CHAPTER 11

THEORY AND LITERATURE REVIEWS

2.1. Introduction of Synthesis Gas

Synthesis gas or syngas is a mix of carbon monoxide and hydrogen, which
isusedinthepetrochernical' It canfbe'used both pure gas and mixture gas.
The mixture gas can be mainly produced as+hetfanol, hydrocarbon and reducing gas

for the smelting works. Fa

1re gas it canbe. widely used as the raw material in

producing ammonia, lique# v as (LPG); dimethyl ether (DME), fuel cell
and other derivative cheg / // \\\'\\t\‘ in petrochemical industry.
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refonmng, the carbon monoxide to hydrogen ratio will be 1:3 with the following
reaction:

Ni
CH, + H,0 > CO+3H, 2.1
850 °C, 30 bar




Table 2.1. The ratio of synthesis gas from the producing processes [12].

Source CO H,

1. Methane steam reforming
2. Toluene steam reforming
3. Partial oxidation
4. Coal gasification
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The raw materiais fon pend on the utilization of

synthesis gas in the petroghe iony both naphtha and toluene can
be also used as the raw ma erials 1 , al @xidation process. However, the
process is widely used as the Shet-Uasification process [13]. The fuel oil can be

selected mainly as the r e it is not expensive as
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Kopper process is a perfect gasification process, which obtained about 93 to 98
percent of synthesis gas and little by-product [15]. The overall reaction is as follows:

C+HO — > CO+H, 24
C+%0O, » CO (2.5)




The reaction (2.4) and (2.5) are the steam reforming process and the partial oxidation
process, respectively.
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Figure 2.2. Coal gasification process [14].
a) Continuous layer of small-sized coal.
b) Fluidized-bed of coal.



The synthesis gas can be used as the raw material in several petrochemical
industries, which depended on its ratio as illustrated in Table 2.2 [12].

Table 2.2. The utilization of synthesis gas in petrochemical industry [12].

Product H, : CO (Molar) Wt. retention (%)
Methanol 2:1 100
Ethylene glycol 100
Acetic acid 100
Acetic anhydride 85
Ethyl acetate 71
Vinyl acetate 70
Ethanol 72
Ethylene 44
BTX 42

N
The production g an s . » as can use 1:2 mole ratio of

carbon monoxide to hydrog ]
for the methanol productlon. I n.a tion, the
the production of

eforming process is widely used
ial oxidation process is also used for
greover, the production of
aldehyde from olefi by hydroformylat ) ‘.5 mogeneous cobalt catalyst

at high temperature aE pressu ; rea%n:
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) 5 as using from
A AN
form as oxygenated compound directly. Its advantage is there is no raw material loss
to change to water (56 percent). However, the synthesis gas is mainly produced with
the reforming process of natural gas (or light hydrocarbon to naphtha) at present.

Although heavy oils and coal are less expensive feedstocks, the capital cost of a POX

or coal gasification plant can be two to three times of that of a steam reforming plant

as illustrated in Table 2.3 [16]. Steam reforming is the most economic choice based



on a plant starting up in the U.S. in 1987, w‘lich is based on a natural gas price of
$4.10/million Btu ($3.90/GJ) and an oil price of $3.73/million Btu ($3.50/GJ). Lower
current energy costs make steam reforming even more attraction since the capital
portion of the product cost increases with lower feedstock costs. In addition, partial
oxidation can be attractive if special circumstance exists. For example, if natural gas
or other light hydrocarbon is not easily available, POX may be the most economical
alternative. If the oil feedstocks were priced at $2.60/million Btu (70 % of base

ately break even. Then, partial oxidation
and coal gasification also becer y
increases. However, at typical 2 acities and-with g hoice of feedstocks, reforming
of light hydrocarbon is_expe :

synthesis gas for at least it décade end probably-until the year 2000.
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3.73 1.48
3.50 1.40

Feedstock Cost (8/10° Bt
($/10° J)

Feedstock Requirement AL 475 562
Vo 0 a19 496

Capital Cost* (10“@ ‘, 125 496
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2.1.2. The Utilization of Synthesis Gas
2.1.2.1. Synthesis Gas

The primary products are produced from the synthesis gas used as raw
material, which illustrated in Figure 2.3. These products can be used as raw material
for producing other product in petrochemical industry as illustrated in F igure 2.4 [17].

\. W material for producing the organic

chemicals, which is used s n the early 1920s, the German
—
scientist discovered the synthesis'gs be changed to methanol with using zinc-

chromium oxide catalyst.and 2is6 10 Alkanes and al with using cobalt-iron oxide
i pr .' l ‘ \‘\’\\\ .

catalyst. The reaction ofs€hanp / ols was well-known Fischer-

Tropsch reaction. The aift g \ md fuel production as high
molecular weight alkdnesin the N n add:tion, the liquid fuel could be
also used in South Af uétion of methanol from synthesis

gas was developed withf thé Im all Industries (ICI) company. This

company improved zinc-cligmjum, oxide.catal ‘copper-zinc oxide catalyst. As a
result, the reaction was achle s m temperature and pressure. The
utilization of metheml can be producing formaldehyde
acetic acid, methyl gHlor néthanol will be important

that it can be used as @1 : gI€ cell prdtein (SCP). Furthermore, the
methanol is also used as pd&itive methyl te@ry butyl ether (MTBE), in gasoline and

soure of yofSh) AR YRIAG B F SFarosen ana cavon

xide [19]. Moreover, the synthcsns gas still uses as raw material for producing oxo
alcoho m-ai .. e-shar gz ﬂma tEImteractnon of
synthe31 ethy ge

2.1.2.2. Carbon Monoxide

The carbon monoxide is toxic gas, inflammable, colorless and odorless,
which is generated from the partial combustion. The carbon monoxide is separated
from synthesis gas by the adsorption of carbon monoxide with liquid copper and the
cryogenic separation. The carbon monoxide can be used mainly in the carbonylation
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and hydroformylation (or oxo reaction) processes. For the olefinic carbonylation
process, it is the interaction of olefins with water, alcohol, amine and acetic acid by
using metal group VIII as catalyst. For example, the production of acrylic acid by the
interaction of acetylene with carbon monoxide and water using NiCOj catalyst at 150
°C and 30 bar can be obtained 90 percent of acrylic acid the following reaction:

NiCO,
HC=CH+CO+H,0 ———> CH,=CHCOOH 2.7

The production of propionic acid from ¢ the hydroxycarbonylation process
using nickel propionate as catalyst 4 200-300 bar can be obtained

more than 95 percent of

(2.8)
The phosgene can be pro bon monoxide with chlorine
by using activated car osgene is used as raw material
for producing toluene d / ) tic acid, it can be produced
from the carbonylation iof b Z :I’ 'monoxide and methanol using
promoted cobalt with iodide caafs Mtreme condition (220 °C and 474 atm),
which can be obtained 60 pércent of d offioted rhodium with iodide
is used as catalyst 1oF cing ic acid, t aflion condition will be at
175-195°C and 30 a@ acid.ﬁ'hxch is based on methanol,

will be 99 percent. Morfover the carbon la?’noxide can be also used for producing

s e AL ALY

The nickel cargn is generat whlch is stable at lower than 60 °C, and cracked

TeETa i dnen

propmonc acid production by hydroformylation process or the aldehyde production.

2.1.2.3. Hydrogen

The hydrogen production by using different raw material is illustrated in
Figure 2.5 [20]. As a result, the purity and amount of hydrogen are different with
several raw materials. In addition, the price and type of raw material are also
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important factors for producing hydrogen. For example, the electrolysis of an aqueous
solution, i.e., the electrolysis of brine to produce hydrogen of 100 to 500 tons of
hydrogen per year. Furthermore, the hydrogen can be produced with passing steam to
spongy iron at 650 °C and atmospheric pressure. Nowadays, the hydrogen is also by-
product from the nuclear power plant. However, the hydrogen can be produced widely
as raw material in petrochemical industry with the reforming process, which
illustrated in Table 2.4 [21]. In 2000, the global hydrogen was used for producing

;d in Table 2.5 [22].

s [21].

ammonia and petroleum refining as i

Table 2.4. The hydrogen

i ﬂmm* G |
1. Electrolysis of Bring - This method is
| employed where
100-500 tons /
annum of gas
are required
2. Reaction of steam with -
spongy iron
3. Reaction of natural ¢ ,
withsteam |7 Ribtcd by
m - agnesia or

1"1"\

The ammonia ¢an be produced w1dely with Haber process at presem Hydrogen and

Fﬁo‘a;ﬂ:j SRR Lhy T

ammonia from this process can be used as raw material for producing fertilizer to
transform as anhydrous ammonia and ammonia compound, i.e., ammonium nitrate,
ammonium phosphate, urea and so on. In addition, the hydrogen can be also used in
petroleum refining in order to improve the quality of oil and other petrochemicals
using the hydrosulfurizing and hydrocracking process. However, the hydrogen still be
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important raw material in other industry, i.e., petrochemicals, organic chemicals, food

and so on.

Table 2.5. The utilization of global hydrogen in 2000 [22].

Demand in year 2000
End use United States Rest of the world
' ,i“ ‘ ‘ High Low High
Anhydrous ammonia < N 446 /,490 5,200 12,700
Petroleum refining _“_7;: ‘,3«33) C 8,000 36,000
(e-g. Hydrocracking; Z |

Other uses 2,000 25,000

15,200 73,700

Combined
cistrict heating

............

. (fertilizer)

Paraffins
Otefins

Figure 2.3. The production of primary products from synthesis gas [17].
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Figure 2.5. Sources of the hydrogen production [20).
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2.2. Theory of Reforming Reaction

2.2.1. Raw Material

Hydrocarbon can be widely used as raw material in the reforming reaction. Its

properties are as follows:

poisoned with catalyst.
ar or sulfur compound, e.g.

3 catalyst deactivation.

For example, if hy
hydrogen sulfite, active

2.2.2. Reforming R

The refo _ generate mixed gas of
hydrogen, carbon mbnoXide; CarboRdioRide: e hydrocarbon.

The basic mctx.m of synthesis gag}producnon with using catalyst is the

:;\:;:;1,1 of| mmﬂw Erﬂ' md hydrocarbon steam
q ROVALR TAUAVINE VL) - eisom

(49.3 kcal/mol)

This reaction is strongly endothermic and its equilibrium is shifted to the right only at
an elevated temperature as illustrated in Figure 2.6, curve 1. In order to increase the
degree of conversion of methane, the process is carried out at 800-900 °C in an excess

of steam. At atmospheric pressure, this excess of steam is not large, about 2:1, but an
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increase in pressure has an unfavorable effect on the state of equilibrium, and in this
case the steam-methane volume ratio has to be about 4:1. Apart from the methane

conversion, there also is the conversion of carbon monoxide as the following reaction:

CO+H,0 & s CO,+H, AH’393 = -41.0 kJ/mol
(-9.8 kcal/mol)

This reaction is exothermic and its equilibrium is shifted to the left at an elevated
: 3.

formation of a larger amouat 6f carbon di 3 nversion of carbon monoxide

The excess steam causes the

proceeds rapidly and the compos as depends on its equilibrium.
The conversion of meth clds 2 gas.with a large hydrogen-carbon
monoxide ratio, which r// / \ imum, vhi ile for organic synthesis it
required synthesis gas with an hyd _-'-"_ ‘ de ratio of 1:1 to (2-2.3):1.
Such a ratio can be a : LONVETS ) liquid hydrocarbons as the following

reaction:

-CH,- + H.

or by addition of * ;

\ ﬁ ion, the carbon dicxide
also converts the hydrgcarbons as the followir

J

i 0

CH, + '=_‘—EJ 2CO + 2H, AH¢¢ = 247 kJ/mol

ﬂUEJ’JﬂEJV]‘jWE]’]ﬂ‘j (59.2 kcal/mol)

mghmmmmmﬁazm:

the methane-steam reaction. In this case, a hydrogen-carbon monoxide ratio will be
about 2:2.
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Figure 2.6. e quj rium constants
| a4

]

CO + 3H,
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Steam reforming is a reaction using steam to react catalytically with
natural gas, primarily methane, or with hydrocarbon feedstock such as naphtha to
form a mixture of hydrogen and carbon monoxide, which is called synthesis gas
(or syngas) [23].
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Steam reforming is a mature technology, practiced industrially on large
scale for hydrogen production and several reviews of the technology have been
published [24-26]. The production of hydrogen and synthesis gas by steam reforming
is summarized in Figure 2.7. This process has two main reactions as follows:

1. Reforming reaction

CH; +H,0 ————= CO+3H, 2.9

(2.10)
The reforming reaction a_supported nickel catalyst at
elevated temperatures, Lavy hydrocarbons also react
with steam in a simil
(n+m/2)H, (2.11)
Reactions (2.9) and (2.10) afé revérsible and hormally at equilibrium as the reaction
J . F
rates are very fast. The compositios - i gas from a conventional reformer
AN

reactor is therefore BYyeE dynamics. Steam is ormally added in excess
OfStOiChiometric s (J ment ot reactio 1 {(2.9) # brium of reaction (2.10)
moves toward more CQj prod

consuified. Steam may be replaced
completely or partly by CO; as the followmg reaction:

FLM&,’JMS WeAN9 )
Fmﬂoﬂﬂél@eﬂﬂaﬁﬂw%lﬁ+wlﬁgﬂb, means of

oxygen ugh partial oxidation as the following reaction:

CHs +3/20; «

CO + 2H,0 (2.13)

Several metals have been found to catalyze reactions (2.9) to (2.13), but nickel is
generally preferred on the cost grounds. In commercial steam reforming catalysts,

nickel is supported on a ceramic oxide. The choice of support is governed by the
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surface area required, as well as the need for ability in the environmental operation.
Various modifications of alumina are frequently used. Corundum or a-alumina is an
ideal support for high temperature steam reforming application where a high specific
activity is not required because it is the most stable form of alumina. The steam
reforming catalysts can be prepared from precipitation method and impregnation
method. For the precipitation method, the nickel and alumina are co-precipitated as
hydroxy carbonates by addition of alkali to an aqueous solution of their salts. The

precipitate is subsequently separated b; ation, washed, dried and then calcined to
' Unfortunately this method of

decompose the precursor to ic : unina. i
preparation leads to the & nation v ich is thermodynamically less
—— i -

stable than the a-alumig
temperatures, such as 2 ( » ing conditions, the y-alumina
converts to a-ahmingNei 0d of i This. precess is called hydrothermal
sintering. It results in 2 g o
leads to degradation o v gnation method, the nickel
can be incorporated by mpreg tmgg serfo ned catalyst support with a solution of a

nickel salt, which is subséq

of steam at elevated

) \ ructure of the catalyst and

tly ' geeom -"* : g to the oxide. Impregnated
catalysts are widely used/fbedalise ihey

catalysts. Many methods of pr_g,@" e s

nerally stronger than precipitated
apports have been devised over the past
) -5 of alumina, magnesia,
o o ‘ eam reforming catalysts
has also evolved oveEhe years 10 maximize the actia/ and rate of heat transfer
within the reformer reactdr.The catalysi pellet size is a compromise between ensuring

RO T Se———

turn governed BY the vessel size and ass velocny for which the reactor is designed.

ARIANN I AN Y
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SYNGAS/CO PRODUCTION

EXPORT STEAM
co, -“ o PROCESS STEAM CO,; RECYCLE T —
— 1 | |
ol g e A PURIFICATION [———# €0 PRODUCT
ke~ ’l / I —
Figure 2.7. The hydrogén md. syngas production [25].

2222.

Sigov, fied the reaction mechanism
of methane reforming kel catalyst at 700-800 °C.
They found that the reactid

(2.14)
(2.15)
nJ (2.16)

Kunugita et¢al.428] studied thwethane reforming with carbon dioxide.

They found uﬂ.ﬂ m fa'ok place little coke at
high temperaturg;and carbon dioxide-me ratio, which was negligible. Besides, at

low t
CHa,

CH4+CO; &= 2CO+2H, (2.17)

H;+CO;, &= CO +H,0 (2.18)

CO;+4H, = CH,+2H;0 (2.19)
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From the experiment at higher than 650 °C, the reaction (2.19) was negligible. Thus,
only reactions (2.17) and (2.18) could take place in this study.

Satayaprasert, C. [29] studied the methane reforming with carbon
dioxide on nickel/alumina catalyst at 600-850 °C. The reaction of this study was as

follows:
CH, + CO, / 2CO + 2H, (2.20)
2.2.3. Reaction Mech " Mem/&ﬂeforming
: A
For the reaction gff w un, methane is cracked to form
CH: on the surface o 1// 1> and steam are interacted to form
carbon monoxide on g j I ‘7 \ \ desorbed from surface of
catalyst. Besides, partial stéarafisferacke ",' ) Oxygen atom on the catalyst surface

p— 7 50
[30]. These reactions are &8 f ws“";”..l 4

noxide io form carbon dioxide

221
154 (222)
!cho — z +CO (2.23)

ﬂ um-%ﬁwmm G
CO+Z0 ——= CQy (2.25)

N°‘“Q RIaNN It NW]’JWEJ']ﬂ e

Z = Active sites of catalyst, which can adsorb reactants.
ZCH; = Active site of catalyst, which can adsorb CH,.
ZCO = Active site of catalyst, which can adsorb CO.
Z0 = Active site of catalyst, which can adsorb oxygen atom.
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In addition, Ross, J.R.H. and Steel, M.C.F. [31] studied the reaction mechanism of
methane steam reforming over nickel/alumina catalyst at 500-680 °C. They could
describe the reaction mechanism that methane was cracked to form CH; and H and
thereupon CH3 was continuously cracked to form CH,, CH or C on the catalyst
surface. Thereafter these free radicals and OH group, which was taken place from
cracking of steam, were interacted to form oxygenated species and then cracked as
carbon monoxide, which illustrated in Figure 2.8.

Figure 2.8. The re;

2.2.4. Formation of CarbofiBeps Hon
.pJ ._,.f; *‘*" r-_ i

Formation o h,“"?'___ éml in the operation of an

industrial steam refonﬁ not ¢ ) alyst de ctivation, but also because
of the severe consequenc? of maldistributio of heat and the damage. Failure of tube

e °ﬁ“ﬂﬁ?’v’1’ﬁ‘i‘?‘l W”E‘f'ﬁl’ﬁﬁ“ o ubes

2CO ; CO, +C (2.26)
CO+H; ———x=3 C +H0 (2.27)
CH, : 3 C +2H, (2.28)

CHn + 2 nC+ (m/ 2)H2 (2.29)
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For a given steam to carbon ratio, it is possible to predict thermodynamics of carbon
deposition via reaction (2.26) from equilibrium gas mixtures containing carbon
oxides, hydrogen, steam and methane. However, it has been well established that the
minimum steam to carbon ratio for carbon formation over nickel catalysts via reaction
(2.26) is lower than predicted from the thermodynamic data for graphite formation. It
has been fairly well established that the key reactions occur over a surface layer of
nickel atoms. If a layer is allowed to build up, a filament or whisker of carbon,
because of the low steam partial press

e can start to grow and attach to a nickel
e " stive force within catalyst pellets and
| the blocking of reactor tubes.
Carbon may also be fo :
air. Reactions (2.28) and _.
catalyst can encapsulatggthe Mickél parti causing deactivation. Reaction

iy !
(2.28) and (2.29) have ng \ inlet to a reformer, where
there is almost no hyd =, pfes

e likelihood of carben deposition
is governed not so mugh b ations'as by the relative kinetics of

carbon formation reactiofl afd fh? = Vmo al reaction. Higher hydrocarbons
have a greater propensity | methane. Thermal or steam
cracking of hydrocarbons can 0 650 °C even in the absence of nickel
catalysts. The craclag leads to gfﬁlﬁ( naceous polymer, which
can dehydrogenate! 15 e ions for the carbon-

induced reaction of ﬁ 3 ‘l@ first is encapsulations of

nickel crystallites by the’,ig?rs of inactive carbonaceous material, and the second is

¥
the formatio ﬁcﬂ; ngfm ‘ M ﬁresun, it leads to the
catalyst deactivation due to coke formation as illustrated in Figure 2.9 [33]. The active

metal i 7 i ‘m ] rﬁ lution of this
probleﬁ mmm rﬁﬂ :'1 lﬂe one of main
problemqs in steam reforming catalysts. Type of catalyst is the one of solution. This
study selected the nickel magnesia solid solution catalyst for methane steam

reforming because it could inhibit carbon deposition and also obtain the highest yield,
which showed its high activity and stability.
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-

Figure 2.9. The deactivation-by-coke rm@pported metal catalyst [33].

2.3. Chemical Reacti

For the kinetic ic-ain 1dyis to observe rate of reaction
that it is fast or slow. & | of reaction mechanism. Thus,
the reaction involving \ \ 0 categories:

S

1. Homogeneous reactio; .i-;ﬁs " that all substances are in ihe same
J’T"P ¥ .
phase such as gas—gas 0!' Olut: -‘:s:w_::“n-.,.:, K

N

2. Heterogen ,;_;r:':':."—.—;ﬁ—.7?_ bstance is in the different

‘ﬂ

7
ﬁﬁﬁ?ﬂﬂﬂiﬂﬂﬂﬂﬁ

am”aqanmﬁqwmaa

From the reaction (2. 30), A and B are interacted to form C. During the
reaction, concentration of A and B are continuously decreased but concentration of C

phase such as gas-so -g: D

2.3.1.

is continuously increased. Plot concentration of reactant and product versus time is

illustrated in Figure 2.10 by giving a, as initial concentration of reactant.
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&

Product

Concentration

Figure 2.10. s \\~ sddu

at several times.

The rate of reaction _ \ \ \ on of reactant or product at
anytime. In case of giy s -.z*. v\-\ d B in term of changing
concentration of product, £ infa (fime can b \\ itten as follows:

Rate of reactic L» ng foncentration of C

L

o

,,;?=,:; :.:._.—E,., ~ | (2.31)

Or in term of changing goncert
Wtﬁ“ﬂw%" WEINT -
JCY 10DV Mok 1101} e

forward and backward rate of reaction. Whenever the forward rate of reaction is equal
to the backward rate of reaction so the net rate will be equal to zero, which means the
reaction to be at equilibrium. From in Figure 2.10, initial rate of reaction is high and
continuously reduced as the rate of reaction depend on initial concentration of reactant
can be written as follows:

Rate of reaction o [A] [B] (2.33)
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From the equation (2.31), (2.32) and (2.33), they can be arranged as follows:

Rate of reaction = -d[A})/dt = -d[B}/dt = d[C})/dt « [A] [B]
Thus, -d[A)dt =k [A] [B] (2.34)

Equation (2.34) can be called rate law or rate equation by giving k as specific reaction

rate constant.
‘l Vy
2.3.2. Order of Reaction /
|
From reaction (2.30),t=is found t ate of reaction is dependent on

WY

concentration of reacts / ‘ 2q ~"pf_‘-' order of reaction being 2,
which is classified as the /// VRN

R
\

\-\\;\a the following reaction:
/ /1A
I W\
Thus, Rate of feaction = -d[AY/ = k[A]
or £~ LI

and A +

The reaction in gex T8

m y-;?"‘ E l'j
J - U

Thus, Rate ofataﬂion = -d[A)/dt~ k [A]*[BIP[C]* (2.35)

PaEFRERINEINT
e IASE SRR A e e

2.3.3. Rate Constant

Rate constant can be widely used as a measure for rate of reaction at various
temperatures as it is only a constant for specific reaction and temperature, which
means the rate constant is only dependent on reaction and temperature. In addition,
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unit of rate constant still also depends on order of reaction. For example, the reaction
giving order of reaction being 1 can be written as follows:

-d[A)dt = k[A] , (2:36)
Or concentration / time = k (concentration)
Thus, Unit ofk = (time)”
If unit of rate constant is equal to (time order of reaction will be 1.

(2.37)

2.3.4. The Mea 3 /ﬁék\ erennal Method
This method was stiudied \\

’ ¢ t was the measurement of
concentration at several tifhes's .

in Figure 2.10 and thereafter

calculated rate of reaction # pe of graph. For example, the

reaction is as follows:

]
Rate of reaction can be yntten in the relati nshlp of concentration of reactant as in

:ql;::: la(12 ﬂ ?Wwﬁﬁw;ﬂ’q.ﬁﬁal rate equation or
q Wﬂﬁﬁﬂiﬁl&mﬂﬂ Ny

(2.38)
Where r = rate of reaction
k = rate constant
C,= concentration of reactant

And n = order of reaction
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Take “log” into equation (2.38):
logr = logk + nlog C, (2.39)
Concenfmtions of reactant are assumed as C;, C; and Cs, respectively and then plotted

graph to calculate rate of reaction at time of zero, which is called initial rate of
reaction, from slope of graph as illustrated in Figure 2.11.

Concentration

Figure 2.11. Conce on of reactant : eral concentrations.
From Figure 2.11, it i action is varied with concentration
of reactant, which can ‘pbserved from slope of graph that slope at C; is more than at

Czand Cy, re I & O : ot d'fmectively. As a result,
initial rate ofﬁ:unﬁgmnmﬂ is lowest. In Figure 2.12,
plotti rand. m i i ing 3 of C,, which
are Cﬁmaﬁi ‘ﬁ):j i m‘gﬂm log k and
slope beqmg n to determine rate constant and order of reaction, respectively. This
method can be called the initial rate method.

-
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logr

1. Concen \.... 3 tant or partial pressure in
P

case of gas, which largely effects"on rate of reaction, and if concentration or partial

pressure is high, rate of reaction, vill be occurred rapidly.
2. Tempgrat gh temperatu ffect on rate of reaction than at
low temperature 2 T-,;"““"“'" will™ erall Tjj-» ed being two times if

elevated temperature 010 il
3. Catalyst or inhibitor can be &roperly selected to employ with rate of
=y

tion, fo 1é, ‘ edCtion i urred slowly but if

e o PO BT VLB T W R e oy ™
it is too rapid, i or will be selected.

PRIV, Mb (V1L

is SIOVQ t {m agni air immediately.

5. Nature of solvent can also effect on rate of reaction in case of reaction
in solution, such as viscosity, induction and so on.

6. Particle size in heterogeneous reaction can also effect on rate of
reaction because the reaction occurs only at surface of particle therefore, rate of

reaction will depend on surface area, for example, small particle size enables rate of
reaction to occur rapidly by increasing of surface area.
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2.4. Catalyst [38-40]

Catalyst is added to speed up the reaction. The physical and chemical
structures of catalyst were not affected after termination of reaction. In summary, the

utilization of catalyst can be given as follows:

The catalysis ¢an bg/Cl: 0 categortiesds follows:

that it can be in the same phase
asmctamandproduct," :
atalyst that it can be in the different
olid state but reactant and

2. Heterogeneous

phase from reac ant, anc

Heterogeneous c?alysts can be mamly used in several industries due to their
thermal, ¢ ir maintenance and
application mm‘jm x nt is used and they
TSI Tinenas

&
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2.4.2. Heterogeneous Catalysis

Learning of heterogeneous catalyst involves in surface chemistry because
surface reaction is mainly effect on rate of reaction, for example, if surface of catalyst
is increase so rate of reaction will be increasing too. Then, the heterogeneous catalytic
reaction is interested to study the effect of structure of catalyst on mechanism of

reaction.

The reaction using-heterogeneous ¢atalyst is mainly occurred on surface
of catalyst. Owing to suzfac€ of e4tlyst ‘effects Omigate of reaction so if increasing
surface area is required e sfifacd arch per v of catalyst should be high by

‘ 0 coated catalyst on support at
high porosity, which 4§ gegerally'called supporter, The mechanism of neterogeneous
catalytic reaction consistS ofSeye |

6. Di@usion out of pores

A U NBNINYANGe
ARSI T
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Figure 2.13. Sieps of heterogeneous catalytic reallon mechanism [38].
AUUIRUBENEINT
V9 TRFEH VTS . o

geometri¢ surface feature and resistibility of catalyst deactivation. These factors also
effect on selection of catalyst to use in reaction. For example, although metal catalyst
shows excellent performance in some reactions, it is not worthwhile to invest so the

supporter will be considered. The advantages of supported metal catalyst are as
follows:
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1. Catalyst can be easily prepared and is safe.

2. Catalyst can be used with several reactors and recycled to use
again by filtration if medium in reactor is liquid.

3. Metal particle can be easily separated with sintering filtration.

In addition, other advantages are dependent on specific properties of

catalyst, such as nature of metal and type of supporter. The properties of supporter are
as follows:

which is expensive.

d) h ;‘ il "

1. Int?acuon of catalyst with supporter increases specific activity

fl um rm AR (0 N
0| W*f‘fé’im;lm's NEARLL.

2. Reduction of poison.

However, supporter can be used with its properties, which depends on
type of supporter. Types of supporter using widely in several industries consist of
alumina, silica and activated carbon. Moreover, the most significance of supporter is
sintering resistibility.
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2.5. Literature Reviews

Hawk et al. [41] studied reforming of methane with steam in tubular reactor
and passed hot air to heat. It was found that optimum condition for the best methane
conversion with fewer side reactions at temperature range between 900 and 1200 °C.

Akers and Camp [42] studied kinetics of the methane steam reforming on
nickel catalyst at 337 to 637 °C. und that reaction rate of methane was

expressed in first order of parti &mne and temperature effected on
reaction with Arrhenius ’ :

carbon as supporter diie t9flow ’: « f pickel  But, 1f alumina-silica or titanium
was used as supporter,, because of high activity of
nickel.

Murray and Synder [44] st of the methane reforming with steam.
They found that rateeq reaction was i der of 1 for methane and
proposed mathematical model” ffom software in computer to compare with the

experimental data, whﬁn gav

v/

¢ o v
Yamaﬂi ugwy ?W in a steam to carbon
ratio of 1.0 omnickel magnesia solid solution catalyst, which was reduced with
hydrog ig aj ,’Elhﬁj N wed higher
acti ﬁmamﬁ ﬂj ﬁn akt mata ing catalyst
(Ni/Alz(?g-MgO). The catalyst kept its activity for 60 h or more at 1123 K, 0.1 MPa
and a steam to carbon ratio of 1.0 by giving little coke on the catalyst (< 1 wt. %).

Whereas, the commercial steam reforming catalyst lost its activity at 20 h because of

severe coking under the same reaction conditions. However, the rate equation was
quite similar for both catalysts.
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Besenbacher et al. [46] studied reforming of butane with steam by using
supported alloy catalyst, which was mixed metal between nickel and gold with high
surface area and using magnesium aluminate as supporter. The gold effected on
surface chemical properties of nickel, and as a result, supported alloy catalyst could
inhibit more coking on the catalyst than nickel catalyst and also giving higher butane

conversion.

Tomishige et al. [47] studied

steam reforming on nickel magn

ion catalyst with low nickel content
MPa. This catalyst had shown

excellent methane convers ability and.no_carbon deposition on the catalyst.
Moreover, it was found el 1 particles formed on this catalyst had high

ability for inhibiting carbef

~ Wing of methane with carbon dioxide and

under low steam to me hage

Trimm [48] stidi ing steam reforming of light
hydrocarbons, which hg | h as Si, Pb, As, Sb, Bi and
Ag could interact wi if'to” preve arbide formation, an essential

oxides as suppoﬂ@coﬂld also reduce coking.

Roh et al. [49] sSudied methane refarinﬁng reactions, such as oxy-reforming,

e el SN DG WAy G e

catalysts with vrious Ni loading up to 12 wt. % were found to show not only the

highe i¢, aetivi t;' m ue to a good
Mlmmﬁmmmm 3l sﬂng interaction
between Ni and 6-ALOs, and free NiO. If below 3 wt. % Ni loading, the catalysts
would be transformed into inactive NiAl,O4 during reforming reactions. Metallic Ni
sites formed from the reduction of both free NiO weakly interacting with the support
and complex NiOy species strongly interacting with the support were active sites for

methane reforming reactions. Even though free NiO species were prerequisite for high
activity, the increase of NiO population in high Ni loading favorably promoted Ni
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sintering resulting in low catalytic performance. In addition, oxy-steam reforming
reaction could be considered as alternative reforming reaction due to the enhanced
methane conversion, safe operating condition and high energy-efficiency.

Hou and Hughes [50] studied the kinetics of methane steam reforming over a
Niva-AlLOs catalyst in an integral reactor under conditions of no diffusion limitation.
Temperature and ratio of steam to methane had a large effect on the product
distribution and no noticeable effect pressure on it. The experimental results
indicated that high ratio of steam to me low temperature were favorable to

NN
the production of hydrogen and synthesi

is carbon monoxide and carbon
dioxide formed as primary produets ate pi.carbon dioxide formation was much
faster than that of carbon.moF - temperature whereas the rate of methane
conversion was proportigné! \\\\\ partial pressure of methane at

%
low product concentratiogs. \ al \pressure on initial reaction rates

indicated that the ratef€ont: \\.\: ng were surface reactions of

adsorbed species.

ane reforming with steam and
fixed bed reactor. The experimental
results demonstrated h ne refo action was expressed in order
of 1.119 for methane;0:385 for s ’ i’ darbon dioxide. The rate
equation was as foﬂovﬁ m

AU 3 DR AR
= 5593 EXP (-15,l49/RT) mo Y193 k

ammmmummmﬁh

Thaneerat [51] stud :
carbon dioxide on mckel/al minB—cata
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