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Partial Oxidation of Methane in Permeable
Ni Tube for Effective Hydrogen Production

Satoshi Fukada and Shigeki Ono
Department of Advanced Energy Engineering Science,
Kyushu University, Fukuoka, Japan

Abstract: To develop an effective way to produce hydrogen continuously by means of
partial oxidation of natural gas methane, we experimentally studied a Ni catalytic-
permeable-membrane-tube reactor. When a mixture of CH, and O, was introduced
into a Ni tube, H, was produced by a partial oxidation reaction and permeated
through the Ni-tube reactor to separate from another product of CO. The dependence
of the partial oxidation rate on the inlet CH,/O, molar ratio, temperature, flow rate,
and total pressure were determined experimentally. The rate constants of the
complete oxidation reaction, the steam-reforming one and the CO,-reforming one
were simultaneously determined at temperatures of 400 to 750°C from fitting analytical
calculations to experimental ones. Although complete separation between CO and H,
was not achieved within a limited surface area in the present experiment, it was ana-
lytically proved that H, and CO can be effectively separated in a long Ni-tube reactor.

Keywords: Hydrogen, nickel, tubular reactor, partial oxidation, high-temperature
gas-cooled reactor, natural gas, permeation

INTRODUCTION

Hydrogen is a promising secondary energy resource in the future. Hydrogen
will be produced by means of solar energy battery or thermo-chemical
decomposition of water using heat from high-temperature gas-cooled
nuclear reactors (1). However, since the cost of solar battery and thermo-
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chemical decomposition to produce H, is high at present, the processes of
steam reforming and partial oxidation of coal or natural gas have been
utilized in hydrogen stations or hydrogen plants. In a conventional industrial
partial oxidation system, e.g., the TEXACO system (2), H, is produced from
coal, natural gas, and other hydrocarbons around at 1500°C without any
catalyst. Since the reaction temperature is rather high, it wastes a large
amount of usable heat. If we use an effective catalytic material for the
partial oxidation process, the reaction temperature can be lowered down to
around 700°C or temperatures still lower than it (3, 4).

There were many studies and industrial applications of a permeable
membrane tube made of Pd alloys (5, 6) in order to purify or separate H,
from gas mixtures. Although Pd is the most effective metal for the purpose
of H, separation, its cost is high. Nickel is another possible permeable
material for the H, separation, because the permeability of H atoms through
Ni is also comparatively higher than other metals and is not sensitive to
toxic gas such as CO. In addition to these advantages, Ni was considered
the most effective catalyst material for the partial oxidation (4) and steam-
reforming reactions. There were few studies that investigated Ni-tube
reactors for the two purposes of H, production and separation (7). In the
present study, a Ni catalytic-permeable-membrane-tube reactor is investigated
for H, production by partial oxidation and for H, separation by means of the
permeation of H atoms through Ni. Variations of the CHy-to-H, conversion
ratio with temperature, the inlet CH4/O, molar ratio, gaseous velocity and
total pressure are investigated experimentally and analytically.

EXPERIMENTAL

Figure 1 shows a schematic illustration of the experimental apparatus used in
the present study. A mixture of CH4 and O, controlled to a specified flow rate
by two mass-flow meters was introduced into a permeable Ni tube from its top.
The stated purity of the Ni tube used in the present study was 99%, and its
impurity components were C 1000 ppm, Si 2200 ppm, Mn 2200 ppm, S
60 ppm, Cu 1500 ppm, Fe 2500 ppm, Mg 600 ppm. The Ni tube was
1000 mm in length, 3.18 mm in outside diameter, and 0.50 mm in thickness.
The effective length of the Ni tube heated to a specified constant temperature
was 700 mm. The outside tube was made of quartz glass of 778 mm in length
and 9.5 mm in outside diameter. A constant flow rate of a CH,; + O, gas
mixture was supplied from the top of the Ni tube. At the same time, a
constant flow rate of Ar was supplied from the bottom of a cylindrical
space between the outside quartz tube and the inside Ni tube. The inside
flow rate ranged from 10 to 100 cm3(NTP) /min, and the outside one ranged
from 10 to 200 cm>(NTP)/min. The upstream flow rate was controlled by
mass-flow meters, and the downstream flow rate was measured at the tube
outlet by a soap-bubble flow meter. The heater in the electric furnace was
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Figure 1. A schematic diagram of the experimental apparatus.

divided into four pieces, and respective electric currents were controlled to
maintain a uniform temperature throughout the furnace. The temperature
was measured by a thermocouple inserted into the tube. Temperature
ranged from 400°C to 750°C. The total inlet pressure ranged from
1.0 x 10° Pa to 5.0 x 10’ Pa.

A column packed with active alumina particles to remove water vapor
produced by the partial oxidation process was inserted immediately after
the Ni tube. The outlet concentrations of the gas mixture were measured by
gas chromatography, and CH,, O,, H,, CO, and CO, were detected. Any
other trace-level gas components except for CHy, O,, H,, CO, CO, and
H,O were not detected.

ANALYSIS

In the present experiment, a Ni catalytic-permeable-membrane tube is
supplied with a mixture of CH, and O, under a constant flow rate and a
constant temperature. Methane is partially oxidated on the Ni catalytic tube,
and part of H, produced permeates through the Ni permeable tube.

The CH, oxidation reaction is described as follows:

CHy4 + 20, == CO, + 2H,0 (1)

CH4 + H,O = CO + 3H, 2)
CHy + CO, = 2CO + 2H, (3)
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The reactions of Eqgs. (1-3) are generally called complete oxidation
reaction, steam reforming one and CO, reforming one, respectively. Direct
decomposition of CH, to C+ 2H, on Ni surfaces (8) was not observed
under the present O, rich condition. This is because the direct conversion
occurred only under the condition of a very low O, concentration. Therefore,
the direct decomposition process was not taken into consideration in the
present study. The sum of the reactions. (1) — (3) leads to the following
overall partial oxidation reaction:

CH, + (1/2)0, = CO + 2H, 4)

Since the reaction (4) is not independent, it is not used for the present
analytical calculation.

Two different reaction mechanisms were proposed for the partial
oxidation process:

1. The reactions of Eq. (2) and Eq. (3) subsequent to Eq. (1) (9), and
2. a direct reaction pass described as CHy+ (1/2)0, — C+4H
4+ 0 — CO+H, (3).

The reaction pass of (ii) may be valid only in the case of a small contact time
on another transition metal catalyst. In the present Ni catalyst, the former
process was considered predominant as would be proved later in the present
paper. Therefore the second process was not taken into consideration in the
present analysis.

The rates of the frontward and backward reactions (1)—(3) are defined as
rirand r;;, 1 = 1—=3, respectively. They are described in terms of the overall
frontward reaction-rate constant k; 5 as follows:

ki gpcoPino

r.f = ki fPcu,Po,s  Tib X (5a, b)
I
ka,;pcop;
g =k pcHPH0s  Top = THz (6a, b)
ks Dol
r3.f = k3 fPcupco,s  T3p = e (7a, b)

K;

The order of the reaction rates of Egs. (5ab)—(7ab), i.e., the index of each
partial pressure is the same as ones assumed by Jim et al. (10). Different
orders of reaction-rate equations were previously given to the CO,-
reforming reaction (11) or the steam-reforming reaction (12, 13). After
some trial and error calculation, however, we found that the rate equations
described above could reproduce our experimental data better.
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The reaction-rate constant in the frontward direction, k; 4, is correlated to
the following Arrhenius equation:

E; .
ki = kio exp(— RT) i=1,2,3 (8)
g

The values of the equilibrium constant appearing in Egs. (5b)—(7b), K;,
are given by the Gibbs free-energy change, AG,, in the thermodynamic
table (14):

AGy\ .
K,-:exp(——) i=1,2,3 9)
R, T
The differential material balance equations for respective molecular species of
CH,, O,, H,, H,0, CO, and CO, are expressed in terms of each reaction rate,
7, pand r;p, as follows:

d{ ..
d_A <Wzmzde pCH4) =—rytnps—rytrn,—ryr+trp (10)

Pt
d inside PO
Wlmzde 4 ) — ) 2 11

_dA< _Pt> rip+2rp (11)

d inside PH- K

— (winside Z22) = 3p, . 3 2r3 p —2r3 — =LA 12
JA < » ) r.f rp+2r3 ¢ 3.h 2 \PH, (12)
A (yyinsiae PN _ 5 oy gt (13)
JA D Lf 1Lb— T2+

—d yyinside Peo) _ raf—ryp+2r3 ¢ —2r (14)
JA D 2.f — 12.b 3.f 3.b

d <W”md€ Pcoz) =r r.p r3 + rp (15)
— — | =1y —Trp— 3
dA P J . . .

In calculation, the increment of A was replaced by that of the distance from the
Ni tube inlet in the axial direction, z. Therefore, dA = wddz.

Since p; = pcua + Po2 + P2 + PH20 + Pco + Pcoa, the sum of the above
mass-balance equations of Eqgs. (10)—(15)can be reduced to the following
equation:

dWl‘nside
dA

K
= 2}’27f — 2}’2,1, —+ 2}’3']" — 273,b — Z—prHz (16)

The last term of the right-hand side on Eq. (12) and Eq. (16) is the contribution
of H, permeation through the Ni tube, where Apy, is the driving force of H,
permeation that is different from place to place. In the present study the H,
permeation is limited by diffusion through Ni. Therefore, Apy, was

assumed to be equal to (piside)-S — (pousidey0.5,
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When the Ni tube was supplied with a mixture of CH4 and O, from the
top, the concentration of each component at the inlet is given as follows:
at

2=0, pcH, =PcH,ins PO, =P0,.ins Pco, =Pco =PH,0=pH, =0,

Winside — W(i)nside (17)

The seven ordinary differential equations, Eqs. (10), to (16), were simul-
taneously solved under the inlet condition of Eq. (17) by the Runge-Kutta
method. The parameters that are determined experimentally are &, k> f and
k3 s A condition of the steady-state oxidation reaction and permeation was
achieved around half an hour after the introduction of the gas mixture into
the Ni tube reactor. Therefore we took only steady-state experimental data.

Before the above CH,/O, supply experiment, the permeability of H
atoms through the Ni tube used here was determined using an Ar + H, gas
mixture. Figure 2 shows the experimental results. The permeability of H
atoms through Ni, K,, was correlated to the following equation:

_51.9[kJ/mol—H]

Kp=4.99 x 10_7exp< 2T
8

) [mol —H/msPa’>] (18)

The correlation is in close agreement with the best-fit equation that correlated
more than 30 previous data by Robertson (15) as seen in the figure.

— 5 800 700 600 500 400 [°C]
<, W0
= 7E
E o
= sk
5 S
E sk
z 2
=
[=11]
=
T
2 i
g sk
= ar
= sk
=
2 L | ® presentexperiment
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=
S gV | \ | | |
£ 09 10 L1 12 13 14 15
[=T
1000/T |K ']

Figure 2. Permeability of hydrogen through Ni tube.
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RESULTS AND DISCUSSION
Variations of x;,,, with xcg,;, and T

Figure 3 shows variations of the outlet gas compositions, X; ,,,, with the inlet
CH4 molar fraction, xcma i, When different concentrations of the CHy + O,
gas mixture were introduced into the tubular reactor. Gases detected were
CH,, O,, H,, H,O, CO, and CO,. Any other gaseous component was not
detected throughout the present experiment. The total gas flow rate
(10 cm*(NTP) /min), Winside " and the reactor temperature (700°C) were the
same throughout the experiments in the figure.

Lines in the figure are calculation results determined using the ordinary
differential equations given in the preceding chapter. The results depicted
by a solid line and open circles are the sum of the outlet H, concentrations
in the inside (i.e. non-permeated part) and the outside (i.e. permeated part)
of the Ni tube. As expected, the complete oxidation was predominant under
the lower CH,4 concentration region of xcpa;, < 0.4. For example, the main
components at the outlet when xcpa ;, = 0.3 were CO, and H,O, and xg o
and xcp,, Were very small. The outlet molar fractions of H, and CO
increased with the increase of xcpy;,. These results indicate that the two-
step reaction is predominant in the Ni-tube reactor: In the first step, the
complete oxidation reaction of Eq. (1) proceeds, and in the second step
remaining CH,4 reacts with the reaction products of CO, and H,O as shown
in Egs. (2) and (3). We found that the optimum inlet condition for partial
oxidation to give the maximum xzp,,; value i Xcpa.in/X02., = 2. In the

— 1.0

= I, 0, I 1,0 CO CO,
o exp. O X © K 4 ¥
“ 08k leal. --- —-i — s —o -l
g T=700°C, Wy “=10cm (NTPY/min, p=0.1MPa
Om "

.

E

("\l

<

11,

T

I

=

e

0.0 0.2 04 0.6 0.8 1.0

Inlet CH,, molar fraction, X ;, [-]

Figure 3. Variations of outlet molar fraction of each component with different inlet
CH, concentrations.
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following paragraphs, we focus on experiments under the optimum inlet
condition of CH4 + O, (2:1) feed.

Figure 4 shows a comparison of the molar fraction of each component at
the Ni tube outlet between experiment and calculation for different tempera-
tures from 400 to 750°C. A comparatively close agreement was obtained
between the experiment and the calculation regardless of different tempera-
tures. As seen in the figure, the values of xgo,, and xcoe. When
T < 550°C were very small. There was no H, production under temperatures
lower than 550°C. Thus, the complete oxidation of the reaction (1) was predo-
minant when T < 550°C similarly to our previous study (4). This is because
the equilibrium constants of K, and K5 of Eq. (9) were very small in the
lower temperature region. On the contrary, the H, production by partial
oxidation of the reaction (4) became predominant under temperatures higher
than 600°C. The calculation is in good agreement with the experimental
behavior of H, production even at any temperature.

CH,-to-H, Conversion Ratio and CO Selectivity with Inlet Flow
Rate and Total Pressure
Figure 5 shows variations of the CHy-to-H, conversion ratio with the inside

gas flow rate at three different temperatures when the optimum
concentration of CHy+ O, (2:1) gas mixture was introduced into the Ni

Xctt,in/Xo,in=2> P=0.1MPa, W™ “=10cm’(NTP)/min

- 1.0

5" CH,; O, H, H,0 CO CO,
QO exp. O X o Dq A v

S ol [eal —movmem — e i e

&}

Q .

jam . -

% 06 e e 5 B
T

&

o

¢

jom

@}

—

O -
£ 2N
o)

= YL

E = - ‘.\7 l g “ee "'}_:Q
2 700 800 900 1000

Temperature [K]

Figure 4. Variations of outlet molar fraction of each component with different
temperatures.
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Figure 5. CHy-to-H, conversion ratio as a function of total inlet flow rate and
temperature.

catalytic-permeable-membrane tube. The CHy-to-H, conversion ratio denoted
by n on the vertical axis means the ratio of the H, production rate to the molar
rate of hydrogen supplied as CH, and is defined as follows:

inside .inside outside . .outside
Wout tz,out + Wout tz,out (19)

sid
ZW(’)"Y’ exCH4,in

’n:

Here, the first term on the numerator of the right-hand side of Eq. (19) is the
part of non-permeated H, and the second term is the permeated part. As seen
in Fig. 5,  varied with W¢™_n other words, the CH,-to-H, conversion ratio
was a function of contact time when a gas mixture flowed through the Ni tube.
The conversion ratio of m increased with an elevation of temperature or a
decrease of the inlet inside flow rate. Lines in the figure show the numerical
simulation based on the present rate-equation model of Egs. (5) to (17).
Regardless of different temperatures and flow rates, the numerical results
predicted well the experimental results of the CHy-to-H, conversion ratio.
The maximum 7 value obtained in the present study was 0.82.

Figure 6 shows the CH,-to-H, conversion ratio and the CO selectivity as a
function of the inlet total pressure, p,. The CO selectivity, Sco, is defined as
follows:

XCO,out

Sco = (20)

Xco,out + XC0, 0ut

As seen in Fig. 6, 1 decreased with the increase of p,. This is because the total
gas amount increases in the right direction of the reaction (4). The overall
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Figure 6. CHy4-to-H, conversion ratio and CO selectivity as a function of total inlet
pressure.

behavior of the CHy-to-H, conversion was also predicted well by the
numerical simulation. The CO selectivity of Sco also behaves in a similar
way to m. Thus, we can expect a high efficiency of a Ni catalytic-
permeable-membrane-tube reactor for the simultaneous production of H;
and CO from CHy.

H, Permeation Rate as a Function of Outside Flow Rate and

Total Pressure

Figure 7 shows that the overall H, permeation rates, W,,Ou“,”’dexm!,m,, are almost
independent of the inlet outside Ar flow rate, W™ The line of the H, per-
meation rate is calculated by the following equation for the diffusion-limiting
permeation condition:

) outlet Kp
Woumde outside ar

out Hz,out =
inlet 2t

{(pumde mslde)o 5 (p;’”mde gumde)o 5 } Trddz (21)

Close agreement is obtained between experiment and calculation. The fact
means that the intrinsic H, permeability is independent of the inside flow
condition and the CO and CO, concentrations. Therefore, we concluded
that the rate-determining step of H, permeation is diffusion of H atom
through Ni.
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Figure 7. Overall H, permeation rate as a function of outside Ar flow rate.

Figure 8 is a graph showing what fraction of H, produced in the Ni
catalytic tubular reactor permeates through the Ni permeable tube. The
fraction denoted by ¢ is defined as follows:

outside ,.outside
é, _ w tz,out (22)
T Winside y inside | Woutsidey outside
out H, ,out out H,,out

The fraction {was not so high under the condition of 0.1 MPa CH, + O, gas
supply. However, the fraction increased with the total pressure, p,. This is

1.0

b Temp. exp. cal. |xcyy,in/%0,in=2
5 730C 0 — W ™= 0em’(NTP)/min
= 08H700°C O ---

L

2

E ooel

2
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Figure 8. Fraction of permeated H, to its amount produced in Ni tube.
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because the driving force of permeation, Apy», increased. The calculation
results are also comparatively in good agreement with the experimental
data. The value of the H, permeability used for the calculation was the
same one, Eq. (18), determined under the condition without any toxic gas
such as CO. Therefore, we can say that not only the feed components of
CH4 and O, but also the by-products of CO, CO, and H,O etc. had no
effect on the permeability of H atoms through Ni at all.

Since n decreased with p, as seen in Fig. 6, and { increased with p, as seen
in Fig. 8, there seems to be the optimum pressure condition in applications
of the Ni-tube system to industrial hydrogen production and separation
processes. Figure 9 shows variations of a product of 1 and { as a function
of p,. The product means the rate of H, permeated per that of CH, supplied.
As seen in Fig. 9, the maximum fraction nd of the H, amount separated
from CO using the Ni tube of 70 cm in length was 0.33 at 7= 750 °C and
p: = 5 MPa. The value seems not to be sufficient for industrial application.
Therefore, we need to use a thinner Ni membrane or a longer Ni tube in
order to enhance the permeation rate of H, through Ni. This will be done in
the future study.

Strictly saying, the incomplete separation arises from the H, permeabi-
lity of Ni being lower than that of Pd. The permeability of H atoms through
Ni (Kp=38.24 x 10710 mol—H/msPaO‘5 at 700°C) is smaller than one-
hundredth of that of Pd (Kp = 2.06 x 10”7 mol-H/msPa’%) (16), which has
the largest permeability among the all metals. Two chain lines in Fig. 9
show calculation results of the product n{ if the permeability of the tube

Temp. exp. cal. cal.(if Pd)
750°C 0 —  —--
700°C O --- -

1.0

MG [-]

‘Clp‘ull/x():.inzz
W, ™1 0em® (NTP)/min

0.6 - Rl

Fraction of permeated H, per suppiled as CH
o
i
!

Total pressure, p, [MPa]

Figure 9. Fraction of permeated H, to supplied CH,4 as a function of total pressure.
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wall is assumed to be the same as that of Pd with holding partial oxidation
reaction rates of Ni. The system can be realized only under an ideal
condition where H, produced by partial oxidation permeates to the outside
flow without delay. The system requires the condition where CO or other
reaction products do not degrade the permeability of Pd and the partial
oxidation proceeds on Ni catalyst efficiently. This experimental proof will
be done also in the future study.

Reaction Rate Constants as a Function of Temperature

Figure 10 shows variations of the three rate constants with the reciprocal of
temperature. They were correlated to a unique function of temperature.
Each rate constant is expressed by the following Arrhenius equations:

114[kJ/mol]
R,T

181[kJ/mol]
R, T

B 304[kJ /mol]
R, T

ki =17.27 x 104exp< ) [mol/m*atm’]  (23)

kos = 4.68 x 10 exp< ) [mol/m?atm?]  (24)

ks s = 3.04 x 10‘5exp< ) [mol/m?atm?]  (25)

. 800 700 600 500 400 [°C]
10 T T T T
o CH,+20,=C0,+2H,0 (1)
8 1°F ® CH+H,0=CO+3H, (2)
‘g CH,+C0,=2C0+2H, (3)
E‘ 10 = Key Kk
> O kl
o0tk 'k
% 0 ® kK
2 3
a 3 - O
g 10
:
5 10" o
3
10° | | l | l
09 10 11 12 13 14 15

1000/T [K™]

Figure 10. Variations of three reaction-rate constants with the reciprocal of
temperature.
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CONCLUSIONS

A catalytic-permeable-membrane tube made of Ni was studied for effective H,
production based on partial oxidation and hydrogen permeation. With the
optimum supply condition of a gas mixture of CH,4/O, = 2, H, and CO were
produced by partial oxidation, and only H, permeated through the Ni tube
with high efficiency without any toxic effect by CO. The maximum CHy-to-
H, conversion ratio was 0.82 and the maximum fraction of H, permeation
was 0.48 for a 70 cm Ni tube system. The dependences of the rate constants
of partial oxidation and permeation on the inlet CH,/O, molar ratio, tempera-
ture, inside and outside flow rates, and total pressure were clarified. Their exper-
imental behavior was simulated well by the three rate constants of complete
oxidation, steam-reforming, and CO,-reforming reactions.

NOMENCLATURE

A inside surface area of Ni tube, m?>

d diameter of Ni tube, m

E activation energy of reaction, J/mol

kiy frontward rate constant of reaction i (i = 1-3), mol/ m’sPa”

K; equilibrium constant of reaction i (i = 1-3), Pa"

K, permeability of hydrogen through Ni, mol-H/ msPa’’

n order of reaction

P partial pressure of component j (j = CHy, O,, H,, H,O, CO
and CO,), Pa

Do atmospheric pressure, Pa

D: total pressure, Pa

R, gas law constant, kJ/molK

Fib backward rate of reaction i (i = 1-3), mol/m’sPa"

tif frontward rate of reaction i (i = 1-3), mol/ m’sPa™

Sco CO selectivity defined as Eq. (20)

t thickness of Ni tube, m

w total molar flow rate, mol/s or cm*(NTP)/min

W fnside outlet molar flow rate inside Ni tube, mol/s

yy outside outlet molar flow rate outside Ni tube, mol/s

W inside inlet total molar rate of inside flow, mol/s or cm*(NTP) /min

by molar fraction of component j (j = CHy, O,, H,, H,O, CO
and CO,)

z axial distance, m

AT’; Gibbs free-energy change of reaction i (i = 1-3), J/molK

Apuo driving force of hydrogen permeation, Pa

n CHy-to-H, conversion ratio defined as Eq. (19)

4 fraction of permeated H, to produced H, in Ni tube defined

as Eq. (22)
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