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With the growing demand for low-carbon alternative fuels, natural gas (primarily methane) has emerged as a clean and
reliable option. Catalytic combustion of methane, due to its occurrence at lower temperatures and significant reduction
in pollutants such as NOy and CO, serves as an efficient alternative to conventional thermal combustion. This article
provides a targeted review of heterogeneous catalytic supports used in this process. Initially, common supports,
including carbon-based and ceramic-based materials, were systematically examined. The primary focus was on
gamma-alumina as the most widely used industrial support, which, despite its high specific surface area and suitable
stability, undergoes sintering, loss of surface area, and phase transition from vy to a at elevated temperatures, severely
impairing catalyst performance. Deactivation factors and their mechanisms were analyzed, with impurity doping
identified as the most effective strategy for enhancing thermal stability, preserving porosity, and delaying phase
transition. Numerous studies demonstrate that targeted impurity doping not only increases the thermal stability of
gamma-alumina beyond 1200 °C but also, by maintaining specific surface area and porous structure, enables the design
of industrial catalysts with more stable performance and extended lifespan in the complete catalytic combustion of
methane.
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Figure 2) Relationship between the specific surface area of carbon black
and the platinum particle diameter [23].
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Oxide fibers have the

following properties:

* High mechanical strength

* Low thermal conductivity

* Good electrical insulation

* Chemical stability

* Stability in oxidizing
atmosphere

Types of oxide fibers:

Silica (S10;)

Alumina (AL, O;)

Zirconia (Zr0),)

Titania (Ti0,)

Zinc oxide (ZnO)

Cerium oxide (CeO,)

BN, as the most common
nitride, has the following
properties:

e High thermal oxidation
resistance

Low dielectric constant
High radiation absorption
capacity

High thermal conductivity
Desirable mechanical
properties

* FElectrical insulation

.

Other types of nitride fibers:
¢ Silicon nitride (SisN4)
o GaN

SiC, as the most common

carbide, has the following

properties:

¢ IHigh mechanical strength

e Excellent chemical stability

o Resistant to oxidation at
temperatures above 1500°C

Other types of carbide fibers:

¢ Zirconium carbide (ZrC)

e Zr-doped SiC

* SiOC

¢ Al-doped SiC

* 7nS nanofibers

* Bochmite

* Hydroxyapatite

* CusZnSnS,

due to their
semiconducting

Thev are used
insulating  or
properties.

Nickel oxide (NiO)
Cobalt oxide (Co;0,)
Copper oxide (CuO)
Stannic oxide (SnO;)

* & & & 0 0 0 0 00

Figure 3) Classification of Ceramic Fibers and Their Properties [25].
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Table 1 List of some types of mesoporous silica nanoparticles and their
characteristics [32].

Family Type Pore Symmetry  Pore Size (nm)Pore Volume (cm?/g)

MCM-41 2D Hexagonal P6mm 1.5-8 1<
M41S MCM-48 3D Cubic Ia3d 2-5 1<
MCM-50 Lamellar p2 2-5 1<
SBA-11 3D Cubic Pm3m 2.1-3.6 0.68
SBA SBA-12 3D Hexagonal P63 /mmc 3.1 0.83
SBA-15 2D Hexagonal p6mm 6-10 1.17
SBA-16 Cubic Im3m 5-15 0.91
KIT KIT-5 Cubic Fm3m (or Im3m) €3 0.45
COK COK-12 Hexagonal P6m 5.8 0.45
-
i
A
W«
SBA-16
MCM-41/SBA-15 .
e '

MCM-50

IPY] Jadxie 930 Kl wildgil calizo glgil (ialed (F Jss
Figure 4) Illustration of various types of mesoporous silica nanoparticles
[32].
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Figure 5) Schematic of the location of metal species on/in zeolite in
metal-supported zeolite catalysts [37].
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Table 2 Structural characteristics of zeolites with different topblogies and
mesoporous silicas [40].

Structure Material Dimensionali Pore Limiting Pore Size
Type Name ty Type (nm)
CHA SSZ-13 3D Micropore 0.38 x 0.38
LTA LTA 3D Micropore 0.41 x 0.41
MFI ZSM-5 3D Micropore 0.53 x 0.56
BEA Beta 3D Micropore 0.66 x 0.67
FAU XY 1D Micropore 0.73x0.73
SBA-15 - 1D Mesopore 4-30
MCM-41 = 3D Mesopore 100
KIT-6 = 3D Mesopore 4-12

(€) 3 MFI (d) (LTA (c) FAU (b) «CHA (a) ;li>lw pglai (5 JSK&
[¥:] BEA

Figure 6) Images of the structures (a) CHA, (b) FAU, (c) LTA, (d) MFI,
and (e) BEA [40].
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Figure 7) Schematic of solid-state transformations in alumina [46].
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Table 3 Structures of stable alumina (alpha) and unstable aluminas

[44
Lattice Parameters, angle
Name Structure A)
A B C
a (Alpha) Hexagonal 4758
P (rhombohedral) :
1 (Eta) Cubic (Spinel) 7.90
Y Tetragonal 7.95 - 7.9
(Gamma)
8 (Delta) Tetragonal 7.97 - 23.47
0 (Theta) Monoclinic 5.63 2.95 11.86103°42’

Orthorhombic 8.49 12.73 13.39

Kk (Kappa)
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Figure 8) Crystal structures of anatase TiO2, a-AL2Os (corundum phase),
and B-cristobalite SiO- [48].
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Table 4 Physical and chemical properties of TiO2, AlOs, and SiO: [48].

Sio
Property Ti0,  AlO; (Gamma (S;li;
(Anatase) Alumina) Gel)
Density (g/cm?) 3.9 3.6 2.2
Stan(.iard Heat of 218 288 205
Formation (kcal/mol)
-7
Thermal Stability 700-800°C 1100-1200 °C 6000C 00
SpecificSurface Area ) 100-300  300-1000
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Table 5 Classification of Common Catalyst Poisons Based on Chemical
Structure [53].

Type of Interaction with
Chemical e Example
mical Typ mples Metals
Group VA and VIA NP, As,S, 0, Se, Te Via s and p orbi_tals; generally
elements form less toxic structures
Group VIIA
3 Via s and p orbitals; form volatile
elements F,ClL Br, I )
halides
(Halogens)

Toxic heavy metals Occupy d orbitals; may form

As, Pb, Hg, Bi, Sn, Cd, Cu, Fe

and ions alloys
Molecules with CO, NO, HCN, benzene, Chemisorption via multiple
multiple bonds unsaturated hydrocarbons bonds

[OV] é)g)lf)g LgLKbL.MuJLalS 9.51):’ @:!1) \ow)’l gbl.&sj 4 Jg.\?
Table 6 Some Common Poisons for Widely Used Catalysts [53].

Common Poisons
Organic compounds,
hydrocarbons, heavy metal
compounds

Process / Reaction Catalyst

Silica-Alumina
Hyd tive Cracki !
ydrogenative Cracking S—
Methane Dehydrogenation
(Hydrogen removal from methane)
Ammonia Synthesis

Platinum, Nickel H.S, As

Ruthenium, Iron 03, H;0, CO, S, C3Hg, H,0

H,S, COS, As, NH3, carbonyl

Fischer-Tropsch Synthesis Iron, Cobalt

metals
Nobl tal
Hydrocracking ° -eme aison NHs, S, Te, P
zeolite support
Ethylene Oxidation to Ethylene
y y Silver C,H, (acetylene)

Oxide

Selective Catalytic Oxidation Vanadium oxide As/Fe, K, Na (from ash)

Platinum,
CO and Hydrocarbon Oxidation . Pb, P, Zn, S, Fe
Palladium
Hydrotreating / Desulfurization
Y . 8/ . .. Sulfided Cobalt and Asphaltenes, nitrogen
(Water purification and deposit R
Molybdenum compounds, Ni, V
removal)
1.0 T
- %, -
075 /1,/%/
P s,
09%/6 (“o%
L‘,}L9 © -
%0
e
\l‘o/)
0251 %, 4
0 L L L
0 0.25 0.50 0.75 1.0
Normalized concentration C
[Citicta=0)]
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Figure 13) Three types of poisoning behavior in terms of normalized
activity versus normalized poison concentration [53].
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Figure 11) Schematic of selective poisoning of catalytic sites [9].
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Figure 12) Schematic of Masking or coverage by a fouling layer on the
catalyst [9].
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Table 7 Important Parameters in Catalyst Poisoning [53].

Parameter Definition

Activity Thereaction rate at time trelative to the initial rate att=0: a(t) = (1/C)

(a(®) x (dC/dt) (where C is the reactant concentration)
Sensitivity A measure of how sensitive a catalyst is to a specific poison. Higher o
(o) indicates greater vulnerability to deactivation by that poison.

The inverse of sensitivity; a higher toxicity value means the catalyst is
more susceptible to the poison and deactivates more rapidly.
The property that describes how well a catalyst withstands poisoning;
Resistance it indicates the catalyst's ability to maintain activity in the presence of
a poison.
The residual activity of the catalyst when the poison concentration
reaches saturation (Csat). Some catalysts may exhibit negligible
tolerance (activity drops to near zero).

Toxicity

Tolerance

(a(Csaz))

olas (W) Ui 5 igS e e edale ply ys codled slagSJI
9 u_«w.uJL)lS a.bm w'y&.’ Caogems (049 U.uL.ul)J 03s 63y
b STy baalyds 1o cdigd 50 8y aame Gizio gloaiglys
SLicsl ) dsgi (bl cwoglio slegl el YU jLis ¢ YU (sles
3 3l3 352 iame b T (slmedgicun; Sy )3 o)lsem 3,555
b @900 (318 ol )3 39850 ad HaS & Sl 4
God dhais Juby 4 amdpe LSid |y 8 sudlsw g osd iz
oy Gigz i A dasdlaw YU xbw Sy g b
BBl agd e cwddlBl b Jlednd a e g oddd
Sbslo g oals iaSTly 4wy by Jled 518 b HCl g NOx HoS aiile
Jle8 mbhw coluw GialS 4y yxin 45 0S8 o Caydd |y cwndUls
[08] o5 yobay Jg,wb.a

poeme Iy GBiSTy 18 dlgw faSis 9 @l3ls b jaaSTy L HoS
S50

.\.:S(_,.A (0900 l) U""‘S|9 “_g)ls;')a U))S.\.u.u.ﬂ L) NO,

..))|.> om‘aw )J‘ AJLJ L U“"‘Sb L HCI

cangoms Sl (EelS gy cwdUlS Gihie ohb oululo
drwgi gl e Nlgie i glaghyy cwl (59
[Oi] .\M.’L\ k_u.awyl).!)b ‘QQLQ.A ‘_gLDL_M/uJL!lS

Jied slecols g5lolaz by SLbl (Sigpisdl e aodats -
‘awﬂ

(e B @it 53 O3> il 51 oslasiw] -

A ggd O3S iaaST Pl sl -

by g 31 (598 LS pay -

Ol ST 53 1y O g auylS @l o), Sen g (Marecot) egS)le
Gp Lol b b 03339L 5 0¥y (595 32 0o 9 Lo
IS - ST sladaigS s b au,ls wisls lis gl .ais,S
A5 o Lol el yiaads GgamolapuST bl 53 30,8 sladigS
S 5 b G2l 5 ol gl 3aST SJlgite slaasyz

Volume 26, Issue 05, May 2026



Metal + Volatile agent

Volatilization ) yd Jole o= JLid g ol L,SLQL@ 5 =)
S Sy ST s bangd S IS s s(agent, VA
3950 g0

Sl ey gutad Jole Gl iz Jlid g Lales js Y
22 e ol 3950 18 o sl ey 1418 oSS
A2 Hebay 18 ST 5 39850 yiylaaly )l cadly iali8l
oSS ey i Jole 3bj i slis 5 Vb slales p> -V
Sualioageys Jalai g o ol S0u50 b ,yly8 wluSys apzei g
A5 Gt 58 Sy el pSee (o ol b ssdie 3
a3 il ) piticn 1 JUES oy oSOT 51 o b 0392 514000
Y-V

Wb g5 5 cundUlS Gl S (55556 Sy 5 Los s 98]
S e Ll 4313 318 ST ylmo (pans )3 (me A 35

Generalized Mechanism:
Transport
Metal compound vapor Lost vapor
Decomposition
Vaporization of vapor
Formation

<« Volatile compound ~ Metal
Decomposition

Generalized Kinetics:

(a) rate of volatile compound formation = rate of formation — rate of decomposition

(b) rate of metal loss = rate of vaporization — rate of vapor decomposition
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Figure 14) Mechanisms and Generalized Kinetics for Catalyst
Deactivation by Metal Loss [53].
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Table 8 Examples of volatile compounds formed in catalytic reactions
[53].

. Type of Examples of Compounds (with
Gas Environment
Compound temperature range where
/ Compound .
Formed applicable)
Carbonyls and
, N i , F - “
COo,NO nitrosyls Ni(CO)a4, Fe(CO)s (0-300 °C)
. RuO3 (25 °C), Pb oxides (>850
(0] Oxid
2 HIAES °C), Pt0, (>700 °C)
H,S Sulfides MoS, (>500 °C)
Halogens Halides PdBr,, PtCl,, PbFg, CuCl,, Cu,Cl,
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Figure 15) chematic of sintering mechanisms and involved driving forces
[61].
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Figure 19) Tammann Temperatures for Noble Metals [61].
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Figure 18) Classification of the sintering process [62].
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Table 9 Melting Points and Tammann Temperatures for Common
Catalytic Metals and Their Compounds [53].

CompositionMelting point (k) Trtamman (K) Truteig (K)

Ag 1233 617 370
Au 1336 668 401
Co 1753 877 526
Cu 1356 678 407
Cu0 1599 800 480
Cuz0 1508 754 452
CuCl, 893 447 268
CuCl, 703 352 211
Fe 1808 904 542
Mo 2883 1442 865
MoOs 1068 534 320
MoS: 1458 729 437
Ni 1725 863 518
NiO 2228 1114 668
NiCl, 1281 641 384
Ni(CO), 254 127 76
Rh 2258 1129 677
Rh.0; 1373 687 412
Ru 2723 1362 817
Pd 1828 914 548
PdO 1023 512 308
Pt 2028 1014 608
PtO 823 412 247
PtO; 723 362 217
PtCl, 854 427 256
PtCl, 643 322 193
Zn 593 347 208
Zno 2248 1124 674
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Table 10 Shrinkage, grain size, and specific gravity of alumina containing 1% additives that cause delay in sintering and grain growth [70].

Shrinkage (%) Grain size (um) Density (g/cc) Shrinkage (%) Grain size (um) Density (g/cc) Shrinkage (%) Grain size (um) Density (g/cc)

NaF -0.2 2 2.2 0.2

2 2.25 2.4 2 2.49

Sb,05 0.5 2 2.29 2.5

KI 19 = 2.25 4

KBr 19 = 2.26 4

NaNO3 1.5 = 2.3 2.3

CaCOs3 282 = 2.28 4

BaCO3 1.7 2 3.25 3.4

Sn0.* 1.4 2 2.18 3.9

La,03 1.6 = 2.32 3.7

Sio0, 282 2 2.32 3.7
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Table 11 Shrinkage, grain size, and specific gravity of alumina containing 1% additives that had no significant effect on grain growth [70].

Shrinkage (%) Grain size (um) Density (g/cc) Shrinkage (%) Grain size (um) Density (g/cc) Shrinkage (%) Grainsize (um) Density (g/cc)

Gaz03 2.4 2 2.39 4.7

2 2.55 9.1 3 2.83

P05 82 = 242 4.9 = 2.59 7 = 2.89
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Table 12 Maximum transformation temperature, Tp, from DTA

measurements for various additives (the corresponding oxides after
calcination are shown in parentheses) [74]

Concentration

Additive e ] Tp (°C)

No-Additive = 1216

H3BO; [B20;] ; i;;;

(CzH50),Si [Si0] 1 1268

ZrOCl;, [Zr0;] 1 1291

LiNO; [Li»0] 1 1215

LiF 1 1212

V(CH3COCHCOCH3); [V205] 1 1190

Cu(NO3), 1 1185

[ Cu0/Cu;0] 5 1114

Ti[O(CH:)sCHs], + Mn(NO3), [TiO, + L 171

MnO/Mn203]

Ti[O(CH2)3CHs], + Cu(NOs); [TiO, +

Cu0/ Cuz0] 1 1149

ZnF, 1035

5 990

LVO] (339381 3lge bauwgs LinogIT (5l o W Jg i
Table 13 Thermal stabilization of alumina using additives [75].

Kinetic stabilization model
240m?/g, 600°C

Zr, Ca, La, Th added to alumina
Li, K, Mg- activated alumina

Ba-y- alumina 1200°C
Ba, Sr, La, Sn, Si0z, PO4- y- alumina 600° C
La-y- alumina 120 m?/g, 1000° C

63 m?/g,1150°C
0% H.0, 51m?/g ,1050°C
20% H,0, 5m?/g ,1050°C

Lanthanide(La,Pr,Nd)-alumina

La-y- alumina

La-y- alumina 92 m?/g,900°C
Si-y- alumina 1200°C
Si-grafted-y- alumina 20% H.0, 51m?/g ,1220°C
Si0,-Al,0; 46 m?/g, 1300° C
Al,0; coated with SiO, 91 m?/g, 1220°C

Si0,-Al,0;, mullite 31 m?/g,1400°C

200

Specific surface area (m°/g)

A AB AL NS ABAL ABRS AUS ABLS
Sample

4 S WYF (glos )3 Ig 53 (o a1 ey o9 b (YO JS
=L Ba b o0 oS =B codid wundi luog)l =A weclw A @i

05 La b osds ol

Figure 25) Specific surface area after sintering in air at 1273 Kelvin for 8

hours; A = unstabilized alumina, B = stabilized with Ba, L = stabilized
with La [56].
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Figure 23) Reduction rate of area by alumina (866 K / 0.095 atm / 200
m?/g) [73].
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Figure 24) DTA curve for pure alumina, 1 mol% B-doped, and 1 mol%
Cu-doped alumina, at a heating rate of 5 °C/min in air [74].
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Figure 28) Specific surface area versus Si percentage in Si-stabilized
alumina at 1423 Kelvin for 8 hours [56].
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Figure 26) Specific surface area of alumina and Si-stabilized alumina

after sintering in air at temperatures between 1123-1573 Kelvin for 8
hours [56].

2 man

$5lodre ez ol slos - psiie gloj slapialel (uizen
samlice (YY) JSib 13 45 jgbplan i) olal ibgmii iy
4 33 3925 sy b 5 (e L agl (Rl 390

107

Specific surface area (m?/g)

Time (h)

—e— A/S/1123 K
—e - ASN273 K
— o - A/S/M423 K

s 55 0lej it 3 Si b o st Lol o9 crbs (VY JS8

LOF] calS YEYY g WYY o (slos ;o g j> idbgmeds
Figure 27) Specific surface area of Si-stabilized alumina versus time
during sintering in air at temperatures between 1123 and 1423 Kelvin
[56].
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Table 15 BET test results for different weight percentages at various
calcination temperatures [81].

Silica o . Specific Mesopore .
Calcination Pore Diameter
Content Temperature (°C) Surface Area  Volume (f)
(Wt% Si0>) (m*/g) (cm®/g)
0 700 291 1.56 19.8
0 900 - - 26.07
0 1100 119 0.77 -
0 1200 15 0.05 -
5 700 378 1.83 35.0 and 14.7
5 900 300 1.6 51.8and 19.8
5 1100 160 0.99 52.0 and 22.5
5 1200 111 0.59 32.2and 15.4
15 700 222 1.4 43.1
15 900 180 i 8.2
15 1100 146 0.96 33.6
15 1200 100 0.66 31.1
27 700 195 1 51.6
27 900 143 0.89 51.3
27 1100 100 0.57 45.4
27 1200 65 0.33 48.6
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Figure 29) Phase transformation of pure alumina with 5, 15, and 27 wt.%
(A) in air and (B) in steam/air atmosphere [83].
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Table 14 Average diameter of precursor fibers and after calcination at
1300 °C [80].

After Calcination at 1300

Sample Precursor Fibers (nm) °C (nm)
Without SiO,, additive 900 575
. . o
Alumina v.wch wt% 970 660
Sio,
i i 0,
Alumina Yvnth 3 wt% 980 540
Si0,
Alumina v.wth 4 wt% 850 590
Sio,
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Table 16 Sample code, size, and composition details [86].

Sl Av.erage Granule Additive weight percentage
Diameter (nm)
Lanthanum Tin Boron
Pure Alumina 1.7+0.1 0 0 0
Lal 1.7+0.1 1 0 0
La3 1.7+0.2 3 0 0
Sn1l 1.7+0.2 0 1 0
Sn3 1.7+0.2 0 3 0
B1 1.7+0.1 0 0 1
B3 1.6+0.2 0 0 3
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Table 17 Specific surface area, pore volume, and pore diameter for pure alumina granules and those with additives calcined at 750, 1000, and 1200
°C [86].
750 °C 1000 °C 1200 °C
S Surface Area  PoreVolume Pore Diameter  Surface Area  Pore Volume Pore Diameter Surface Area  Pore Volume Pore Diameter
(m?/g) (cm®/g) (nm) (m?/g) (cm®/g) (nm) (m?/g) (cm®/g) (nm)
Pure Alumina 204.32 0.451 8.8 113.64 0.369 &2 14.82 0.178 334
La1 183.04 0.478 7.4 137.74 0.435 9.1 31.55 0.146 133
La3 227.17 0.518 6.4 110.81 0.507 14.1 53.07 0.334 19.1
Sn1l 214.74 0.486 6.4 114.7 0.481 12.4 18.5 0.197 479
Sn3 238.07 0.512 6.1 155.04 0.587 109 20.77 0.268 50
B1 228.14 0.51 6.2 122.96 0.477 11.1 25.45 0.225 17.5/45.5
B3 245.97 0.505 5.7 109.65 0.477 11.6 8.57 0.087 35.1
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Summers Investigation of sintering and grain growth Additives were reported to delay phase transformation and were ineffective in
& Reynolds of alumina altering the transformation pathway.

[70]

Dispersion of bulk silica on alumina to form 2-5 wt.% silica on alumina reduced surface area loss under humid conditions at

3 Dovalciel, A2 dispersed surface oxide phases 870 °C.

[72]

Effect of additives on y- to a-alumina phase ZnF, was identified as the strongest promoter (accelerator), while Zr0O, acted as

5 Zhu & Chen 1992 ) .
transformation a transformation retarder.

[74]

Amorphous SiO, increased peak transformation temperature, while crystalline
Effect of different SiO, phases on y- to a- SiO; (quartz, cristobalite) decreased it. Amorphous silica delayed transformation
alumina transformation by preventing y-alumina particle contact, whereas crystalline silica accelerated
a-alumina formation.

7 Okada et al. 1998

[76]

Effect of monovalent cation additives on y- Li*, Na*, Ag*, K*, Rb*, and Cs* were studied; Cs* was reported as the most effective

2 Ueibedh AUE monovalent additive for enhancing thermal stability of y-alumina.

[78]

to a-alumina transformation

Si0, delayed y—a transformation and inhibited grain growth during calcination.
Fibers with 4 wt.% SiO; calcined at 1300 °C were reported as optimal.

11 Zhaoetal 2014 Alumina nanofibers with silica additives [80]

Heat capacity and thermodynamic __. . . s . o
Silica-doped al rticl hibited higher th I stabil d heat
13  Calvinetal. 2018 functions of boehmite (AIOOH) and silica- HHEEFIPLE CRMLLIE LOEMPBEMAL (SISl M V] e ity and hea [82]
) capacity than pure counterparts.
doped boehmite

Effect of SiO, addition on phase SiO, altered the phase transformation pathway. Pure alumina followed
15 Liuetal. 2022 transformation and microstructural amorphous -y — a, while 3 wt.% SiO,-doped alumina followed amorphous -y  [85]
evolution of sol-gel-derived alumina fibers — 6 - a.

3 wt.% CaO increased internal porosity and interlayer microcracking at high
temperatures. 0.5 wt.% TiO; provided the highest flexural strength improvement [89]
(from 110.4 to 201.1 MPa at 1650 °C).

Effects of additives (CaO, TiO,, La,03, Zr0,)

17 Qian etal. 2023 . . K
on alumina ceramic properties

5 wt.% La doping formed a thin LaAlO; perovskite layer, suppressing alumina
sintering at high calcination temperatures, preserving mesoporosity, increasing
surface area, and preventing phase transformation under reaction conditions
(550-600 °C).

19  Wangetal. 2024 La-doped Al,05-supported Co catalyst [91]

La introduced by deposition formed stable perovskite LaAlOs, stabilizing Al,03
phases and preventing y/8 — « transformation during thermal aging. It also [93]
reduced Pd particle size and enhanced catalytic activity.

La doping in Pd three-way catalysts

21 Lietal. 2025
1eta supported on Ce0,-Zr0,/Al,03
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