermal reactor. ,e
inlet flow rate of this PFR was calculated according to the
number of the tubes in the waste boiler, and the structure
size of this PFR was set as the same as the real tube. ,rough
the settings mentioned above, the residence time in the waste
boiler was precisely controlled.

For the thermal reactor, the heat transfer can be assumed
to be zero because of the adiabatic layer at the outside. For
the waste heat boiler, the heat exchange is fierce because of
the condensation effect. ,e tubes in the waste boiler were
assumed to be clean, and the heat transfer coefficient was
determined only by the heat convection between the gas and
the tubes.

3.2.Verificationof theRNAModel. A new RNAmodel with a
revised mechanism has been set up according to the in-
troduction above, and before applying this approach, veri-
fication was done.,e industrial data were adopted from the
research byManenti et al. [15].,e structure parameters and
inlet operating conditions are listed in Table 3.

,e temperature profile is shown in Figure 4. ,e value
of the temperature at the outlet of WHB is consistent with
the industrial data. ,e temperature in the TR is stable
because the layer was adiabatic, and the reaction heat can
maintain the temperature. ,e temperature at the beginning
of the WHB has a sharp drop because of the cooling water.
,e speed of temperature falling decreases with the increase
of the reactor length and the residence time because of the
decrease in the temperature gradient between the gas and the
cooling water.

,e gas-phase species composition along the thermal
reactor and the waste heat boiler is shown in Figures 5 and 6.
Results show that the mole fraction at the beginning of TR
changes fiercely and gets to equilibrium long before the exit
of the TR. ,en in the WHB, the equilibrium and kinetics
shift because of the rapid change of temperature. As we can
see, the simulation result matches the experimental data very
well.,emole fraction of H2S decreases in the TR because of
its oxidation and pyrolysis, while it increases in TR because
of the change of chemical equilibrium. ,e formation of S2
leads to a sharp rise in mole fraction at the beginning of TR,
and then the mole fraction of S2 decreases sharply in WHB
caused by the formation of the sulfur isomers.

Due to the oxidation and pyrolysis of H2S, the mole
fractions of SO2 and H2 have a huge increase at the inlet.
And, in the WHB, the mole fractions of H2 and S2 have a
sharp drop, while the mole fraction of H2S has an equivalent
increase because of the shift of the chemical equilibrium.
With the continuing falling of temperature in WHB, the
mole fractions of most species remain the same except for S2.

In Manenti et al’s work, gas quenching was set at po-
sition 7.5m (corresponding at temperature 950°C) and in-
dustrial S2 data were collected at this position. ,e mole
fraction of S2 at 7.5m is 0.0587 which is in accordance with
the industrial data (5.9%). After this position, S2 transforms
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into other sulfur isomers (shown in Figure 7). ,ere are 8
allotropes (S1–S8) of sulfur, and their transition is highly
temperature dependent. Among all the isomers, S2 and S8 are
the most stable ones. S2 remains stable above 600K, while S8
is dominant when the temperature is below this value. As we
can conclude from Figure 7, all of the S2 have converted to

other types of sulfur allotropes due to the temperature drop,
and the dominant products are S6, S7, and S8.

Based on the calculation result above, we did an error
analysis to compare the results between our work and
Manenti et al’s work (shown in Figure 8). In Figure 8,
different colors are used to represent different species and

Table 3: ,e structure parameters and inlet operating condition.

Parameters Value

Acid gas composition (vol %) C2H6 (1.40), CH4 (2.1), CO2 (6.62), H2O (6.40), H2S (79.55), H2 (3.7), NH3 (0.48),
C3H8 (1.98), CO (0.32), H2O (6.4)

Acid gas flow rate 4230.5 kg/h
Acid gas temperature 125°C
Combustion air composition (vol %) H2O (9.70), N2 (71.38), O2 (18.92)
Combustion air flow rate 8907.1 kg/h
Combustion air temperature 45°C
Operating pressure 159 kPa
Reactor length 6.5m
Reactor diameter 1.55m
WHB tube length 6.00m
WHB tube number 470
WHB tube diameter 0.050m
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Figure 4: Temperature (K) profile in the TR and WHB.
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squares represent Manenti et al’s results while dots represent
our results. As we can see, our calculation results have a
better prediction in the concentration of all these species
except for CO, and the deviations of the CO concentration is
acceptable.

,rough the analysis above, we can see that the new RNA
model with a revised mechanism can not only describe the

key features in SRUs but also predict the concentration with
good accuracy.

4. Optimization Research

4.1. Sulfur Recovery Efficiency. After the verification, we did
the parameter optimization study of the burner used in a real
factory. ,is optimization research aimed to obtain the
highest sulfur recovery efficiency and in this way will H2S do
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the least harm to the environment. To estimate the H2S
conversion, sulfur recovery efficiency was defined as follows:

Es �
Sat the exit of SRUs

Sat the inlet of SRUs
�

Sat the exit of WHB + Sat the exit of CR

Sat the inlet of SRUs
,

(14)

where Es stands for the sulfur recovery efficiency and S
stands for the total amount of all the allotropes of sulfur, and
its unit is g/s. ,e reaction of H2S and SO2 in real CR is
always complete, so Sat the exit of CR can be calculated by
equation (2) as follows:

Sat the exit of CR �

3
2

× SSO2 at the inlet of CR, if
CH2S at the inlet of CR

CSO2 at the inlet of CR
≥ 2 ,

3
4

× SH2S at the inlet of CR, if
CH2S at the inlet of CR

CSO2 at the inlet of CR
≤ 2 ,

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(15)

where the mass flow rates of SO2 and H2S at the inlet of CR
are equal to those at the exit of WHB.

4.2. Parameter Optimization Study. In our work, the excess
air coefficient, temperature in TR (TTR), and temperature of
the cooling water (Tcw) were studied.,ese three parameters
can be adjusted easily in the factory.,e excess air coefficient
and TTR are decided by the amount of fuel and air. ,e SRUs
studied in our paper are located at the Puguang gas field,
China. ,e relating structure parameters and inlet operating
conditions are listed in Table 4.

4.2.1. Excess Air Coefficient. ,e excess air coefficient is
controlled by the ratio of acid air to gas. And, from equations
(1) and (2), we can see that the best stoichiometric ratio for
the complete reaction of H2S and O2 is 2. ,e excess air
coefficient is defined as the ratio of the actual amount of air
to the amount required for complete combustion of fuel
(stoichiometric amount). In a real factory, the excess air
coefficient is not always 1 because there are other species in
acid gas other than H2S, taking parting in the subsequent
reactions. So, it is useful to find out the best excess air
coefficient to gain the highest sulfur recovery efficiency. In
this paper, the excess air coefficient varied from 0.7 to 1.4,
which means the ratio of the actual amount of air to the
stoichiometric amount was from 0.7 to 1.4.

,e results are shown in Figure 9. ,e sulfur recovery
efficiency first has an increase and then a decrease with the
excess air coefficient varying from 0.7 to 1.4. ,ere is a
maximum that lies between 0.9 and 1 where the sulfur
recovery efficiency is beyond 95%. ,is result is reasonable
because both too much and too little air will affect the
conversion of H2S. From Figure 9, we can see that the peak
point is located near 0.93 and the corresponding sulfur
recovery efficiency is beyond 98%.

4.2.2. Temperature in TR. From the verification result, we
can see that the concentration of many species changed
fiercely near the inlet of the TR. And, after the reactions take
place in TR, the gas should contain appropriate H2S and

SO2. We have reason to believe the temperature in TR is
important to the conversion of H2S.,e TR temperature was
decided by the amount of fuel. ,e more the fuel, the higher
the TR temperature. ,e research result of temperature is
shown in Figure 10. ,e sulfur recovery efficiency is not a
monotone function of temperature in TR. As the temper-
ature varied from 1073K to 1473K, the sulfur recovery
efficiency increased clearly at first and then increased with a
much slower speed. And at last, it had a significant drop with
the increase in temperature. ,is curve had a peak near
1273K. ,is result indicates that the temperature did have a
clear influence on the whole sulfur recovery process. Higher
temperature means more fuel, and more fuel means more
sulfur recovery speed. So, 1273K was chosen to be the
optimum TR temperature in the sulfur recovery process.

4.2.3. Temperature of Cooling Water. From the verification
result above, the equilibrium and kinetics in WHB were
different from those in TR because of the rapid change of the
temperature. So, the change speed of the temperature which
is decided by the temperature of the cooling water is im-
portant to this process. Different temperatures of the cooling
water will result in different WHB outlet temperatures
(shown in Figure 11). With the increase of the cooling water
temperature, the gas temperature at WHB outlet increased.
,e lower the cooling water temperature, the more the gas
temperature at the WHB outlet dropped with the same
residence time and the faster the decrease in the gas tem-
perature inWHB.,is result was reasonable.,e greater the
temperature gradient was, the more powerful the heat
transfer was.

,e sulfur recovery efficiency as a function of the cooling
water temperature is shown in Figure 12. Although the gas
temperature at the WHB outlet was influenced by the
cooling water temperature obviously, the sulfur recovery
efficiency had little reaction to the change of this temper-
ature. With the increase of the cooling water temperature,
the sulfur recovery efficiency only had a very slight increase
which can be ignored. So, the temperature of the cooling
water is always set to the temperature which can help to
obtain the highest heat efficiency of the WHB.

8 Journal of Chemistry



4.3. Test in Factory. Before we tested the calculation result,
we recorded an original copy of the industrial data in the
Puguang gas field in China. ,e original operating pa-
rameters of SRUs are as follows:

Qacid gas,1 � 46827 kg/h,Qair,1 � 53530 kg/h,

TTR,1 � 1270K, andTCW,1 � 500K.
(16)
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Figure 10: Sulfur recovery efficiency as a function of temperature
in TR.
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Table 4: ,e structure parameters and inlet operating condition in the Puguang gas field.

Parameters Value
Acid gas composition (mole %) CH4 (0.21), CO2 (32.28), H2O (6.97), H2S (60.52), COS (0.01)
Acid gas flow rate 46827 kg/h
Acid gas temperature 50°C
Combustion air composition (mole %) H2O (6.5), N2 (73.91), O2 (19.59)
Combustion air flow rate 53530 kg/h
Combustion air temperature 108°C
Operating pressure 159 kPa
Reactor length 6 m
Reactor diameter 2.5m
WHB tube length 6.00m
WHB tube number 500
WHB tube diameter 0.074m
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Figure 9: Sulfur recovery efficiency as a function of the excess air
coefficient.

Journal of Chemistry 9



,e sulfur recovery process is a complex industrial
process, and it involves so many devices and operations in a
real factory that we cannot just simply change the operating
parameters as we want. So, after the discussion with the
engineers in the factory and considering the optimum op-
erating condition above, the test parameters were as follows:

Qacid gas,2 � 46827 kg/h,Qair,2 � 52961 kg/h,

TTR,2 � 1280K, andTCW,2 � 500K.
(17)

,e flow rate acid gas and the temperature of cooling
water in these two situations stayed the same. Figure 13 shows
the display screen of the central controller in the Puguang gas
field when we tested the optimization parameters. We can see
the flow rate of acid gas and air in Figure 13:
Qacidgas, 1�Qacidgas, 2� 46827kg/h� (46827/36.13)× 22.4Nm3/
h� 29032Nm3/h and Qacidgas, 2 � 52961kg/h� (52961/28.14)×

22.4Nm3/h� 42158Nm3/h. And, after calculation, the corre-
sponding excess air coefficient was 0.945.

,e comparison of the original situation and test situ-
ation is shown in Table 5. ,e main difference between these
two situations was the flow rate of air, which decided the
excess air coefficient. ,e sulfur recovery efficiency in the
test situation was higher than that in the original situation,
which was consistent with the rules of the effect of the excess
air coefficient. In the optimization research, the sulfur re-
covery efficiency decreased with the excess air coefficient
changing from 0.93 to 1.

,e test result proved our RNAmodel was reliable, and it
can be a useful tool in the industry. But due to the complexity
of the SRUs, we cannot test every possible situation. In our
following work, we will improve our RNA model and try to

make it capable of investigating the effect of all other pa-
rameters. ,en, a detailed optimization result will be ob-
tained and tested in the factory.

5. Conclusions

,is paper has focused on the optimization of the operating
parameters that affect the sulfur recovery efficiency of the
SRUs. To get the optimum operating condition, we built a
combustion mechanism and a reactor network analysis
model to predict the concentration in the Claus process. ,e
calculation results were verified with the industrial data and
compared with the work of other researchers. After the
verification, the optimization research of real SRUs located
in the Puguang gas field was done.,en, the optimum excess
air coefficient, temperature in TR, and temperature of the
cooling water were obtained. At last, the obtained param-
eters were tested in the Puguang gas field. Based on the
results mentioned above, the following conclusions may be
drawn:

(1) ,e RNA model with the revised mechanism which
includes 94 species and 615 elementary reactions had
a good predication of the TR and WHB. Because of
the more accurate residence time in our model, the
calculation results were highly consistent with the
industrial data and even more accurate than other
researcher’s results.

(2) ,rough the optimization research, we find that the
excess air coefficient and the temperature in TR had a
clear influence on the sulfur recovery efficiency,
while different temperatures of the cooling water

Figure 13: ,e display screen of the central controller in the Puguang gas field (test situation).

Table 5: Original industrial data and the optimization result.

Original situation Optimization situation
Acid gas (kg/s) 13.007 13.007
Air (kg/s) 14.869 14.711
Excess air coefficient 0.955 0.945
Temperature in TR (K) 1270 1280
Temperature of cooling water (K) 500 500
Sulfur production (kg/s) 6.698 6.801
Sulfur recovery efficiency (%) 96.07% 97.54%
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made little difference to the results. After the anal-
ysis, the optimum condition parameters were set as
follows: excess air coefficient� 0.93, TTR � 1273°K,
and TCW � 500°K.,e corresponding sulfur recovery
efficiency was about 98.3%.

(3) ,e above parameters were tested in real SRUs, and
the sulfur recovery efficiency had a clear increase
after our optimization research.,e whole result had
a positive attitude towards the RNA model with the
revised mechanism, and it proved that our new
approach was a useful tool in the industry.
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[16] M. Binoist, B. Labégorre, F. Monnet et al., “Kinetic study of
the pyrolysis of H2S,” Industrial & Engineering Chemistry
Research, vol. 42, no. 17, pp. 3943–3951, 2003.

[17] Y. Li, X. Yu, Q. Guo, Z. Dai, G. Yu, and F. Wang, “Kinetic
study of decomposition of H2S and CH4 for H2 production
using detailed mechanism,” Energy Procedia, vol. 142,
pp. 1065–1070, 2017.

[18] C. Zhou, K. Sendt, and B. S. Haynes, “Experimental and
kinetic modelling study of H2S oxidation,” Proceedings of the
Combustion Institute, vol. 34, no. 1, pp. 625–632, 2013.

[19] Y. Li, Y. Lin, Z. Xu, B. Wang, and T. Zhu, “Oxidation
mechanisms of H2S by oxygen and oxygen-containing
functional groups on activated carbon,” Fuel Processing
Technology, vol. 189, pp. 110–119, 2019.

[20] D. Barba, F. Cammarota, V. Vaiano et al., “Experimental and
numerical analysis of the oxidative decomposition of H2S,”
Fuel, vol. 198, pp. 68–75, 2016.

[21] I. A. Gargurevich, “Hydrogen sulfide combustion: relevant
issues under claus furnace conditions,” Industrial & Engi-
neering Chemistry Research, vol. 44, no. 20, pp. 7706–7729,
2005.

[22] V. A. Savelieva, N. S. Titova, and A. M. Starik, “Modeling
study of hydrogen production via partial oxidation of H2S-
H2O blend,” International Journal of Hydrogen Energy,
vol. 42, no. 16, pp. 10854–10866, 2017.

[23] Y. Li, X. Yu, H. Li et al., “Detailed kinetic modeling of ho-
mogeneous H2S-CH4 oxidation under ultra-rich condition for
H2 production,” Applied Energy, vol. 208, pp. 905–919, 2017.

[24] A. J. Hynes and P. H.Wine,Gas-phase Combustion Chemistry:
Kinetics and Mechanisms of the Oxidation of Gaseous Sulfur
Compounds, Springer-Verlag, New York, NY, USA, 2000.

[25] M. Abián, M. Cebrián, Á. Millera, R. Bilbao, and
M. U. Alzueta, “CS2 and COS conversion under different
combustion conditions,” Combustion and Flame, vol. 162,
no. 5, pp. 2119–2127, 2015.

[26] K. Karan, A. K. Mehrotra, and L. A. Behie, “A high-tem-
perature experimental and modeling study of homogeneous

Journal of Chemistry 11



gas-phase COS reactions applied to claus plants,” Chemical
Engineering Science, vol. 54, no. 15-16, pp. 2999–3006, 1999.

[27] W. D.Monnery,W. Y. Svrcek, and L. A. Behie, “Modelling the
modified claus process reaction furnace and the implications
on plant design and recovery,” ;e Canadian Journal of
Chemical Engineering, vol. 71, no. 5, pp. 711–724, 1993.

[28] J. R. Petherbridge, P. W. May, D. E. Shallcross et al., “Sim-
ulation of HCS containing gas mixtures relevant to diamond
chemical vapour deposition,”Diamond and RelatedMaterials,
vol. 12, no. 12, pp. 2178–2185, 2003.

[29] M. A.Mueller, R. A. Yetter, and F. L. Dryer, “Kinetic modeling
of the CO/H2O/O2/NO/SO2 system: implications for high-
pressure fall-off in the SO2 +O (+M)� SO3 (+M) reaction,”
International Journal of Chemical Kinetics, vol. 32, no. 6,
pp. 317–339, 2000.

[30] P. Dagaut, F. Lecomte, J. Mieritz, and P. Glarborg, “Experi-
mental and kinetic modeling study of the effect of NO and SO2
on the oxidation of CO H2 mixtures,” International Journal of
Chemical Kinetics, vol. 35, no. 11, pp. 564–575, 2003.

[31] J. Warnatz, “Hydrocarbon oxidation high-temperature
chemistry,” Pure and Applied Chemistry, vol. 72, no. 11,
pp. 2101–2110, 2000.

[32] C. K. Westbrook and F. L. Dryer, “Chemical kinetic modeling
of hydrocarbon combustion,” Progress in Energy and Com-
bustion Science, vol. 10, no. 1, pp. 1–57, 1984.

[33] S. Pierucci, E. Ranzi, and L. Molinari, “Modeling a claus
process reaction furnace via a radical kinetic scheme,”
Computer Aided Chemical Engineering, vol. 18, no. 04,
pp. 463–468, 2004.

12 Journal of Chemistry



Research Article
Researchonthe ImpactofCarbonTaxonCO2EmissionsofChina’s
Power Industry

Yue Yu ,1 Zhi-xin Jin,2 Ji-zu Li ,1 and Li Jia3

1College of Economics and Management, Taiyuan University of Technology, Taiyuan 030024, China
2College of Safety and Emergency Management Engineering, Taiyuan University of Technology, Taiyuan 030024, China
3College of Electrical and Power Engineering, Taiyuan University of Technology, Taiyuan 030024, China

Correspondence should be addressed to Ji-zu Li; lijizu@tyut.edu.cn

Received 25 February 2020; Revised 17 April 2020; Accepted 22 April 2020; Published 7 May 2020

Guest Editor: Yanqing Niu

Copyright © 2020 Yue Yu et al.+is is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Based on the TIMES model, a system for CO2 emission reduction in China’s power industry is built in this paper. Four scenarios
including different carbon tax levels are set up, simulating the CO2 emissions of China’s power industry in 2020–2050 by using
scenario analysis method.+e power consumption demand, primary energy consumption structure, CO2 emission characteristics,
emission reduction potential, and cost of different carbon tax levels are quantitatively studied. In combination with the impact on
China’s macroeconomy, the carbon tax level corresponding to the best CO2 emission reduction effect of China’s power industry is
obtained, aiming to provide key data and a theoretical basis for China’s low-carbon development as well as the optimization and
adjustment of global power production system. +e results show that with the development of economy and society in the future,
China’s power consumption demand will increase year by year, while the primary energy consumption of the power industry will
maintain a rapid growth. +e power industry still relies heavily on fossil energy, which will cause great pressure on China’s
economic development and ecological environment. Carbon tax will have an important impact on the primary energy supply
structure of China’s power industry, and renewable energy can be developed in different degrees. CO2 emissions will be sig-
nificantly reduced, reaching the peak value during 2030–2040 in China’s power industry. +e medium carbon tax level (TAX-2)
set in this paper can meet the requirements of both CO2 emission reduction effect and cost in the power industry, with the most
elastic impact on the national economy and the smallest GDP loss, which can be used as an effective environmental economic
policy tool.

1. Introduction

+e issue of climate change is receiving widespread attention
worldwide, making all sectors of society realize the importance
of developing low-carbon economy and achieving sustainable
development of society.+e peak of greenhouse gas emissions is
not only the critical point in the Fifth Assessment Report (AR5)
of the Intergovernmental Panel on Climate Change (IPCC) but
also the focus of international climate negotiations in recent
years. According to statistics, 40% of global CO2 emissions
come from power industry, 23% from transportation depart-
ment, and 22% from cement plants, oil refineries, steel mills, etc.
[1]. As a secondary energy, electric power plays an important
role in economic development and industrial production, with a
huge demand. With the development of economy, in order to

ensure sufficient power supply, a large amount of primary
energy needs to be consumed [2]. In China, fossil energy ac-
counts for 89% of the total primary energy demand in 2015 [3].
+e relationship between resource reserve and consumption in
China is seriously imbalanced, and how to realize the coor-
dinated development of environment and economy has become
an urgent issue to be solved for the country. According to
statistics from China’s National Development and Reform
Commission, in July 2017, 79.8% of China’s total power gen-
eration came from coal-fired power plants [4]. +is coal-based
energy consumption and production structure lead to excessive
dependence on coal in China’s power production process and
has a huge impact on the ecological environment. +erefore, it
is very important to adjust the energy structure of China’s
power industry, whether from the perspective of solving the
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problem of increasing energy shortages or controlling CO2
emissions. Reducing greenhouse gas emissions will become an
urgent task for China’s power industry and an inevitable di-
rection for the energy structure adjustment of the global power
production system [5].

Carbon tax is a kind of tax levied on fossil energy based
on its carbon content or CO2 emissions, so as to reduce
CO2 emissions and control the excessive use of fossil fuels
[6]. In recent years, carbon tax has become an important
mean of CO2 prevention and control. +rough the gov-
ernment’s “invisible hand” to correct the externality of
market economy, CO2 emissions can be effectively re-
duced. In the process of levying carbon tax, on the one
hand, the increase of cost will urge enterprises to actively
eliminate backward production capacity and use renew-
able clean energy; on the other hand, the carbon tax will
stimulate enterprises to invest a large amount of capital in
research and development of emission reduction tech-
nologies. Under the mixed effect of multiple factors, the
industrial structure will be adjusted and upgraded, with
the domestic economic development mode changed from a
traditional extensive model to a low-carbon economy [7].
+is kind of “inverse effect” on microeconomic individuals
can promote the transformation of the resource con-
sumption structure while pushing the macroeconomy to a
path of sustainable development, which ultimately leads to
a “win-win” situation of economic development and en-
vironmental protection. As the second largest economic
body in the world, China is not only the largest developing
country, but also one of the countries with the largest CO2
emissions. In order to alleviate the issue of greenhouse gas
emissions, the Chinese government has put forward the
2030 CO2 emission reduction independent action goal. For
this task of energy conservation and emission reduction
that China is going to accomplish, the power industry will
be an important breakthrough point [8]. +erefore, it is
urgent to study the low-carbon green development path of
China’s power industry in the future under the existing
CO2 emission constraints.

At present, the relevant research focuses on three as-
pects: CO2 emission influencing factors, carbon tax impact,
and analysis models.

Some scholars pay attention to the influencing factors of
CO2 emissions. Shipkovs et al. found that adjusting the
energy consumption structure can effectively reduce
greenhouse gas emissions [9]. Chen et al. found that the
large-scale use of renewable energy can guarantee effective
greenhouse gas control by studying China’s future control
strategies for major greenhouse gas emissions [10]. Using the
ARDL model, Zhao et al. studied the effects of three factors,
namely, industrial added value, average utilization hours of
thermal power equipment, and standard coal consumption
rate, on CO2 emissions of power industry [11]. Zhang et al.
found that the economic activity effect is the main reason for
the increase of CO2 emissions, while the production effi-
ciency of electric power plays a key role in controlling CO2
emissions [12]. However, these studies are mainly from the
macrolevel, and there are obvious deficiencies in the energy
system, especially in the power system.

Carbon tax policy is widely advocated and adopted as the
most effective mean of emission reduction among the cli-
mate protection policies, which has been applied in different
forms in many countries. Scholars have conducted a lot of
research on carbon tax and its impact. Nordhaus used the
DICE (Dynamic Integrated Climate-Economy) model to
study the impact of different carbon tax levels on the eco-
logical environment [13]. Peace studied that a reasonable
carbon tax level can partially eliminate the negative impact
on the economy. It can not only promote enterprises to
adjust their production and operation activities to reduce
emissions, but also use the revenue for other ecological
construction [14]. Floros studied the impact of carbon tax on
the CO2 emissions of energy manufacturing industry in
Greece and found that reasonable carbon tax policies can
further reduce the accumulated CO2 stock in the atmosphere
and then mitigate the phenomenon of climate degradation
[15]. Although carbon tax has not been included in the
environmental tax currently levied in China, in view of its
positive and systematic effect on the ecological environment,
the research on carbon tax has attracted widespread at-
tention from Chinese scholars. He et al. studied the data of
55 countries in the past 20 years and found that the
implementation of carbon tax can help reduce CO2 emis-
sions and significantly improve the local environmental
quality [16]. Zhu et al. analyzed the necessity and feasibility
of carbon tax in China, put forward the basic objectives and
principles of carbon tax, preliminarily designed the basic
content, and specifically proposed the implementation
framework of carbon tax system [17]. However, there are few
reports on the carbon tax research of China’s power in-
dustry; the low-carbon path for China’s power industry to
promote emission reduction through carbon tax has not
been clear.

In the current research based on 3E (energy-economy-
environment) systems, the widely used models mainly in-
clude the MARKAL (Market Allocation of Technologies
Model) [18], the LEAP (Long-Range Energy Alternatives
Planning) model [19], the CGE (Computable General
Equilibrium) model [20], the Input-Output model [21], the
System Dynamics model [22], and the Logistic Regression
model [23]. +ese analytical models used in low-carbon
research can be divided into “top-down” energy economic
models and “bottom-up” energy technology models
according to the research methods and model frameworks
[24]. Of these, the energy economic model mainly simulates
the real economic system, and the model subject is the
various factor providers and consumers who seek to max-
imize utility. It is widely used in the study of energy envi-
ronmental economic policies. +e energy technology model
is a large dynamic energy optimization model developed by
international research institutions that is widely used in
research on energy system optimization and emission re-
duction at the national, regional, and industry levels [25].
Compared with the energy technology model, the energy
economy model focuses on the connection between the
energy sector and other sectors but does not analyze the
technical factors of the internal energy system. +e energy
technology model is more suitable for low-carbon research
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in the power industry because it offers comprehensive
analysis, calculation, and optimization from the perspective
of energy supply, conversion, and demand. Researchers
mainly use MARKAL and TIMES (+e Integrated MAR-
KAL-EFOM System) for modeling research. Van et al.
established a MARKAL model for the Dutch power system
and set up a large number of scenarios, repeatedly verifying
to obtain the optimal power planning, including the se-
lection of environmental policies, the establishment plan of
power plants, and the amount of capital invested in carbon
capture technology [26]. Jegarl et al. established a MARKAL
model for the Korean power system, simulated different
policy options and technology combinations, and evaluated
these policies based on the obtained results [27]. Jia and Liu
used the TIMES model to analyze the impact of energy
conservation and emission reduction policies and measures
on energy supply and demand as well as air pollutant
emissions in Beijing for 2010–2020 [28]. Daly et al. used the
TIMESmodel to study the impact of Iranian residents’ travel
cost on the CO2 emissions of the transport department [29].
+e above studies have shown that the energy technology
model has better applicability in the energy-environment
field, and it is more suitable for low-carbon research in the
power industry.

In summary, this paper constructs a theoretical analysis
model of CO2 emission characteristics of China’s power in-
dustry and studies the corresponding temporal evolution
characteristics by integrating technology optimization, energy
structure adjustment, CO2 emissions, and carbon tax impact
into the traditional economic growth analysis framework.

2. Materials and Methods

2.1. TIMES Model. As a “bottom-up” energy technology
model, the TIMES model is a new generation of a com-
prehensive climate change evaluation model developed by
the ETSAP (Energy Technology Systems Analysis Program)
model based on the MARKAL model, and it integrates the
advantages of EFOM (Energy Flow Optimization Model).
+e TIMES model is generally used to simulate the entire
energy system, and it is also used to study individual specific
industries, such as transportation industry or steel industry.
It has a wide research scope, such as the impact of tech-
nological progress on energy demand, production and
conversion, the mutual substitution of various energy
sources, energy investment and system cost, and the impact
of reducing greenhouse gas emissions on energy system and
economy. +e model can describe the various links of ex-
ploitation, processing, conversion, distribution, and termi-
nal energy consumption in the energy system in detail. For
each link, existing technologies and various advanced
technologies and related alternatives that may appear in the
future can be considered. It is a dynamic linear program-
ming model which assumes that the energy system is in a
state of complete competition; it seeks to maximize the total
net surplus and simulates the market equilibrium. In the
model, the maximum total net surplus of the energy system
is converted into the minimum total net cost of the energy
system. On this basis, the model not only meets the demand

of terminal energy services but also selects the technology
combination with the lowest cost. In recent years, the model
has been used in the economic analysis of climate and energy
policies in approximately 70 countries. Numerous studies
have shown that the TIMES model has good applicability in
the energy-environment field [30, 31].

Based on the powerful technical features and the
characteristics that can be used to study a single sector of the
TIMES model, this paper constructs an energy technology
model for CO2 emission reduction in the power industry
based on predictions of future economic and social devel-
opment in China, coupled with modules of demand fore-
casting and emission analysis. Combined with the power
industry’s development attributes and characteristics of CO2
emission control technologies, various simulation prediction
and scenario analysis methods are integrated to systemati-
cally study the path of China’s power industry to achieve
CO2 emission reduction through carbon tax policy.

2.2. Model Structure. +e TIMES model of CO2 emission
reduction in the power industry constructed in this paper is
shown in Figure 1, and the flowchart of this model is shown in
Figure 2. +e model mainly includes four parts: energy supply
module, energy system module, energy demand module, and
CO2 emission module. +e energy supply module mainly in-
cludes the supply of fossil energy (such as coal, oil, and natural
gas) and nonfossil energy (such as biomass, nuclear energy,
water, wind, and solar energy). +e energy system module
mainly includes traditional power generation technologies such
as supercritical, ultrasupercritical, and IGCC (Integrated Gas-
ification Combined Cycle), as well as new energy power gen-
eration technologies such as nuclear power, hydropower, wind
power, and solar power.+e energy demandmodule divides the
terminal department into four parts: agriculture, industry,
construction, and transportation. +e CO2 emission module
includes two parts: CO2 emission characteristics and potential
analysis, as well as CO2 emission reduction cost analysis.

+e optimization goal of the model is to minimize the
total cost of energy system in the planning period
(2020–2050) under the given requirements and constraints.
+e objective function is shown in

OBJ(z) � 
t∈Years

(1 + α)
R− t

× ANNC(t) − SALV(z), (1)

where OBJ(z) is the total system cost (yuan); α is the discount
rate (%), which is 5% in this model; Years is the time period;
R is the target year of discount; ANNC (t) is the technical
cost of year t (yuan); and SALV is the salvage value of the
assets (yuan).

+e calculation of technical cost ANNC (t) is shown in
formula (2).

ANNCY(t) � INVC(t) + INVT(t) + INVD(t) + FIXC(t) + FIXT(t)

+ VARC(t) + ELASTC(t) − LATER(t),

(2)
where INVC is the investment cost (yuan); INVT is the tax
and subsidy (yuan); INRD is the demolition cost (yuan);
FIXC is the fixed operation and maintenance (O&M) cost
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(yuan); FIXT is the tax and subsidy related to the fixed O&M
(yuan); VARC is the variable annual O&M cost (yuan);
ELASTC is the cost of demand change caused by price
elasticity (yuan); and LATER is the cost of recycling (yuan).

According to the IPCC report, the CO2 emissions of the
power industry are the sum of the CO2 emissions generated
by the consumption of various fossil energy sources, as
shown in formula (3) [32].

Ot � 
3

m�1
Omt � 

3

m�1
Emt · NCVm · CEFm · COFm ·

44
12

, (3)

where Omt is the total CO2 emissions of China’s power
system (104 t); m is the different types of primary energy
(including coal, oil, natural gas, biomass, hydro, nuclear,
wind, and solar); Emt is the energy consumption volume
(104 t or 108m3); NCVm is the net calorific value of the
corresponding energy type—this article uses the average low
calorific value of each energy type provided in the China
Energy Statistical Yearbook (kJ/kg); CEFm is the carbon
emissions coefficient of different kinds of energy provided by
IPCC; and COFm is the carbon oxidation factor, of which
coal is 0.99 and the remaining energy types are 1.

+e emission reduction cost analysis process studies
the corresponding unit emission reduction cost
according to the obtained CO2 emission reduction results
in different scenarios, the corresponding energy con-
sumption structure, and the advanced level of emission
reduction technology. +e total cost consists of three
parts: average annual fixed investment cost, operating
cost, and fuel cost, as shown in

TC � 
(l,p)

Cl,p · rl,p + g
0
l,p · Xl,p + 

k

gkEk,l,p
′  · Xl,p

⎡⎣ ⎤⎦,

Cl,p � Bl,p

α(1 + α)Tl,p

(1 + α)Tl,p
,

(4)

where TC is the total cost (108 yuan);
Cl,p, rl,p, g0

l,p, Xl,p, Bl,p, Tl,p are the average annual fixed in-
vestment cost (yuan/kW), installed capacity (108 kW), op-
erating cost [yuan/(kW·a)], operating capacity (108 kW),
initial investment cost (yuan/kW), and life (years) of fa-
cilities using l-type power generation technology and
equipped with p-type control technology, respectively; α is
the discount rate (%); gk is the price of k fuel (calculated by
standard coal) (yuan/t); Ek,l,p

′ is the amount of fuel k con-
sumed by facilities using l-type power generation technology
and equipped with p-type control technology (calculated by
standard coal) (108 t).

2.3. Assumptions. +emodel constructed in this paper takes
2015 as the research base year, and the planning period is
2020–2050. Since 2020, every 5 years is a period, that is, 2020,
2025, 2030, . . ., 2050 are the milestone years. Combined with
the existing planning and future prediction [33, 34], scenario
simulation is made for the development of power industry in
the future. +e driving factors of economic development
mainly include population, urbanization rate, GDP growth
rate, and industrial structure (the ratio of the primary,
secondary, and tertiary industries). +erefore, the basic
assumption results of the model are shown in Table 1.

It is found that during the period of 2015–2050, the total
population shows a trend of increasing firstly, reaching a
peak value in 2035 (1459 million), and then slowly de-
creasing to 1415 million in 2050. +e urbanization rate
continues to increase, reaching 75.9% by 2050, and the
corresponding urban population will be 1074 million. While
the GDP growth rate is slowly decreasing, the industrial
structure has changed significantly. Compared with the base
year, in 2050, the ratio of the secondary industry will de-
crease by 12.1%, and the ratio of the tertiary industry will
increase by 17.6%. +is change shows that as China’s in-
dustrialization process gradually enters a stable period, the
focus of energy consumption will gradually shift from in-
dustry to service industries including construction and

Supply

Coal
Oil
Gas 
Biomass
Uranium
Hydro
Wind
Solar
Others 

Technology

Subcritical
Supercritical
Ultra-supercritical 
IGCC 
Steam turbine 
CFB 
Direct combustion 
Gasification power 
Nuclear power 
Hydrogen power 
Wind power 
Photovoltaic generation 
Photothermal generation 
Others 

Demand
Agricultural department: farming/ forestry/ animal 

husbandry/ side-occupations/ fishery / others

Industry department: iron and steel/ mechanical/ 
cement/ chemical/ nonferrous metals/ textile/ 

glass/ building materials/ others

Construction department: heating/ cooling/ hot 
water/ lighting/ others

Transportation department: highway/ railway/ 
waterway/ air transportation/ pipeline/ others

CO2 emissions

Emission characteristics and potential

Emission reduction cost

Figure 1: TIMES model of CO2 emission reduction in China’s power industry.
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transportation.+is adjustment of industrial structure can not
only reduce the energy consumption per unit of GDP, but also
lead to the improvement of technological energy-saving level,

further illustrating that the adjustment of the energy structure
and technological upgrading can play important roles in the
process of CO2 emission reduction.

Population

Urbanization rate

GDP

Industrial structure

Socioeconomic 
assumptions

REF

TAX-2

TAX-1

TAX-3

Scenario 
assumptions

Agriculture

Construction

Industry

Transportation

Power demand 
of terminal 
departments

Social factors

Technical 
parameters of 

terminal 
energy 

consumption

Energy saving 
awareness

Living standard

National policy

Optimization of terminal energy technology

Energy service demand

Energy resource 
constraints

Energy 
exploitation

Energy import 
and export

Primary energy supply Energy processing, conversion, 
transmission, and distribution

Optimization of power 
production technology

Power production 
composition

Optimization of end-of-
pipe control technology

Decarbonization

End-of-pipe control

Energy system optimization

CO2

Emission characteristics

Emission reduction 
characteristics

Emission analysis

Emission reduction cost

Peak time

Peak value

Emission reduction rate

Emission reduction potential

Unit emission reduction cost

Total emission reduction cost

Figure 2: Flowchart of the proposed method.

Table 1: Basic assumptions of the model.

Year
Total

population
(million)

Urban
population
(million)

Rural
population
(million)

Urbanization
rate (%)

GDP
growth
rate (%)

Ratio of
primary

industry (%)

Ratio of
secondary

industry (%)

Ratio of
tertiary

industry (%)
2015 1400 774 626 55.3 7.0 9.8 42.3 47.9
2020 1421 838 583 59.0 6.2 6.9 40.7 47.9
2025 1442 898 544 62.3 5.6 6.3 38.1 55.6
2030 1455 963 492 66.2 4.5 5.9 36.7 57.4
2035 1459 1014 445 69.5 4.5 5.6 35.0 59.4
2040 1452 1037 415 71.4 4.5 5.2 33.4 61.4
2045 1432 1048 384 73.2 4.0 4.9 31.9 63.2
2050 1415 1074 341 75.9 3.5 4.3 30.2 65.5
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2.4. Scenarios. In order to obtain the optimal carbon tax
level, as well as the corresponding optimal policy measures
and technology combinations, four scenarios are set up in
this paper, including the reference scenario and three carbon
tax scenarios with different carbon tax levels.

2.4.1. Reference (REF) Scenario. +e impact of CO2 on the
development of power industry is not considered. No new
technology is introduced and improved. +e power system
develops at the original level without any change in the
energy structure and emission reduction technology, which
still relies on traditional coal power generation.

2.4.2. Carbon Tax Scenarios. It is divided into three sce-
narios, the low-carbon tax scenario (TAX-1 scenario), the
medium carbon tax scenario (TAX-2 scenario), and the
high-carbon tax scenario (TAX-3 scenario). As can be seen
from the foregoing, the CO2 emissions from fossil fuel
combustion account for the majority of China’s total
greenhouse gas emissions, and the emissions are relatively
centralized and easy to calculate, so it is more in line with
China’s current national conditions to adopt the estimated
CO2 emissions as the basis of tax calculation and levy in the
way of quantity-based collection [35]. +erefore, this paper
assumes the carbon tax collecting on CO2 emissions from
fossil fuel combustion. Based on the REF scenario, it is
assumed that carbon tax will be levied on the power industry
from 2020. +e carbon tax rates set in this paper refer to the
Asian Energy Model Forum and related literature [36–38],
as shown in Table 2. Among them, the carbon tax set in
TAX-1, TAX-2, and TAX-3 scenarios has different change
rules. +e unit of carbon tax rate infer to CNY per tons of
CO2. In 2020, the carbon tax is set at 70 yuan/t, 210 yuan/t,
and 350 yuan/t, respectively; then it will increase at different
growth rates in different periods, finally reaching 301 yuan/t,
910 yuan/t, and 1512 yuan/t, respectively, in 2050.

3. Results and Discussion

3.1. Power Consumption Demand. Parameters such as
population, GDP growth rate, urbanization rate, and in-
dustrial structure are important factors to determine the
national power consumption demand. +erefore, according
to the basic assumptions of China’s future economic and
social development obtained above, China’s power demand
during 2015–2050 can be obtained, as shown in Table 3.

It is found that during this period, China’s national
power demand shows an overall upward trend and develops
at a high level. In 2050, the demand (17075 billion kW·h) is
2.81 times that in 2015 (6080 billion kW·h). +e annual
average growth rate is 16%, far higher than the GDP growth
rate in the same period, but the growth rate is decreasing
year by year. +is is because there is a close correlation
between the process of national economic development and
the intensity of power demand. It can be seen from the above
that with the continuous promotion of urbanization, ob-
vious industrial structure and rigid energy demand are the
most important development characteristics, thus

maintaining a high demand for power consumption. As a
result, the growth rate of national and per capita power
demand will remain above 10% in 2020–2040. With the
completion of China’s industrialization, the economic
structure has been transformed; the proportion of the ter-
tiary industry has increased, and the heavy industry, espe-
cially the high-energy-consuming industry, has gradually
withdrawn. +e intensity of power consumption has also
declined, leading to a slowdown in the growth of power
demand. At the same time, with the development of pro-
ductivity and the improvement of living standards, the
overall demand for electricity is gradually increasing.
However, the promotion of energy-saving technology and
the popularization of energy-saving awareness lead to the
gradual slowdown in the growth rate of per capita power
demand. +erefore, in 2050, the corresponding growth rate
of China’s overall and per capita power demand will be
significantly reduced to 6% and 7%, respectively.

+e power demand of each terminal department is
shown in Figure 3. With the development of economy, the
overall power consumption of the terminal departments will
be improved to some extent in the future.+e focus of power
demand will gradually shift from industry to transportation
and construction. Among them, the proportion of power
demand in the industrial department has declined signifi-
cantly, from 71.90% in 2015 to 36.24% in 2050. +e reason is
that, on the one hand, the productivity and efficiency have
been increased, and energy consumption has been greatly
reduced; on the other hand, the industrial structure has
changed significantly and the tertiary industry and capital-
intensive and technology-intensive industries have devel-
oped rapidly. +e proportion of transportation department
will increase from 13.84% in 2015 to 31.81% in 2050, mainly
due to the energy utilization and the extensive application of
electric vehicle technology. +e proportion of power de-
mand in the construction department has increased sig-
nificantly, reaching 30.58% in 2050. On the one hand, the
rate of home appliance ownership and penetration has in-
creased year by year; on the other hand, due to the increase
of urbanization rate, urban population and urban scale have
been increased, leading to the power demand of corre-
sponding infrastructure greatly increased. At the same time,
the growth rate of electricity demand in the construction
department will reach the highest value of 50.33% from 2025
to 2030. It can be seen from the above that this is due to the
largest growth rate of urbanization and the rigid demand for
power during this period. In addition, the proportion and
growth rate of power demand in the agricultural department
have been declining. +is is mainly because with the de-
velopment of economy and society, the scale effect based on

Table 2: Carbon tax rates set under different scenarios (yuan/t).

Carbon tax
scenarios

Year
2020 2025 2030 2035 2040 2045 2050

TAX-1 70 91 112 151 189 245 301
TAX-2 210 277 343 452 560 735 910
TAX-3 350 459 567 749 931 1222 1512
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the agricultural economy will show the trend of accelerating
expansion. While the efficiency of electricity consumption is
improving, the power demand for agricultural is greatly
reduced.

3.2. Primary Energy Consumption and Composition. +e
simulation results of primary energy consumption and
composition under the four scenarios are shown in Figure 4.

Under the REF scenario, the total primary energy
consumption will increase from 53.13 EJ in the base year to
63.17 EJ, 76.61 EJ, and 87.07 EJ in 2020, 2030, and 2040,
respectively. It will reach 93.24 EJ in 2050, which is a 75%
increase compared with the base year, and the proportion of
fossil energy will still be as high as 78.98%.+is will put great
pressure on the energy supply and CO2 emission control of
China’s power industry, so it is necessary to reduce the total
energy consumption and adjust the energy consumption
structure.

Under the scenarios of TAX-1, TAX-2, and TAX-3, the
primary energy consumption of China’s power industry will
be significantly decreased compared to the REF scenario.
+e total energy consumption in 2030 will reach 73.58 EJ,
71.86 EJ, and 66.34 EJ, respectively. In 2050 it will be further
decreased to 88.48 EJ, 83.21 EJ, and 77.19 EJ, respectively,

compared with the REF scenario, the corresponding de-
crease is 5%, 11%, and 17%. +is is mainly due to the ad-
justment of energy structure, as well as the use and upgrade
of energy-saving technologies, such as energy-saving ap-
pliances and wall insulation technology. At the same time,
the composition of primary energy consumption has a large
degree of change. In 2050, under the three carbon tax
scenarios, the proportion of fossil energy consumption to
total consumption will be 67.97%, 61.20%, and 52.68%,
respectively. Compared with the REF scenario (the corre-
sponding proportion is 78.98%), the consumption of coal,
oil, and natural gas will be greatly reduced, while the re-
newable energy is further developed. Among them, under
the TAX-3 scenario in 2050, the proportion of hydropower,
nuclear energy, wind energy, solar energy, and biomass
energy will increase from 1.42% in base year to 14.66%,
7.27% to 11.87%, 1.03% to 8.71%, 0.47% to 5.97%, and 1.03%
to 5.28%, respectively.

+rough the price mechanism of the market, the col-
lection of carbon tax makes power producers turn to clean
energy and low-carbon products to achieve the purpose of
emission reduction. It has a suppressive effect on high-
energy consumption technologies and a promotion effect on

Table 3: Characteristics of power demand in China.

Year National power demand
(billion kW·h)

Growth rate of national power
demand (%)

Per capita power demand
(kW·h)

Growth rate of per capita power
demand (%)

2015 6080 — 4342 —
2020 7661 26 5391 24
2025 9576 25 6640 23
2030 11491 20 7897 19
2035 13560 18 9293 18
2040 14916 10 10272 11
2045 16109 8 11249 10
2050 17075 6 12067 7
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Figure 3: Power consumption demand of terminal departments.
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low-energy consumption technologies, resulting in a tu-
multuous change in the consumption of energy products.
+e emission reduction effect of carbon tax is positively
related to the price elasticity of energy demand and the
substitution of energy products. Related technologies will be
promoted, with considerable benefits of the extension effect.

3.3. CO2 Emissions and Emission Reduction Characteristics.
+e CO2 emissions, emission reduction potential, and
emission reduction rate of the power industry in different
scenarios are shown in Figure 5 and Table 4. +e calculation
of emission reduction potential and emission reduction rate
is shown in formulas (5) and (6), respectively.

Eqt � ERt − ETt, (5)

where Eqt is the emission reduction potential of year t under
a carbon tax scenario (Gt); ERt is the CO2 emissions of year t
under the REF scenario (Gt); and ETt is the CO2 emissions of
the carbon tax scenario in the same period (Gt).

Eη �
Eqt

ERt
, (6)

where Eη is the emission reduction rate (%).
Under the REF scenario, the CO2 emissions of the power

industry will be increasing year by year, reaching a peak
value of 5.52Gt in 2050, which is an increase of 44% over the
base year. According to the obtained CO2 emissions, it can
be found that the power industry will not be able to achieve
the CO2 emission reduction targets in all stages if the
existing structure and technology are still maintained
without taking corresponding adjustment measures.

Compared with the REF scenario, under the TAX-1,
TAX-2, and TAX-3 scenarios, the corresponding CO2
emissions increase firstly and then decrease. With the in-
crease of carbon tax level, the emissions will reach the peak
values of 4.64Gt, 4.39Gt, and 4.12Gt in 2040, 2035, and
2030, respectively and then decrease year by year, reaching
4.54Gt, 4.02Gt, and 3.79Gt, respectively, in 2050. +e
corresponding emission reduction potential will be 0.98Gt,
1.50Gt, and 1.73Gt, respectively. At the same time, com-
bined with the CO2 emission reduction rate in 2050, it will be
close to 30% under the TAX-2 scenario, while under the
TAX-3 scenario, although the carbon tax has increased
significantly, it will only increase by 4%, which is 31.34%.+e
improvement degree of emission reduction effect is not
obvious enough, which cannot show a high correlation with
the corresponding growth degree of carbon tax.

In addition, the CO2 emission reduction characteristics
of the power industry in different scenarios are shown in
Figure 6. +e calculation of emission reduction is shown

Eri � Eoi − Epi, (7)

where Eri is the CO2 emission reduction (Gt); Eoi is the CO2
emissions under uncontrolled conditions (Gt); and Epi is the
actual CO2 emissions during the same period (Mt).

Under different carbon tax scenarios, with the adjust-
ment of energy consumption structure and level

improvement of technology in the power industry, CO2
emission reduction shows an increasing trend. When 2050,
the emission reduction corresponding to the three scenarios
will be 1.49Gt, 2.01Gt, and 2.24Gt, respectively, which will
increase by 0.87Gt, 1.33Gt, and 1.50Gt compared to 2020.
In the REF scenario, the emission reduction in 2050 will be
only 0.51Gt.

In summary, carbon tax in China’s power industry can
lead enterprises to actively reduce CO2 emissions. In this
process, the collection of carbon tax can increase the pro-
duction cost of high-carbon emission enterprises. +erefore,
it is necessary to develop the emission reduction technol-
ogies and adopt the low-carbon energy sources to achieve
low-carbon production and energy structure adjustment.

3.4.CO2EmissionReductionCost. In the power industry, the
collection of carbon tax will have a great impact on the
emission reduction cost. +e transformation of production
mode as well as the transformation and upgrading of power
production can be guided and realized by the level of
emission reduction cost [39].+erefore, a reasonable level of
carbon tax can significantly promote CO2 emission reduc-
tion and structural optimization, while substantially re-
ducing its impact on the economy. Combined with the above
results, the cost of emission reduction under the four sce-
narios is further analyzed to obtain a more effective and
conducive collection level for carbon tax promotion. +e
results are shown in Table 5, where ΔC is the cost of CO2
emission reduction (billion yuan); ΔE is the CO2 emission
reduction (Gt); and ΔC/E is the unit emission reduction cost
of CO2 (billion yuan/Gt).

Under the REF scenario, from 2020 to 2050, as can be
seen from the foregoing, the power industry’s dependence
on coal has not changed significantly, and the emission
reduction technology has not been introduced and upgra-
ded. +erefore, the unit emission reduction cost of CO2
fluctuates slightly, maintaining between 6.04×103 and
6.63×103 billion yuan/Gt. Since the lifecycle of equipment
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Figure 5: CO2 emissions of power industry.
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and process is basically around 20 years, the unit emission
reduction cost will increase slightly during 2030 and 2035.

Under the TAX-1, TAX-2, and TAX-3 scenarios, the unit
emission reduction cost of CO2 increases firstly and then
decreases. Due to different levels of carbon tax, in the short

term, in order to reduce carbon emissions and avoid the
pressure of carbon tax, the emission reduction technology
and production mode of power industry will be greatly
changed, resulting in different degrees of increase in the cost
of emission reduction. +erefore, in 2020, the unit emission
reduction cost of the three scenarios will be 1.15×104 billion
yuan/Gt, 1.63×104 billion yuan/Gt, and 3.06×104 billion
yuan/Gt, respectively, among which the lower carbon tax
scenarios (TAX-1, TAX-2) have lower initial unit emission
reduction cost than the higher carbon tax collection scenario
(TAX-3). +e unit emission reduction cost corresponding to
the three carbon tax scenarios will peak in 2045, 2035, and
2030, respectively, with the values of 2.18×104 billion yuan/
Gt, 2.99×104 billion yuan/Gt, 4.74×104 billion yuan/Gt,
respectively. After that, it will continue to decline, decreasing
to 1.76×104 billion yuan/Gt, 1.01× 104 billion yuan/Gt, and
8.10×103 billion yuan/Gt, respectively, in 2050. At this time,
compared with the TAX-1 scenario, the unit emission re-
duction costs of the TAX-2 and TAX-3 scenarios are lower.
From a long-term perspective (after 2050), a higher carbon
tax level benefits the reduction of unit emission reduction
cost. +is is mainly because under the pressure of high-
carbon tax level, enterprises passively accept the substantial
increase of emission reduction cost in the initial period. +e
optimal solution with lower cost will be actively sought. +e
production mode gradually changes based on maintaining
power production, such as using new energy power gen-
eration technology with lower CO2 emissions and opti-
mizing emission reduction technologies. CO2 emissions can
be reduced to offset the loss caused by carbon tax, with the
energy consumption structure improved. In addition, the
average unit emission reduction cost under the TAX-1,
TAX-2, and TAX-3 scenarios during 2020–2050 will be
1.65×104 billion yuan/Gt, 1.97×104 billion yuan/Gt, and
2.83×104 billion yuan/Gt, respectively, which is 4 times, 5
times, and 9 times that of the REF scenario, respectively.

3.5. Impact of Carbon Tax on the Macroeconomy of the Power
Industry. It can be seen from the above that carbon tax can
force the green transformation of the power industry, but as
a “double-edged sword,” it has a wide-ranging and far-
reaching impact, involving many aspects of society, econ-
omy, and people’s life. +erefore, the carbon tax should
consider not only the impact on the environment, but also its
economic effect. Like other types of taxes, carbon tax will
also change the price signal, making resources deviate from
the optimal allocation under the reference scheme, resulting
in the loss of GDP [40].

+e impact of different carbon tax levels on the mac-
roeconomy of the power industry is shown in Table 6. In

Table 4: Emission reduction potential and emission reduction rate of power industry.

Carbon tax scenarios
2020 2025 2030 2035 2040 2045 2050

Eq Eη Eq Eη Eq Eη Eq Eη Eq Eη Eq Eη Eq Eη
TAX-1 0.11 2.72 0.16 3.74 0.19 4.22 0.23 4.85 0.41 8.12 0.70 13.23 0.98 17.75
TAX-2 0.17 4.20 0.26 6.07 0.29 6.44 0.35 7.38 0.69 13.66 1.00 18.90 1.50 27.17
TAX-3 0.23 5.68 0.35 8.18 0.38 8.44 0.64 13.50 1.06 20.99 1.37 25.90 1.73 31.34
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Figure 6: CO2 emission reduction characteristics of power
industry.

Table 5: CO2 emission reduction cost of power industry.

Year Item REF TAX-1 TAX-2 TAX-3

2020
ΔC 3.28E+ 03 7.14E+ 03 1.11E+ 04 2.26E+ 04
ΔE 0.51 0.62 0.68 0.74
ΔC/E 6.44E+ 03 1.15E+ 04 1.63E+ 04 3.06E+ 04

2025
ΔC 3.44E+ 03 9.13E+ 03 1.53E+ 04 3.37E+ 04
ΔE 0.52 0.68 0.78 0.87
ΔC/E 6.61E+ 03 1.34E+ 04 1.96E+ 04 3.88E+ 04

2030
ΔC 3.33E+ 03 1.03E+ 04 1.94E+ 04 4.22E+ 04
ΔE 5.10E− 01 7.00E− 01 8.00E− 01 8.90E− 01
ΔC/E 6.52E+ 03 1.48E+ 04 2.42E+ 04 4.74E+ 04

2035
ΔC 3.45E+ 03 1.29E+ 04 2.60E+ 04 4.17E+ 04
ΔE 5.20E – 01 7.50E – 01 8.70E – 01 1.16E+ 00
ΔC/E 6.63E+ 03 1.72E+ 04 2.99E+ 04 3.60E+ 04

2040
ΔC 3.49E+ 03 1.87E+ 04 2.61E+ 04 3.53E+ 04
ΔE 5.50E− 01 9.60E− 01 1.24E+ 00 1.61E+ 00
ΔC/E 6.34E+ 03 1.95E+ 04 2.11E+ 04 2.19E+ 04

2045
ΔC 3.19E+ 03 2.64E+ 04 2.56E+ 04 2.84E+ 04
ΔE 5.10E−01 1.21E+ 00 1.51E+ 00 1.88E+ 00
ΔC/E 6.26E+ 03 2.18E+ 04 1.70E+ 04 1.51E+ 04

2050
ΔC 3.08E+ 03 2.62E+ 04 2.02E+ 04 1.81E+ 04
ΔE 5.10E− 01 1.49E+ 00 2.01E+ 00 2.24E+ 00
ΔC/E 6.04E+ 03 1.76E+ 04 1.01E+ 04 8.10E+ 03
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order to quantify the additional effect of carbon tax on GDP,
based on the CO2 emission reduction characteristics ob-
tained previously, this paper proposes the “carbon tax
elasticity coefficient” index TAXη, which is shown in formula
(8). While ensuring the emission reduction effect, the larger
the value, the greater the elasticity of the corresponding
carbon tax to national economy and the smaller the GDP
loss. +e optimal carbon tax can be obtained through the
calculation of this index. It can effectively promote the
decoupling between the emission reduction of CO2 and the
growth of national economy and then provide more space
for emission reduction, while producing additional effects
such as reducing production energy consumption and
preventing greenhouse effect.

TAXη �
Eη

GDPη
, (8)

where TAXη is the carbon tax elasticity coefficient and GDPη
is the GDP loss rate in the same period (%).

It is found that the GDP loss rate in 2040 will be as high
as 0.60% in TAX-3 scenario, which is much higher than the
other scenarios. If the tail effect of the model is considered,
the GDP loss rate in 2050 should exceed the calculated value
of 0.72%. In the other scenarios, the peak of GDP loss rate in
each year is only 0.28%. It can be seen from the above that
under the TAX-3 scenario, although the carbon tax level has
increased significantly, the emission reduction rate has only
increased by 4% compared with the TAX-2 scenario. Its
emission reduction effect has not improved significantly,
with the dramatically increased resulting GDP loss. In the
TAX-2 scenario, TAXη is the highest, indicating that it has
the most elastic impact on the national economy and the
smallest GDP loss while ensuring the emission reduction
effect. In addition, comprehensively considering the cost of
CO2 emission reduction obtained above, the CO2 emission
reduction cost in the TAX-3 scenario is as high as 9 times of
that in the REF scenario. +erefore, in the long run, TAX-2
can better meet the requirements of emission reduction
effect and cost in the power industry at the same time, which
performs best in the four scenarios.+e carbon tax set in this
scenario can be used as an effective environmental economic
policy tool to reduce energy consumption and CO2 emis-
sions, as well as changing the energy consumption structure.
Although the economic growth will be restrained in the
short term, it is beneficial to the healthy development of the
whole economy in the medium and long term.

From the perspective of eliminating backward produc-
tion capacity, carbon tax will increase the development cost
of power generation enterprises; but on the contrary, these

increased production costs can prevent some power plants
from blindly expanding production capacity, which pro-
motes the technological innovation and upgrading of the
power industry. As a good policy signal, carbon tax can
effectively control the development of high-energy con-
sumption technologies in power industry. In the whole
world, carbon tax can promote the sustainable development
of the power industry and enhance the international com-
petitiveness of the country to a certain extent.

4. Conclusions

With the development of economy and society in the future,
China’s power consumption demand and the primary en-
ergy consumption of the power industry will all show rapid
growth. Power production still heavily dependents on fossil
energy, which will far exceed the supply capacity of coal
production, causing great pressure on China’s economic
development and ecological environment. Under the REF
scenario, the CO2 emissions of the power industry will be
increasing year by year, reaching a peak value in 2050.

Carbon tax will have an important impact on the pri-
mary energy supply structure of China’s power industry.
Under the three TAX scenarios, in 2050, when comparing
with the REF scenario, the primary energy consumption of
the power industry will decrease, and its composition will
change to a large extent. +e proportion of fossil energy
consumption in total consumption will be reduced, while
renewable energy has developed to different degrees. With
the gradual increase of carbon tax level, the CO2 emissions in
2050 will be reduced to varying degrees under the TAX
scenarios. +e corresponding emission reduction potential
proves the effectiveness of carbon tax on reducing CO2
emissions.

+e medium carbon tax level (TAX-2) set in this paper
can better meet the requirements of CO2 emission re-
duction effect and cost in the power industry. It has the
most elastic impact on the national economy and the
smallest GDP loss while ensuring the emission reduction
effect, which can be used as an effective environmental
economic policy tool.

Combined with the research results obtained above, a
low-carbon development policy is proposed to realize the
CO2 emission reduction of China’s power industry: (1) save
primary energy and improve energy efficiency; (2) make full
use of renewable energy and optimize energy structure; (3)
integrate CO2 control and economic transformation; and (4)
improve carbon tax system and pollution management
mechanism.

To further enhance the practical application value of the
research, the fiscal immunity and transfer payment will be
studied based on carbon tax in the future, in combination
with “top-down” energy economic models such as CGE
model.

Data Availability

+e data used to support the findings of this study are
available from the corresponding author upon request.

Table 6: Impact of different carbon tax levels on the macro-
economy of the power industry.

Carbon tax
scenarios

GDPη TAXη

2020 2030 2040 2050 2020 2030 2040 2050
TAX-1 0.08 0.07 0.12 0.19 34.8 61.2 69.7 95.5
TAX-2 0.05 0.10 0.18 0.28 89.3 61.8 74.3 97.1
TAX-3 0.13 0.27 0.60 0.72 44.9 31.7 35.2 43.8
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,e high content of chlorine in biomass will cause serious ash deposition and corrosion problems on the heating surface in boiler,
reduce heat transfer efficiency, and endanger the boiler operation safety. On the basis of discussing the mechanism of chlorine
corrosion to heating surface in the boiler, the temperature, atmosphere, and fouling in the boiler are simulated by high-tem-
perature reaction device. Reaction kinetics of chlorine corrosion to heating surfaces during coal and biomass cofiring was studied
by the weight gain method, which provides a theoretical basis for solving the problem of corrosion and improving the safety of
boiler operation.,e results show that the weight gain caused by corrosion increases with time, and its curve is in accordance with
the parabola. In the early stage, the corrosion rate is very fast, and the corrosion gradually slows down after the protective layer is
formed. ,e mixing ratio of straw biomass increases, and the corrosion rate increases proportionally. With the increase in
temperature, the rate of corrosion reaction increases continuously. When the temperature exceeds 600°C, the corrosion reaction
rate increases greatly. ,e concentration of HCl in the gas phase increases and the rate of corrosion reaction increases rapidly.
Under the constant temperature, the reaction kinetics characteristics of chlorine corrosion were analyzed by model function
matching. ,e best kinetic model function for calculating the kinetic parameters was determined, and the kinetic equation of
corrosion reaction was established to quantitatively characterize the corrosion reaction.

1. Introduction

Fossil fuels such as coal continue to be consumed and result
in the environmental problems that are becoming increas-
ingly prominent. Biomass, a kind of green renewable energy
source, has drawn more attention all over the world [1].
Biomass resource in China, especially crop straw, is abun-
dant. Besides, cofiring technology applied in coal-fired
boilers is a promising biomass utilization approach [2]. If
biomass is used in large power plants and directly blended
with coal to combust in coal-fired boiler, existing facilities of
the power plant can be utilized without a large amount of
investment; therefore, it is a low-cost and low-risk way to
utilize renewable energy at current stage [3, 4].

During cofiring of biomass and coal, especially large
amounts of straw biomass and coal blended to combustion,
owing to high contents of alkali metal and chlorine in straw
biomass, it would lead to deposition, slagging, and corrosion

problems of metal heating surfaces which could seriously
harm the safety and economy of boiler equipment and
consequently limit large-scale use of biomass in power plants
[5–7]. ,e corrosion of heating surface metal is divided into
gas phase corrosion and ash corrosion. Gases such as HCl
and Cl2 cause gas phase corrosion. In an oxidizing atmo-
sphere, the metal surface is oxidized to an oxide film, which
prevents corrosion from proceeding further [8]. However,
the gas chloride also reacts with the metal to form a metal
chloride. ,e metal chloride is oxidized and releases Cl2
again, and Cl2 diffuses into the gas for a new round of
reaction, which is named active oxidative corrosion [9]. In a
reducing atmosphere, the metal oxide film is absent, and the
Cl2 can directly react with the metal. Ash deposition is the
main cause of high-temperature corrosion [10], due to the
large amount of KCl in the ash. ,e sedimentary layer of ash
is divided into three layers, wherein the innermost main
component is KCl, the middle layer is K2SO4, and the
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outermost layer is mainly SiO2 [11]. It was found that the
precipitation of K in wheat straw, rice straw, and rice husk
was higher, and the precipitation of Cl in corn stalk and
cotton stalk was higher [12]. KCl can directly react with the
oxide film on the metal surface to form Cl2, metal oxides,
and potassium compounds [13, 14].

,e current related research mainly focusing on char-
acteristics of combustion, pollutant emission, and ash fusion
during cofiring of biomass and coal [15–18] seldom involves
in corrosion problem of metal heating surfaces. Hence, the
problems of chlorine corrosion to metal heating surfaces will
be studied in this paper to explore the process mechanism
and reaction kinetics characteristics of chloride corrosion to
metal heat delivery surface in large coal-fired power plant
boiler during biomass and coal cofiring. It can quantitatively
analyze the corrosion process under constant temperature
conditions, provide a reference for the optimization of boiler
operating parameters, and provide the theoretical founda-
tion for extensive and efficient use of biomass resources.

2. Chlorine Corrosion Mechanism

During cofiring of biomass and coal, the corrosion to metal
heating surfaces in boiler was mainly related to chlorine and
sulfur in fuels [19]. ,e precondition that influences the
corrosion most is the molar ratio between sulfur and
chlorine in the fuel [20]. When the amount of biomass
blended to coal was large, corrosion effect was given priority
to chloride corrosion to metal. Studies found that chlorine in
biomass fuel played an important role in high-temperature
corrosion to metal heat delivery surface in boiler. When the
content of chlorine in biomass fuel reached a certain value,
the corrosion effect of chlorine would be greater than that of
sulfur in biomass fuel. Some studies indicated that high-
temperature corrosion involving chlorine tended to be se-
rious when the content of chlorine in the fuel was more than
0.3% [21]. Chlorine mainly presented in the form of HCl,
Cl2, KCl, and NaCl during cofiring of biomass and coal, and
corrosion effect of HCl in flue gas was principal. Experiment
results showed that 95% of chlorine in fuel released with
converting into HCl during flue combusting [22].

HCl releasing from fuel combustion is gaseous corrosion
medium with high activity. It can directly react with metal
heat delivery surfaces and actively involves in corrosion to
Fe, FeO, Fe2O3, Fe3O4, and Cr2O3 under high-temperature
condition:

Fe + 2HCl⟶ FeCl2 + H2 (1)

FeO + 2HCl⟶ FeCl2 + H2O (2)

Fe2O3 + 2HCl + CO⟶ FeO + FeCl2 + H2O + CO2 (3)

Fe3O4 + 2HCl + CO⟶ 2FeO + FeCl2 + H2O + CO2 (4)

Cr2O3 + 4HCl + H2⟶ 2CrCl2 + 3H2O (5)

Owing to the presence of HCl, the protective oxide film
on the surface of the metal can be destroyed. It makes the

transmission rate of gaseous corrosion medium toward
metal interface increase and consequently leads to corrosion
to metal base.

When the surface temperature on the pipe wall exceeds
the melting point temperature of FeCl2, FeCl2 will evaporate
into gas phase. When FeCl2 escapes into flue gas, due to
oxygen pressure increasing along the way, FeCl2 is oxidized
by O2 to form Cl2:

4FeCl2 + 3O2⟶ 2Fe2O3 + 4Cl2 (6)

,e formed Cl2 permeates into the metal surface and
reacts with Fe, FeCl2, and Cr2O3 as follows:

2Fe + 3Cl2⟶ 2FeCl3 (7)

2FeCl2 + Cl2⟶ 2FeCl3 (8)

2Cr2O3 + 4Cl2 + O2⟶ 4CrO2Cl2 (9)

FeCl3 formed in the above reaction, which is of low
melting point (303°C) and high vapor pressure (1670 Pa), is
very easy to volatilize under the surface temperature of the
metal. It causes gaps in the protective film and the film
becomes loose and significantly reduces the transmission
resistance of active gaseous corrosion medium to metal base
interface. In addition, corrosion products are more likely to
spall off, thereby promoting the reaction process of corro-
sion to metal.

,en formed FeCl3 will be transformed into Cl2 under
certain conditions:

4FeCl3 + 3O2⟶ 2Fe2O3 + 6Cl2 (10)

In the above cyclic reaction process, Cl2 with strong
oxidization constantly erodes iron and its compounds.
Hence, the reaction process of chlorine corrosion is of re-
petitive features.

Furthermore, chloride and sulfur oxides will coexist
during cofiring of biomass and coal, by means of O2 and
H2O, and it not only accelerates the formation of sulfate but
also contributes to produce HCl and Cl2, which greatly
increases the extent of high-temperature corrosion [23]:

2NaCl + SO3 + H2O⟶ Na2SO4 + 2HCl (11)

2NaCl + SO2 + O2⟶ Na2SO4 + Cl2 (12)

4NaCl + 2SO2 + 2H2O + O2⟶ 2Na2SO4 + 4HCl (13)

,e above analysis shows that chloride and its reaction
products HCl and Cl2 are the main causes of the high-
temperature corrosion to metal heating surfaces in boilers.
,e main factor leading to corrosion to metal heating
surfaces is that HCl reacts directly with the heating surface
metal, consequently accelerates the oxidization of metal
alloys, and then results in corrosion which is active oxidation
corrosion [24]. Cl2, which is similar to the catalyst, has
almost no consumption in the corrosion process [25]. If HCl
and Cl2 are supplied constantly, the recurrent corrosion will

2 Journal of Chemistry



be always going on to damage the iron and its compounds
and seriously endangers the operation safety of boiler
equipment.

3. Experimental System and
Experimental Method

3.1. Experimental System. ,e experimental system of
chlorine corrosion on heating surfaces is illustrated in
Figure 1, which consists of gas distribution device, high-
temperature tube reactor, temperature control unit, and
absorption apparatus for tail gas. ,e gas distribution device
provides the simulated flue gas for experiment requirement.
,e proportion of the components of simulated flue gas is
controlled by regulating the gas flow from 3 gas cylinders.
,e gases flowing out of gas cylinders are mixed in the gas
mixing device sufficiently and then feed into the high-
temperature tube reactor to simulate flue gas atmosphere in
the area of superheater. In the high-temperature tube re-
actor, the silicon-carbon tube acts as a heating element with
built-in corundum tube forming experimental closed flat-
temperature zone. Metal specimens in porcelain combustion
boat are put into the closed flat-temperature zone through a
sample delivery device. ,e reaction region in the high-
temperature tube reactor keeps the temperature constant
with a temperature controller to simulate the temperature in
the area of superheater. In the temperature controller, the
temperature ranging from indoor to 1600°C is measured by
platinum-rhodium platinum thermocouples, and automatic
temperature accommodometer is used for data display and
temperature control. A large amount of HCl gas containing
in simulated flue gas after the reaction is completely
absorbed by absorber bottle with NaOH solution in case of
personnel poisoning and environment polluted.

3.2. Experimental Samples. ,e biomass samples are straw
biomass including corn stalks and wheat stalks in Shandong
Province, and coal sample is lean coal. Before the experi-
ment, the biomass and coal samples were ground into
powder of 200 mesh by using a small coal mill and an electric
vibrating screen and dried in the drying oven under the
temperature of 105°C. ,e preparation of coal ash is
accorded with the method in the coal quality analysis
standard GB/T212-2001, and the standard ASTM E1755-01
should be used for the preparation of biomass ash. ,e
proximate analysis and ultimate analysis of biomass samples
and coal sample, and ultimate analysis of ash samples are
shown in Tables 1 and 2, respectively. ,e cofiring ash
samples in the experiment are made of mixtures of biomass
ash and coal ash obtained with the above methods.,emetal
specimen is made of T91 steel which is commonly used on
heat delivery surface of superheater in boilers and has high
allowable stress, endurance strength, fatigue strength,
thermal conductivity, and well corrosion resistance [26].,e
chemical contents of T91 steel are listed in Table 3.

3.3. Experimental Conditions. ,e cofiring ash samples of
coal and biomass are made of mixture of biomass ash and

coal ash based on the weight percentage of fuel before
burning. ,e blending proportions of biomass are 0%, 20%,
50%, and 100%, and under normal conditions that is 50%. In
the course of experiments, O2 concentration is 6%, CO2
concentration is 12%, HCl concentration is 500 μL·L− 1, and
N2 is used as balance gas to keep stable flow of mixing gas
which is 50ml·min− 1. When the experimental conditions
changed, the HCl concentration ranges are 0, 200, 300, and
500 μL·L− 1. ,e ranges of temperature are 450, 500, 550, 600,
and 650°C, and normal condition is 600°C.

3.4.ExperimentalMethods. Before the experiment, the metal
pipe used on the heat delivery surface of superheater in
boilers was made into specimens of 30mm× 8mm× 4mm.
,e specimens were successively polished smoothly by
sandpaper of 200 mesh and 1000 mesh, and the size of
specimens was measured accurately with vernier calipers in
order to calculate the surface area. First, the specimens were
put into absolute ethyl alcohol to clean and degrease, and
their surfaces were blotted up with filter paper. ,en, the
specimens were put into the drying oven under the tem-
perature of 105°C. After 30minutes, the specimens were
taken out and their weights were measured. ,en, the
specimens were coated with cofiring ash samples fasten with
absolute ethyl alcohol on the surface and put into the drying
oven again to dry for 20minutes under the temperature of
105°C, and finally taken out to be used for experiments.

,e coated metal specimens along with porcelain
combustion boats were put into the flat-temperature zone of
the high-temperature tube reactor.,e experiments on static
oxidation were carried out, and method of corrosion mass
gain was used to determine the extent of corrosion to metal.
According to the results of previous experimental studies,
the extent of corrosion to metal specimens had great growth
in the early 20 hours and tended to stable after 30 hours, and
hence, the total experimental time of corrosion to metal
specimens was determined to be 30 hours, metal specimens
were weighed for every 6 hours, and weighing time is
controlled within 20minutes to ensure that each weighing
interval is equal.

4. Results and Discussion

4.1. Characteristics of Chlorine Corrosion

4.1.1. Analysis of Reaction Characteristics of Corrosion
Chloride. ,e corrosion mechanism of the metal heating
surface shows that a large amount of chloride in the ash
deposition on the superheater and gaseous chlorine released
during the combustion are the main reasons for the cor-
rosion to the heating surface in boiler. Gaseous chlorine can
directly react with the heated surface metal, and there are
two ways for alkali metal chloride corrosion: first, it will react
with SO2 in flue gas to form sulfate near the metal surface,
and the reaction products HCl and Cl2 cause active oxidative
corrosion which can exacerbate the metal corrosion; the
second is to form a low-temperature eutectic with other
corrosion products, resulting in the oxide layer on metal
surface melting and exacerbating the corrosion. ,e high-

Journal of Chemistry 3



temperature tube reactor was used to simulate high-tem-
perature environment in the area of superheater. Cofiring
ash of coal and biomass served as ash deposition was coated
on the surface of metal specimens in order to simulate the
effect of ash deposition on corrosion to metal heating
surfaces, and mixing gas consisting of HCl, O2, CO2, and N2
was used to simulate flue gas atmosphere in boilers. ,e
issues of chlorine corrosion to metal heating surfaces of
superheater in boilers were experimentally studied in this
paper, with simulating the operating condition of metal
heating surfaces of superheater in boilers.

Figures 2 and 3 illustrate the mass gain curves of cor-
rosion to T91 steel specimens coated with cofiring ash of coal
and biomass blended to coal with different percentages. It
can be found from the above figures that the mass gains of
corrosion tometal specimens increase along with the lapse of
time. ,e mass gains of corrosion to metal specimens in-
creased rapidly at the initial stage, which was a rapid cor-
rosion stage, and then gradually slowed down and tend to be
flat at the later stage. ,e curves of corrosion mass gains
accorded with parabola.

,e corrosion process of the samples is analyzed as
follows: when iron or iron alloy is exposed to a high-tem-
perature oxidation environment, the outer layer of the metal
will gradually oxidize into a stable and dense oxide film. But
the alkali metal chloride in the ash reacts with the oxide film
on the metal surface, and releasing Cl2, resulting in the
destruction of the metal oxide film.,e Cl2 can penetrate the
protective oxide film, diffuse to the interface between oxide
film and metal, and react with the metal to form a metal
chloride. ,e metal chloride has a lower melting point.
When the temperature of the metal tube is high, metal
chloride will evaporate and diffuse to the surface of the oxide
film, react with the oxygen in flue gas, and gradually form a
loose oxide layer. ,e oxide layer cannot protect the metal
from further corrosion. ,is reaction generates Cl2 again,
and Cl2 returns to the metal surface through the loose oxide
layer, so that the corrosion process continues. In the initial
stage, there are more alkali metal chlorides in ash, and the
corrosion rate is fast; as the reaction continues, the alkali
metal chloride content gradually depletes, and the corrosion
reaction rate also gradually decreases.

HCl
N2
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NaOH
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2

1
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Figure 1: Experimental system for chlorine corrosion to metal heat delivery surfaces. (1) gas cylinders; (2) gas flowmeters; (3) gas mixing
device; (4) dryer; (5) sample delivery device; (6) porcelain combustion boat; (7) temperature controller; (8) high-temperature tube reactor;
(9) absorber bottle.

Table 1: Proximate analysis and ultimate analysis of biomass samples and coal sample (air-dried basis)/wt.%.

Sample Symbol
Proximate analysis Ultimate analysis

Mad Aad Vad FCad Cad Had Nad Sad
Corn stalks CS 6.35 5.08 68.33 20.24 42.95 6.65 0.87 1.11
Wheat stalks WS 5.44 10.82 64.03 19.71 40.27 6.34 0.68 1.07
Lean coal LC 1.43 33.74 12.99 51.84 55.41 2.97 0.96 3.24
∗M: moisture; A: ash; V: volatile matter; FC: fixed carbon.

Table 2: Ultimate analysis of ash samples/wt.%.

Sample Na Mg Al Si P S Cl K Ca Fe
Corn stalk ash 0.84 6.88 0.21 5.53 1.73 1.15 34.90 45.62 2.79 0.35
Wheat stalk ash 1.16 4.22 1.03 31.38 1.98 4.06 15.39 32.70 8.08 0.00
Lean coal ash 1.21 2.66 27.15 56.32 0.49 0.33 0.71 1.45 2.22 7.46

Table 3: Chemical contents of T91 steel/wt.%.

C S P Si Mn Cr Mo V Nb N Al Ni
0.08∼0.12 ≤0.01 ≤0.02 0.20∼0.50 0.30∼0.60 8.00∼9.50 0.85∼1.05 0.18∼0.25 0.06∼0.10 0.03∼0.07 ≤0.04 ≤0.40
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It can be also found from the above figures that with
increasing the percentage of straw biomass blended to coal,
the rate of corrosion to metal specimens increases pro-
portionately, and corrosion to metal specimens was most
serious when all was straw biomass. ,e reason can be
explained as follows. During cofiring of coal and straw
biomass, the content of residual chloride in ash deposition
increased with the straw biomass blended to coal. Chloride
in ash deposition will participate in salinization to form
aluminosilicate and release HCl from the metal surface, thus
accelerating the process of corrosion reaction and increasing
the rate of chlorine corrosion.

4.1.2. Effects of Temperature on Chlorine Corrosion
Characteristics. Temperature had a significant influence on
corrosion to metal. ,e operating experiences from foreign
biomass power plant showed that when the temperature of

steam in superheater was high, the serious corrosion would
occur generally on the pipe wall of superheater [27], but
when the temperature of steam in superheater was low (such
as 450°C), the serious corrosion was not found [28]. Figure 4
illustrates the mass gain curves of corrosion to ash-coated
metal specimens under different temperatures. It can be
found that the rate of corrosion to metal specimens increases
constantly with temperature increasing. When the tem-
perature was below 600°C, it had a little influence on cor-
rosion to metal specimens and the rate of corrosion to metal
specimens increased slowly. But when the temperature
exceeded 600°C, the rate of corrosion to metal specimens
increased significantly. ,e reason is mainly due to the
different corrosion mechanism.

In the initial stage of the corrosion, all elements in the
metal are jointly participated in the reaction. As a crucial
element of the alloy, Cr can preferentially react with oxygen
and form a dense and adhesive oxide film, so that the
corrosion resistance of metal can be enhanced. However,
when the temperature increases, the diffusion velocity of C
in the interior of the metal grain is greater than Cr. ,e
formation and precipitation of carbides in the metal base
cause local chromium deficiency near the grain boundary.
Alkali metal chloride such as NaCl from deposits easily
reacts with metal carbides to generate Cl2, which causes
severe intergranular corrosion. Intergranular corrosion
spreads inward along the interface between metal grains,
which greatly reduces the mechanical strength of the metal.
,e higher the grain boundary carbon content, the more
severe this effect. It is observed from the corrosion layer on
the metal surface that with the increase in temperature, the
corrosion layer became thicker and serious pitting corrosion
occurred gradually on the surface.

In addition, when the temperature is low, the metal
corrosion is mainly common oxidative corrosion. Once the
temperature increases, the alkali metal sulfate in the ash
deposit becomes a molten liquid phase on the surface of the
oxide layer, which rapidly exacerbates the corrosion. During
the cofiring of biomass and coal, due to the sulfation re-
action, there is a large amount of sulfate in the ash depo-
sition, and it also contains some alkali metal chloride. Alkali
metal chlorides in ash deposition may cause the melting
point of low-temperature comelts to decrease further. ,e
metal base is easier to be corroded by the HCl and SO2/SO3
in the surrounding gas phase due to the melting and de-
struction of the protective oxide layer, which makes the
corrosion exacerbate.

4.1.3. Effects of HCl Concentration on Chlorine Corrosion
Characteristics. ,e views on the effect of HCl on chloride
corrosion to metal were different. Montgomery and Larsen
considered that the corrosiveness of HCl was lower than the
corrosiveness of KCl in depositing on the surface of the
oxidation layer [29]. Lith et al. found from experiments that
when there was the element chlorine in ash deposition, the
presence of HCl was not a necessary condition for the
chlorine corrosion, but it can accelerate chlorine corrosion
[30]. Yin and Wu found by the study on corrosion of
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Figure 3: Mass gain curves of corrosion to metal specimens coated
with cofiring ash of coal and biomass (wheat stalks) blended to coal
with different percentages.
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Figure 2: Mass gain curves of corrosion to metal specimens coated
with cofiring ash of coal and biomass (corn stalks) blended to coal
with different percentages.
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chlorine in biomass that the rate of corrosion to metal in-
creased proportionally with the increase in the concentra-
tion of HCl [31]. Figure 5 illustrates the mass gain curves of
corrosion to ash-coated metal specimens under different
concentrations of HCl. It can be found that if there is no HCl
in the gas phase, mass gains of metal specimens vary a little
and the rate of corrosion is very low.With the increase in the
concentration of HCl, mass gains of metal specimens vary a
lot and the rate of corrosion increases rapidly. Because the
oxide layer on the metal surface cannot block the pene-
tration of HCl, HCl can penetrate the cracks or pores on the
metal surface and contact and react with metal alloy ele-
ments (Fe, Cr, and Ni). With the increase of HCl, the
chlorine pressure difference between atmosphere/oxide film
interface and oxide film/metal interface increases, which
enhances the kinetic force of HCl diffusion to the metal
surface, so HCl can easily pass through the oxide film and
accelerate corrosion. In addition, the higher the concen-
tration of HCl, the stronger the active oxidation. As the HCl
concentration increases, the mass gain of the metal sample
changes greatly, and the corrosion rate increases rapidly.

4.2. Reaction Kinetics of Chlorine Corrosion

4.2.1. -e Basic Equation of Corrosion Reaction Kinetics.
,e main task in the study of chemical reaction kinetics is
how to determine the process mechanism of chemical re-
action and relevant reaction kinetics parameters [32]. In
experimental study on characteristics of chlorine corrosion
to metal heating surfaces, every experiment of chlorine
corrosion tometal specimens was carried out under constant
temperature condition. Hence, the reaction rates of corro-
sion to metal specimens were described by constant tem-
perature and heterogeneous reaction kinetics equation [33]:

dα
dτ

� k · f(α). (14)

In (14), τ is the reaction time, k is the reaction rate
constant, and α is the conversion rate from reactants to

resultants in the time of τ. α � w − w0/w∞ − w0, w0 and w∞
are the initial and final weight of specimens, respectively, w

is the weight of specimens in the time of τ. f (α) is the
reaction kinetics model function which reveals the mech-
anism of chemical reaction.

,e relationship between reaction rate constant k and
temperature T is expressed by Arrhenius law [34]:

k � A exp −
E

RmT
 . (15)

In the (15), A is the frequency factor, E is the activation
energy, T is the reaction temperature, and Rm is the
universal gas constant and its value is 8.3145 J·mol− 1·K− 1.

,e basic equation of reaction kinetics of corrosion to
metal is obtained through substituting (15) into (14):

dα
dτ

� A exp −
E

RmT
 f(α). (16)

4.2.2. Determination of the Optimal Dynamic Model
Function. ,e reaction kinetics model function f(α) ex-
presses a certain functional relationship to follow between
the rate of chemical reaction and conversion rate α and
represents the chemical reaction mechanism. Its corre-
sponding integral form is defined as follows:

G(α) � 
α

0

dα
f(α)

. (17)

,e correctness of reaction kinetics model function had
great effects on kinetics parameters of reaction. ,e char-
acteristics of chemical reaction kinetics can be analyzed by
various methods to determine the correct reaction kinetics
model, such as isothermal method, nonisothermal single-
scan method, kinetic compensation effect method, and
nonisothermal multiple scan method [35]. ,e isothermal
method will be used to solve the following problems because
experiments of chlorine corrosion to metal specimens are
carried out under constant temperature condition.
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Figure 4: Mass gain curves of corrosion to ash-coated metal
specimens under different temperatures.
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,e isothermal method is relatively simple, and the
model fitting method is generally used to fit experimental
data with reaction kinetics model functions. At a certain
constant temperature, the reaction rate constant k is con-
stant, so it can be separated with f(α) or G(α) by substituting
(16) into (17):

G(α) � 
τ

0
A exp −

E

RmT
  · dτ � k(T)τ. (18)

From (18), it can be seen that G(α) has a linear rela-
tionship with time τ, and the slope of the line is the reaction
rate constant k. A set of data of α and τ under constant
temperature condition is selected to substitute into tentative
G(α) and draw the relationship curve of G(α) versus time τ.
If f(α) corresponded toG(α) has a optimal linear relationship
with time τ, it is deemed to be the optimal reaction kinetics
model function.

4.2.3. Establishment of Reaction Kinetics Equations of
Chlorine Corrosion. ,e purpose of the study on reaction
kinetics of chlorine corrosion to metal is to determine the
optimal kinetics model function f(α), calculate the reaction
kinetics parameters A, E, and the reaction rate constant k,
then put forward reaction rate function, and finally obtain
reaction kinetics equations to quantitatively represent the
process of chlorine corrosion reaction. Hence, the charac-
teristics of reaction kinetics of chlorine corrosion to metal
were studied in this paper with isothermal method basing on
experimental data listed in Figure 4. Table 4 getting from
Figure 4 shows the conversion rate of metal specimens at
different times under certain temperature.

,e reaction kinetics model functions listed in Table 5
were chosen to use for tentative model function to fit model.
,e data in Figure 4 were, respectively, substituted into G(α)
corresponding to six reaction kinetics model functions se-
lected in common use, to obtain the value ofG(α) at different
times τ under certain temperature. ,e relationship curves
of G(α) versus τ were drawn respectively and fitted linearly,
and then f(α) corresponded to G(α), which has optimal

linear relationship with time τ, was deemed to be the optimal
reaction kinetics model function.

By means of drawing respectively and fitting linearly the
relationship curves of G(α) versus τ, the optimal reaction
kinetics model function was obtained to be G(α) and f(α)
corresponding with one-dimensional diffusion model. Only
the relationship curves of G(α) versus τ fitted linearly with
one-dimensional diffusion model are given in Figure 6.

(15) was taken logarithm on both sides:

ln k � lnA −
E

RmT
. (19)

From (19), it can be seen that the relationship between
ln k and T − 1 was linear and the parameters A and E were
calculated through the intercept lnA and slope − E/Rm.

,e values of k under certain temperature were obtained
from fitting curves in Figure 6 and corresponding values of
T − 1 and ln k are calculated in Table 6. Basing on the data in
the above table, the relationship curve of ln k versus T − 1 was
drawn and fitted linear and is shown in Figure 7. ,e fitting
relationship equation was finally obtained as follows:
ln k� − 3.1386–205.5553T − 1, and the correlation coefficient
of fitting linear was R2 � 0.9814.

By means of the above fitted linear relationship equation,
the reaction kinetics parameters A and E were calculated.
,e results of A� 0.04334 and E� 1709.08954 J·mol− 1 were,
respectively, derived from lnA� − 3.1386 and E/Rm� 205.5553.

,e value of A and E and the optimal model function
f(α)� (1/2) α− 1 were substituted into (16) to obtain following
reaction kinetics equations of chlorine corrosion to metal
specimens:

dα
dτ

� 0.02167 exp
− 205.5553

T
  · α− 1

. (20)

,e time integral of (20) was taken. Because the ex-
periments were carried out under constant temperature,
temperature was not a function of time and therefore
considered as constant. At the time of τ � 0, the experiments
have not started, and the conversion rate was zero. In other

Table 4: ,e conversion rate of metal specimens at different times.

t(°C)
α

0 6 h 12 h 16 h 24 h 30 h
500 0 0.472 0.735 0.849 0.906 1.000
550 0 0.438 0.650 0.775 0.913 1.000
600 0 0.454 0.672 0.798 0.932 1.000
650 0 0.442 0.693 0.847 0.939 1.000

Table 5: Model functions of reaction kinetics.

Model functions Symbol f(α) G(α)
One-dimensional diffusion model D1 (1/2)α− 1 α 2

Two-dimensional diffusion model D2 [− ln (1 − α)]− 1 α+ (1 − α)ln (1 − α)
,ree-dimensional diffusion model (Jander) D3 (3/2)(1 − α)2/3[1 − (1 − α)1/3]− 1 [1 − (1 − α)1/3]2

,ree-dimensional diffusion model (Ginstling–Brounstein) D4 (3/2)[(1 − α)− 1/3 –1]− 1 1 − (2/3)α − (1 − α)2/3

Secondary nucleation and growth reaction A2 2(1 − α)[− ln (1 − α)]1/2 [− ln (1 − α)]1/2

Secondary phase interface reaction R2 2(1 − α)1/2 1 − (1 − α)1/2
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words, if τ � 0, then α� 0. ,e equation of the conversion
rate α through integral is obtained as follows:

α � 0.2082 exp
− 102.7777

T
  · τ− (1/2)

. (21)

5. Conclusions

During cofiring of coal and biomass, alkali metal chlorides,
HCl and Cl2, cause high-temperature corrosion to metal
heating surfaces in boilers. HCl is the main factor leading
to corrosion to metal heating surfaces, which can directly
react with metal heating surfaces and accelerate

oxidization of alloy. Cl2 has almost no consumption in the
process of corrosion, which was similar to the catalyst. If
HCl and Cl2 were supplied constantly, the recurrent re-
action process of corrosion will be always going on, and
thus, it is of repetitive features. If chlorides coexist with
sulfur oxides, the process of high-temperature corrosion
will greatly be accelerated.

,e mass gain curves of metal accorded with parabola,
and the degree of corrosion is greatly affected by the
blending ratio of biomass. At the initial stage, there was a
rapid corrosion stage, the corrosion reaction rate was high,
and the protective oxidation layer was soon formed on the
surface of metal specimens. As the oxidation layer gradually
becomes thicker, the corrosion reaction rate gradually
slowed down and tends to be flat at the later stage. With the
percentage of straw biomass blended to coal increasing, due
to the increasing the content of residual chloride in ash
deposition, the rate of corrosion to metal specimens in-
creases proportionately, and corrosion to metal specimens
was most serious when all was straw biomass.

Temperature and concentration of HCl in the gas phase
also had a significant influence on corrosion to metal. With
the increase in temperature, the rate of corrosion to metal
increased constantly. When the temperature was below
600°C, the rate of corrosion to metal specimens increased
slowly. But when the temperature exceeded 600°C, the rate
of corrosion to metal specimens increased significantly.,e
rate of corrosion to metal specimens rapidly increased with
the increase in the concentration of HCl in the gas phase.

Using model fitting methods, the analyses on reaction ki-
netics of chlorine corrosion to metal heating surfaces were
carried out under constant temperature condition. It is found
that the experimental data were fitted well with one-dimen-
sional diffusion model, and therefore, optimal kinetic model
function and corresponding kinetics parameters of chlorine
corrosion reaction were obtained, and finally, the reaction ki-
netics equation of chlorine corrosion to metal was established:

dα
dτ

� 0.02167 exp
− 205.5553

T
  · α− 1

. (22)

Notations

Explanation of symbols

A: Frequency factor, s− 1

E: Activation energy, J·mol− 1
f(α): Reaction kinetics model function
G(α): Integral form of reaction kinetics model function
k: Reaction rate constant
Rm: Universal gas constant, 8.3145 J·mol− 1·K− 1

T: Reaction temperature, K
w: Weight of specimens in the time of τ, mg
w0, w∞: Initial and final weight of specimens, respectively,

mg
α: Conversion rate from reactants to resultants in the

time of τ
ΔG: Mass gain of corrosion tometal specimens, mg·cm− 2

τ: Reaction time, h
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Figure 6: Fitting curves of G(α) versus τ with one-dimensional
diffusion model. Line 1—500°C: G(α)� 0.05258 + 0.03321τ
and R2 � 0.9655; Line 2—550°C: G(α)� 0.00071 + 0.03383τ and
R2� 0.9980; Line 3—600°C: G(α)� 0.01485+0.03416τ and R2� 0.9934;
Line 4—650°C: G(α)� 0.02463+0.03474τ and R2� 0.9789.

Table 6: Reaction rate constants k under certain temperature.

t(°C) T(K) T − 1(K− 1) Reaction rate constant k ln k
500 773 0.001294 0.03321 − 3.4049
550 823 0.001215 0.03383 − 3.3864
600 873 0.001145 0.03416 − 3.3767
650 923 0.001083 0.03474 − 3.3599

0.0011 0.0012
T–1 (K–1)

0.0013
–3.34

–3.36

–3.38

–3.40

–3.42

ln
k

lnk = –3.1386 – 205.5553T–1, R2 = 0.9814

Figure 7: Fitting curve of ln k versus T − 1. Fitting line:
ln k� − 3.1386–205.5553T − 1, R2 � 0.98114.
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Subscript

0: Initial time
∞: Final time.
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In order to investigate the regularity and mechanism of corrosion related to ash deposition on the boiler heating surface
during cofiring of coal and biomass, the influence of fuel property, type of metal tubes (heating surface), proportion of
blended biomass, and atmosphere in the furnace was studied by using the static corrosion mass gain method with the high-
temperature tube furnace system. ,e results indicated that the effect of biomass property on ash corrosion is greater than
that of coal, which was mainly due to high content of alkali metals and chlorine in biomass fuels. ,e corrosion resistance
of metal pipes is T91 > 12CrMoVG > 20G. T91 is the most appropriate one, and it can effectively inhibit chlorine corrosion
and can be used as the ideal material for the biomass-fired boiler and the biomass and coal cofired boiler. In addition, ash
deposition can significantly aggravate the corrosion of metal tubes, and the degree of corrosion tends to become sig-
nificant with increasing proportion of blended biomass fuels. HCl can aggravate metal corrosion, which can be inhibited
by SO2.

1. Introduction

Because of the depletion of fossil fuels and their environ-
mental pollution all over the world, the development and
utilization of clean renewable energy has gradually drawn
more attention, in which biomass energy receives much
attention for its characteristics, including easy to burn and
low emission of CO2, SOx, NOx, and other pollutants [1].
However, biomass fuels are generally low in heat value and
also difficult to collect, transport, and store. ,ere are
problems in utilization of biomass such as high investment
costs and low utilization efficiency. ,ese problems can be
solved by the biomass and coal co-combustion technology.
,e volatile content in biomass fuels is generally higher,
typically more than 60%. With a small amount of blended
biomass fuels, the ignition temperature of coal can be greatly
reduced and ignition performance can be improved.
Meanwhile, the equipment of cofiring of biomass and coal
can be transformed from the original coal-fired equipment,
which is more economical [2, 3].

Biomass fuels usually contain more alkali metals, alkali-
earth metals, chlorine, and other elements. During biomass
combustion, chlorine is released in the form of HCl and Cl2,
reacting with the metal heating surface, causing severe active
oxidation corrosion [4, 5]. Also, it can promote the gasifi-
cation of the alkali metal elements in the fuel and react with
alkali metals to form volatile alkali chloride in the gas phase
[6]. ,e vast majority of gaseous alkali metals are deposited
and condensed on the low-temperature metal heating sur-
face. Furthermore, they trap solid particles in flue gas, which
leads to serious slagging, fouling, and corrosion. ,e boiler
parameters of an advanced coal-fired power plant are in the
supercritical and ultra-supercritical states, and the param-
eters of a biomass boiler are still limited to high temperature
and high pressure, which greatly restrains the improvement
of boiler efficiency. High-temperature corrosion has always
been a major obstacle to improve the boiler steam param-
eters. ,e temperature of a high-temperature superheater in
a Danish biomass boiler must always be in control within
580°C. Main steam parameters of a Chinese biomass boiler
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also tend to control within 450°C to avoid high-temperature
corrosion, which is a serious disorder in massive scale
utilization of the biomass energy [7, 8].

High-temperature chloride corrosion of biomass can be
eased by cofiring with coal or additives. A biomass and coal
cofiring boiler can reach the same steam parameters as the
coal-fired boiler; at the same time, it can ensure the low
emission of pollutants [9]. In biomass and coal cofiring
boilers, due to the high content of Si and Al in coal, most of
the alkali metals exist in the form of aluminosilicate with
lower reactivity and higher melting point, thus decreasing
the content of chlorine and viscosity of the ash deposition,
which means the corrosion related to ash deposition is
slowed down [10]. Due to the high content of sulfur in coal,
the SO2 content in the atmosphere increases, which leads to
sulfur oxide corrosion. Meanwhile, the composition of the
deposition becomes complicated. If the content of alkali in
the fuel is high, sulfur oxide will conduct complex reactions
with the alkali to form low-melting point compound sulfate,
focal sulfate, and other complex low-temperature comelts,
which lead to local liquid phase appearance. ,e protective
oxide film on the surface of the tube wall is damaged, thus
resulting in more corrosion [11].

Due to the reaction of multiphase gases, liquids, and
solids, the combustion mechanism of biomass cofiring with
coal is more complicated.,e high content of chlorine in the
biomass and sulfur in the coal will cause serious ash de-
position and corrosion problems on the heat exchange
surface of the boiler, which reduce the heat transfer effi-
ciency of the heating surface and even harm the boiler
operation safety. It has become one of the most serious
problems restricting the application of biomass combustion.
,erefore, this research focuses on the corrosion related to
ash deposition during biomass and coal cofiring. By sim-
ulating the cofiring environment of biomass and coal, the
regularity and mechanism of corrosion related to ash de-
position during cofiring of biomass and coal under different
fuel properties, type of metal tubes (heating surface), pro-
portion of blended biomass, and atmosphere in the furnace
were explored. It provides a theoretical basis for the effective
utilization of biomass fuels and the optimization of boiler
operating parameters.

2. Materials and Methods

2.1. Experimental Samples. Common crops in Shandong
province are used as biomass fuels: straw, corn stalk, and
cotton stalk. Lean coal and bitumite are used as blended
coal. Proximate and ultimate analysis of fuels is shown in
Table 1. Table 2 shows the elemental analysis of ashes. ,e
data in the tables are the weight percentage. Before the
experiment, fuels are separately ground to 20 mesh. and
dried in the drying oven at a constant temperature of 100°C
and then stored under seal. Experimental ash samples are
fired according to the standard material (coal ash) using a
mixture of biomass fuels and coal by weight ratio [12]. ,e
proportion of blended biomass is 0%, 20%, 50%, 70%, and
100%. ,e metal samples 12CrMoVG, 20G, and T91 are
taken from power plants in Shandong. ,rough wire

cutting and other metal processing methods, the samples
are made into 20mm × 3 mm × 3mm standard size. ,e
metal samples are polished before experiment using 200,
500, and 1000 grit sand paper sequentially in order to
remove the last traces and get a unified standard sample
surface. ,eir size is measured by a vernier caliper to
calculate the surface area, followed by washing in acetone
to remove the fouling on the metal surface. After drying
with a filter paper, they are placed in the drying oven at a
constant temperature 100°C for 20min. ,e chemical
composition of the metal materials is shown in Table 3.

2.2. Experimental System. ,e experimental system is shown
in Figure 1. Due to the higher content of chlorine in biomass
fuels, it mainly exists in the form of HCl in the combustion
process, and sulfur in the coal is almost completely oxidized to
SO2.,erefore, this experiment mainly investigates corrosion
characteristics of ash deposits under the coexistence atmo-
sphere of sulfur chlorine in the gas phase. In themixed gas, N2
is the balance gas.,e concentration of O2 is kept at 6%, while
CO2 is maintained at 12%. ,e content of HCl and SO2 is
adjusted through a flow meter. ,ey are mixed well in the gas
mixing device in order to simulate the flue gas atmosphere in
the boiler superheater [13]. ,e high-temperature reaction
part adopts a horizontal tube furnace electric heating system.
,e temperature is under precise control by using an intel-
ligent PDI temperature controller and solid state relay (SSR).
,e temperature difference between the constant temperature
section in the reaction zone is less than 5°C. Exhaust gas
treatment adopts NaOH solution to absorb excess SO2 and
HCl to avoid polluting the environment.

2.3. Experimental Procedure. ,e metal samples are coated
with the synthetic deposits: first, the deposited sample are
prepared in a suspension liquid with anhydrous ethanol,
smeared evenly it on the surface of metal samples, and the
amount of plaster is controlled at 15 mg/cm2. ,en, the
samples are placed into the oven at a constant temperature
of 100°C for 20min to remove the residual ethanol so-
lution. ,e metal samples covered with synthetic deposits
are placed into the constant temperature section of the
horizontal tube furnace to carry out the corrosion ex-
periment. ,e concentration of HCl and SO2 is changed to
investigate the effect of different atmospheres on corro-
sion.,e total air flow is controlled at 120mL/min, and the
temperature is controlled at 600°C. Preliminary experi-
ments show that the corrosion weight gain of samples
increases rapidly in the early stage (within 15–20h), but
tends to be stable in the later stage. [9]. ,e whole process
presents the regularity of a similar parabola curve. For the
convenience of quantitative analysis, the parabola fitting
for the corroded weight curve is carried out. ,e equation
is as follows:

ΔG � kτ1/2 + C, (1)

where k is a rate constant of the parabolic curve, charac-
terizing the reaction rate of corrosion, and C is the
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integration constant, indicating the deviation of the parabola
curve on the initial corrosion reaction caused by kinds of
factors. ,e following experimental cycle is selected: 30 h,
weighed every 6 h, in order to obtain a corrosion mass gain
curve. For analyzing the cross section of the corrosion layer,
the metal sample is first fixed with the epoxy resin and cured
at normal temperature for 24 hours. It is cut transversely
with a small cutter, and then the cross section is polished
with a polisher. ,e SEM is used to observe the morpho-
logical characteristics of the corrosion layer on the cross
section of the metal sample; the energy dispersive spec-
trometer (EDS) is used to detect the elemental composition
of several regions in the corrosion layer.

3. Results and Discussion

3.1. Effect of Fuel Property on Deposit Corrosion. Deposit
corrosion properties are quite different because of the dif-
ference in characteristics of biomass fuels. In this paper,
common biomass fuels (wheat straw, corn stalk and cotton
stalk) and different types of coals (lean coal and bituminous
coal) are blended to combust in the weight ratio of 1 :1 to
study the effect on deposit corrosion caused by different fuel
characteristics under the coexistence atmosphere of sulfur
and chlorine. Figure 2 shows the fitting curve of the in-
creased weight for 12CrMoVG metal samples under the
coexistence atmosphere of sulfur and chlorine using dif-
ferent synthetic deposits at 600°C. ,e fitted correlations are
shown in Table 4. R2 in Table 4 represents a coefficient of
determination or a goodness of fit, which refers to the degree
to which the regression line fits the observed value.,e value
of R2 in the table is close to 1, indicating that the regression
line fits the observations well.

It can be seen from Figure 2 that the weight of metal
samples increases with time. It increases faster in the initial
stage and gradually decreases in the later stage. ,e cor-
rosion weight curve is approximately parabola. ,is is be-
cause, in the initial stage, the oxidative corrosion reaction
rate is high and a thin oxide layer is quickly formed on the
metal surface. As the corrosion reaction continues, the oxide

layer gradually becomes thicker, preventing the metal from
direct contact with the reactants and slowing down the
corrosion reaction. ,e corrosion weight of the metal
samples increases with time, and its variation curve is pa-
rabola: ΔG� kτ1/2. ,e corrosion is intensified when the
samples are covered by deposits. And it shows significant
difference in the degree of corrosion with the changes in fuel
properties.,e corrosion performance of biomass fuels from
strong to week is as follows: wheat straw, corn stalk, and
cotton stalk. ,e corrosion of lean coal is more intense than
bituminous coal when the same biomass fuel blends with
different coals.

From analysis of rate constant k of the parabolic curve in
Table 4, it can be seen that the effect of biomass fuels is
significantly greater than the effect of coal. ,e component
of deposits varies widely as the fuel characteristics, com-
bustion conditions, and other factors. Lith et al. [13] suggest
that the corrosion in the process of cofiring of biomass and
coal is mainly based on the alkali metals existed in deposits.
,ey react directly with the wall metal of the heat exchanger,
causing the corrosion of the metal matrix. Also, they gen-
erate low-temperature eutectic with other compounds.
Sometimes, it can even cause serious electrochemical cor-
rosion. So, the damage of deposit corrosion is larger.

Ash deposition mainly exacerbates corrosion through
two effects. First, the corrosive salts such as KCl and NaCl
directly chemically react with the metal, resulting in in-
tensified active oxidative corrosion at the heating surface;
second, the formation of complex low-temperature eu-
tectic melts destroys the oxide film on the metal surface
and causes electrochemical corrosion. From the content of
major ash constituents in Table 2, it can be seen that the
content of alkali metals and chlorine is the highest in
wheat straw. ,e alkali metal content in corn stalk is
slightly lower than that in straw. However, the chlorine
content is significantly lower than that of wheat straw. ,e
cotton stalk and corn stalk have a similar chlorine content.
However, it is lowest for alkali metal content in cotton
stalk, even less than half of the two former. So, it is visible
that the component of alkali metals and chloride in
biomass fuels are the main cause of ash deposit corrosion.
,e component of alkali metals and chlorine in biomass
fuels is obviously higher than that in the coal. Also, there is
a large difference. So the effect of the difference between
biomass fuels on corrosion is larger than the effect of the
coal.

During cofiring of coal and biomass, due to the fixing
effect of Al and Si in the ash on the alkali metals, most of the
chlorine released in the form of gas phase HCl or Cl2, the

Table 1: Proximate and ultimate analysis of fuels (air-dried) (%).

Fuel Sample number
Proximate analysis Ultimate analysis

Mad Aad Vad FCad Cad Oad Had Nad Sad Clad
Straw B1 8.22 7.05 65.62 19.11 40.87 37.22 5.71 0.78 0.15 0.31
Corn stalk B2 7.96 8.32 65.46 18.26 40.51 36.58 5.83 0.67 0.13 0.065
Cotton stalk B3 5.67 4.23 69.74 21.38 44.26 38.94 6.32 0.50 0.08 0.074
Bitumite C1 4.35 20.69 35.18 39.79 61.02 7.54 4.01 1.18 1.21 –
Lean coal C2 1.30 34.94 10.15 53.62 55.27 3.27 2.96 0.61 1.65 –

Table 2: Major ash constituents in fuels (%).

Fuel K Na Ca Mg Al Si Fe
Straw 1.96 0.78 0.84 0.072 1.69 1.83 0.17
Corn stalk 1.88 0.64 1.20 0.069 3.16 2.24 0.16
Cotton stalk 0.86 0.35 0.84 — 1.65 0.51 0.25
Bitumite 0.081 0.11 1.05 0.50 15.87 21.71 3.99
Lean coal 0.098 0.16 1.61 0.86 15.38 24.36 5.66
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alkali metal was mostly in the form of silicate, aluminosil-
icate, and sulfate, and only a very small amount of Cl
remained in the ash, and the chemical activity of the ash was
relatively stable. Generally, Ca andMg in fuels do not exist in
the form of chlorides during combustion, but they still affect
the content of active corrosion components in the ash by
complex reactions. When the content of Ca or Mg in fuels is
high, most of the Al will react with it to form compounds
such as MgAl2O4, CaAl2O4, etc., so that the fixation of Al to
the alkali metal is weakened, and the content of alkali metal
chloride in the ash is correspondingly increased.

,ere is a high content of ash in lean coal and bitumite.
,e composition of the oxide in ash is based on SiO2 and
Al2O3 [14] and is mostly considered to be inert. ,rough the
study, Li et al. [15] find that the oxide from ash can be divided
into basic oxide and acidic oxide, where the basic oxide has
lower ionic energy as important composition of low-melting
eutectic mostly. Alkali metals and alkali-earth metals content
such as Na, K, Ca, Mg, and others in the ash of lean coals is
higher than that of bitumite coals. ,e alkaline component in
ash generated by cofiring of the same biomass fuels and lean
coals is certainly higher than bitumite coals. So, it results in
increase in the content of low-melting point eutectic in de-
posits, which can accelerate the corrosion. Meanwhile, sulfur
content of lean coal is high. It can be also easy to cause the
molten salt corrosion of alkali metal sulfate in deposits [11]:

Na2SO4 + SO2 +
1
2
O2⟶ Na2S2O7 (2)

3Na2S2O7 + Fe2O3⟶ 2Na3Fe SO4( 3 (3)

2Na3Fe SO4( 3 + 4Fe + O2⟶ 3Na2SO4 + 2Fe3O4 + 3SO2

(4)

3.2. Effect of Pipe Components on Deposit Corrosion. ,e
deposit corrosion of the superheater varies while the pipe
components are different. Under simulated condition, the
contents of HCl and SO2 in the flue gas are both 500 μL/L,
and blended percent of straw and lean coal is, respectively,
50%.,e fitting curve and fitting correlation of the corrosion
weight gains of the tube metal materials including
12CrMoVG, 20G and T91 are shown in Figure 3. It can be

Table 3: Elemental composition of the heating surface metal (%).

Steel C S P Si Mn Cr Mo V Cu Ni
12CrMoVG 0.08∼0.15 ≤0.03 ≤0.03 0.17∼0.37 0.40∼0.70 0.90∼1.20 0.25∼0.35 0.15∼0.30 ≤0.20 ≤0.25
20G 0.17∼0.24 ≤0.03 ≤0.03 0.17∼0.37 0.35∼0.65 – – – – –
T91 0.08∼0.12 ≤0.02 ≤0.02 0.02∼0.50 0.30∼0.60 8.00∼9.50 0.85∼1.05 0.18∼0.25 – ≤0.40
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Figure 1: ,e schematic diagram of the experimental system. 1, gas cylinder; 2, gas flowmeter; 3, mixing equipment; 4, gas valve; 5, PID
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Figure 2: Curves of corrosion mass gain of different metal samples
coated with different fuel ash.
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seen that the corrosion resistance of three kinds of metal
materials from strong to weak is T91, 12CrMoVG, and 20G.
,e corrosion resistance of T91 is much higher than that of
the latter two. From the beginning of the reaction to about
10 h, the increase in corrosion mass gain appears to be not
obvious. ,e corrosion resistance of 12CrMoVG is slightly
better than that of 20G. Nevertheless, from the corrosion
reaction rate k, it can be seen that the difference between the
two is nonobvious.

In the initial corrosion reactions, each of elements in
metals participates in the corrosion reaction. Cr can react
preferentially with oxygen in the atmosphere as a crucial
element in alloy, form the oxide film with dense and ad-
hesive properties, and produce the passivation phenome-
non, so that the corrosion resistance of metals can be
enhanced. However, when the temperature rises, the dif-
fusion velocity of C in the interior of the metal grain is
greater than that of Cr. ,e formation and precipitation of
carbides make the chrome poor locally near the grain
boundary. NaCl from deposits is easy to react with metal
carbide generated Cl2, which can increase the susceptibility
to intergranular corrosion and cause serious intergranular
corrosion. ,e reaction equation is as follows (M represents
the metal of the heat transfer surface) [16]:

MC + 2NaCl + 2O2⟶ MO + Na2O + CO2 + Cl2 (5)

,e sectional micromorphology of 20G after the deposit
corrosion experiment is shown in Figure 4. ,e corrosion
resistance performance of 20G is the worst as plain carbon
steel without any addition of other alloying elements. ,e
surface of the corrosion layer is loose and porous, and there
is a large gap in the surface of the metal substrate. ,e
adhesion of the corrosion layer is poor and cannot effectively
prevent the corrosive medium HCl/SO2 in the gas phase
from further erosion of the metal. Because of the major Cl
element in the biomass fuel, the content of gaseous HCl and
Cl− of deposits increases while cofiring of biomass and coal.
As very small atom radius, Cl atom tends to agglomerate to
the location of the defects on the metal heating surface, even
directly pass through the oxide film on metal surface, and
lead to pitting corrosion. When deposits contain alkali metal
chlorides, they will directly react with the metal oxide film
and continue to cause corrosion. ,e reaction equations are
as follows:

Cr2O3 + 4HCl + H2⟶ 2CrCl2 + 3H2O (6)

Cr2O3 + 4NaCl +
5
2

 O2⟶ 2Na2CrO4 + 2Cl2 (7)

12CrMoVG is superior to use as stainless steel in terms
of corrosion resistance than 20G. But it is not very perfect in
corrosion resistance to use for biomass-fired boiler due to
the high Cl content in biomass fuel. Wang et al. [17] found
that adding Mo and Ni elements into alloy can improve the
microeutectic structure of metals, suppress the intergranular
corrosion and pitting corrosion effectively, and improve the
adhesion of protective oxide film, thereby improving the
corrosion resistance of metals. When theMo content is more
than 3% in steel, it can significantly inhibit the penetration of
Cl into metallic matrix.

Table 4: Fitting correlations of corrosion mass gain of different metal samples coated with different fuel ash.

Fuels Fitting correlations (ΔG� kτ1/2 +C) k R2

No fuel ash ΔG� 0.1695τ1/2 − 0.19802 0.1695 0.98618
50%B1 + 50%C1 ΔG� 0.39923τ1/2 − 0.36598 0.3992 0.99751
50%B1 + 50%C2 ΔG� 0.37439τ1/2 − 0.38188 0.3744 0.99388
50%B2 + 50%C1 ΔG� 0.29955τ1/2 − 0.24879 0.2996 0.99752
50%B2 + 50%C2 ΔG� 0.23953τ1/2 − 0.11091 0.2395 0.96897
50%B3 + 50%C1 ΔG� 0.19297τ1/2 − 0.08606 0.1930 0.97963
50%B3 + 50%C2 ΔG� 0.18106τ1/2 − 0.09793 0.1811 0.97704
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Figure 3: Curves and fitting correlations of corrosion mass gain of
metal samples coated with ash.

Figure 4: Sectional topography of 20G after deposition corrosion.
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,e sectional micromorphology of T91 is shown in
Figure 5. For T91, Cr content is more than that of
12CrMoVG by an order of magnitude.,e content of trace
elements such as Mo and Ni in T91 is also higher than that in
12CrMoVG. A dense protective film is formed between the
metal matrix and the deposit corrosion layer. ,e corrosion
film is thin and has a good combination with the metal
matrix. It can isolate the metal matrix from the surrounding
corrosive environment. So, the corrosion resistance is the
strongest. In addition, it can be used as the ideal material for
the cofiring boiler of biomass and coal.

3.3. Effect of Proportion of Blended Fuel on Deposit Corrosion.
Figure 6 shows the fitting curve of the increased weight for
12CrMoVG under the coexistence atmosphere of sulfur and
chlorine, using synthetic deposits with different blending ratios
of wheat straw.,e fitted correlations are shown in Table 5.,e
relation curve between the coefficient indicating corrosion rate
k and the proportion of blended biomass λ is shown in Fig-
ure 7. From Figure 6, final corrosion weight of metal samples
increases with the proportion of blended biomass. However,
this increase does not show regularity of weighted average
according to the proportion of blended biomass and coal.

When the proportion of blended wheat straw is more
than 20%, the ash deposit shows the obvious accelerated
corrosion phenomenon on the metal samples. From 50% to
70%, it changes little for the increased corrosion weight.
When the proportion of blended biomass is more than 70%,
the value of k increases obviously. When the proportion of
blended wheat straw is 100%, the corrosion degree is most
serious. Compared with the sample with no ash added, the
weight of the metal sample with ash added increases slightly,
but not significantly, while the ash is pure lean coal ash.
,erefore, each composition of the ash generated by com-
bustion of pure coal works little for the metal corrosion. In
addition, the addition of lean coal in the combustion ef-
fectively inhibits the corrosion caused by wheat straw.

As shown in Table 6, from the analysis of EDS elements
of different gray samples, it was found that there were
significant differences in the content of the corrosive key
elements in ash when different proportion of blended
biomass was burning. When the proportion of blended
wheat straw is 100%, the content of alkali metals and
chlorine in deposits is high. In addition, it is mainly in the

form of chlorides and other substances with a strong
chemical reaction activity. ,e corrosion is the most severe:
on the one hand, it can directly cause severe active oxidation
corrosion; on the other hand, as the reaction is prolonged,
alkali metal chloride such as KCl can react with the corrosion
products FeCl2 and CrCl2 and produce the eutectic with a
melting point of 355°C and 470°C, respectively. Also, the
melting point of the eutectic formed with FeCl3 is even as
low as 202–220°C [18], thereby enabling ash deposition to
appear liquid phase and resulting in more severe corrosion.
,e deposit corrosion activity declines significantly with the
adding of the lean coal. ,e Cl content has decreased ob-
viously while blending 50% lean coal into wheat straw.,ere
is a high content of sulfur in lean coal. While cofiring of
wheat straw and lean coal, the partial pressure of SO2 in-
creases in the atmosphere, and the activity of alkali metal
chloride decreases because of the sulfate reaction in deposits
[19]. ,e corrosion was obviously reduced. Meanwhile, Si
and Al elements in the coal can react with alkali metal
chloride and form aluminosilicate [20], so that the corrosion
of deposits has a further reduction.

When the proportion of blended wheat straw reduced
from 70% to 50%, the deposition corrosion degree decreased
slightly, but not obvious. With the increase in lean coal
blending ratio, alkali metal compounds will form low-
melting eutectics with SiO2, aluminosilicate, sulfate, etc. For
example, the melting temperature of K2O·4SiO4 is 764°C,
and KCl-K2SO4-FexOy will melt at 557°C. ,e appearance of
some trace elements such as Pb, Zn, and Ni will also lead to
the increase of low-temperature eutectic materials in the ash,
and the local liquid phase will appear and lead to serious
electrochemical corrosion [19, 21]. With increasing pro-
portion of blended wheat, the corrosion rate has an
unconspicuous change when the proportion of blended
wheat straw is lower than 20%. Montgomery et al. [22] find

Figure 5: Sectional topography of T91 after deposition corrosion.
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Table 5: Fitting correlations of corrosion mass gain under different proportion of straw biomass blended to coal for metal samples coated
with ash.

Proportion of straw biomass blended to coal (%) Fitting correlations (ΔG� kτ1/2 +C) k R2

100 ΔG� 1.2737τ1/2 − 1.6477 1.2737 0.9945
70 ΔG� 0.3913τ1/2 − 0.2843 0.3913 0.9967
50 ΔG� 0.3992τ1/2 − 0.3659 0.3992 0.9975
20 ΔG� 0.2221τ1/2 − 0.1707 0.2221 0.9894
0 ΔG� 0.1906τ1/2 − 0.2145 0.1906 0.9969
No fuel ash ΔG� 0.1695τ1/2 − 0.1980 0.1695 0.9862
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Figure 7: Curves of coefficient indicating corrosion rate versus proportion of straw biomass blended to coal.

Table 6: Content of elements in different ash.

Element Na Al Si S Cl K
Straw ash 0.433 7.602 10.855 2.54 13.521 21.529
Lean coal 0.612 28.169 33.481 0.837 0.412 0.262
50% straw and 50% lean coal ash 0.498 17.635 25.282 3.911 0.649 7.076
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Figure 8: Curves and fitting correlations of corrosion weight gain of the metal samples coated with ash under different atmospheres. (a)
HCl : 500 μL/L, not containing SO2. (b) SO2 : 500 μL/L, not containing HCl.

Journal of Chemistry 7



that all KCl transform into noncorrosive alkali alumino-
silicate while cofiring blended with 20% biomass. ,en,
sulfate corrosion plays a main role, but the corrosion is
weakened dramatically. It is also consistent with the ex-
perimental results of this paper.

3.4. Effect of Atmosphere in Furnace on Deposit Corrosion.
,e effect of the change of the atmosphere in the furnace on
deposit corrosion is shown in Figure 8. ,e increased weight
curves and the fitting correlations when the blended pro-
portion of wheat straw is 50%, 70%, and 100% under the
simulating flue atmosphere containing 500 μL/L HCl only are
shown in Figure 8(a) while the simulating flue only contains
500 μL/L SO2 in Figure 8(b). With the increase of wheat straw
ratio, it tends to be severe for the corrosion of samples when
the flue gas only contains HCl. Comparing with the situation
under the coexistence atmosphere of sulfur and chlorine
(Figure 6), it can be found that the degree of corrosion is
intensified significantly when the proportion of blended
wheat straw increases from 50% to 70% under the atmosphere
of HCl merely. Once the SO2 is mixed, the corrosion will be
inhibited obviously. Also, the increased weight of the metal
samples covered with combustion ash by 70% wheat straw
and lean coal is even less than 1/2 of that under the HCl
atmosphere. ,e corrosion rules of samples under the at-
mosphere containing only 500 μL/L SO2 are similar with the
rules under the coexistence atmosphere of sulfur and chlorine.
,ere is a further reduction in the increased corrosion weight.
However, the reduction is not obvious, and the corrosion rate
does not appear to be significant. So, when the SO2 content in
the atmosphere is certain, the corrosion effect of HCl on
samples is obviously weakened.

,e analysis of the above test results shows that the
corrosion of the metal samples caused by the change of the
atmosphere is affected by the characteristics of the deposits in
the metal wall. ,e corrosion degree of the samples under
different atmospheres tends to be severe with the increase of
the blending ratio of biomass. When the simulated flue gas
contains only HCl, both KCl from the deposits and HCl from
the gas can cause metal corrosion. ,e corrosion of the metal
by SO2 is mainly reflected in the early rapid corrosion stage. As
the reaction proceeds, SO2 reacts with the alkali metal salts in
the ash to form products with lower activity, such as sulfate,
chromate, and oxide, which can evenly cover themetal surface,
and a similar passivation state appears between the metal and
the gas phase interface, which inhibits further corrosion.

However, under different atmospheres, it can be seen
that the corrosion of the metal samples covered with wheat
straw burning ash is still very serious and is not under the
control obviously with the adding of SO2. Broström et al.
found that sulfation of alkali chlorides is mainly based on
SO3 content in the atmosphere [23, 24]. When the KCl
content in deposits is high enough, the inhibitory effect of
SO2 on corrosion is weakened, and the corrosion is mainly
based on KCl from deposits. When SO2 forms a metal
protective layer on the metal surface, it will undergo a
sulfation reaction with KCl in the ash deposit, which will
increase the partial pressure of HCl at the wall, and the active

oxidative corrosion reaction of chlorine will intensify. KCl
will also destroy the protective layer of the metal surface and
intensifies the corrosion reaction.

4. Conclusions

(1) During cofiring of different biomass fuels with coals,
characteristics of corrosion show obvious differ-
ences. Effect of corrosion from strong to weak is as
follows: wheat straw, corn stalk, and cotton stalk,
because the content of alkali metals and chlorine in
wheat straw is significantly higher. During cofiring of
the same biomass fuels with different coals, the
corrosiveness of lean coal is stronger than that of
bituminous coal. ,e content of alkaline metal ox-
ides and sulfides in coal ash is relatively high, and it
will also cause ash melt corrosion.

(2) ,e corrosion resistance on three kinds of common
boiler metal materials is as follows: T91, 12CrMoVG,
and 20G. ,is is because T91 contains more Cr,
which can form a dense oxide film to slow down
corrosion. ,e content of Mo and Ni is more than
that in the other two metals, which improves the
microeutectic structure of the metal. ,e corrosion
resistance of 12CrMoVG is not much better than
that of 20G. T91 can effectively inhibit the rate of
corrosion, and it can be used as the ideal metal
materials of the heat transfer surface in biomass and
coal cofired boilers.

(3) ,e degree of ash deposit corrosion enhances with
the increase in the proportion of blended wheat
straw. Under the atmosphere with coexistence of
sulfur and chlorine, when the proportion of blended
wheat straw is greater than 70%, the corrosion rate
decreases significantly with the addition of coal.
When the proportion decreases from 70% to 50%,
the metal corrosion weight reduces slightly. When
the proportion is as low as 20%, it can be regarded
that alkali metal chlorides in deposits are all con-
verted into aluminosilicate and sulfate, and the
corrosion rate shows no obvious change with the
increase in the proportion of blended biomass.

(4) ,e metal corrosion caused with the atmosphere
change is influenced by the ash property. HCl in
atmosphere can aggravate the metal corrosion. ,e
presence of SO2 significantly inhibits HCl corrosion
through the sulfate reaction. Especially when the
proportion of blended wheat straw is below 70%, the
inhibitory effect of SO2 on deposit corrosion is more
significant. When the proportion of blended wheat
straw is 100%, the presence of SO2 does not sig-
nificantly inhibit corrosion due to the high KCl
content in deposits.
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Urea pyrolysis, fromwhich the denitration reactant ammonia is produced, plays an important role in the urea-based NOx removal
process. Research into urea pyrolysis is mostly focused on three parts: urea pyrolysis pathway, catalytic hydrolysis of HNCO, and
catalytic pyrolysis of aqueous urea solution. In this paper, detailed overview on research progress of urea pyrolysis was conducted.
From the review, it could be concluded that although much research has been carried out, concentration was mainly in analysis of
urea pyrolysis products and exploration of catalysts used to improve ammonia yields. Little work has been done on mechanism
study and development of a kinetic model with high accuracy, which are still in great need nowadays.

1. Introduction

With the sustained combustion of fossil fuels in boilers and
diesel vehicles, massive harmful emissions of nitrogen oxides
(NOx), mainly including NO andNO2, have been discharged
into the atmosphere [1–5]. In recent decades, widespread
serious environmental problems, such as urban smog, acid
rain, and ozone depletion, have been caused from it [5–7].
To reduce the severe NOx emission, a number of techniques
have been developed and utilized up to now, and the se-
lective catalytic reduction (SCR) and the selective non-
catalytic reduction (SNCR) stand out on account of the high
denitration efficiency [8–10]. In SCR and SNCR processes,
reducing agents are injected into the flue gas to reduce NOx
into harmless nitrogen (N2). At present, the most popular
reducing agent is ammonia (NH3), principally in forms of
aqueous ammonia and liquid ammonia [11–13]. Related
NOx reduction reactions are as follows:

4NH3 + 4NO + O2⟶ 4N2 + 6H2O (1)

2NH3 + NO + NO2⟶ 2N2 + 3H2O (2)

However, as a hazardous chemical, NH3 implies po-
tential risk to safety operation. Its production, trans-
portation, storage, application, and handling require strict

safety and environmental regulations, which immensely
restricts the convenience of its utilization [14, 15]. On this
account, as a substitution, urea (NH2CONH2) has been
suggested as the reducing agent nowadays because of its
nontoxicity, innocuousness, impossibility of explosion, and
capacity to be carried on board [16–18].

In service, urea is firstly pyrolyzed to NH3, and then the
generated NH3 reduced NOx as reactions (1) and (2).
/erefore, the pyrolysis of urea significantly influences the
following NOx removal. Ideally, 1 mole of urea experiences
two-step reactions to form 2 moles of NH3: the direct
thermal decomposition of urea into NH3 and isocyanic acid
(HNCO) (3) and the hydrolysis of HNCO into NH3 and CO2
(4) [19, 20]:

NH2CONH2⟶ NH3 + HNCO (3)

HNCO + H2O⟶ NH3 + CO2 (4)

Unfortunately, in the actual urea-based NOx removal
process, 1 mole of urea can hardly generate 2 moles of NH3.
It is mainly due to the following two factors: (i) unignored
side reactions in parallel with reactions (3) and (4) and (ii)
the rather low reaction rate of (4) [21, 22]. /ese side re-
actions include the generation of macromolecular by-
products such as biuret and cyanuric acid, which leads to
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reduction of NH3 production. /e product of urea de-
composition HNCO reacts with intact urea to produce
biuret (5), and a small amount of HNCO can react with
biuret to produce cyanuric acid (6) [23]:

NH2CONH2 + HNCO⟶ NH2CONHCONH2(biuret)
(5)

NH2CONHCONH2 + HNCO⟶ CYA(cyanuric acid) + NH3

(6)

/erefore, the systematic study on urea pyrolysis
mechanism and the methods to improve the reaction rate of
(4) have been deeply focused on, in order to promote the
NH3 production efficiency for NOx removal [17, 24–26]. In
this paper, a review of urea pyrolysis is presented to sum-
marize related studies.

2. Discussion

2.1. Urea Pyrolysis Pathway. To make the complex urea
pyrolysis pathway clear, abundant experimental research

was carried out, and possible conversion pathways were
proposed based on the experimental results.

Chen and Isa firstly used simultaneous thermogravim-
etry/differential thermal analysis/mass spectrometry (TG/
DTA/MS) to measure the gaseous products during urea
pyrolysis [27]. /ey used TG-DTA technology to heat and
decompose urea at a heating rate of 4°C·min− 1 in 25–500°C.
/e urea melting point was measured to be 132.5°C, and no
gaseous urea was detected during the whole pyrolysis process,
indicating that the decomposition reaction of urea completed
after melting and before gasification. /e whole pyrolysis
process was divided into four stages, corresponding to 66%,
13%, 18%, and 3% weight loss, respectively. /is was the first
time that the pyrolysis process of urea was artificially divided
into four stages in open literature. Simultaneously, the syn-
thesis pathways of biuret and other macromolecular products
as well as the decomposition route of biuret at high tem-
perature were also proposed in this research. In addition,
related reaction formulas (7)–(12) were hypothesized to ex-
plain the whole urea pyrolysis process.

3H2N C NH2
Above melting point 3NH3 +

OH

C

360°C 3HOCN

N

C C

NOH OH

N
O

(7)

O O

C N
H

O

C NH2C2H2N NH2 NH3 + H2N
150–170°C

(8)

H2N C

O

NH

O

NH2
190°C DecomposedC

(9)

H2N NH2 H2N

O

C N
H

H

O

O

O

O

O

N

N

N
H

N

NH2

NH2

+ 3NH3 + 3H2

N

C

C

C

C

C

200°C

O

C
(10)

2 Journal of Chemistry



H

H
N N N N NC C C

O
O

O

H

H

H

H

H H + NH3

H

(11)

HONH
H2O

NH3 + CO2N CC O (12)

In order to accurately determine the formation and
decomposition of relevant macromolecular products during
urea pyrolysis, Schaber et al. adopted thermogravimetric
analysis (TGA), liquid chromatography analysis (HPLC),
ammonium ion electrode analysis (ISE), and Fourier
transform infrared spectroscopy (FTIR) to analyze the
substance types and corresponding quality of the residues in
the reactor where 100.0 g urea was heated to different
temperature under sand bath in an open reaction vessel [23].
/rough their measurement and analysis, the whole process
of urea pyrolysis was also divided into four weight loss stages
(room temperature to 190°C, 190–250°C, 250–360°C, and
above 360°C), corresponding to different typical reactions
via which different macromolecular products formed and
decomposed, as shown in Figure 1. Similar to the experi-
mental results of Chen and Isa [27], Schaber et al. also
divided the urea weight loss process into four stages, and the
weight loss ratio in each stage was approximately equal to
that proposed by Chen and Isa. However, Schaber et al.
adopted more abundant measurement methods to de-
termine the types of reaction products and themass values of
related products in each stage. Meanwhile, Schaber et al.
carried out a detailed analysis process and proposed hy-
pothetical representative reactions in each stage, so the
completeness of the theoretical system was initially achieved.
Although these hypothetical reactions still need further
meticulous verification, their experimental results could help
to provide essential literature support for later researchers.

Lundström et al. used differential scanning calorimetry
(DSC) for the first time to measure the value of heat ex-
change during the thermal decomposition of solid urea in
quartz crucible at the heating rates of 10°C·min− 1 and
20°C·min− 1, respectively [28]. Chemical analysis methods
were mainly used to focus on the measurement and analysis
of products in the pyrolysis process as reported in the lit-
erature [23, 27], while Lundström et al. applied thermal
analysis methods to research urea pyrolysis [28]. In addition,
in order to determine the specific reactions ascribed to
corresponding caloric values as accurately as possible, they
measured and analyzed the DSC curves of biuret and cyanic
acid. /e production of HNCO in urea pyrolysis was also
measured by FTIR, but the measurement accuracy was not
too high. /e experimental results of Lundström et al. in-
dicated that, during pyrolysis of solid urea in quartz cup at a
heating rate of 20°C·min− 1, the production of NH3 peaked
only at around 250°C, while the production of HNCO
peaked at around 250°C and 400°C. /e experimental results
were consistent with the results of the above literature
[23, 27]: biuret began to decompose at 190°C and consumed

a lot in the range of 190–250°C, which indicated that the
decomposition reaction of biuret (9) produced NH3,
resulting in that the production of NH3 peaked at 250°C./e
production of HNCO that peaked at 250°C was due to the
decomposition reaction of urea, while the production of
HNCO that peaked at 400°C may be due to the de-
composition reaction of cyanuric acid (7).

Bernhard et al. studied the effect of temperature increase
rate and heating time on the urea gasification process under
normal pressure by a temperature-programmed desorption
method, and the pyrolysis products were analyzed by using
HPLC and FTIR techniques qualitatively and quantitatively
[29]. /e experimental results showed that the urea solution
could be successfully heated and converted into gaseous state
under normal pressure. Gaseous urea molecules could be
obtained up to 97% under the experimental conditions of
high evaporation area and high carrier gas flow rate, and the
massive production of other byproducts could be effectively
avoided. /is discovery verified the fact that a considerable
amount of urea did not decompose after the urea solution
was completely vaporized, and it proved that urea still
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existed in the reactor in the form of fixed gaseous urea
molecule. At present, there are few experimental and sim-
ulation studies on urea gasification. Considering the gasi-
fication of urea, the degree of urea pyrolysis reaction (3)–(12)
could be determined more accurately, which is beneficial to
improve the computational modeling of urea-based NOx
removal systems.

/e contribution of urea solution to denitration was the
generation of NH3, and the yield of NH3 was very important
for the efficient denitration. Mahalik et al. studied the yield
of NH3 generated by aqueous urea solution heated by a
stable heat source at standard atmospheric pressure in a self-
made semicontinuous reactor [30]. /e effects of reaction
temperature, reaction time, stirring rate, and initial urea
concentration on ammonia generation rate in the reactor
were systematically researched. In their experiments, the
urea concentration in the reactor, rather than the reaction
product NH3, was measured to reflect the depth of the
reaction and the urea conversion rate. /e experimental
results showed that the increase of reaction temperature, the
extension of reaction time, and the increase of stirring rate
effectively increased the urea conversion rate./e increase of
the initial concentration of urea solution also led to the
increase of urea conversion rate. According to the experi-
mental results, they simulated the reaction process by Fluent
and obtained the temperature field distribution and con-
centration field distribution in the reaction process [31]. /e
simulation results were compared with experimental data
and analyzed in detail, based on which the specific ex-
pressions of the reaction rate and reaction activation energy
in the pyrolysis of aqueous urea solution were calculated.
/e activation energy was determined to be 59.85 kJ·mol− 1,
and the pre-exponential factor was determined to be
3.9×106·min− 1.

Our group focused on the effect of different oxygen
concentration and heating rates on the mass loss and the
formation of gaseous products (NH3, N2O, and CO) during
solid urea pyrolysis [21]. Experimental results showed that
there were two sharp endothermic peaks in the process,

reflecting urea melting and its decomposition, respectively.
Little NH3 was detected below 140°C, confirming that little
urea decomposed before urea melting. /is was consistent
with the results of the literature by Chen and Isa [27]. Above
the urea melting point, NH3 production dramatically in-
creased. /e presence of O2 lowered the highest NH3 yield,
possibly as a result of the oxidation of partial generated NH3,
but O2 accelerated the formation of N2O and CO. At the
same condition, the formation amount of N2O was ap-
proximately twice that of CO.

Although some progress was made in urea pyrolysis, and
some important experimental results were obtained by di-
verse measurement and analysis methods, these studies
mainly focused on analysis of urea pyrolysis products. Too
many experimental data were acquired on urea pyrolysis, but
too few literatures were published on the reaction kinetics
analysis. /rough specific experiments, Brack et al. calcu-
lated the reaction order, reaction pre-exponential factor, and
reaction activation energy of urea pyrolysis [32]. /ey fo-
cused their research on the formation pathways of ammonia,
isocyanic acid, urea, biuret, cyanic acid, and ammelide in the
pyrolysis process of solid urea, and a simplified reaction
mechanism including 15-step elementary reactions (shown
in Table 1) was proposed through the combined use of FTIR-
TGA and HPLC analysis. Besides, Ebrahimian et al. pro-
posed a condensed-phase kinetic scheme containing 12
reactions for urea thermal decomposition, as shown in
Table 2 [33]. /e mechanisms were validated by thermog-
ravimetric experiments including gaseous data as well as
solid-phase concentration profiles. Compared with the
corresponding experimental data, it was confirmed that both
the two models had good qualitative consistency and certain
application reference value, but the errors of quantitative
calculation were debatable. Aoki et al. performed urea
thermal decomposition experiments using a laminar flow
reactor and the urea decomposition and NH3 and HNCO
formation rates were presented [34]. /ey assumed the
following decomposition pathways, which have been widely
adopted up to now.

NH2( 2CO⟶
k1 NH3 + HNCO, k1 � 1.2676 × 104 exp − 1.554 × 104[cal/mol]/RT  (13)

NH2( 2CO + H2O⟶
k2 2NH3 + CO2, k2 � 9.925 × 103 exp − 2.098 × 104[cal/mol]/RT  (14)

For urea pyrolysis pathways, Eichelbaum et al. drew the
whole diagram, as shown in Figure 2 [35]. It clearly showed
the generation and decomposition of macromolecular
products in detail.

Much work has been done on urea pyrolysis mechanism,
and valuable research results have been achieved. /e urea
pyrolysis network has been accomplished already, which
includes not only the direct thermal decomposition reaction
of urea and the hydrolysis reaction of HNCO, but also the
generation path and decomposition path of macromolecular
products such as biuret and cyanuric acid during urea

pyrolysis. Even so, the detailed mechanism with accurate
prediction ability still needs more study.

2.2. Catalytic Hydrolysis of HNCO. During urea pyrolysis,
HNCO was an important intermediate product, as its hy-
drolysis reaction (12) played an important role in NH3
production [16–18]. /e HNCO formed from urea de-
composition is quite stable in the gas phase, so its hydrolysis
reaction does not proceed as a homogeneous reaction. To
accelerate it, various oxides have been applied as catalysts.
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Kleemann et al. studied the reaction rate and ammonia
yield of the HNCO hydrolysis reaction under the catalysis of
commonly used SCR catalysts (TiO2, V2O5/TiO2, V2O5-
WO3/TiO2) [36]. And the catalytic effects of catalysts with
different vanadium and tungsten contents on ammonia
production from HNCO hydrolysis were compared in
140–475°C. /e experimental results showed that HNCO
had a higher hydrolysis reaction rate under the catalysis of
pure TiO2 than under V2O5/TiO2 and V2O5-WO3/TiO2,
while the addition of V2O5 orWO3 reduced the reaction rate
to some extent. /e activation energy of the HNCO hy-
drolysis reaction was determined to be about 13 kJ·mol− 1,
indicating that the overall reaction rate was mainly affected
by the mass transfer rate.

Piazzesi et al. carried out experimental research on the
catalytic effect of Fe-ZSM5 andV2O5-WO3/TiO2 catalysts on
the HNCO hydrolysis reaction and also compared the in-
fluence of different V2O5 contents on the catalytic effect of
V2O5-WO3/TiO2 catalysts [37]. Experimental results
showed that Fe-ZSM5 had a very high catalytic effect on the
hydrolysis process of HNCO. /e conversion efficiency of
HNCO increased to 100% at about 260°C, and the perfect

conversion rate was stably maintained until 450°C. /e
V2O5-WO3/TiO2 catalyst also exhibited a high catalytic
effect on HNCO hydrolysis, and the catalytic effect of 1%
V2O5 content was more significant than that of 3% V2O5
content. It indicated that, for the V2O5-WO3/TiO2 catalyst,
the increase of V2O5 content resulted in the decrease of
catalytic efficiency, which was consistent with the experi-
mental results of Kleemann et al. [36].

Czekaj and Kröcher studied the catalytic effect of TiO2
and c-Al2O3 on HNCO hydrolysis by Diffuse Reflectance
Infrared Fourier Transform Spectra (DRIFTS) [38]. /e
experimental results proved that both TiO2 and c-Al2O3 had
significant catalytic effects on HNCO hydrolysis under the
same reaction conditions and TiO2 had better catalytic
performance than c-Al2O3. Additionally, Czekaj and
Kröcher used density functional theory to calculate the
adsorption energy required for HNCO adsorbed on the
catalyst surface during the reaction. /e calculation results
showed that the adsorption energy required for HNCO
adsorption on TiO2 was lower than that on c-Al2O3, which
scientifically explained why the two catalysts differed in
catalytic performance from the perspective of energy.

Table 1: Kinetic reaction scheme of urea decomposition.

Reaction cj A EA (kJ/mol)
I CYA(s)⟶ 3HNCO(g) 0 1.001× 103mol/s 118.42
II Biuret(m)⟶ urea(m) +HNCO(l) 1 1.107×1020 1/s 208.23
III Urea(m) +HNCO(l)⟶ biuret(m) 1/1 3.517×1011ml/mol s 75.45
IV Urea(m)⟶HNCO(l) +NH3(g) 0.3 2.000×104mol0.7/ml0.7 s 74.00
V 2 biuret(m)⟶ ammelide(s) +HNCO(l) +NH3(g) +H2O(g) 2 3.637×1026 1/s 257.76
VI Biuret(m) +HNCO(g)⟶CYA(s) +NH3(g) 1/1 9.397×1020ml/mol s 158.68
VII Biuret(m) +HNCO(g)⟶ triuret(s) 1/1 1.091× 1015ml/mol s 116.97
VIII Triuret(s)⟶CYA(s) +NH3(g) 1 1.238×1018 1/s 194.94
IX Urea(m) + 2HNCO(l)⟶ ammelide(s) +H2O(g) 1/2 1.274×1020ml2/mol2 s2 110.40
X Biuret(m)⟶ biuret(matrix) 1 8.193×1026 1/s 271.50
XI Biuret(matrix)⟶ biuret(m) 1 3.162×1009 1/s 122.00
XII Biuret(matrix)⟶ 2HNCO(g) +NH3(g) 1 5.626×1024 1/s 266.38
XIII Urea(s)⟶ urea(m) 1 1.000×1015·T1.5 1/s 160.00
XIV Ammelide(s)⟶ ammelide(g) 1 1.000×1014ml/mol s 201.67
XV HNCO(l)⟶HNCO(g) Herz–Knudsen equation
Note. States of aggregation: (s): solid, (m): molten, (g): gaseous, (l): liquid/dissolved, (matrix): solid matrix. Triuret: NH2-CO-NH-CO-NH-CO-NH2. For
reactions with two educts the reaction order cj of the second educt is specified as second value.

Table 2: Condensed-phase kinetic scheme for urea thermal decomposition.

Reaction Ai (s− 1) Ei (kJ mol− 1)
(1) Urea⟶NH4

+ +NCO− 8.50×106 84
(2) NH4

+⟶NH3(g) +H+ 1.50×102 40
(3) NCO− +H+⟶HNCO(g) 6.57×102 10
(4) Urea +NCO− +H+⟶ biuret 7.87×1014 115
(5) Biuret⟶ urea +NCO− +H+ 1.50×1024 250
(6) Biuret +NCO− +H+⟶CYA+NH3(g) 2.81× 1018 150
(7) CYA⟶ 3NCO− + 3 H+ 1.50×1019 260
(8) CYA+NCO− +H+⟶ ammelide +CO2 3.48×105 35
(9) Ammelide⟶ 2NCO− + 2H+ +HCN(g) +NH(g) 6.00×1014 220
(10) Urea(aq)⟶NH4

+ +NCO- 1.20×108 84
(11) NCO− +H++H2O(aq)⟶NH3 +CO2(g) 5.62×109 59
(12) Urea(aq) +NCO− +H+⟶ biuret 3.93×1014 115
(g): gaseous; (aq): aqueous.
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Hauck et al. specifically carried out experimental re-
search on the catalytic effect of TiO2 onHNCOhydrolysis, as
well as the thermodynamic catalytic mechanism [39, 40]. In
the self-made experimental system, mass spectrometry was
used to determine the production of different atomic groups,
and the reaction rate of the elemental reactions that might
occur on the TiO2 surface was calculated by quantitative
analysis. After calculation and analysis, they obtained the
conclusion that HNCO hydrolysis was affected by mass
transfer rate, which was consistent with the research con-
clusion of Kleemann et al. [36]. Moreover, Hauck et al.
found that HNCO catalytic hydrolysis over TiO2 was re-
stricted by the external mass transfer rate. However, the
calculation by Hauck et al. rested on the reaction rate
constant, but further activation energy calculation was not
involved. It was worth mentioning that NO, NH3, and NO2
were added to the carrier gas stream, and the influence of the
presence or absence of these gases on HNCO hydrolysis was
investigated. /rough the comparison and analysis of the
experimental results, it was found that the existence of NO,

NH3, and NO2 all inhibited HNCO hydrolysis to different
degree, following the order of NO<NH3<NO2. /e main
reason for the inhibitory effect was that the gases could be
adsorbed on the surface of TiO2, thus reducing the ad-
sorption of HNCO.

Chen et al. measured and compared the similarities and
differences of catalytic effects of c-Al2O3 and CuO/c-Al2O3
on HNCO hydrolysis and calculated the activation energy of
HNCO hydrolysis over the two catalysts, respectively [41].
/ey found that the catalytic effect of c-Al2O3 was slightly
higher than that of CuO/c-Al2O3. According to their ex-
perimental data and calculation results, the activation energy
of the HNCO hydrolysis over the two catalysts changed with
the temperature range. When the temperature was higher
than 200°C, the activation energy of HNCO hydrolysis over
c-Al2O3 was 13 kJ·mol− 1, while over CuO/c-Al2O3 it was
16 kJ·mol− 1. /e activation energy of HNCO hydrolysis
measured by Chen was close to that measured by Kleemann
et al. [36]. Such low activation energy reflected that the
HNCO hydrolysis over c-Al2O3 and CuO/c-Al2O3 was
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mainly controlled by external mass transfer. When the
temperature was lower than 200°C, the calculated activation
energy obviously increased. /e activation energy over
c-Al2O3 was calculated to be 25 kJ·mol− 1, while over CuO/
c-Al2O3 it was calculated as 26 kJ·mol− 1. It indicated that the
reaction below 200°C was mainly dominated by mass
transfer inside the catalyst pores. In addition, nomatter what
the temperature range was, the value of reaction activation
energy over c-Al2O3 was lower than that over CuO/c-Al2O3,
consistent with the phenomenon that c-Al2O3 showed
stronger catalytic effect than CuO/c-Al2O3.

It could be concluded from the analysis of the above
literature [33–38] that the HNCO hydrolysis over metal
oxides catalysts could be basically determined as a reaction
process under mass transfer control. However, the de-
termination of whether external or internal mass transfer is
still controversial now. It is also a recognized fact that the
hydrolysis reaction is slow without the assistance of relevant
catalysts. All the catalysts used in the study were metal
oxides, and they were mainly concentrated on the catalysts
commonly used in SCR technology. Among them, TiO2
performed prominent catalytic effect, while the addition of
vanadium and tungsten could hardly improve the catalytic
efficiency.

2.3. Catalytic Pyrolysis of Aqueous Urea Solution. /e
aforementioned studies on urea pyrolysis mechanism and
on catalytic hydrolysis of HNCO were conducted for the
production of NH3, and effectively converting urea to NH3
with low energy consumption was decidedly pursued in
actual operation. As aqueous urea solution is the most
widely used agent in the urea DeNOx process, many re-
searchers have focused their research on the catalytic py-
rolysis of aqueous urea solution.

Koebel and Struts conducted an experimental study on
the synergistic process of urea pyrolysis and hydrolysis in
SCR system of automotive internal combustion engines [42].
/ey focused their research on how to reasonably select the
heating source for urea pyrolysis. In the paper, Koebel and
Strutz listed the heat source selection of different ways in the
urea pyrolysis process in detail and carried out specific
energy consumption calculation, heat calculation, and ex-
perimental research for these selections, respectively. By
analyzing and comparing, the following most energy-saving
technical scheme was put forward: selecting part of the hot
exhaust gas of the internal combustion engine to provide
heat supply for urea pyrolysis, and improving the ammonia
production efficiency of urea pyrolysis by rationally using
the integral-type catalyst. /is technical scheme could not
only improve the ammonia yield, but also effectively utilize
the exhaust heat of the internal combustion engine, which
was in line with the principle of economy and practicability.

Yim et al. carried out experimental research and theo-
retical calculation on NH3 production from urea pyrolysis in
SCR system in 150–450°C [43]. /e atomized urea solution
particles were heated and decomposed in a self-made alu-
minum reaction system, and the effects of residence time and
reaction temperature on the pyrolysis of urea solution were

mainly investigated. /eir experimental results demon-
strated that the hydrolysis of HNCO occurred without
catalysts when the reaction temperature was high enough
(≥400°C). /e prolongation of residence time was beneficial
to urea pyrolysis and effectively promoted ammonia yield. In
order to improve the ammonia generation rate, they also
studied the catalytic effect of the high efficiency denitration
catalyst CuZSM5 on pyrolysis of aqueous urea solution. /e
reaction rate and reaction activation energy of the two-step
pyrolysis reactions of aqueous urea solution were calculated
based on the obtained experimental results. However, an
aluminum reactor was used in their experimental system,
and it was likely that Al2O3 attached on the inner surface of
the reactor might catalyze the reaction, so their conclusion
results needed further verification.

In order to compare the effects of different oxide cata-
lysts on the pyrolysis reaction of aqueous urea solution and
obtain detailed catalytic efficiency values, Kröcher and
Elsener tested the catalytic effects of twenty potential catalyst
materials on the pyrolysis of aqueous urea solution in a self-
made fluidized bed reactor [44]. /e results are listed in
Table 3. By comparison, c-Al2O3 was identified as the most
suitable catalyst material in fluidized bed reactor. Although
TiO2 showed the highest catalytic efficiency during the
experiments, its wear resistance was far lower than that of
c-Al2O3. /e catalytic efficiency of the catalysts was tested
under the fluidized state, which was usually higher than that
in fixed bed reactor, so it limited the application reference
value to some extent.

In the above literature [42–44], the solvent of urea so-
lution was water, which might affect the catalytic effect of
catalysts. Perhaps being aware of it, Bernhard et al. carried out
experimental tests and kinetic analysis on the catalytic effi-
ciency of stationary catalysts soon afterwards [45]. In their
experimental system, the catalytic effects of different char-
acteristic sizes of TiO2, ZrO2, Al2O3, H-ZSM-5, and SiO2 on
urea pyrolysis andHNCOhydrolysis were tested, respectively.
Particularly, the catalytic effect of the above materials on urea
pyrolysis under anhydrous conditions was a conspicuous
highlight. In previous studies, catalytic efficiency was tested in
experiments with water. Differently, Bernhard et al. used
methanol and ethanol as solvents to avoid the presence of
water in the experiments, which provided convincing ex-
perimental data for the catalytic research of oxides on urea
pyrolysis without water./e experimental results showed that
the presence or absence of water had a great influence on the
catalytic effect of the catalysts. When the urea solvent was
water, the order of catalytic effect of different catalysts was
ZrO2>TiO2>Al2O3>H-ZSM-5> SiO2. Under anhydrous
conditions, the order changed to TiO2>H-ZSM-
5≈Al2O3>ZrO2> SiO2. Additionally, the ammonia pro-
duction efficiency over these catalysts under anhydrous
conditions was significantly lower than that under hydrous
conditions.

Lundström et al. adopted differential scanning calo-
rimetry and mass spectrometry to study the effects of TiO2,
Al2O3, and Fe-Beta catalysts on the production of ammonia,
isocyanic acid, and carbon dioxide from urea pyrolysis
under anhydrous and hydrous conditions [46]. /e
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Table 3: Test of fluidized bed materials for the thermohydrolysis of 50% urea solution.

Bed material
Particle
diameter
(mm)

Reactor
diameter
(mm)

Volume of
bed material

(ml)

Air
flow
(LN/h)

Urea
dosage
type

Urea
solution
dosage (g/

h)

Bed
loading
(g/

(h·ml))

Fluidized bed
temperature

(°C)

YNH3
(%)

YHNCO
(%)

Urea
slip
(%)

c-Al2O3
“Uetikon1” 0.2–0.315 20 15 150 From

top 185 6.2

300 99 1 0.4
275 99 1 0.4
250 100 0 0.4
225 102 0 0.5
200 96 1 1.2

c-Al2O3
“Uetikon1” 0.50–0.63 25 15 520 From

top 185 6.2

300 97 4 1.2
275 96 5 1.3
250 84 12 2.6
225 73 16 3.9

c-Al2O3
“compalox” 0.50–0.63 25 15 520 From

top 185 6.2

300 96 0 1
275 95 0 0.7
250 96 1 0.9
225 93 2 2.3

c-Al2O3
“puralox” 0.2–0.315 20 15 150 From

top 185 6.2

300 96 5 0.4
275 99 5 0.3
250 96 4 0.4
225 98 4 0.4
200 99 4 0.9

c-Al2O3 “CAT
250” 0.50–0.63 50 60 1860 From

top 340 2.9

300 97 2 0.7
275 98 3 0.6
250 96 2 0.6
225 97 3 0.6
200 95 3 1.2

c-Al2O3 “CAT
250” 1.0–1.25 50 60 3900 From

top 350 2.9

300 96 0 1.9
275 95 0 1.8
250 94 1 1.6
225 83 5 2.4
200 66 15 5

c-Al2O3 “CAT
250” 1.0–1.25 50 60 3900 From

top 350 2.9

300 94 0 1.1
275 94 1 1.2
250 93 1 1.3
225 89 6 2.3

c-Al2O3 “CAT
250” 1.0–1.25 25 15 1109 From

top 186 6.2

300 101 0 1.9
275 100 2 1.7
250 99 3 1.8
225 84 12 3.2

c-Al2O3
“condea” 1.0–1.25 20 15 554 From

top 185 6.2
300 89 5 5.8
275 78 16 6.1
250 69 23 6.3

c-Al2O3
“seralite 537” 1.0–1.25 50 60 3900 Into

bed 350 2.9

300 94 3 1.9
275 91 5 2.2
250 85 7 3
225 72 13 5

α-Al2O3
“seralite 512 S” 1.6–2.0 50 60 4700 Into

bed 290 2.4 300 47 31 9.1

α-AlOOH
(boehmite) 0.2–0.315 20 15 150 From

top 185 6.2

300 99 3 0.8
275 94 4 0.5
250 96 3 0.8
225 95 5 0.6
200 96 5 0.7

SiO2 “aerosil” 0.50–0.63 25 15 410 From
top 185 6.2 300 70 25 4.2
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differences of ammonia production between anhydrous and
hydrous conditions were also detected. However, different
from the reference [45], in this paper, researchers did not
recognize that TiO2, Al2O3, and Fe-Beta catalysts could
catalyze urea pyrolysis under anhydrous conditions. /ey
attributed the difference to the absence of HNCO hydrolysis
under anhydrous conditions. /is conclusion contradicted
the results of Yim and Bernhard et al. [43, 45] but lacks
scientific basis.

In the literature mentioned above, urea was pyrolyzed
on the catalyst which was put into the reactor in the form
of solution with water, methanol, or ethanol as solvent. In
the experiment of Bernhard et al., N2 at 100°C was passed
through honeycomb-like TiO2 cordierite filled with
aqueous urea solution [47]. /e formed mixed gas stream
was determined by HPLC and FTIR. In this paper,
Bernhard et al. first clearly analyzed and obtained the
adsorption form of urea on the surface of TiO2 and cal-
culated the energy value consumed during the adsorption
process.

/e effect of oxygen concentration and different addi-
tives (Na2CO3 and NaNO3) on NH3 yields and N2O and CO
production from pyrolysis of aqueous urea solution was
studied by our group [22].Without additives, the presence of
oxygen made the NH3 yields drop rapidly in 550–800°C./e
addition of Na2CO3 or NaNO3 not only increased the NH3
yields but also reduced the N2O and CO production via a
series of chain reactions of sodium species, but it did not
restrain the NH3 oxidation at high temperatures. /e ad-
dition of sodium species probably provided plenty of NaO
and NaO2, which might catalyze the HNCO hydrolysis to
dramatically increase the NH3 yields. Moreover, the harmful
gaseous by-products (N2O and CO) might participate in the
chain reactions of sodium species, so most N2O and nearly
all CO could be consumed.

Various catalysts were selected for hydrolysis of aqueous
urea solution, and some outstanding ones stood out for the
excellent efficiency. Many studies have been carried out on
the exploration and development of catalysts, while little
attention has been paid to the catalytic mechanism

Table 3: Continued.

Bed material
Particle
diameter
(mm)

Reactor
diameter
(mm)

Volume of
bed material

(ml)

Air
flow
(LN/h)

Urea
dosage
type

Urea
solution
dosage (g/

h)

Bed
loading
(g/

(h·ml))

Fluidized bed
temperature

(°C)

YNH3
(%)

YHNCO
(%)

Urea
slip
(%)

AlSiOx
(molochite) 0.22–0.50 20 15 150 From

top 4.5 0.02

400 61 25 n.d.
350 55 34 n.d.
300 38 33 n.d.
250 24 20 n.d.

MgSiOx
“florisil” 0.50–0.63 25 15 400 From

top 185 6.2
300 90 8 2.3
275 86 7 2.1
250 83 9 3

TiO2
“macrosorb T” 0.2–0.315 20 15 150 From

top 185 6.2

300 104 1 0.7
275 102 1 0.8
250 95 4 2.7
225 62 8 5.9

TiO2 “7702” 0.50–0.63 25 15 520 From
top 185 6.2

300 98 0 1.5
275 99 0 1.2
250 99 0 1
225 99 1 1
200 98 2 1.6

V2O5/WO3-
TiO2

0.315–0.50 25 15 356 From
top 185 6.2

300 96 1 0.6
275 96 1 0.6
250 90 6 1.1
225 87 6 1.5
200 82 6 2.9

Molsieve 5 Å 0.2–0.315 20 15 150 From
top 94 3.1 300 93 7 0.9

275 58 21 7.2

Molsieve
“13X” 0.50–0.63 25 15 410 From

top 185 6.2
300 93 2 0.7
275 76 13 1.2
250 43 20 5.5

H-MOR ca.2.(2–4) 50 60 3900 From
top 350 2.9 300 85 4 2.6

275 83 6 2.8

H-ZSM-5 ca.2.(2–4) 50 60 3900 From
top 350 2.9 300 72 19 3.1

275 66 25 3.6
Dealuminated
Y ca.2.(2–4) 50 60 3900 From

top 350 2.9 300 52 35 5
275 51 36 5.6
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investigation. Further work, especially the dynamic mech-
anism, was still needed to help to make better use of these
catalysts.

3. Conclusion

Urea pyrolysis plays an important role in urea-based NOx
removal technology. Research into urea pyrolysis mostly
focused on three parts: urea pyrolysis pathway, catalytic
hydrolysis of HNCO, and catalytic pyrolysis of aqueous urea
solution. /e network of urea pyrolysis has been basically
established, which includes not only the direct thermal
decomposition reaction of urea and the hydrolysis reaction
of HNCO, but also the generation path and decomposition
path of macromolecular products such as biuret and cya-
nuric acid during urea pyrolysis. /e HNCO hydrolysis over
metal oxides catalysts could be basically determined as a
reaction process under mass transfer control. And it is also a
recognized fact that the HNCO hydrolysis reaction is slow
without the assistance of relevant catalysts. No matter
whether in the presence or absence of water, TiO2 has
relatively higher catalytic effect on urea pyrolysis and HNCO
hydrolysis.

Although much work has been done, concentration was
mainly on analysis of urea pyrolysis products and explo-
ration of catalysts used to improve ammonia yields. In future
work, it is necessary to determine the detailed reaction
mechanism and catalytic mechanism in the urea pyrolysis
process more clearly and to establish a high-precision kinetic
model.
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O. Kröcher, “Catalytic urea hydrolysis in the selective catalytic
reduction of NOx: catalyst screening and kinetics on anatase
TiO2 and ZrO2,” Catalysis Science & Technology, vol. 3, no. 4,
pp. 942–951, 2013.

[46] A. Lundström, T. Snelling, P. Morsing, P. Gabrielsson,
E. Senar, and L. Olsson, “Urea decomposition and HNCO
hydrolysis studied over titanium dioxide, Fe-Beta and
c-Alumina,” Applied Catalysis B: Environmental, vol. 106,
no. 3-4, pp. 273–279, 2011.

[47] A. M. Bernhard, I. Czekaj, M. Elsener, and O. Kröcher,
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.e existence and phase structures of high Ti-bearing blast furnace slag at a high temperature are the key issue to flow performance
and reaction temperature. It is essential to evaluate the physical-chemical properties, such as viscosity and melting point In this
work, a new method of online research of B2O3 on crystal behavior of high Ti-bearing blast furnace slag is proposed. By ultrahigh-
temperature confocal laser scanning microscope and area scanning analysis, it can be concluded that the effect of B2O3 additives
on the viscosity has a more obvious effect among the low-temperature region of the slag. Compared to the samples without B2O3
additives, the liquid phase of Ti-bearing slag with B2O3 additives appears earlier at the same experimental temperature, and the
solid particles floating on the surface of liquid slag become less. Moreover, the B2O3 additives can promote the migration of
titanium elements from the high melting point phase to the low melting point phase, and the transferring quantity increases with
the addition of the amount of B2O3 additives. .ese results demonstrate that B2O3 additives can restrain the appearance of the
perovskite phase, decrease the apparent viscosity, and promote the metallurgical properties of Ti-bearing blast furnace slag.

1. Introduction

.e lower production cost for iron and steel enterprise
becomes one of the most important objectives in the present
situation under the premise of ensuring quality. .e use of
local vanadium titanomagnetite replacing ordinary iron ore
could save expensive freight and reduce material cost due to
geographical location of Panzhihua Iron and Steel. But the
TiO2 content in slag increased with the improving pro-
portion of vanadium titanomagnetite in blast furnace. .e
TiO2 content in blast furnace (BF) slag has a significant effect
on the fluidity of slag. .e influence degree increases with
the fluctuation of TiO2 proportion in blast furnace, thus
affecting the slag iron reaction and performance of BF.

At the condition of current technology of BF coal
powder injection, the TiO2 in slag will react with the un-
burned pulverized coal and produce high melting point
phase, such as TiC..e high melting point phase will further
increase the slag viscosity and make the slag iron more

difficult to separate. Meanwhile, the quality of raw material
and fuel into the furnace deteriorates with the continuous
exploitation of mineral resources, which results in larger
fluctuations of furnace burden composition and makes
metallurgical properties of slag deterioration. .erefore, it is
essential to improve the flow performance and decrease the
effect of component fluctuation [1, 2].

Lin et al. [3] studied the influence of CaF2 additives on
the apparent viscosity of Ti-bearing blast furnace slag and
concluded that the CaF2 additives could reduce the apparent
viscosity to a certain extent. Li et al. [4] investigated the
variation regularity of B2O3 additives replacing SiO2 for
CaO-BaO-SiO2-Al2O3-CaF2 system and obtained the
quantitative relationship between alkalinity and de-
sulfurization rate. Nakamoto et al. [5] studied the evolution
regularity of the surface tension of molten silicate with B2O3,
CaF2, and Na2O surfactants. Zhang et al. [6] analyzed the
change rules of B2O3 and Na2O in the fluorine-free slag from
1300°C to 1400°C by using a thermogravimetric analyzer.
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Tasuku and Fumitaka [7] studied the effect of B2O3 additives
on desulfurization capacity in FeOx-CaO-MgOsatd-SiO2 slag
at the temperature of 1300°C. Shi et al. [8] studied the phase
equilibrium law of CaO-SiO2-5wt.%MgO-20wt.%Al2O3-
TiO2 system at 1300°C and 1400°C by SEM-EDS, XRD, and
XRF. Li et al. [9] performed some studies about the effect of
Al2O3 additives on precipitated phase transformation, and
the results showed that Al2O3 additives could prompt phase
change from perovskite to lowmelting point phase. Bian and
Gao [10] investigated the influence of basicity and B2O3 on
apparent viscosity and microstructure using high-temper-
ature viscosity meter, XRD, etc., and the results showed that
the apparent viscosity decreased with the increasing number
of B2O3 additives and CaO/SiO2 ratio. Qiu et al. [11] studied
the influence of Cr2O3 additives on apparent viscosity and
microstructure. Above all the researches [12–19], the
physical-chemical properties and phase structures of met-
allurgical slag at high temperature are characterized based
on the cooled samples by different cooling rates such as air
cooling, water cooling, or nitrogen cooling. However, the
actual phase structures of slag melt at high temperature are
different from that of solidified slag. .e influence mech-
anism and evolution of the actual structure of Ti-bearing
blast furnace slag on the smelting process need to be
characterized precisely. Compared with the traditional
offline research, the online research can clearly observe the
continuous change process of slag melting at high tem-
perature. At the same time, the online research can provide
some references for the smelt slag change in the “black box”
of blast furnace.

In this work, a newmethod of online research of B2O3 on
crystal behavior of high Ti-bearing blast furnace slag is
proposed..e viscosity variation belowmelting temperature
with B2O3 additives was detected. .e variation law with
time of perovskite formation was analyzed by ultrahigh-
temperature confocal laser scanning microscope. .e crystal
behavior of perovskite with B2O3 additives was investigated
by SEM-EDS..is work provides an exploratory research on
the evolvement rule of online high-temperature state.

2. Experimental

2.1. Materials, Apparatus, and Equipment. .ese materials
were synthesized with various analytical grade chemicals
according to chemical components of high Ti-bearing blast
furnace slag of Panzhihua Steel and Iron Group Corpora-
tion, which are listed in Table 1. .e synthesized high Ti-
bearing blast furnace slag was heated to 1500°C and then
kept for 30 minutes to ensure the melt homogenized under
Ar atmosphere. After that process, the melt quenched into
the water. .e quenched samples were ground into powder
and sieved with different particle sizes. .e grain size of
experimental slags was in the range of 50 to 74 micrometer.
.e B2O3 additives were all analytical reagents, which was
used in apparent viscosity and confocal laser scanning
experiments.

.e basic schematic diagram of apparent viscosity ex-
perimental apparatus by the rotating cylinder method in the
literature [3] and ultrahigh-temperature confocal laser

scanning microscope’s (VL2000DX-SVF17SP, LASERTEC,
Japan) principle is shown in Figure 1..e light beam emitted
by the light source was focused on the surface of the ex-
perimental sample, and the reflected light to the experi-
mental sample went back along original paths. .e reflected
light passed through lens, focused again, and imaged onto
photoreceptors. Only the reflected light which shined on the
surface of experimental samples could be received by the
original paths in the confocal laser scan microscope system,
and other reflected lights were shielded by pinhole. .e
maximum temperature of ultrahigh-temperature confocal
laser scanning microscope could reach 1700°C, and the error
was less than ±2°C. .e platinum crucibles instead of
graphite crucibles were used in experiment to prevent the
TiO2 reacting with carbon. .e chemical components are
listed in Table 1. .e 0# sample without B2O3 was set as a
reference slag; the B2O3 additives were 1% in 1# sample and
2% in 2# sample.

2.2. Experimental Procedure. .e apparent viscosity of high
Ti-bearing blast furnace slag was measured by Brookfield
digital viscometer (RTW-10, Northeastern University) by
the rotating cylinder method. .e molten slag was cooled
down by the temperature-controlling program until the
viscosity-temperature curve became stationary..e viscosity
curves that changed with temperature were recorded by
software on computer. .en, the morphologies of samples
were analyzed by ultrahigh-temperature confocal laser
scanning microscope (VL2000DX-SVF17SP, LASERTEC,
Japan).

.e platinum crucible which was filled with high Ti-
bearing blast furnace slag was put on Al2O3 sheets above the
sample bracket, and the content of slags was between 50%
and 75%. .e experimental sample moved slowly until the
fixed position by the particular hydraulic system. At this
point, high-purity argon was injected into the furnace body,
and gas flow rate was kept at about 30ml/min. .e ex-
perimental samples were heated up at a rate of 300°C/min.
After reaching the set value (1485°C), the experimental
samples were kept at a constant temperature for 120min by
adjusting the temperature control system. .en, high-purity
argon was switched to helium gas, and the helium flow rate
was set to 400ml/min for cooling the experimental samples
down. .e huge cooling rate could make the morphologies
of products closer to high-temperature state of slags than
other cooling methods. After cooling the hot products to
room temperature using helium gas, shut the air trans-
porting pipe and collect completely the experimental
products for fine-grinding, polishing, composition, and
micrograph analysis.

Table 1: .e chemical compositions of samples (%).

CaO SiO2 MgO Al2O3 TiO2 V2O5 C B2O3 R
0# 27.55 26.20 9.19 14.89 21.85 0.10 0.22 0 1.05
1# 27.02 25.73 9.19 14.89 21.85 0.10 0.22 1.0 1.05
2# 26.51 25.24 9.19 14.89 21.85 0.10 0.22 2.0 1.05
3# 26.00 24.75 9.19 14.89 21.85 0.10 0.22 3.0 1.05
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3. Results and Discussion

3.1. Effect of B2O3Additives on theViscosity of Slag. .e effect
of B2O3 additives on the apparent viscosity of slag with
temperature variation is shown in Figure 2, the vertical
coordinate is the apparent viscosity of high Ti-bearing blast
furnace slag, and the horizontal axis is the experimental
temperature. .e viscosity-temperature curve is a graph
drawn by the computer connected with the viscosimeter in
the process of measuring viscosity by cooling slag. .e 0#
sample is the benchmark specimen without B2O3, and the
B2O3 amount of 1#, 2#, and 3# samples is, respectively, 1%,
2%, and 3%.

According to Figure 2, the B2O3 additives improve the
fluidity and reduce the apparent viscosity of high Ti-bearing
blast furnace slag. With increase in the B2O3 additives, there
are lower apparent viscosity at the same experimental tem-
perature. When the temperature of high Ti-bearing blast
furnace slag is above the melting temperature, the apparent
viscosity of slag with B2O3 additives is lower than that of 0#
sample, the difference between the content of B2O3 additives
is not obvious, and the curves are almost completely co-
inciding. Compared with the benchmark specimen, the ap-
parent viscosity with B2O3 additives is slightly lower than the
slag without B2O3. .erefore, the B2O3 additives can slightly
reduce the apparent viscosity of high Ti-bearing blast furnace
slag for the temperature above the melting temperature.

When the experimental temperature is lower than the
melting temperature, the apparent viscosity of high Ti-
bearing blast furnace slag decreases with the addition of
B2O3. Compared to the benchmark curve, the drop of ap-
parent viscosity is more obvious with the increasing B2O3
additives shown in Figure 2. According to Figure 2, making a
straight line perpendicular to the ordinate to intersect at four
points with four curves, the lower temperature is essential as
increasing the amount of B2O3 additives to maintain the

same apparent viscosity of high Ti-bearing blast furnace slag;
that is, the slag has lower apparent viscosity at the same
experimental temperature as the amount of B2O3 additives
increases. When the experimental temperature is equal to
the melting temperature, it decreases with the increasing
amount of B2O3 additives. .erefore, the B2O3 additive has
an obvious effect on low temperature area of high Ti-bearing
blast furnace slag, influences the area above the hearth of BF,
and promotes the stability of blast furnace.

3.2. 5e Evolution of Perovskite Phase at Different
Temperatures. Figures 3–5 show the evolution morphologies
of high Ti-bearing blast furnace slags within B2O3 additives
with the variation of the temperature. .e temperature of slag

1 2 3
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Figure 1:.e schematic diagram of the experimental apparatus (1, optical system; 2, furnace; 3, thermal insulation; 4, light source; 5, lens; 6,
Al2O3 sheets; 7, temperature control system; 8, gas; 9, water cooling system; 10, computer).
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Figure 2: .e relationship between apparent viscosity and the
amount of B2O3 additives.
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in the picture is 1300°C (Figures 3(a), 4(a), and 5(a)) and
1360°C (Figures 3(f), 4(f), and 5(f)), and the temperature
interval of two adjoining pictures is 10°C. Compared with the
traditional offline research, the online research can clearly
observe the continuous change process of slag melting at high
temperature. At the same time, the online research can provide
some references for the smelt slag change in the “black box” of
blast furnace.

According to Figure 3(a), the liquid phase of high Ti-
bearing blast furnace slag starts to appear at the temperature
of 1300°C, as shown in the white area, and the black area is
the solid materials. As the temperature of high Ti-bearing
blast furnace slag continuously increases, the liquid slag
steadily becomes more as shown in the white area of
Figure 3(b), and the other solid materials floats on the
surface of the liquid slag. When the temperature of slag

(a) (b) (c)

(d) (e) (f )

Figure 3: .e evolution rules of morphology without B2O3: (a) 1300°C; (b) 1310°C; (c) 1320°C; (d) 1340°C; (e) 1350°C; (f ) 1360°C.

(a) (b) (c)

(d) (e) (f )

Figure 4: .e evolution rules of morphology with 1% B2O3: (a) 1300°C; (b) 1310°C; (c) 1320°C; (d) 1340°C; (e) 1350°C; (f ) 1360°C.
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continues to rise (Figures 3(c) and 3(d)), the suspended
phase on the surface of liquid slag gradually disappears, and
the suspended phase is hardly visible in Figures 3(e) and 3(f).
.is phenomenon is inconsistent with the ultrahigh melting
point of perovskite phase..erefore, it can be concluded that
the perovskite phase is distributed in liquid slag with fine
dispersion particles and influences the viscosity of slag.

According to Figures 3–5, the amount of suspended
phase appears smaller at the same temperature with addition
of the B2O3, the degrees of decline increase with the in-
creasing amount of B2O3 additives. When the amounts of
B2O3 additives are added to 2%, there have no obvious
suspended phase on the surface of the slag at the temperature
of 1300°C. .e phenomenon shows that the B2O3 addition
can decrease the melting temperature of Ti-bearing slag and
lead to downward movement of viscosity-temperature
curves. Compared with offline research [3], the online re-
search of Ti-bearing blast furnace slag could reflect the
constant changes in “black box” rather than a frozen
moment.

.erefore, the B2O3 addition can not only make the slag
become the liquid phase earlier but also can translate the
high melting point of Ti-bearing slag into other low melting
point phase, showing better flowing properties.

3.3. 5e Crystal Behavior of Perovskite on Adding B2O3.
In order to investigate the effect of B2O3 additives on the
Ti-bearing phase below high-temperature condition, the
samples in ultrahigh-temperature confocal laser scanning
microscope were cooled by helium at the temperature of
1485°C, in which the B2O3 amount was 0%, 1%, and 2%,
respectively. .e quench products kept the morphology of

slag in a great degree below high-temperature condition.
Figures 6–8 represent the results of area scanning map-
ping of Ca, Si, Mg, Al, O, and Ti in different additions of
B2O3.

Lots of cruciform phases disperse in blast furnace slag
without B2O3 addition at the temperature of 1485°C, as
shown in Figure 6. It can be concluded that the crossed phase
is perovskite by the analysis of the area scanning mapping
and energy spectrum. .e perovskite phase still exists in
liquid slag in the form of solid particles and forms solid-
liquid mixtures at the temperature of 1485°C.

When the amount of B2O3 additives is equal to 1%, the
existential state of slag is shown in Figure 7 at the tem-
perature of 1485°C. According to Figure 7, the crossed phase
is perovskite which exists in the form of solid particles under
the experimental temperature. Compared with the samples
without B2O3 additives, a certain amount of perovskite phase
disappears in liquid slag.

When the amount of B2O3 additives further increases to
2%, there is a significant area of nonperovskite phase in
samples, as shown in Figure 8(a). Compared with 0# sample
and 1# sample, the amounts of perovskite phase decrease
significantly. .e product is cooled to room temperature
from 1485°C by helium, and the scanning mapping and
energy spectrum analysis results are shown in Figure 8(b).
According to Figure 8(b), the titanium element not only
concentrates in the perovskite phase but also distributes
largely in the nonperovskite area. Finally, based on the
results, it can be concluded that the B2O3 addition can
translate perovskite phase of high melting point into the
other Ti-bearing materials of low melting point. It is one of
the important reasons that B2O3 additives cause the decrease
of slag’s viscosity.

(a) (b) (c)

(d) (e) (f )

Figure 5: .e evolution rules of morphology with 2% B2O3: (a) 1300°C; (b) 1310°C; (c) 1320°C; (d) 1340°C; (e) 1350°C; (f ) 1360°C.
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(a)

Ti K 0 3

(b)

Ca K 0 3

(c)

Si K 0 4

(d)

0 3Mg K

(e)

Al K 0 3

(f )

O K 0 3

(g)

Figure 6: Area scanning mapping of Ti, Ca, Si, Mg, Al, O, and EDS in 0# sample without B2O3 at 1485°C.

Perovskite

(a)

Ti K 0 3

(b)

Figure 7: Area scanning mapping of Ti and EDS in 1# sample with 1% B2O3.
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4. Conclusions

.e effect of B2O3 additives on the crystallization behavior of
high Ti-bearing blast furnace slag was investigated online by
ultrahigh-temperature confocal laser scanning microscope
under inert atmosphere. .e results show that the B2O3
additives can have a significant impact on the melting
temperature and Ti element distribution of slag, and some
important conclusions are as follows:

When the temperature of high Ti-bearing blast furnace
slag is higher than the melting temperature, the apparent
viscosity of slag slightly decreases with the increasing
amount of B2O3 additives. However, the apparent viscosity
of slag appears largely to change with the increasing amount
of B2O3 additives as the temperature of slag is lower than the
melting temperature. .erefore, the B2O3 additives have
more obvious influence on the low temperature region of
slag.

.e B2O3 additives can induce the earlier appearance of
liquid phase and decrease the amounts of solid particles which
float on the surface of liquid slag at the same experimental
temperature by online observation. Combined with the area
scanning analysis, the B2O3 additives can make the titanium
elements migrate from the high melting point phase to the
low melting point phase, which result in a loss of the pe-
rovskite phase and titanium distribution more diffuse. .e
B2O3 additives could not only restrain the appearance of
perovskite production but also provide the higher metal-
lurgical properties of Ti-bearing blast furnace slag. .erefore,
the rational content of B2O3 additives provides a feasible and
convenient method to reduce the melting temperature and
increase the liquidity of Ti-bearing blast furnace slag.
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