CHAPTER 1V

RESULTS AND DISCUSSION

4.1. The Effect of Operating Parameters and Determination of Kinetics of the

Reaction at Atmospheric Pressure
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The objective of this part was to study rate of reaction and the effect on
methane conversion at excess steam. The experiment was achieved at 700-850 °C,
excess steam to methane ratio, 6.0x 107 to 6.0 x 10™ mole/min of methane feed rate,
0.15 mole/min of steam feed rate and 2 g of catalyst weight. Owing to excess steam,
order of reaction for steam was no effect on reaction rate of methane that rate

equation in equation (4.1) could be rearranged as follows:
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-rchs = K Pcua™ (4.3)

From the experimental result, Table C1 in Appendix C, Figure 4.1 showed
plot between methane conversion and ratio of catalyst weight with methane feed rate
at several temperatures. Methane conversion increased with elevated temperature and
mostly closed to equilibrium at 850 °C because steam reforming was strongly
endothermic reaction. Moreover, methane conversion also increased with decreasing
methane feed rate due to the increase of -,' Ag
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THen, both rate constant (k) and order of reaction for methane (m) could be
given with plot between In (-rcus) and In (Pcus) at several temperatures, which was
illustrated in Figure 4.2. It was found that rate constant increased with elevated
temperature whereas order of reaction for methane was quite similar with close to

one. Thereafter, activation energy (Ea) was considered with the Arrhenius law as

follows:
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k = ko exp (-Ea/RT) (4.5)
Ink = Ink, - Ea/RT (4.6)

From equation (4.6), activation energy could be given with plot between In k
and (1/T), which was illustrated in Figure 4.3. Thus, values of rate constant, order of
reaction for methane, and activation energy were indicated in Table 4.1.
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Figure 4.3. In k vs. (1/T) at excess steam.
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Table 4.1. Values of rate constant, order of reaction for methane and activation

energy.
Reaction
/T In k |3 CH4 Order | Ink, ko -Ea/R Ea
Temperature
(°C) (cal/mole)
700 1.03E-03| 1.6466 | 5.1893 0.9080

750 9.78E-04| 1.9430 697 \ l 3018
\ \ v““ / 1.264 |7.796E+04 |-9423.7|18,726.78

800 9.32E-04 2.4854

850 8.90E-04

From Table 4.1,
could be expressed as

eforming at excess steam

-ICH4 “4.7)

Where k T) mole atm™ kg min™

4.1.2. Non-Excess Stg:

. rédaction and the effect on
methane conversion a(f ‘Was divided into two parts.
First part was to study@e ect or Cl on.B 850 °C, steam to methane

ratio from 2.0 to 8.0, metbaﬁfeedratefro 6.0 x 10° to 5.1 x 10™* mole/min, steam
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part was to stu rate of reaction at 300-850 *Cs steam to methane ratio from 2.0 to

8.0, 1ﬂﬁq1ﬁﬁﬂ?wm m @ tole 107
mole/minj of steam feed rate and 2 g of catalyst weight non-excess steam,

order of reaction for methane and steam had effect on reaction rate of methane that

The objective @

rate equation could be also expressed as equation (4.1) as follows:

—s m n
-tcus = kPcus Pr2o
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Which could be rearranged as follows:
In (-rcus) = Ink + min(Pcus) +nln (Pr2o) (4.8)

From the experimental result, Table C3 in Appendix C, Figure 4.4 showed
plot between methane conversion and ratio of catalyst weight with methane feed rate
at several steam-methane ratios. Methane conversion increased with increasing steam-
methane ratio and mostly closed to equilibrium at ratio of 8.0 because the equilibrium
of steam reforming was shifted to t of product gas. In addition, methane

> and steam feed rate due to the

conversion also increased wit

increase of contact time.
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depended on the experimental data from Table C2 (Appendix C). It was found that
rate constant increased with elevated temperature, besides, order of reaction for
methane was close to one whereas order of reaction for steam was close to one-half.
Thereafter, activation energy (Ea) was considered with plot between In k and (1/T) as

illustrated in Figure 4.5. Thus, values of rate constant, order of reaction for methane
and steam, and activation energy were indicated in Table 4.2.
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Reaction - 7
/T In er Ko ko -Ea/R Ea
Temperature
(°C) E (cal/mole)
700 1.03E-03 | -3.7565 | 0.02337 | 0.9128 0.4413
750 |9.7 60
1 8247 |2.2812|-4549.7| 9,041.16
800 9.32E:D4 | -3.5938 | 0.02749 | 0.9331 0.4224
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From Table 4.2, the rate equation of methane steam reforming at non-excess
steam could be expressed as follows:

Where

_ 05
-tcis = k Pcua Proo

k

4.9

2.2812 exp (-9,041.16 /RT) mole atm™* kg™ min™
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4.1.3. The Effect of Catalyst Weight

The objective of this part was determination of the optimum catalyst weight on
methane conversion, hydrogen-carbon monoxide ratio and product gas composition at
850 °C, excess steam to methane ratio, 1.27 x 10™ mole/min of methane feed rate and
0.15 mole/min of steam feed rate. The catalyst weight was varied from 2,5, 8 and
10 g. From the experimental result, Table C7 in Appendix C, Figure 4.6 showed
methane conversion increased with i ing catalyst weight and mostly close to

equilibrium at 10 g of catalyst ;% /uld contact with catalyst for a long

time and also increased 3(’ occur reaction increasingly.
———

In addition, hydrogen: with increasing catalyst

weight as illustrated i amount of product gas
gen .15 % to 86.20 %, carbon
monoxide increased a htt ’ 56t % n dioxide decreased from

ed, from 6.60 % to 0.50 % with

composition, it was fo

ad no effect on hydrogen-
carbon monoxide ratio ’ sition was dependent on

temperature and steam-met below 2 g of catalyst weight,
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the best rate of reaction
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Figure 4.6. Methane conversion vs. catalyst weight.
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Figure 4.8. Product gas composition and methane conversion vs. catalyst weight.
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4.2. Reaction Mechanism and Determination of Rate Equation by Langmuir-
Hinshelwood Model

The objective of this part was to study the mechanism and rate of reaction,
which was consistent with Langmuir-Hinshelwood model. The experiment was
achieved at 850 °C, 2.0 to excess of steam to methane ratio, methane feed rate from
6.0 x 10° to 5.1 x 10™* mole/min, steam feed rate from 1.27 x 10 to 0.15 mole/min

and 2 g of catalyst weight. This researe tq study methane steam reforming, then
one of the method most often use lescril atalytic reaction mechanism was
the Langmuir-Hinshelwood steam reforming was as
follows —_—
g 2 o —— _ 3 1‘ " -
The mechanism of steam gefor; r/[ 'as'a series of elementary steps as
follows: S (C8 & N
1. Adsorption
CHs+ S
2. Surface reaétio:

CHs-S HZO-S —_— CO-S+Hy-S (rls)

3D“°ﬂ°uEJ’J°/IEJVl‘§'WEJ’1ﬂ‘§

CO—S _i—-‘ CO =S,

ammmm ll'iﬂ']’)‘ﬂ%l']ﬂ ¢

Where S = Active sites of catalyst
rls = Rate limiting step (or called that rate
determining step) |
CH4-S, H,0-S, CO-S and H,-S = Chemisorbed CH,, H,0, CO and
Ha, respectively
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kcha, ki2o, kco and kyz = Adsorption constant of CHs, H,O, CO and
H,, respectively
k’cus4, K20, K’co and k2 = Desorption constant of CHy, H,O, CO and
H,, respectively
ks = Rate constant at surface of catalyst
k’s = Reverse rate constant at surface of catalyst

+Hy-S  (rls)

Similarly,

The second step (surfage
ly,

The third step (desorption) in equilib

TadscO =

ﬂﬂﬁl’&ﬁ%ﬁ%’mi

‘eco = KcoPc09 (where K@’— kco/ k'co)

=g AN TRANTING1A Y

Oz = KipPu20y  (where Kuz =kuz/ k')
Where 6, = Fraction of no surface coverage on the catalyst
(void fraction)
Ochs, On20, Oco and Oy, = Fraction of surface covered CH,, H,0, CO and H,
on the catalyst, respectively
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Kcns, Kizo, Keo and Ky = Adsorption equilibrium constant of CH,, H,O, CO
and H, respectively

Adding the equations for Ocus, O120, Oco, and Oy
Ocha + B0+ Bco+ Oz = BUKcuaPcns + KizoPuz0 + KcoPco + Kin2Pu2)

Also, OcHsa + O20+ Oco+ Bz + 6, = 1
Hence, 1-0, = 6(KcusPcus + KizoPu20 + KcoPco + KioPip)
Pchs + KizoPh2o + KcoPco + KipPr2)
Surface reaction,
And then
oPi20 + KcoPco + Kuz2Pu2)
\‘ Pr2o + KcoPeo + KipPh2)
Thus, (4.10)
KcoPco + KioPuz)

From equation (4.10), which €6 llowing these conditions:

Excess steam,

.,J KioPuo)?
KPmo ‘ J s (4.11)
)

o f] um MR
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“TCH4 = Tns= kKcuaPcnaKizoPuzo
(1 + KcnaPens + KizoPrzo + KeoPeo + KinPi2)’
= K Pizo Pena 4.12)
(1 + KcnaPens + KizoPizo + KcoPeo + KinPia)?

Where K = kKcnsKizo
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From equation (4.11) and (4.12), plot between reaction rate of methane and
partial pressure of methane or steam at excess and non-excess steam, which used the
experimental data from Table C4 in Appendix C, as illustrated in Figure 4.9. It was
found that methane steam reforming was the first order reaction, which was consistent
with Langmuir-Hinshelwood model.

: * Excess Steam
0.08

| ® Non Excess Steam

0.06

Ves ( mole/kg min )

0.04 -+

0.02 +

|
|
|
|
|

Peys OF Puso ( atm )

0.00

0.00 0.35

Figure 4.9. Reactié o) of methane or steam
at ex and non-excess stez ﬁ

‘a W
2 e i AT 1) 3
4

16bjecti is - f& 'ﬂﬂﬁt’ﬁnonmteof
remtiomxjﬁeqﬁamm lﬂexperiment was achieved at
850 °C, steam to methane ratio from 2.0 to excess, methane feed rate from 6.0 x 10
t0 5.1 x 10™ mole/min, steam feed rate from 1.0 x 10 to 0.15 mole/min and 2 g of
catalyst weight. From the criteria of Weisz and Prater, the equation could be proposed
as follows:

® = (fa Ps) obs L* (4.13)
D eff C .s.s
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From equation (4.13) it was found that if the value of ® was considerably
greater than unity then reaction was highly diffusion limitation, which was diffusion
effected on rate of reaction, but if considerably smaller than unity then no diffusion
limitation indicated that diffusion was no effect on rate of reaction. As a result,
chemical reaction could be determined as controlling step of reaction rate. From the

experimental result, Table C8 in Appendix C, found that the value of ® was between

461 x 107 and 3.12 x 10, which was considerably smaller than unity. It was
indicated that chemical reaction ) i
specific area of catalyst in thi
industry about 350 m%/g, temal diffusion- effect on this reaction. This
indicated that the reacti orlly at extétnabsiirface of catalyst.
4.4. Determination of
The objective of thi 1.0 ‘\{- thermodynamics model of
reaction by compari \ rom the experiment with
thermodynamics equilibri
700-850 °C, steam to me

e experiment was achieved at
' feed rate from 1.27 x 10 to
1.46 x 10 mole/min, steam feed 0* to 5.86 x 10™ mole/min and
5 g of catalyst weig 2
found that the trend 6f'p

equilibrium as illustrat :

5le)C9 in Appendix C, it was
r.‘tt °nt with thermodynamics
in Figure 4.10. In addition, gas-€éomposition was above the
equilibrium si as f#6m the conversion, but if below the

the: residual
equilibrium as é Whg ﬁm m\@ reaction. Thus, the

thermodynamncs‘“model of reaction conld be sugges‘g.d in two reactlms as follows:

ammngmmmmaﬂ

* H,0 — CO, + H,
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Figure 4.10. Comparisg Kﬁ’ from the experiment with

arigus temperatures.

4.5. Literature Comparison

_'y;.—’ ' : ']
For this researt ;', . : rmmgonmckel magnesia
solid solution catalyst as investigated in two cases as folows:
TIEE & 5 ' kel magnesis solid
solution caxalﬁrﬁ 23 iuld be expressed as
follows:

Q ma\aﬂw UAIINYA Y

= 7.796x10 *exp (-18,726.78 /RT) mole atm™ kg min

Owing to excess steam, which was between 250 and 2400 of steam-methane ratio, it
was found that activation energy was considerably greater than other literatures as
illustrated in Table 4.3 because mass transfer was occurred in the reaction that
methane was diffused via steam phase to surface of catalyst. Thus, order of reaction

for steam had no effect on reaction rate of methane.
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The second, kinetics of methane steam reforming on nickel magnesia solid
solution catalyst at non-excess steam, it was found that rate equation could be

expressed as follows:

- 05
-tchs = K Pcua Przo

Where k

2.2812 exp (-9,041.16/RT) mole atm™ kg™ min

found that activation energy was co
illustrated in Table 4.3 because

catalyst surface were similar.
e ——

/‘“

Owing to non-excess steam, which was from 2.0 to 8.0 of steam-methane ratio, it was
bly smaller than other literatures as
thane and steam adsorbed on the

1014 hane was dependent on order

of reaction for methane

7/

Table 4.3. Comparison // \\\ gy in each literature.

Temp. | E,
Researcher Catalyst Range | (cal/
(°C) | mole)

Akers and Camp Nv/ALO; ([337-637| 8,820
(1955)*
Rostrup-Nielsen N1/Si0,-Al1,05|500-680(11,165
(1975)*
Vitidsant Ni/ALO; |(600-850|12,518
(1988)*
Thaneerat Nv/ALO; [550-700|15,149
(1994)*
This work (2003)
) Excess steam A) ~fcus = Ko Nig 03Mgo 970 | 700-850| 18,727
) Non-excess steam b) -rcus = ko€ Tt Pcm Pmo 9,041
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Akers an Camp that enabled lower reaction rate of this work. These results were
caused by different conditions such as temperature and catalyst.
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