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Abstract

Autothermal reforming of Chl has been studied under both periodic and steady state conditions. The investigation was
conducted over Co—NiO in a fluidised bed reactor at 873K and 101.32kPa. Cycle periods of 1-40 min were used whilst
the cycle split,Sx (with respect to the @rich cycle) was varied from 0.1 to 0.9. Generally, £blxidation stimulated
CO formation, however, steam reforming yielded predominantly @ H. Although G-rich cycling (Sox > 0.5) was
detrimental to H formation, HO-rich cycling resulted in a 15% improvement in steady statddtimation. Theoretical as
well as experimental investigations pointed to a resonant frequency of about 6.7 mHz fax@ldtion to produce super
steady state hlyields. By periodic operation, it is possible to tune/BO ratios over the range 2.5-7 for the same feed
composition. Interestingly§ox = 0.1 yielded the highest ratios, whereas the lowest ratios were attai§gg-at0.9. Periodic
composition cycling introduces a more flexible approach to reactor operatiop/&OHan be easily modulated by varying
the cycle parameters — compared to steady state operation. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction CHz + HO=CO+ 3Ho,
AH =2254kJmol ! )

Autothermal reforming of CHl is a well-proven
technology and has been used in ammonia and Despite these advantages, conventional autoreforming
methanol plants, and for the production of puredtd often leads to low H yield since H formed may re-
CO [1]. Compared to other competing technologies act with G to yield H,O. To circumvent this prob-
for syngas generation, autothermal reforming results lem, we proposed for the first time, a periodically op-
in compact unit design, low investment, economy of erated autoreforming system with feed composition
scale, flexible operation and soot-free operation [1]. alternating between C#O, and CH/H>O mixtures

The main reactions involved in this process are: [2]. It was envisaged that this would promote inde-
pendent Cl oxidation and steam reforming steps and
CH4 4+ 20, =CO, + 2H0, thus minimise the reconversion ofHndeed, periodic
AH = —80231kJ motl (1) operation of reactor systems has been the subject of

extensive experimental and theoretical investigations
for three decades. Early work by Douglas [3-5] and
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Nomenclature

TAR time-average rate (mofds1)

T cycle period (s)

N total number of points within a cycle

r instantaneous rate (motgs-1)

At;  time interval between consecutive
points (s)

Ty characteristic reactor time based on
volume (s)

v effective free volume of reactor (n

Qo volumetric flow rate of reactant at
operating conditions (fs~1)

Ta characteristic reactor time based on the
surface capacity of the catalyst (s)

am  total surface area of supported catalyst
(130nfgY

Lm  adsorption capacity of catalyst surface
(1.42 x 10>mol m~2?)

[llo time-average concentration of reactant
I in feed (mol nT3)
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the surface interaction of adsorbed CO and adsorbed
oxygen.

Given the intricate interaction of period, split, reac-
tion rate and product selectivity observed in the fore-
going studies, it appears feasible to exploit periodic
operation to improve the flexibility of reactor opera-
tion as well as reactor performance. Since autothermal
reforming involves both methane oxidation and steam
reforming, an effort to optimise the overall process
must take into consideration the individual oxidation
and steam reforming steps. While Ni is widely used
for steam reforming [11], Pt and Co have shown ex-
cellent activities for Clj oxidation [12—-13]. Thus, by
formulating catalysts where oxidation (Co and Pt) and
steam reforming (Ni) sites are contiguously located on
the same support, autoreforming may be enhanced. In
a previous study, we observed excellent{i{idation
and steam reforming activities for Co—NiO [14-15].
This catalyst has been employed for the present study.

2. Experimental

possible to achieve large improvements in reaction rate 2.1. Catalyst

and selectivity. These tremendous gains are often at-

tributed to the non-linear behaviour of the chemical
process [8] which offers the opportunity to improve the

time-averaged performance of a reaction-conversion,

selectivity and yield. Incidentally, most of the studies
on periodic operation reported in the literature have
involved CO oxidation and hydrogenation.

One of the first investigations of CO oxidation un-
der periodic operation was carried out by Cutlip [9],
who found that periodic switching between CO and
O2 in a gradientless reactor resulted in a significant
increase in reaction rate. He ascribed this improve-
ment to the shifting reactant coverage of the cata-
lyst surface during periodic operation. Barshad and
Gulari [10] extended the study of CO oxidation to
PdA~-Al203. They reported a 10-fold increase in CO
oxidation rate at a CO/&ratio of 2, 393 K and a split
of 0.3 (based on the CO pulse), while at a CQf@-
tio of 1, 363 K and a split of 0.3, greater than 15-fold

The bimetallic Co—Ni(3-Al,O3 catalyst composed
of 1 Co:10 Ni:100 AbOs3 was prepared by multi-
ple impregnation technique from aqueous solutions of
Co(NGs)2 and Ni(NGs)2 [15].

2.2. Apparatus and reaction conditions

A schematic diagram and detailed description of
the experimental system has been provided elsewhere
[2,16]. Autothermal reforming was carried out in a
quartz(ID = 1 cm) fluidised bed reactor charged with
about 4 g of catalystdp = 180-25Q.m) and operated
with an upward flowing gas of 300 mImin (293K
and 1 atm) consisting of CH O, (or H>0) and argon
(as diluent). This hydrodynamics ensured smooth flu-
idisation where efficient mixing in the emulsion phase
approximates the behaviour in a well-stirred reactor.
In the present study, the reaction heat was supplied

increase was obtained. The authors observed that asexternally by an electric furnace. All runs were con-
the period decreased, the effect of split changed. They ducted over Co—-NiO at 873K and 101.32 kPa.

therefore proposed that the time of exposure to CO
may be a more important variable than split or period.

For the transient experiments the reactor feed
was alternately switched between g+, (2:1) and

They also concluded that the reaction proceeds via CH;—HO (1:3) mixtures. Cycle period;, between
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1 and 40 min was used. Each cycle period was in- the oxidation and steam reforming sections of the cy-
vestigated at five cycle split level$ox = 0.1-09), cle was within+1 K of the set temperature at 873 K.
where cycle split is defined as the fraction of time The steady state rate corresponding to the additive
spent in the @-rich region. Using the on-line GC, mixture of feed streams in both partial cycles, namely;
instantaneous product composition measurements of CH4:02:H,0 = 2:1:6 was also determined and used
all species were made at regular intervals during the as a basis for evaluating the performance under peri-
oxidation and steam reforming partial cycles. How- odic operation.
ever, water was condensed out prior to analysis in
an ice/acetone cooled U-tube. The time-average rates
(TAR) at each set of cycle parameters were computed 3. Results
after the attainment of cycle invariant state (state at
which instantaneous reaction rate profile within a 3.1. Transient behaviour of reaction system
cycle is unchanged in successive cycles), using

Fig. 1 displays the instantaneous rate versus time

N
RS curves for CH, CO, CQ and H at t = 20min,
TAR = ;;rl Ali ) Sox = 0.5. Interestingly, the bl CH4 and CQ curves
= were in phase with each other. However, the CO plot

Instantaneous temperature measurements within thelagged these curves by about 18The highest rates
bed showed that the temperature difference betweenfor CHs, CO; and H were observed during the steam
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Fig. 1. Instantaneous rate versus tifte= 20 min, Sox = 0.5).
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Fig. 2. Influence of cycle split on

reforming partial cycle (maxima points), whilst the
highest CO rates were attained during the oxidation
partial cycle. This suggests that during cycling, £H
steam reforming leads to the predominant formation of
COy and H, whilst CH, oxidation favours CO forma-
tion. The possible @gasification of any deposited car-
bon during CH reforming may have also contributed
to CO formation during the @rich partial cycle.

3.2. Effect of periodic operation on product
distribution

The variation of the normalised time-average rates
of CHg4, CO, CQ and K with S (cycle split with re-
spect to the @-rich cycle) for cycle periods of 10 and

product distributign = 10 min).

CO. While H and CQ rates decreased, CO rates in-
creased with increasing cycle split. In particular, nor-
malised time-average rates (TAR/rate at S.S) exceed-
ing unity were observed for fHand CO atSoyx < 0.3

and Sox > 0.3, respectively. These observations sug-
gest thatSox < 0.3 stimulates i and CQ formation,
whilst Sox > 0.3 promotes CO formation and provide
further indication that steam reforming and oxidation
maximise CQ/H, and CO formation, respectively. In-
terestingly, the methane depletion curves remained al-
most flat under the whole range of cycle split.

The effect of period on C®formation is shown in
Fig. 4. Generally, C@ formation decreased with in-
creasing cycle period. Under all cycling conditions,
periodic operation yielded lower GQates compared

20 min as depicted in Figs. 2 and 3. It seems that the to operation at steady state. By contrast, CO formation

H> and CQ formation trends were opposite to that of

increased with increasing cycle period, wiigx = 0.9
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Fig. 3. Influence of cycle split on product distributign = 20 min).
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Fig. 5. Effect of period on CO formation.

showing the highest rates (cf. Fig. 5). It is evident
that operation withSox = 0.5, 0.7 and 0.9 resulted in

higher CO formation rates than the steady state value.

sition cycling [15] and signify the variable response
of the catalyst to different feed environments during
cycling. The fact that the Cand H peaks attained

This observation suggests that composition modula- maxima values during the steam reforming partial cy-

tion may be used to stimulate CO formation. The ef-
fect of cycle period on LICO ratio is presented in
Fig. 6. While steady state autoreforming correspond-
ing to the mean feed composition gave a value of 5.2,
periodic operation yielded values in the range 2.5-7,
with Sox = 0.1 andSox = 0.9 giving the highest and
lowest ratios, respectively.

4. Discussion
4.1. Instantaneous response curves

The sinusoidal wave-forms observed from the in-

cle, whereas the CO peak attained maxima values dur-
ing the oxidation partial cycle indicates that during
cycling, CQ—H, and CO-HO are the major steam
reforming and oxidation products, respectively.
Interestingly, there was a perfect overlap of thexCO
and H peaks with the valley of the CO curve at this
cycle period. This may suggest that a period of about
20 min is required for the autothermal system to show
the characteristics of pure GHO, and CH—H,O sys-
tems. In other words, the half-cycle times at this pe-
riod are long enough to permit a period within each
cycle where the catalyst surface is composed entirely
of entities resulting from the adsorption of only gH
and @ or CH; and HO. According to Lynch and

stantaneous rate versus time plot (Fig. 1) are typical Sadhankar [17], for a system under periodic operation,
of chemical systems under square-wave feed compo-the two characteristic times of the reactor based on
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volume (ty) and the surface capacity of the catalyst
(ta) are defined by

v

Ty =

(4)

Qo
and

ClmLm
a= 5
== Oolllo ®)

Under the reaction conditions in this study, Egs. (4)
and (5) gave values of 7.3, 24.6 s, and 2.47 mincfor

74 (H20) andt4 (O2), respectively. For any species,
74 IS the characteristic response time of the system
and resonant frequency (reciprocal of cycle period)
would correspond to this period or its multiples. Con-
sequently, cycling at periods greater than 20 min pro-
vides an opportunity for total coverage of the catalyst

curves (Fig. 1). At the beginning of the oxidation par-
tial cycle, the catalyst surface is composed of deriva-
tives of CH; and HO from the previous partial cycle.
However, with the introduction of & the HO deriva-
tives are progressively replaced with €pecies. Inter-
action of the CH and G derivatives then yields CO
and HO as the predominant products. Although the
formation of G, hydrocarbons may be possible un-
der these conditions, however, they were not observed.
This explains why a CO peak was observed in this cy-
cle. The corresponding minima observed for &hd
CO, reflects the relatively low yields of these prod-
ucts during the oxidation partial cycle. As expected,
a surge in H and CQ formation rate was observed
again when the feed was switched from £, to
CH4—H>0. The fact that CO and CQates show sim-
ilar conversion rates during the oxidation and steam

surface with adsorbed reactants during each partial cy- reforming partial cycles suggests that both are directly

cle. It is possible that during the steam reforming par-
tial cycle, the catalyst surface becomes saturated with
entities derived from the dissociative adsorption of
CHj4 and HO [15]. These entities may then interact to
yield CO; and H as shown by the instantaneous rate

produced from CH in each section of the cycle. In-
terestingly, CO peaks lagged,Hind CQ peaks by
approximately 180indicating that H and CQ were
exclusively produced during steam reforming portion
of the cycle.
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4.2. Effect of cycle variables on product distribution

The influence of cycle split on product composition

K. Opoku-Gyamfi et al./Catalysis Today 63 (2000) 507-515

CH, oxidation and steam reforming promote CO and
H>0 and CQ and H formation, respectively (Fig. 1),
it follows that low cycle splits (@lean cycling)

is presented in Figs. 2 and 3. As may be seen, at thewill yield high H2/CO ratios whilst high cycle splits

cycle periods of 10 min (Fig. 2) and 20 min (Fig. 3),
Sox = 0.1 gave H rates above the steady state val-
ues. Interestingly, these two cycling conditiofts=
10min Sox = 0.1; 7 =20min Sox = 0.1) corre-
sponded to oxidation cycling times of 1 and 2 min. A
one-step increment in split froifyx = 0.1 resulted in

a decline in the H rate below the steady state value
(Figs. 2 and 3). Intriguingly, under these cycling condi-
tions(r = 10min, Sox = 0.3; 7 =20min Sox =
0.3), the oxidation cycles lasted for 3 and 6 min, re-
spectively. Since characteristic response time for O
was 2.47 min (resonant frequency of about 6.7 mHz),
it is possible that this is the maximum time the cata-
lyst should be exposed to Gldxidation to produce an
improvement in H rate beyond the steady state value.
Apparently, exposure of the catalyst to gldxida-
tion for a period longer than this threshold value leads
to increased coverage of the catalyst surface with O
species, which would survive into the next steam re-
forming partial cycle and result in a reduction in H
formation. This explains the rationale for using a rela-
tively high CH,: O, ratio (2:1) in the oxidation portion
of the cycle. As expected this threshold value would
vary with change in experimental conditions.

It is seen from Figs. 4 and 5 that GQates in-
creased with decreasing split whilst CO formation
rate improved with split. This is in agreement with
our previous observation that steam reforming favours
CO; and K formation whereas oxidation enhances
CO formation. Indeed, it is clear from Fig. 5 that
periodic operation can be employed to stimulate CO
formation beyond steady state rates. Under cycling,
it is possible to induce a shift in reactant coverage of
the catalyst surface that will maximise CO formation
yet minimise its depletion through the water-gas-shift
reaction. However, during steady state operation this
may not be possible since GHbxidation and steam
reforming take place simultaneously.

The flexibility in reactor operation offered by peri-
odic cycling is evident from Fig. 6. While steady state
operation yielded a HCO ratio of 5.2, ratios of 2.5-7
were achieved through periodic operation. This versa-
tility may be attributed to the ability to manipulate the
entities on the catalyst surface during cycling. Since

(Oo-rich cycling) will produce low H/CO ratios. The
fact that steady state operation gave GO ratio of

5.2 — a\alue greater than the stoichiometric require-
ment (3 or 4) seem to indicate that otherfdrming re-
actions, such as the water-gas-shift reaction occurred.

5. Conclusions

The foregoing results indicate that under periodic
cycling, CH,; steam reforming proceed via the interac-
tion of entities derived from the dissociative adsorption
of CH4 and KO leading to the predominant forma-
tion of CO, and H. CH,4 oxidation on the other hand
occurs through the reaction of adsorbed CGithd O
derivatives to form CO and 4D as the major products.
At T = 1min, Sox = 0.1; = 10min, Sox = 0.1;

T = 20min, Sox = 0.1, periodic cycling resulted in
higher (15% increase)formation rates compared to
steady state operation. Theoretical and experimental
evidence indicate that under the reaction conditions,
the oxidation partial cycle time should not exceed
2.47 min if Hp rates above the steady state value are
to be attained. Periodic operation offers a more conve-
nient and flexible approach to modulating/80 ratio
during autoreforming than steady state operation.
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