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a b s t r a c t

Co-combustion of methane (CH4) and acid gas (AG) is required to sustain the temperature in Claus reac-
tion furnace. In this study, oxy-fuel combustion of methane and acid gas has been experimentally studied
in a diffusion flame. Three equivalence ratios (ER = 1.0, 1.5, 2.0) and CH4-addition ratios (CH4/AG = 0.3,
0.5, 0.7) were examined and the flame was interpreted by analyzing the distributions of the temperature
and species concentration along central axial. CH4-AG diffusion flame could be classified into three sec-
tions namely initial reaction, oxidation and complex reaction sections. Competitive oxidation of CH4 and
H2S was noted in the first section wherein H2S was preferred and both were mainly proceeding decom-
position and partial oxidation. SO2 was formed at oxidation section together with obvious presence of H2

and CO. However, H2 and CO were inclined to be sustained under fuel rich condition in the complex reac-
tion section. Reducing ER and increasing CH4/AG contributed to higher temperature, H2S and CH4 oxida-
tion and CO2 reactivity. Hence a growing trend for CH4 and AG to convert into H2, CO and SO2 could be
witnessed. And this factor enhanced the generation of CS2 and COS in the flame inner core by interactions
of CH4 and CO2 with sulfur species. COS was formed through the interactions of CO and CO2 with sulfur
species. The CS2 production directly relied on reaction of CH4 with sulfur species. The concentration of
COS was greater than CS2 since CS2 was probably inhibited due to the presence of H2. COS and CS2 could
be consumed by further oxidation or other complex reactions.
� 2023 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights reserved.

1. Introduction

Hydrogen sulfide, a flammable and toxic gas, is widely spotted
in crude natural gas, petroleum well and coal seams and is a com-
mon by-product during a number of industries such as coal or bio-
mass gasification, oil refining, gas sweetening, biogas utilization,
waste gas purification, waste water treatment and other desulfur-
ization processes [1–4]. Generally, acid gas (AG) mainly consists of
H2S and CO2 and other impurities with low concentration such as
hydrocarbons, NH3 and CS2 and COS [3,4]. Meanwhile, it is well
known that venting acid gas or its combustion products (mainly
SO2) directly into atmosphere without any post processing is for-
bidden since it can cause various environmental pollution and
health hazards [5]. Therefore, acid gas must be processed properly
to meet the increasingly strict regulations and consideration of
environment and safety. Currently, the modified Claus process is
widely used for the treatment of acid gas and the recovery of
economically valuable sulfur products [1,6]. This process consists

of three consecutive sections. In the first step, the oxidation of
H2S to SO2 (Eq. (1)) and the Claus reaction between H2S and SO2

(Eq. (2)) to form sulfur (mainly S2) occur simultaneously at over
1273 K in the reaction furnace [7]. The second part is a further
Claus reaction (Eq. (3)) occurring over catalyst bed at about
573 K in the catalytic converters, rendering S8 as the primary pro-
duct [8,9]. The final section is the tail gas treatment or incinerating
to meet emission standards. The reactions of the Claus process can
be described as follows:

H2Sþ 1:5O2 ! SO2 þH2O DHr ¼ �520:72kJ �mol�1 ð1Þ

2H2Sþ SO2 ! 1:5S2 þ 2H2O DHr ¼ 42:45kJ �mol�1 ð2Þ

2H2Sþ SO2 ! 3=8S8 þ 2H2O DHr ¼ �104kJ �mol�1 ð3Þ
The partial oxidation of H2S in the reaction furnace is deemed as

the most critical and complex section for the Claus process
[10–13]. It includes the generation of up to approximately 70% sul-
fur and adjustment of the suitable H2S/SO2 ratio for subsequent
catalytic reaction [14,15]. Meanwhile, the impurities in acid gas

https://doi.org/10.1016/j.cjche.2023.07.009
1004-9541/� 2023 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All rights reserved.

⇑ Corresponding author.
E-mail address: wfch@ecust.edu.cn (F. Wang).

Chinese Journal of Chemical Engineering 65 (2024) 106–116

Contents lists available at ScienceDirect

Chinese Journal of Chemical Engineering

journal homepage: www.elsevier .com/locate /CJChE



need to be destroyed to mitigate the negative impact on the cat-
alytic section. However, this process is hard to achieve since the
CH4 co-combustion is required to maintain the furnace tempera-
ture especially when the H2S content is below 50% [16,17]. The
presence of additional CH4 and pre-existing CO2 can significantly
complicate the reactions in the reaction furnace and further
adversely affect the Claus reaction. Not only is there competitive
oxidation of H2S and CH4, but unwanted COS and CS2 from various
side reactions and soot also proceed in the combustion progress,
which can degrade catalyst performance and reduce the sulfur
recovery efficiency once existing in the catalytic section due to
the sulfate corrosion and coverage on the catalytic pores [18,19].

To understand the effects of CH4 and CO2 on partial oxidation
of H2S in the reaction furnace, researchers have been conducting
intensively studies in recent decades [20–24]. Li et al. [18] has
studied the oxidation process of acid gas in a non-premixed
flame. As the reactivity in fuel-rich condition was mainly
expressed as CO2 + H � CO + OH, especially at high temperature,
CO2 could reduce the H/OH ratio by converting atomic H into OH
radical. Meanwhile enhancing oxygen concentration (OC) would
raise the flame temperature, accelerate the oxidation of H2S and
promote the generation of CO at near-burner region. Selim et al.
[25] has investigated the effect of CO2 on H2S combustion in a dif-
fusion flame and found that the addition of CO2 resulted a drop in
flame temperature but contributed to raise downstream temper-
ature. They also summarized the impact of CO2 for flame temper-
ature was attributed to its oxidizing medium role in the reaction
pool. This was consistent with the results that studied by Ibrahim
and Raj [26]. Moreover, Lee et al. [27] concluded the primary
chemical effects of CO2 on flame were its collisional decomposi-
tion and pyrolysis, and highlighted the significance of CO2 in pre-
venting heat dissipation. In general, the CO2 reactivity cannot be
ignored during AG combustion. Moreover, compared with CO2,
the impact of CH4 on H2S oxidation could be more profound
and complicated. Based on the study of H2S flame structure by
Bernez-Cambot et al. [28], Li et al. [15] investigated the oxidation
of H2S and CH4 mixture at 1:1 in different ERs (1.0, 1.4, 2.0) and
divided the diffusion flame into three zones: the initial oxidation,
the intense burning and the afterburning zones. In the initial oxi-
dation zone, H2S was dominant in the competitive oxidation with
CH4 injecting at the base of the flame, and it was inferred that
H2S was mainly partially oxidized in this process. The mixing
and combustion were contained in the second zone wherein
major reaction heat was released and CO2, SO2 and H2O were sub-
stantially formed. The third zone incorporated complex reactions
and the Claus reaction (Eq. (2)). Meanwhile Karan et al. [29] dis-
cussed CH4 was only partially consumed in the flame zone and its
main conversion process occurred in the anaerobic zone at the
post-flame. Colom-Díaz et al. [30] further highlighted the compet-
itive advantage of H2S over CH4 to be more significant at high
pressures. Similar to CH4, Ibrahim et al. [31–33] has investigated
the effect of high hydrocarbon substances represented by BTEX
(benzene, toluene, ethylbenzene and xylene) on H2S combustion
under Claus condition and found that BTEX significantly pro-
moted the formation of H2. However, H2 hindered the oxidation
of H2S and the production of SO2, which in turn affected the sul-
fur yield. The production of COS and CS2 was also improved since
the favorable production of CO and could react rapidly with S2 or
SO2 to produce COS. It was consistent with the conclusion of
Palma et al. [34]. Selim et al. [35] conducted an experimental
study of the oxidation of H2S in a CH4�air flame and found trace
amounts of high hydrocarbons were generated under Claus condi-
tion (ER = 3) wherein SO2 performed as a coupling catalyst,
enhancing the combination of CH3 and forming hydrocarbons.
This group also considered the formation of CS2 from CH4 and

sulfur-containing substances is more favorable in anoxic
environment.

Much of the previous interest of CH4/CO2 chemistry has evi-
dently stated the relationship between CH4/CO2 and COS/CS2. Chin
et al. [36] studied the oxidation of H2S�CH4 gas mixture in a tubu-
lar reactor at 1273–1473 K. They found the presence of CH4 led to
faster consumption of H2S and production of CS2. Abián et al. [19]
conducted research about the conversion of COS and CS2 and
emphasized the role of CS radical in the production CS2, primarily
via reacting with sulfur species such as S, S2 or SH. The large
amount of CH decomposed by hydrocarbon substances plays a sig-
nificant role in promoting the formation of CS2 via CH + 2H2-
S � CS2 + 2.5H2. Regarding the COS formation, Clark et al. [37]
emphasized that CO, despite the presence of CO2, was the direct
source to generate COS chiefly through CO + 0.5S2 � COS and
CO + H2S � COS + H2 in the Claus furnace. This viewpoint was in
line with the homogeneous gas phase research in H2S�CO2 and H2-
S�CO systems from Karan et al. [38]. Besides, Li et al. [20,21] dis-
cussed the pathway of CH3 ? CH2S ? HCS ? CS ? CS2 in the
experimental and mechanistic study of the H2S�CH4 system,
whereas in the H2S�CO2 system the conversion of CS2 from COS
was emphasized. Meanwhile, the presence of reducing and oxidiz-
ing substances is an obvious factor in the tight conversion between
COS and CS2 [39,40]. It can be assumed that the generation of COS
and CS2 in the H2S�CO2�CH4 system could be more complex than
that of simply H2S-CO2 or H2S-CH4. However, little attention has
been paid to this integrated system, which more closely resembles
the real environment of the reaction furnace. Moreover, the effect
of CH4 on the oxidation of acid gas (H2S and CO2) under oxy-fuel
combustion was less investigated and the generation of COS and
CS2 in H2S-rich diffusion flame was still not understood since the
previous literatures mostly investigated the H2S reaction through
detailed mechanisms or adding rare amount of H2S to other com-
bustibles [13,19,24,29,37]. To fill this gap, we aim to study the
body knowledge involving CH4�AG rich diffusion flame and oxy-
fuel combustion.

The experiment was conducted using a coaxial burner in a ver-
tical reactor wherein three equivalence ratios (ER = 1.0, 1.5, 2.0)
and CH4 addition ratios (CH4/AG = 0.3, 0.5, 0.7) were examined
to explore the oxy-fuel combustion behavior of CH4 and AG. The
reasons for choosing pure oxygen as oxidant also include its ability
to make the combustion easier to observe and to overcome the
concentration errors caused by interference from N2 in the air or
oxygen-enriched air. The temperature and concentration distribu-
tion of species (H2S, CH4, CO, CO2, SO2, H2, COS, CS2) in central axis
were measured and a detailed description regarding the conver-
sion and formation of species was presented under varies feeding
modes.

2. Materials and Methods

2.1. Experimental setup

Fig. 1 shows the schematic diagram of the experimental setup.
The system consists of gas cylinders, mass flow controllers, quartz
tube reactor, motor programming controller, temperature monitor,
gas component analysis and tail gas treatment. The reactor has an
inner diameter of 90 mm, a length of 300 mm and a thickness of
5 mm, with a 15 mm thick layer of fine quartz cotton wrapped
around the outside for insulation. A double concentric tubular bur-
ner, with an annular obtuse body at the upper end of the central
passage, is installed in the center of the bottom of the reactor to
ensure a stable flame. H2S (99.9%, purity), CO2 (99.9%) and CH4

(99.5%) are regulated via mass flow controllers, mixed thoroughly
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in a longer pipe and fed into the central passage of the burner. The
oxidant of O2 (99.9%) is fed into the annular gap passage of the bur-
ner. N2 (99.9%) is the safe gas after the experiment procedure.
Noted that the cabinet for gas cylinders of H2S, CH4 and CO2 are
placed at opposite corner of the laboratory to gas cylinders of O2

and N2.
Partial combustion of H2S/CO2/CH4 produces sulfur/soot that

could condense and adhere to the quartz wall, thus it is extremely
difficult to illustrate the shape of the flame using a high-speed
camera. Being a toxic gas, it is dangerous to combust directly with-
out the reactor to take clear pictures of the flame. Therefore, ther-
mocouple and quartz tube were used to obtain the central axial
temperature and concentration distribution of the gas components
in the reactor [18,31]. A motor programming controller was used
to control the up and down movement of the module on the rail.
By fixing a thermocouple/quartz tube on the module, temperature
measurement or sampling was achieved. Noted that the tempera-
ture measurement and gas sampling were not carried out simulta-
neously, but twice for the same experimental condition. The
thermocouple was a K-type thermocouple with a 2.3 mm diameter
bead. The detected points for gas samples were chosen to be 10, 25,
40, 55, 70, 85, 100, 115 and 130 mm from the burner exit and for
temperature measurement were considered more in the flame
zone to outline a clear distribution. The combustion was consid-
ered to be stable when the temperature fluctuated by less than
3 K within 30 s and the temperature measurement data was
recorded by a temperature monitor. Gas samples were taken at a
rate of 2 ml�s�1 from each detected point using a thin quartz tube
(2.2 mm inner diameter, 4 mm outer diameter), and accessed to air
bags after three consecutive gas treatments in gas washing bottles,
i.e. quenching through water, sulfur separation via fine quartz wool
and drying in silica gel bottle. Fine syringes were used to pump gas
from air bags into GC (gas chromatograph) analysis for analyzing
component concentrations. The tail gas was treated with sulfur
trap and NaOH solution, then discharged into a negative pressure
ventilation system.

In GC analysis, a thermal conductivity detector (TCD) in series
with a flame photometric detector (FPD, column type GDX-303)
was used to determine the concentration of sulfur-containing
substances, where the column was maintained at 339 K. The con-
centration of non-sulfur components was determined in tandem
with a chromatographic column. Between TCD and FID was a con-
verter equipped with an active nickel catalyst, which contributed
to accurately measure the concentration of CO and CO2 at a col-
umn temperature of 333 K and a catalytic oven temperature of
593 K.

The experiment was conducted in a fume hood after checking
the fixed alarms and pipeline gas tightness. Experimenters must
wear gas masks and body alarms, and the laboratory need to be
kept ventilated. Considering the toxicity of H2S, acid gas cannot
be directly ignited at the beginning of the experiment. To deal with
this difficulty, CH4 was firstly injected and flamed. After the flame
was stabilized, H2S and CO2 were slowly injected and the flame
color gradually changed from yellow to blue. This phenomenon
showed the H2S started to flame. Afterwards, each gas was
adjusted to the specified flow rate according to the experimental
conditions. A pump with a flow meter was used to extract the
gas to maintain stable pressure in the reactor, typically at a value
of 0.6–0.7 times the inlet gas flow based on experimental experi-
ence. The control module was operated to adjust the K-type ther-
mocouple (or sampling tube) to the specified position and the
temperature (or gas sampling) was measured. The experiment
was stopped by closing the H2S cylinder valve. The residual H2S
in the pipeline has been burned out before closing the CH4 cylinder
valve. Then, CH4 was eventually consumed and the flame was
extinguished. Finally, N2 was filled with the pipeline and the fume
hood was ventilated for 30 min.

2.2. Parameter definition

To have good universality, the dimensionless axial distance is
defined by the following equation:

Fig. 1. Scheme diagram of experimental setup.
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D ¼ X
D0

ð4Þ

where D0 is the inner diameter of the burner (D0 = 3 mm), and X is
the axial distance from the surface of the burner to the outlet (X = 0
is the surface of the burner). And equivalent ratio (ER) is given as
follows:

ER ¼ theoretical oxygen feed
actual oxygen feed

ð5Þ

The theoretical oxygen feed is the amount of O2 that can exactly
oxidize H2S to SO2 and CH4 to CO2 which is calculated as follows:

½theoretical oxygen feed� ¼ 1:5½H2S� þ 2½CH4� ð6Þ

2.3. Experimental conditions

Experimental conditions are presented in Table 1. Two variables
of equivalence ratio (1.0, 1.5 and 2.0) and CH4/AG (0.3, 0.5 and 0.7)
were considered to study their impacts on flame temperature and
the conversion and formation of main species under oxy-fuel
condition.

2.4. Analysis of errors on measured temperature

2.4.1. Analysis of error on measured temperature
When the thermocouple temperature is stable, the following

equation of conservation of energy should be satisfied on the sur-
face of the beads [41]:

hf Tg � Tb
� � ¼ er T4

b � T4
w

� �
ð7Þ

where Tg, Tb and Tw denote temperatures of the gas, the electric cou-
pling bead and the reactor wall, respectively. The K-type thermo-
couple used in this experiment is a nickel–chromium alloy with a
coupling bead emissivity of e = 0.31 [42]. r is the blackbody radia-
tion constant and the value is 5.67 � 10–8 W�m�2�K�4. The correla-
tion equation for the fluid outer swept sphere can be determined by
the following equations [41,43]:

Nu ¼ 2þ 0:4Re0:5 þ 0:06Re2=3
� �

Pr0:4
lw

lb

� �
¼ Dbhf

k
ð8Þ

Re ¼ qvDb

l
ð9Þ

Pr ¼ lCp

k
ð10Þ

Nu, Pr and Re refer the Nussle, Prandtl and Reynolds number,
respectively. lw and lb are the kinetic viscosities at wall and bead
thermocouple temperatures. k is the thermal conductivity and Db

stands for the diameter of the bead thermocouple with a value of

1.5 mm. hf is the convective heat transfer coefficient between the
electric coupling beads and the airflow. q, v and Cp represent the
density, velocity and the heat capacity, respectively.

The calculation is based on the error of temperature measure-
ment at the highest temperature. For example, the highest mea-
sured temperature that appears in mode A is 1262 K at D�3 [18].
As the gas diffusion here was not completely developed near the
burner, the velocity at the measured point can be obtained as
approximately 7 m�s�1 considering the gas flow, nozzle size and
airflow expansion [18]. The thermal properties of the gas mixture
at the highest temperature are k of 0.0833 W�m�1�K, q of
0.3416 kg�m�3, Cp of 2453 J�kg�K�3 and l of 4.17 � 10–5 Pa�s. Hence
Re, Nu and hf are 133.57, 8.486 and 307.34 W�m�2�K�1. The gas
temperature (Tg) is approximately 1388 K via Eq. (7). The relative
error of mode A is 9.08% according to the following equation:

u ¼ Tg � Tb

Tg
ð11Þ

Utilizing the same method, the gas temperatures (Tg) in modes
B�F are worked out to be 1174 K, 995 K, 1063 K, 1155 K and
1198 K, respectively, and the corresponding relative errors are
6.73%, 4.72%, 5.93%, 6.15% and 6.26%, respectively.

2.4.2. Uncertainty analysis
The uncertainty of key parameters of ER and CH4/AG ratio are

calculated based on the method in Refs. [15,18]. The specific calcu-
lation steps are as follows:

ER ¼ mfuel=mO2

� �
act

mfuel=mO2

� �
sto

¼ 9:52XCH4

XH2S
þ 7:14

� �
VH2S

VO2

¼ 7:14XH2S

XCH4

þ 9:52
� �

VCH4

VO2

ð12Þ

EER ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
@ER
@VH2S

dVH2S

� �2

þ @ER
@VCH4

dVCH4

� �2

þ @ER
@VO2

dVO2

� �2
s

ERmax
ð13Þ

@ER
@VH2S

¼ 9:52XCH4

XH2S
þ 7:14

� �
1

VO2 ;max
ð14Þ

@ER
@VCH4

¼ 7:14XH2S

XCH4

þ 9:52
� �

1
VO2 ;max

ð15Þ

@ER
@VO2

¼ � 7:14XCH4

XH2S
þ 9:52

� �
VCH4 ;max

V2
O2 ;max

ð16Þ

ERmax ¼ 2:0 ð17Þ
In the Eq. (12), mfuel and mO2 refer the mass flow rates of fuel

and O2, respectively. The subsets act and sto are the actual and sto-
ichiometric data, respectively. XCH4 and XH2S represent the volume

Table 1
Experimental conditions in this study

Effect of equivalence ratio
Mode ER VH2S/ml�min�1 VCO2

/ml�min�1 VCH4
/ml�min�1 VO2

/ml�min�1

A 1.0 300 200 200 850
B 1.5 300 200 200 570
C 2.0 300 200 200 425

Effect of CH4/AG, ER = 1.6
Mode CH4/AG VH2S/ml�min�1 VCO2

/ml�min�1 VCH4
/ml�min�1 VO2

/ml�min�1

D 0.3 300 200 150 470
E 0.5 300 200 250 530
F 0.7 300 200 350 720
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fraction of CH4 and H2S, respectively. EER is the uncertainty of the
key parameter ER. VO2 ;max and VCH4 ;max denote the maximum vol-
ume flow rate of O2 and CH4, respectively. dV is the flow control
accuracy and it is 0.001 L�min�1 for H2S and CH4 and 0.01 L�min�1

for O2. Hence the uncertainty of ER can be calculated to be 1.47%.

CH4=AG ¼ VCH4

VH2S þ VCO2

ð18Þ

ECH4=AG ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
@CH4=AG

@VAG
dVAG

� �2

þ @CH4=AG
@VCH4

dVCH4

� �s

CH4=AGmax
ð19Þ

@CH4=AG
@VAG

¼ 1
VCH4 ;max

ð20Þ

@CH4=AG
@VCH4

¼ � VH2S;max

V2
CH4 ;max

ð21Þ

CH4=AGmax ¼ 0:7 ð22Þ
Based on the equations above, the uncertainty for CH4/AG ratio

can be worked out to be 0.71%.

3. Results and Discussion

3.1. Experimental study of CH4�AG combustion: Effect of equivalence
ratio

Fig. 2 shows the temperature curves of modes A, B and C. Sim-
ilar trends of temperature distributions for all modes could be
noted as obvious typical diffusion flame characteristics. The axial
temperature increased from burner exit to a peak value of
1262 K, 1095 K and 948 K at ER of 1.0, 1.5 and 2.0, respectively,
and dropped almost linearly. This is attributed to the heat dissipa-
tion from heat convection with ambient gas and radiation with the
reactor wall [18]. The flame temperature increased significantly
with decreasing ER, since enhanced oxygen feed favored CH4�AG
combustion and released more heat. Furthermore, the peak axial
temperature of mode A was reached at a relatively farther location
compared with mode C. It could be interpreted as the increased
oxygen flow rate raising the height of the core combustion zone.
This also contributed to a shorter residence time and greater heat
loss in the reactor. Consequently, the temperature gap between
peak value and the reactor end was 412 K, 356 K and 259 K in
modes A, B and C, separately.

Volume fraction distributions of H2S and SO2 for modes A, B and
C are presented in Fig. 3. It should be noted that the initial point
(D = 0) is determined by species content in the premixed fuel gas
and the first sampling point is D = 3.3. The volume fraction of
H2S in all modes decreased promptly near the burner and subse-
quently experienced a relatively moderate conversion down-
stream. For the combustion of H2S, investigators confirmed the
H2S conversion was primarily classified into chemical and thermal
decomposition and oxidation [28,35,44]. Based on the distribution
of temperature and SO2 volume fraction, the chemical decomposi-
tion of H2S, regarded as the very initial step of H2S consumption,
occurred at the vicinity of the burner exit from which SH and H2

but not SO2 was the primary product (Eqs. (23) and (24)) [45,46].
However, thermal decomposition of H2S (Eq. (25)) was only likely
to proceed with a relatively apparent rate in mode A since the tem-
perature was reaching the recommend value of 1273 K [47,48].

H2SþH�H2 þ SH ð23Þ

H2Sþ S�2SH ð24Þ

H2SþM�H2 þ SþM ð25Þ
As the H2S decomposition proceeded, the H2S partial oxidation

took place with the aid of radicals like O and OH (Eqs. (26) and
(27)) wherein the mixing of fuel and oxidant was more adequate
[35]. Moreover, a minor portion of H2S was also converted to
COS and CS2 simultaneously in the presence of CH4 and CO2. The
interaction with hydrocarbons is deemed as the third factor for
H2S consumption [15]. In this respect, Rhodes et al. [49] reported
that the generation of COS and CS2 could be achieved by the related
reactions (Eqs. (28)–(30)) . Consequently, the H2S concentration
decayed to only about 5% at D = 3.3 and the temperature here indi-
cated an intense combustion.

H2Sþ OH�H2Oþ SH ð26Þ

H2Sþ O�HþHSO ð27Þ

CH4 þ 2H2S�CS2 þ 4H2 ð28Þ

CO2 þH2S�COSþH2O ð29Þ

CO2 þ 2H2S�CS2 þ 2H2O ð30Þ
In the subsequent section, the remained H2S was further oxi-

dized and stabilized at a low level. Meanwhile, SO2 volume fraction
monotonically increased along the central axis until reaching a
steady value of 26.55%, 19.26% and 15.03% in modes A, B and C,
respectively. Literature reports that the generated radicals such
as S, SH and HSO could be oxidized to precursor SO and finally con-
verted to SO2 depending on the abundance of the oxidants (Eqs.
(31)–(33)) [15]. However, SO2 was almost sparse at D = 8.3 with

Fig. 2. Measured temperature profiles along D.

Fig. 3. Measured volume concentrations of H2S and SO2 along D.
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only impressive concentration in mode A and its generation rate
was also dependent on ER. This revealed the addition of oxidant
accelerated the rate of SO2 generation and advanced its visible
position. Generally speaking, the sufficient amount of oxygen at
low ER can react with H2S to form SO2 and H2O in the downstream
and eventually affect the final conversion and production. Addi-
tionally, the Claus reaction (Eq. (2)) occurred downstream due to
the reduction or levelling off in SO2 concentration and the presence
of condensed sulfur on the reactor wall.

SOþ OH�SO2 þH ð31Þ

SOþ SO�SO2 þ S ð32Þ

HSOþ O2�SO2 þ OH ð33Þ
To declare the relationship among H2S, CO2 and CH4 during

combustion process, distribution of CH4, H2, CO and CO2 are plot-
ted in Figs. 4 and 5. The volume fraction of CH4 revealed a similar
trend under modes A, B and C that finally decreased to stable val-
ues of 0.07%, 1.47% and 2.57%, respectively. And the consumption
of CH4 was favored under oxidant sufficient condition. The litera-
ture reported that the decomposition was the initial conversion
of CH4 that released large amount of H and CH3 radicals via Eqs.
(34) and (35) [50]. It could be noted that the volume fraction of
H2 that increased promptly to the peak value at D of 3.3. This phe-
nomenon verified the mentioned decomposition of H2S and CH4

was the essential source of hydrogen. Afterwards the partial oxida-
tion of CH4 occurred under the role of oxidizing medium such as O
and OH radicals (Eqs. (36) and (37)) wherein limited oxygen spread
from the nozzle bluff edge to the fuel stream. And the concentra-
tion of CH4 firstly decreased by about 65% at D of 0–3.3. However,
compared with H2S, CH4 tended to be converted with a less
impressive rate near the nozzle and experienced a monotonic dis-
sipation till the downstream. Though the presence of CO2 and H2

could somewhat inhibit the conversion of CH4, researchers con-
firmed the primary factor was the oxidation competition between
CH4 and H2S [15,51].

CH4 þM�CH3 þHþM ð34Þ

CH4 þH�CH3 þH2 ð35Þ

CH4 þ OH�CH3 þH2O ð36Þ

CH4 þ O�CH3 þ OH ð37Þ
It is worthwhile to mention the study of Li et al. [15] regarding

the oxidation competition of CH4 and H2S. They deemed the dom-
inant reaction paths for CH4 were partial oxidation and reacting

with active radicals such as S and SH through Eqs. (38) and (39).
Combined with the low volume fraction of CO at D = 3.3, as seen
in Fig. 5, this conclusion could be supported that indicated the oxi-
dation of CH4 was suppressed by H2S. Meanwhile, Clark et al.
[35,51,52] considered the initial step was the H2S partial oxidation
that produced H2O and S2. Subsequently CH4 reacted with the
formed sulfur species hence CS2 and COS were produced via Eqs.
(40) and (41).

CH4 þ S�CH3 þ SH ð38Þ

CH4 þ SH�CH3 þH2S ð39Þ

CH4 þ 2S�CS2 þ 2H2 ð40Þ

CS2 þH2O�COSþH2S ð41Þ
In relation to CO2 volume fraction, it firstly decayed at D of 3.3

and gradually increased to a steady value. And the CO concentra-
tion featured the similar tendency to that of H2, but reaching the
peak value at a latter detected position with D = 8.3 and decreasing
monotonically. The variation of CO2 and CO was positively corre-
lated with ER. It is well known that the generation of CO2 was pri-
marily from the further oxidation of CH4 and CO downstream. For
the CO2 consumption at D of 3.3, the previous studies found that
CO2 proceeded the decomposition (Eq. (42)) to trigger the forma-
tion of CO at high temperature. In the present work, the high tem-
perature in modes A and B would promote the reactivity of CO2 and
thus enhanced the degree of concentration attenuation. Moreover,
numerous literatures indicated CO2 could be mainly converted to
CO with the help of H radical via Eq. (43) and attributed it to the
oxidation medium impact [18,21,25,52]. This viewpoint indicated
the H radical was involved in the CO2 conversion and revealed
CO2 consumption was moderate in mode C since H2 concentration
was lower. Therefore, the number of reactions related to CO gener-
ation could be large, including the conversion of CO2 and oxidation
and steam reforming of CH4 (Eqs. (44) and (45)). In addition, Chin
et al. [36] considered that the presence of SO2 could promote the
CH3 radical to CO via Eq. (46). However, this viewpoint could not
be verified in the current work since the SO2 concentration was
not sufficient at D of 0–8.3.

CO2 þM�COþ OþM ð42Þ

CO2 þH�COþ OH ð43Þ

CH4 þH2O�COþ 3H2 ð44Þ

2CH4 þ O2�2COþ 4H2 ð45ÞFig. 4. Measured volume concentrations of CH4 and CO along D.

Fig. 5. Measured volume concentrations of CO2 along D.
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CH3 þ SO2�COþ products ð46Þ
The distributions of CS2 and COS volume fractions are exhibited

in Figs. 6 and 7, respectively. For all the modes studied in this sec-
tion, CS2 and COS were formed rapidly at D = 3.3 wherein mixing of
fuel and oxygen was not sufficient. Interestingly, the concentration
of COS was higher than that of CS2 and the rates of generation
showed sensitiveness to the ER. These phenomena can be analyzed
by the formation path of CS2 and COS at relatively high tempera-
ture. Zhu et al. [53] considered CS2 was primarily originated from
the reactions of CH4 and sulfur species via Eqs. (40) and (47).
And the conversion from CO2 to CS2 could be complicated that
the generated CO from CO2 firstly converted into CS and further
formed CS2 [19]. Besides, Li et al. [15,18] concluded the formation
of COS was mainly through the reactions of CO2 and radicals like
SH and S in the decomposition section (Eqs. (48) and (49)), and
deemed the CO as the key precursor to react with SO and SH rad-
icals for generating COS in the oxidation stage. And the enhance-
ment in the COS production was found in the oxy-fuel condition
with rich radicals of O and OH. Based on these studies, in the pre-
sent work, it could be inferred that CS2 was mainly formed from
CH4 instead of CO2 near the nozzle since the C—H single bond in
CH4 was generally weaker than the C—O double bond in CO2, and
the formation of COS was possibly achieved by the interactions
of CO and CO2 with the sulfur species considering the presence
of CO and consumption of CO2 at D of 3.3. Meanwhile, the CS2
and COS concentrations here could be explained wherein the sig-
nificant presence of H2 could inhibited the forward direction of
these CS2-formed reactions and the COS production was enhanced
in the oxy-fuel condition.

CHþ 2H2S�CS2 þ 4H2 ð47Þ

CO2 þ SH�COSþ OH ð48Þ

CO2 þ S�COSþ O ð49Þ
Afterwards, the volume fraction of COS decreased monotoni-

cally along the axis. It could be noted that the consumption rate
of COS concentration was favored under the oxygen sufficient con-
dition. This was attributed that the COS oxidation was the domi-
nant channel under the role of OH, O and H radicals (reverse Eqs.
(48)–(51)) [19,54]. The COS hydrolysis (reverse Eqs. (29) and
(30)) was another approach that was usually considered in the first
catalyst reactor of the Claus process [33]. However, the variation of
CS2 concentration decreased under ER = 1.0 and 1.5 and increased
under ER = 2.0 at D > 8.3. It can be judged that CS2 was gradually
generated from CO and sulfur species in this section under oxygen
deficient mode since CO was significantly present at D of 8.3. For

the consumption of CS2 in modes A and B, the oxidation might
be accounted for the reduction in its concentration to form radicals
such as CO, CS and SO via the reactions of Eqs. (52) and (53). Fur-
thermore, numerous experimental and simulation studies indi-
cated that the tight interaction of COS and CS2 could be achieved
with the aid of radicals such as SH, OH and SO (Eqs. (54) and
(55)) [21,35,38,40]. The related reactions could proceed at an
insignificant rate downstream of the reactor.

COþ SO�COSþ O ð50Þ

COþ SH�COSþH ð51Þ

CS2 þ O�CSþ SO ð52Þ

CSþ O2�COþ SO ð53Þ

COSþ SH�CS2 þ OH ð54Þ

COSþ S2�CS2 þ SO ð55Þ
Based on the analysis of the temperature distribution and spe-

cies conversion pathways under different ERs, a schematic diagram
of the CH4-AG diffusion flame was portrayed as Fig. 8. Depending
on the intensity of oxidation, the whole reactor could be divided
into two sections namely rapid and slow oxidation section. Mean-
while, it could also be interpreted to three zones according to var-
ious chemical process that flame inner core (0 < D < 3.3) where the
initial reaction including decomposition and competitive oxidation
of H2S and CH4 occurred, outer flame (3.3 < D < 13.3) where oxida-
tion proceeded and subsequent complex reaction zone (13.3 < D)
involving side reactions with low reaction rate.

3.2. Experimental study of CH4-AG combustion: Effect of CH4/AG ratio

In this section, the effect of CH4 on AG partial oxidation was
studied under ER of 1.6. Mode D, E and F presented here are pure
oxygen with CH4/AG of 0.3, 0.5 and 0.7. Similarly, variation of the
temperature curves featured to rise to a peak value rapidly and
decreased almost monotonically.

Fig. 9 reveals a positive impact of CH4 on the axial temperature
with peak values of 1000 K, 1084 K and 1123 K for modes D, E and
F, respectively. This is due to the reaction heat of CH4 is greater
than that of H2S at the same molar flow. Meanwhile, it could be
noted that the temperature increment from mode D to E was sig-
nificantly greater than that from modes E to F for equivariant
CH4/AG additions. Therefore, a weaker effect of added CH4 on tem-
perature could be predicted within high CH4/AG region. Similarly,
as discussed in the impact of ER, the added volume flow by higherFig. 6. Measured volume concentrations of CS2 along D.

Fig. 7. Measured volume concentrations of COS along D.
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ratio of CH4/AG showed obvious contribution on flame height and
temperature gap.

The distributions of H2S and SO2 concentrations were summa-
rized in Fig. 10. The volume fractions of H2S were sharply decayed
at D of 3.3 with increasing CH4 proportion and the values were
9.53%, 8.48% and 6.64%, respectively. Though the flame tempera-
ture in higher CH4/AG favored the decomposition and oxidation
process of H2S, similar effect to providing sufficient O2, H2S conver-
sion was simultaneously influenced by the subsequently enhanced
competitive oxidation. As seen in SO2 profiles under CH4/AG = 0.7,
SO2 concentration finally reached up to 23.47%, which obviously
was higher than that of the other two modes. The results for the
SO2 volume fraction distributions revealed that H2S could react
preferentially with O2 introduced by the raising of CH4/AG.
Evidently higher complete oxidation rate of H2S could be derived
under CH4/AG enriched modes.

Figs. 11 and 12 depict the distributions of CH4, H2, CO2 and CO
volume fraction. It could be seen that increasing CH4/AG had no
obvious effect on the trend in concentration or conversion rate of
CH4 itself. The initial conversions of CH4 at D of 3.3 for modes
D�F were 62%, 68.57% and 66.53% and final conversions down-
stream were 96.15%, 96.68% and 95.37%, respectively. As discussed
previously, oxidation of CH4 at D of 3.3 was confined due to the
presence of H2S, and H2 and COS were the typical products at flame
inner core. However, the total reaction amount of CH4 still
increased with the enhancing CH4/AG. Though the initial concen-
tration of CO2 (D = 0) decreased due to the reducing content in
the fuel mixture, the final concentration of CO2 was tightly related
to CH4/AG. Meanwhile, it is noted that discernable high concentra-
tions of H2 and CO, 14.89% and 12.15% are detected in CH4/AG = 0.7
mode. The reactions of forming CO and H2 were promoted under
CH4/AG enriched condition due to richer presence of CH3, CH and
H radicals and ultimately, higher temperature. Furthermore, the
axial concentrations of H2 and CO for all modes here were inclined
to be slightly decreased and sustained downstream under anoxic
atmosphere of ER = 1.6. The former Section 3.1 has emphasized
that oxidation is an important process for the consumption of H2

and CO wherein the presence of sufficient oxygen downstream is
critical. Besides to it, the behavior of diffusing outward radially
in the reactor and combination of CO and sulfur species may result
in the slight reduction of CO concentration as seen in Eqs. (50) and
(51) [18].

Figs. 13 and 14 show the distributions of CS2 and COS
concentration under investigated modes. It exhibited CS2 and

COS experienced rapid generation at flame inner area and moder-
ate consumption in the latter section of the reactor. It is interesting
that CS2 and COS formation were higher in mode E during the
flame zone and the final concentrations downstream were depen-
dent on the CH4/AG ratio. This showed that suitable concentration
of reactants was the key to generate CS2 and COS. And the high
richness of carbon and sulfur species was more likely to maintain
the CS2 and COS concentration downstream. Meanwhile, the strik-
ing distinction was the noticeably lower formation of COS in the
CH4/AG = 0.3 case. This observation coincides with the remarkable
lowest temperature, but also lowest concentration of CS2 in mode
D. As has been discussed that low temperature hinders CH4 and

Fig. 8. Schematic diagram of CH4�AG diffusion flame under oxy-fuel condition.

Fig. 9. Measured temperature profiles versus CH4/AG.

Fig. 10. Measured volume concentrations of H2S and SO2 along D.

Fig. 11. Measured volume concentrations of CH4 and H2 along D.
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H2S decomposition, CH and SH radicals generation and CO produc-
tion, and these factors, aside from the lower reaction rate, are neg-
ative for the CS2 and COS formation through mentioned reaction
paths.

4. Conclusions

In the current study, the combustion of methane and acid gas
was conducted in a diffusion flame via a coaxial burner. The distri-
bution of the flame temperature and main species concentration
on the central axis were analyzed under different equivalence
ratios and CH4-addition ratios. The CH4�AG diffusion flame under
oxy-fuel combustion was described and the conversion and gener-
ation of species were discussed.

Generally, the CH4�AG diffusion flame could be divided into
three sections according to the distinct chemical processes namely
the initial reaction, oxidation and complex reaction sections. Dur-
ing the first section, the decomposition and partial oxidation of
H2S and CH4 occurred wherein large amount of H2 were produced.
Oxidation competition could also be found here that the CH4 con-
version was inferior to that of H2S. CH4 could interact with sulfur
species that contributed to formations of COS and CS2. Meanwhile
CO2 was initially consumed here mainly via CO2 + H ? CO + OH
and subsequently generated from the complete oxidation of CH4

and CO wherein mixing of the fuel and oxidant became adequate.
The production of SO2 was improved and advanced under suffi-
cient oxygen condition while its obvious appearance would be
postponed to the oxidation section and the final volume fraction
would be promoted by reducing ER and increasing CH4/AG. The
generations of H2 and CO were favored by this trend. However,

the formed H2 and CO could be consumed mainly through oxida-
tion reaction downstream for mode A while they were inclined
to be sustained in mode B�F.

COS and CS2 experienced rapid generation at flame inner area.
COS was mainly formed by interactions of CO and CO2 with sulfur
species. And production of CS2 directly relied on the reaction of CH4

with sulfur species. With low ER and high CH4/AG application, gen-
eration rates of COS and CS2 were increased under higher temper-
ature and enhancing carbon–sulfur�oxygen environment. The
concentration of COS was higher than that of CS2 since the large
presence of H2 prevented the main paths of CS2 generation. COS
and CS2 could be consumed by oxidation process and the decay
rates were closely related to ER.

Considering the heat resistance of the materials in the practical
Claus furnace, CH4 co-combustion and oxy-fuel combustion are
rarely applied simultaneously since high temperatures can be
achieved. However, the unequal state of CH4 in AG oxidation
remains unchanged and the generation of COS and CS2 contami-
nants is significant in the flame inner core. As enhanced conditions,
it may provide references for the suitable applications of CH4 co-
combustion, oxy-fuel combustion and fitting ER in the Claus fur-
nace, which can meet requirements including control of furnace
temperature, improvement of species conversion and reduction
of COS and CS2. Meanwhile, the selection of proper conditions, such
as ER = 1.6, CH4/AG = 0.7 in this study and suitable reactor length,
may achieve the production of valuable syngas (CO and H2)
directly from CH4�AG combustion after exhaust gas separation.
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Nomenclature

Cp specific heat capacity, J�K�1�mol�1

D dimensionless axial distance
ECH4 uncertainty of CH4, %

Fig. 12. Measured volume concentrations of CO2 along D.

Fig. 13. Measured volume concentrations of CS2 along D.

Fig. 14. Measured volume concentrations of COS along D.
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ECH4=AG uncertainty of the CH4/AG ratio, %
EER uncertainty of the equivalence ratio, %
EH2S uncertainty of H2S, %
EO2 uncertainty of O2, %
hf convective heat transfer coefficient, W�m�2�K�1

mfuel mass flow rate of H2S, kg�min�1

mO2 mass flow rate of O2, kg�min�1

Nu Nussle number
Pi production of species i, %
Pr Prandtl number
Re Reynolds number
Si product selectivity of species i, %
Tb electric coupling bead temperature, K
Tg gas temperature, K
Tw reactor wall temperature, K
VCH4 volume flow rate of CH4, L�min�1

VH2S volume flow rate of H2S, L�min�1

VO2 volume flow rate of O2, L�min�1

dV flow rate controlling resolution, L�min�1

e emission rate
l kinetic viscosity, Pa�s
r blackbody radiation constant, W�m�2�K�4

u relative error
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