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dry reforming catalysts at elevated pressure (7 bar). Via a design of experiment (DoE) two straightforward
search strategies, D-optimal and full factorial, were evaluated in their ability to identify highly active and
selective catalysts.

An extensive high-throughput screening has pointed out that Ni and MgAl, 0,4 were the active element
and support, respectively, with the highest potential for the dry reforming reaction at elevated pressure.
A promoter screening of alkaline, alkaline-earth, transition and lanthanide metal oxides on NiMgAl,O4

catalysts showed that promoter effects, reported at atmospheric pressure, not always hold at elevated
pressure. La;03, Y203 and ZrO, were selected as promoters for further use in DoE. A cubic space, con-
structed with elements with high potential, was explored by the two search strategies. ANOVA analyses
of the experimental data resulted in linear equations for the conversions of CHs (Xcw, ), CO2 (Xco,) and
the H,/CO ratio.

Both strategies allowed predicting comparable catalytic results in the major part of the cubic space
and deducing the same effects on activity and selectivity for the three selected promoter elements. La, 03
affected activity and selectivity in a positive way, while the other two promoters, ZrO, and Y, 03, resulted
in a decreased catalyst performance. Based on the linear equations an objective function R was created
to determine the most active and selective catalysts. Maximum R values were obtained for the same
catalyst composition in case of the two different search strategies, hereby demonstrating the advantage
of the D-optimal strategy over the full factorial strategy, since in the former case comparable results are
obtained with only half of the number of experiments.

D-optimal
Full factorial

© 2010 Elsevier B.V. All rights reserved.

1. Introduction reaction process (TCHP) [2] has been investigated.

In the last decade dry reforming of CH,4 (1) for the production CHa(g) + COz(g) <> 2C0(g) +2Hp(g)  AHagg = 247 k]/mol )
of synthesis gas regained interest due to the increasing concern of CHy(g) + Hp0(g) < COg) + 3Hy(q) AHjgg = 206 k]/mol (2)
global warming and oil depletion [1-6]. Compared to steam reform-
ing (2), which typically yields a syngas H,/CO molar ratio of 3, COy(g) + Ha(g) © H2Og) + CO AHpgg = 41K]J/mol 3)
dry r.eforming (DR? resultg in synthesis. gas wit.h a H,/CO ratio of 2C0(g) < COyg) + Cis) AHaes = —172Kk]/mol  (4)
1, suitable for use in the direct production of dimethylether [2,7],
hydroformylation, viz. propene to n-butanal and isobutanal [8], car- CHy(g) < 2Hyg) + Cs) AHaeg = 75 k]/mol (5)

bonylation, viz. methanol to acetic acid [9], and Fischer-Tropsch
synthesis [1]. Another area of application for DR is energy-related
processes. Its application in solid oxide fuel cells (SOFC) [10] and,
due to its high endothermicity, in the thermo-chemical heat pipe
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DR’s high endothermicity is the subject of current criticism on
dry reforming, pointing to the lack of competitiveness of DR with
conventional steam reforming (2). Only for the production of H, this
statement is valid, since 69 and 124 k] is needed to produce 1 mole
H, by steam and DR, respectively. However, for the production of
CO this statement does not hold anymore. Taking into account the
true reaction temperature (700 °C) and the liquid state of the feed in
case of steam reforming, only 130Kk] is required to produce 1 mole
of CO in case of DR compared to 221 k] for steam reforming. These
conclusions hold when the heat needed to heat up the feed as well
as the heat recovered by cooling down the product mixture are
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taken into account. Detailed calculations can be found in the first
section of the supporting information.

The DR reaction (1) offers the opportunity to convert two abun-
dant greenhouse gases into valuable products. In addition, it allows
using alternative carbon sources like natural (CHg) and biogas
(a mixture of CH4 and CO,), thus replacing crude oil as carbon
feedstock. The reverse water-gas shift (RWGS) reaction (3), the
Boudouard reaction (4) and the CH4 decomposition reaction (5) are
assumed to be important side reactions in DR chemistry, as they
determine the overall selectivity of the DR process. More impor-
tantly, the latter two reactions have a great influence on catalyst
lifetime, as they cause coking of the catalyst. Coke may plug the
reactor, deactivate the catalyst or cause catalyst pellet destruc-
tion. Next to coking also sintering limits catalyst lifetime [1]. High
temperatures, required for high equilibrium conversion in DR, and
formation of H,O by the RWGS reaction (3) make catalysts prone
to sintering with formation of large metal particles. As the critical
metal size needed for catalyzing DR is smaller than for carbon for-
mation [11], sintering will result in increased amounts of carbon
residues.

DR has mainly been investigated at atmospheric pressure using
various supported catalysts, some of them showing promising cat-
alytic performance [12-15]. High conversions of CO, and CHg,
approaching thermodynamic equilibrium, can be obtained over
many of them. Noble metal catalysts are reported to be less sen-
sitive to coking compared to Ni catalysts. High cost and low
availability of these noble metals, however favor using Ni based
catalysts. Industrially, DR will be performed at elevated pressures
(>1bar) to minimize operational costs since consecutive transfor-
mations of formed syngas via WGS, Fischer-Tropsch or alcohol
synthesis will be performed at elevated pressure. Moreover, it
is clear that knowledge on catalyst performance at atmospheric
pressure will not always allow extrapolation to elevated pres-
sure. Nagaoka et al. showed for Ru catalysts supported on MgO,
Al,03, TiO; or SiO, that at atmospheric pressure catalyst activity
was linked to support basicity (MgO > Al, 03 >TiO, > SiO, ), while at
elevated pressures the activity order of the different Ru catalysts
(SiO5 > Al; 03 > MgO >TiO,) was related to the specific support BET
surface area [16].

Despite the necessity to study DR at elevated pressure, only
a limited number of publications is available compared to the
abundant number of publications at atmospheric pressure. Sup-
ported non-noble (Ni, Co), noble metal (Pt, Ir, Rh, Pd, Ru) or mixed
metal catalysts have been reported as catalysts at elevated pressure
[16-21], with Al;03, MgO, TiO,, SiO,, SrCO3, CeO,, ZrO, serving as
support. Moreover, supported or bulk metal carbides of group V
(V, Nb, Ta) and VI (W, Mo) of the transition metals seem potential
high pressure alternatives for group VIII metals [22-25]. Carbides
reported to be stable only at elevated pressure (>8 bar) and high
temperature (>800°C), are capable of mimicking the behavior of
group VIII metals [26]. The effect of promoters, essential for a DR
catalyst in high-pressure processes, has only occasionally been
investigated. To improve the performance of a Pt/ZrO, catalyst,
only the use of bimetal catalysts and a CeO, promoter was reported
[17,18].

Given the limited number of DR reports at elevated pressure,
we initiated an extensive catalyst development study and an exten-
sive screening of active elements, promoters and support materials.
Subsequently, the most active and selective catalysts were selected,
and further optimized. To enhance catalyst synthesis and testing,
high-throughput experimentation (HTE) and design of experiment
(DoE) methodologies were used [27-32].

HTE is based on fast and systematic synthesis and screening
of libraries of material samples [32]. The discovery of the first
ammonia synthesis at BASFin 1909, followed by a systematic inves-
tigation of the periodic table is one of the first striking examples

Screening phase A
(CO,/CH, =1, GHSV=21000 h", 750°C, 7 bar)

Screening phase B
(CO,/CH, =1, GHSV=21000 h™, 750°C, 7 bar)

Constructing chemical space
(support, promoter(s) and active element)

Catalyst composition generation
(D-optimal & fullfactorial design)

Catalyst synthesis

Testing
(COy CH, =1, GHSV=21000 k", 650°C, 7 bar)

Modeling
Xenss Xeoz, HY/CO= f(La; 05, 2105, Y,03)

Fig. 1. DoE strategy for the development of dry reforming catalysts at 7 bar.

[33]. DoE intends to maximize the information output with a min-
imum experimental effort using various strategies. This field of
combinatorial chemistry has been successfully applied in mate-
rial science [27,34-37], heterogeneous [38-40] and homogeneous
catalysis [41,42]. Applications to DR are available [43-45].

This contribution evaluates two DoE strategies, i.e. full factorial
and D-optimal design, for their capability of selecting catalyst com-
positions, which combine both high activity (on weight basis) and
selectivity. Therefore, a chemical space was constructed based on
an extensive screening of several active elements, promoters and
supports. Next, the two design strategies were used to explore the
space and to model the catalytic activity (Xcn,, Xco, ) and selectivity
(H2/CO). With the help of the models the most active and selective
catalysts for DR at elevated pressure were identified.

Finally, a critical assessment is given on the choice of the design
strategy, viz. full factorial vs. D-optimal design. The main objective
here is the confirmation of the D-optimal principle, i.e. maximiz-
ing the amount of information from the chemical space through a
minimum number of experiments.

2. Experimental
2.1. Design of experiment (DoE)

The DoE strategy for the development of DR catalysts at elevated
pressure (7 bar) is summarized in Fig. 1. The first step presents a HT
screening carried out in two phases in identical reaction conditions
(CO,/CH4=1, GHSV=21000h"1, 750°C, 7 bar). In phase A, a refer-
ence catalyst is designed by selecting a promising active element
and support material. Next, different promoters are screened in
phase B for their influence on the catalytic performance of the refer-
ence catalyst. Three potential promoters were retained for further
screening.

A confined chemical space is then constructed with the selected
active element, support material and promoters. This space with
the selected promoters serving as dimensions is further explored
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Fig. 2. High pressure reactor set-up. The shaded areas represent heated compartments.

by two different strategies. Both the D-optimal and full factorial
design each select a test population out of the candidates within
the compositional space. With a full factorial design points at a reg-
ular interval in the chemical space are selected, thus corresponding
to the intersections of a grid with regular spacing. The D-optimal
design uses an algorithm to select a particular test population,
which maximizes the amount of information from the chemical
space through a minimum number of experiments. This algorithm
maximizes the determinant of the information matrix, (X"X), with
XT being the transposed matrix of X. In the design matrix X each
row represents a candidate design point. The D-optimal design and
the statistical analysis were carried out with commercially avail-
able Design Expert 7 software (Stat-Ease Inc.). After synthesizing
and testing the two test populations in the high-pressure reac-
tor unit, catalytic results (Xcy,, Xco, and H,/CO) are modeled via
ANOVA analyses. Mathematical expressions for each output param-
eter (Xcn,, Xco, and Hz/CO) in function of the composition of the
catalyst are thus obtained. After model verification, based on a well-
chosen objective function, R, the most optimal composition can be
searched for. Next to the search of the ideal DR catalyst composi-
tion, this paper also aims at fair comparison between the two DoE
strategies with respect to its reliability and practicability.

2.2. Catalyst preparation

All catalysts were prepared according to reported recipes,
except for the calcination process. All catalysts were calcined at
800°C for 5h, using a heating rate of 3°C/min. Catalyst prepara-
tion was done using a slurry type impregnation on a HT synthesis
platform (see further) [46]. Besides commercially available support
materials (TiO,: Merck; ZrO,: Chem Lab; yAl,03: Fluka; aAl,05:
Alfa Aesar; CaO: Aldrich; CaCO3: Merck; SrCO5: Merck), spinel type
XAl;04 (X=Mg, Ca, Sr, Ba) supports were prepared according to an
earlier reported recipe [14]. All catalysts are denoted as follows:
metal (x wt%) support.

In the D-optimal or full factorial design phase, slurry type
impregnation was carried out with a Genesis RSP 100 TECAN liquid
handler, available on the HT synthesis platform [46]. Impregnation
solutions were prepared by mixing the appropriate volume of stock

aqueous solutions of the corresponding metal nitrates (0.2-0.5 M).
Distilled water was then added to all vials to obtain an equal
impregnation mixture volume of 3 ml. After stirring, 300 mg of the
support material was added to the vial containing the impregnation
solution. The resulting slurry was then stirred and dried at 70°C
with a H+P Variomag multi-stirring plate. Finally, the obtained
powders were calcined at 800°C for 5 h.

2.3. Catalyst testing and characterization

The catalytic DR reactions are studied at elevated pressure
(7bar) at 750°C in a continuous downstream flow gas phase reac-
tor, equipped with two parallel fixed bed quadri-reactors placed in
two ovens as shown in Fig. 2. Each quadri-reactor contains four par-
allel alloy 600 fixed bed reactor tubes. Temperatures in both reactor
ovens are regulated by a set of thermocouples of type K, placed just
above the catalyst bed. The reactor feed, regulated by digital mass
flow controllers (Bronkhorst), is equally divided over the eight cata-
lyst beds by a set of coils placed in the valve oven. A multi-position
valve selects the reactor tube, from which the products are ana-
lyzed using a GC equipped with two 6-way sampling valves. 50 mg
of fresh catalyst, pelletized to a 0.125-0.250 mm fraction, is placed
on top of a plug of quartz wool.

Reference samples are taken before reaction by passing the
reaction feed over each reactor tube at room temperature. These
reference samples determine the peak areas of CH4 and CO, in
the GC chromatograms at 0% conversion. These values are used to
calculate conversion levels at reaction temperature according to
Xcn, = 1 — (areacy, reaction/ar€ac reference )- Blank tests at reaction
temperature without catalyst have also been conducted. No sig-
nificant level of conversion (<1%) was detected during these tests.
Next, the catalysts are heated at a heating rate of 5°C/min till reac-
tion temperature with a non-diluted H, stream at rate of 7100 h~!
at 7 bar and kept there for 1h. After pretreatment the reaction is
started by passing an equimolar mixture of CH4 and CO, over the
catalyst bed at a total pressure of 7 bar. During the screening phase
a GHSV of 21000h~! is used. During the exploration of the con-
structed chemical space the temperature is set at 650°C with the
GHSV maintained at 21000 h—!. This is done to avoid that the cata-
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lysts perform at thermodynamic equilibrium. Feed and products
are analyzed with a GC (Trace GC, Interscience), equipped with
a back-flush system, and containing two analysis channels. Both
channels are equipped with a TCD detector. The first channel is
used to analyze CO,, CH4 and H,O via a Porapack column (150°C)
and uses He as reference gas. The second channel with Ar as refer-
ence gas uses a Porapack column (65 °C) and a Molsieve 5A (65 °C)
column to detect Hy, CO and CH4. Every 480 s a reactor tube is being
analyzed.

To determine the amount of coke deposited during reaction,
thermogravimetric analysis (TGA) of spent catalysts is carried out
in an oxidative atmosphere (O,/N,=9) with a TGA Q500 of TA
instruments equipped with a high-throughput sampling platform
designed for 16 samples. The amount of coke is expressed in mol
C per mol of methane converted (mol C/mol CHycopny) to allow a
fair comparison between the different catalysts. The choice of this
unit, and its impact on catalyst design, is explained more in detail
elsewhere [47].

3. Results and discussion
3.1. Screening of dry reforming catalysts

As mentioned in Section 1, only a few reports deal with DR at
high pressure, most of the catalysts being studied in different reac-
tion conditions. In order to make a fair evaluation, new catalysts
were measured in uniform reaction conditions, viz. CO;/CHy=1,
GHSV=21000h1, 750°C, 7 bar, using the gas phase HT reactor. As
the selected reaction conditions thermodynamically favor coking
reactions, differentiation among good and bad catalysts is feasi-
ble.

An overview of different active elements, viz. Ni, Co and Pt, and
support materials, viz. TiO;, ZrO,, MgO, YAl O, Ca0, aAl, 03, CaCO3,
SrC0O3, MgAl;04, CaAl;0y4, SrAl;04 and BaAl;0y4, tested in phase
A of the screening is given in Table 1. In Figs. 3 and 4, CO, con-
version (Xco, ) and syngas molar ratio (H,/CO) are plotted against
CH4 conversion (Xcy, ). Each point corresponds to a single catalyst,
numbered according to Table 1. The color code of the individual
catalysts denotes the amount of coke (carbon) formed during a
reaction time of 2 h. Some catalysts (denoted in black) showed low
coking and were overoxidized, as derived from the weight increase
during TGA.

Generally, the catalysts cover a broad activity range (Fig. 3).
Some catalysts show high activity, reaching the equilibrium con-
version in the applied reaction conditions (Xcy, = 54%, Xco, =
70%), e.g. catalysts 20, 21, 24, 28, 31, 32 and 33. A significant num-
ber of other catalysts show very low activity, e.g. catalysts 3,9, 11,
12 and 13. All catalysts are located above the diagonal line, repre-
senting equal CH4 and CO, conversions, due to the occurrence of
the RWGS reaction (3). In addition, the syngas molar product ratio
is always below 1, increasing with increasing activity (Fig. 4). This
also reflects the occurrence of the RWGS reaction (3). As illustrated
by the color legends in both figures, a wide variety of carbon, viz.
from 0.1 to 50 mmol C per mol CH4 converted, is deposited on the
different catalysts. A clear correlation between the amount of cok-
ing (per converted CH4) and the observed DR activity does not seem
to exist.

Whereas Nigs5Mggs0 (entry 14) is one of the better perform-
ers (high H,/CO ratio and low coke content) among the reported
catalysts (compare with entries 1-4, 9-16 and 18) (Fig. 4), already
during the initial screening somewhat better catalyst compositions
were noticed. At a first glance, catalysts 20, 21, 24, 28 and 31 seem
most promising candidates for coke free DR under high pressure
(Table 2). They all approach the thermodynamic conversion in the
applied process conditions, while keeping the coke content low
(mmol C per mol CH4 converted <1) (Figs. 3 and 4). With excep-

tion of catalyst 28, which contains Co, those catalysts have Ni as the
active element. In our hands, the use of a noble metal, viz. Pt, was
indeed beneficial for DR under high pressure when compared on
catalyst weight basis. This catalyst composition is considered to be
too expensive to be of relevance for DR (Table 2, compare entry 17
with 25). The metal loading seems to be very crucial for both Ni and
Co containing catalysts. When comparing catalysts 24, 28 and 31
with 25, 26, 27,29 and 30, the composition with higher metal load-
ing, viz. 5 wt%, always performs better. On a weight basis, promotion
of lower loadings of Ni with CeO, seems to activate Ni, especially
in combination with y-alumina as support (compare, e.g. entry 25
with entry 20 and 21). A ZrO, promoter on Ni/y-Al,03 favors DR
activity (on catalyst weight basis), albeit with more coke forma-
tion when compared with a CeO, promoter (compare entry 25 and
20 with 22). Finally, based on the initial screening, y-alumina and
spinel structures can be regarded as the support of choice, whereas
commercial carbonate supports and other oxides, viz. MgO, CaO and
Zr0,, are less suited for developing active and stable DR catalyst
(compare entry 25 and 30 with 6, 10, 36, 38 and 39).

Based on these catalytic data, Ni (2.5 wt%) catalyst supported on
MgAl; 04 spinel (entry 30) was selected for the next screening step
(phase B) as they combine high DR activity with low coke forma-
tion, despite some catalysts in the table performing better either
with respect to the DR activity, low coke formation or both, such
as entries 24, 28 and 31. As a similar study was recently reported
for the same catalyst composition, viz. Ni on MgAl,04, at atmo-
spheric pressure, we here communicate the promoter effects on
the same catalyst at elevated pressure. A comparison between the
two studies can be very informative on the influence of promoter
effects at different pressures. Besides, as previous research suggests
that promoter effects are significant only at high promoter to metal
wt% ratios [14,17], the low metal loading, i.e. 2.5 wt%, is preferred
in order to limit the amount of promoter required on the catalyst.
For the lower metal loadings, Ni is the preferred metal (compare
entries 26 and 27 with entry 30), while MgAl, 0, is the preferred
support (compare entry 25 with entry 30).

In the phase B, Ni(2.5)MgAl, 04 catalysts promoted at two levels,
viz. 2.5 and 5 wt%, were screened. Besides oxides of alkaline (Na, K),
alkaline-earth (Mg, Ca, Sr, Ba) and transition metals (Mn, Y, Zr), also
lanthanides (La, Ce) were tested as potential modifier for reducing
the coke amount. The catalytic results and the corresponding car-
bon depositions for DR at the elevated pressure are summarized in
Table 3.

Addition of alkali oxide promoters (entries 43-46) shows
decreased catalyst performance. Addition of Na,O (entries 43 and
44)has anegative effect on DR activity, as both Xcy, and Xco, values
decrease strongly compared to the unpromoted reference catalyst
(entry 30). The NayO poisoning effect seems in line with a report
by Wang et al. for a y-Al,03 supported Ni catalyst tested at atmo-
spheric pressure [51]. Promotion with KO (entries 45 and 46) in
the applied promoter range does not significantly affect the cata-
lyst coke resistance. At atmospheric pressure, promotion with K, O
lowers coking as reported by Luna et al. and Hou et al. [52,53]. Such
reported decoking effect of K,0 is not confirmed at the elevated
pressure used in this work. In case of alkaline-earth metal oxides,
low level (2.5 wt%) promoted catalysts (MgO, CaO, SrO) (entry 47,
49, 51) do not significantly lower catalytic activity, whereas high
level promoted catalysts, viz. 5 wt% of Ca0, SrO and BaO (entries 50,
52 and 54), result in reduced activity. Reduction in activity com-
bined with an increased amount of coking upon promotion with
Ca0 has been reported for a Ni on y-Al,03 tested at atmospheric
pressure [54].

Coking values are substantially reduced in two cases, i.e.
for Ni(2.5)SrO(2.5)MgAl, 04 (entry 51) and Ni(2.5)BaO(5)MgAl;04
(entry 54). The presence of transition metal oxides, viz. MnO, ZrO,
and Y, 03 (entries 55-60), occasionally results in a slight reduction
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Table 1
Screening of dry reforming catalysts (CO2/CH4 =1, GHSV=21000h"1, 750°C, 7 bar).
Entry Catalyst? Refb Entry Catalyst? Ref.
1 Ni(0.5)TiO, [48] 22 Ni(2.5)Zr0,(2.5)yAl, 03 0S
2 Ni(2.5)TiO; [48] 23 Ni(2.5)Zr0O,(5)yAl, 03 oS
3 Co(0.5)TiO> [18,49] 24 Ni(5)yAl,03 oS
4 Co(2.5)TiO; [18,49] 25 Ni(2.5)yAl, 03 oS
5 Ni(0.5)ZrO, oS 26 Co(2)MgAl, 04 oS
6 Ni(2.5)ZrO, 0S 27 Co(4)MgAl, 04 oS
7 Co(0.5)Zr0, oS 28 Co(5)MgAl, 04 oS
8 Co(2.5)Zr0O, (0N 29 Ni(2)MgAl, 04 oS
9 Ni(0.5)MgO [48] 30 Ni(2.5)MgAl, 04 oS
10 Ni(2.5)MgO [48] 31 Ni(5)MgAl, 04 oS
11 Co(0.5)MgO [20] 32 Ni(2.5)Ce0,(2.5)MgAl, 04 oS
12 Co(2.5)MgO [20] 33 Ni(2.5)Ce0,(5)MgAl; 04 oS
13 Nio_]sMgo_gso [48] 34 N1(25)Zr02(25)MgA12 04 oS
14 Nips5Mgos50 [50] 35 Ni(2.5)ZrO,(5)MgAl, 04 oS
15 C00'07Mgg'g30 [20] 36 Ni(Z.S)CBO oS
16 C00_13Mg0_370 [20] 37 Ni(2.5)(xA1203 oS
17 Pt(2.5)yAl, 03 oS 38 Ni(2.5)CaCO3 (N
18 Pt(2.5)Co(2.5)yAl, 03 [20] 39 Ni(2.5)SrCO3 (N
19 Co(5)yAl,03 0S 40 Ni(2.5)CaAl,04 oS
20 Ni(2.5)Ce02(2.5)yAl,03 0s 41 Ni(2.5)SrAl;O4 oS
21 Ni(2.5)Ce0,(5)YyAl, 03 0s 42 Ni(2.5)BaAl, 04 oS

Subscripts for catalysts 13-16 represent atomic ratios.
2 Metal (wt%) support.
b Reference list; OS: own synthesis procedure.

of catalytic activity. Interestingly, Y,03 (entries 57 and 58), ZrO,
(entries 59 and 60), and MnO (entry 56) promoters clearly show an
increase in coke resistance compared to the unpromoted catalysts.
The Ni(2.5)MnO(2.5)MgAl,04 catalyst (entry 55) has higher coke
amounts in line with NiMnOAI, O3 catalysts, tested at atmospheric
pressure [52]. Y03 is mainly used in dry reforming research to
stabilize a ZrO, support, hereby directly influencing the DR activity
and selectivity of the metal site via an improvement of the avail-
able number of surface oxygen vacancies [55]. The authors have
shown reduced coke formation in the presence of Y,03, which is
in line with our observation. The beneficial effect of ZrO, on the
coking resistance of the catalyst is in line with reports at ambient
atmosphere [56]. Enhanced CO, adsorption at the catalyst surface
in the presence of ZrO, was given as explanation for the increased
catalyst stability.

Finally, two lanthanides, viz. La,O3 and CeO, (entries 61-64)
were tested as promoters. While for both lanthanide promoters
high catalytic activity is retained, the addition of La,O3 shows a
substantial increase in coking resistance compared to the refer-
ence catalyst, similar to earlier reports at atmospheric pressure
[12,51,57]. This increase in coking resistance via La;03; promotion
can be explained by the formation of La;0,CO3, which is capa-
ble of eliminating coke via the reverse Boudouard reaction [57].
In addition, in contrast to dry reforming at atmospheric pressure,
at elevated pressure the coke amount is increased upon promotion
with CeO; [51,58].

Summarizing, a HT screening suggests the use of Ni on MgAl,04
as promising catalyst for active and stable DR at elevated pres-
sure. Additional screening of promoted catalysts reveals that effects
occurring at atmospheric pressure cannot always be extrapolated
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Fig. 4. Syngas product ratio (H,/CO) against methane conversion (Xcy, ), obtained from the HT catalyst screening in standard conditions (CO»/CH4 =1, GHSV=21000 h-1,
750°C, 7 bar). The amount of carbon, expressed as mmol C per mol converted CH, (after 2 h on stream), is denoted by the following color code ¢: no information; & : <1;

1-4; 7" : 4-10; and @ : >10. Catalysts are numbered according to Table 1.

to elevated pressure. BaO, MnO, La; 03, ZrO, and Y503 were iden-
tified as potential promoters attributing increased coke resistance
to the reference catalyst.

3.2. Construction and exploration of the chemical space

In this section two different design strategies, viz. D-optimal and
full factorial, were compared to achieve new catalyst compositions
for DR at elevated pressure. Based on the above information, Ni and
MgAl,04 were selected as active metal and support, respectively.
As mentioned above, the amount of Ni is set at a constant level of
2.5 wt%. Three promoters (La; 03, ZrO, and Y, 03 ) of the above men-
tioned list of promising promoters, viz. BaO, MnO, La, 03, ZrO, and
Y, 03, were arbitrarily selected for the DoE study. The boundaries of
the chemical space are set between 0 and 5 wt%, generating a cubic
space as depicted in Fig. 5.

To explore this space, both a D-optimal (D) and full factorial
(FF) search strategy were applied independently. In case of the D-

Table 2

optimal strategy a cubic model is pre-assumed, since this is the
only model which takes into account possible cubic interactions
between the three parameters. To maximize the amount of infor-
mation, catalyst compositions in the whole promoter range were
selected out of the candidate list by the D-optimal algorithm as
shown in Table 4. Different promoter levels were picked by the
algorithm, viz. 0, 1.25, 1.67, 2.5, 3.33, 3.75 and 5%, as well as unpro-
moted, e.g. D4, singly, e.g. D6 and D9, doubly, e.g. D5 and D27,
and triply promoted catalysts, e.g. D1 and D28. In total, 30 catalyst
combinations were tested.

In case of the full factorial strategy, all catalyst combina-
tions compositionally different from each other by 1.66 wt% were
selected. This means that all the intersections of a grid with regular
spacing of 1.66 wt% in this chemical space were selected (Table 4).
Thus, for each promoter four different levels (0, 1.66, 3.33 and
5wt%), next to all possible combinations of promoters and pro-
moter levels were tested. In total, 64 catalysts were prepared and
tested.

Conversion of CHs (Xch, ) and CO; (Xco, ), syngas ratio (H,/CO) and coke amount (in mmol C per mol CH4 converted, after 2 h time-on-stream) for a broad selection of catalysts
from the first screening (CO2/CH4 =1, GHSV=21000h-", 750°C, 7 bar).

Entry Catalyst Xcn, (%) Xco, (%) H,/CO Coke (mmol C/mol CHacony)
6 Ni(2.5)ZrO, 34 47 0.45 0.3
10 Ni(2.5)MgO 1 3 0.13 35.2
17 Pt(2.5)yAl; 03 67 77 0.69 5.5
20 Ni(2.5)Ce0,(2.5)yAl, 03 65 74 0.70 0.1
21 Ni(2.5)Ce0(5)yAl, 03 67 72 0.78 0.1
22 Ni(2.5)Zr02(2.5)yAl, 03 63 73 0.65 7.4
24 Ni(5)yAl, 03 66 75 0.70 0.1
25 Ni(2.5)yAl, 03 42 52 0.54 1.1
26 Co(2)MgAl, 04 16 25 0.27 2.3
27 Co(4)MgAl, 04 26 36 0.34 5.9
28 Co(5)MgAl; 04 72 71 0.88 0.2
29 Ni(2)MgAl,04 45 57 0.53 n.d.
30 Ni(2.5)MgAl, 04 64 73 0.65 14
31 Ni(5)MgAl, 04 66 76 0.71 0.3
36 Ni(2.5)CaO 10 18 0.15 n.d.
37 Ni(2.5)aAl, 03 47 58 0.52 0.3
38 Ni(2.5)CaCO3 2 3 0.18 n.d.
39 Ni(2.5)SrCO3; 3 5 0.10 n.d.
40 Ni(2.5)CaAl; 04 63 74 0.65 1.9
41 Ni(2.5)SrAl; 04 19 24 0.62 2.0
42 Ni(2.5)BaAl,04 28 38 0.36 14

n.d.: not determined.
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Table 3

Conversion of CHg (Xcn, ) and CO; (Xco, ), syngas ratio (H,/CO) and coke amount of different singly promoted Ni(2.5)MgAl, 04 catalysts (CO2/CH4 =1, GHSV =21000 h-1,750°C,

7 bar).
Entry Catalyst Xeny (%) Xco, (%) H,/CO Coke (mmol C/mol CHaconv)
30 Ni(2.5)MgAl; 042 64 73 0.65 1.4
43 Ni(2.5)Na;0(2.5)MgAl, 04 4 7 0.10 8.8
44 Ni(2.5)Na;0(5)MgAl, 04 2 4 0.07 17.5
45 Ni(2.5)K,0(2.5)MgAl; 04 59 70 0.62 24
46 Ni(2.5)K;0(5)MgAl; 04 66 74 0.70 1.3
47 Ni(2.5)Mg0(2.5)MgAl, 04 59 69 0.61 29
48 Ni(2.5)MgO(5)MgAl, 04 61 71 0.63 6.6
49 Ni(2.5)Ca0(2.5)MgAl; 04 59 69 0.61 24
50 Ni(2.5)Ca0(5)MgAl, 04 50 60 0.56 1.7
51 Ni(2.5)Sr0(2.5)MgAl, 04 64 74 0.67 0.8
52 Ni(2.5)SrO(5)MgAl, 04 56 68 0.60 42.1
53 Ni(2.5)Ba0(2.5)MgAl; 04 49 59 0.55 3.5
54 Ni(2.5)BaO(5)MgAl, 04 52 63 0.54 0.9
55 Ni(2.5)MnO(2.5)MgAl, 04 52 64 0.57 4.9
56 Ni(2.5)MnO(5)MgAl, 04 59 71 0.62 0.5
57 Ni(2.5)Y203(2.5)MgAl;, 04 62 69 0.70 14
58 Ni(2.5)Y203(5)MgAl, 04 54 65 0.59 0.5
59 Ni(2.5)Zr0(2.5)MgAl; 04 55 65 0.60 1.1
60 Ni(2.5)Zr02(5)MgAl; 04 46 59 0.54 0.5
61 Ni(2.5)Lay05(2.5)MgAl, 04 65 75 0.66 14
62 Ni(2.5)La; 03(5)MgAl, 04 61 68 0.71 0.9
63 Ni(2.5)Ce05(2.5)MgAl; 04 62 73 0.65 8.8
64 Ni(2.5)Ce0,(5)MgAl, 04 66 76 0.68 5.4

2 Reference catalyst.

The DR activity and selectivity of the catalysts, generated by the
two strategies, are evaluated in the high pressure reactor unit at
a reactor temperature of 650 °C, a pressure of 7 bar and a GHSV of
21000h~!. Note that the temperature in the DoE study is deliber-
ately set 100 °C lower than that performed in the initial screening
phase, as the unpromoted Ni reference catalyst showed already
close to thermodynamic conversion values at 750 °C. In the latter
case, abeneficial influence on the DR activity due to catalyst promo-

tion would not be observed. A decrease in feed contact time would
be another way to circumvent that the reference catalyst would
operate near thermodynamic conversion values at 750°C. How-
ever, this was not an option for our HT reactor set-up since the flow
distribution in each of the eight reactors would differ too much. At
the lower temperature, the reference catalyst activity is lower than
the equilibrium conversions, viz. Xcy, = 31% and Xco, = 47%, not
taking into account carbon deposition.

Table 4
Overview of selected Ni(2.5)La;03Y>03ZrO,MgAl, 04 catalysts in case of D-optimal (D) and full factorial (FF) design.
Cat. La;05° Y,05? Zr0,? Cat. La;05° Y,05? Zr0,? Cat. La; 032 Y,05? Zr0,?
D1 3.75 1.25 3.75 FF1 0.00 0.00 0.00 FF33 3.33 0.00 0.00
D2 1.25 3.75 2.50 FF2 0.00 0.00 1.67 FF34 3.33 0.00 1.67
D3 5.00 2.50 2.50 FF3 0.00 0.00 3.33 FF35 3.33 0.00 3.33
D4 0.00 0.00 0.00 FF4 0.00 0.00 5.00 FF36 3.33 0.00 5.00
D5 0.00 5.00 5.00 FF5 0.00 1.67 0.00 FF37 3.33 1.67 0.00
D6 0.00 2.50 0.00 FF6 0.00 1.67 1.67 FF38 333 1.67 1.67
D7 1.67 5.00 0.00 FF7 0.00 1.67 3.33 FF39 3.33 1.67 3.33
D8 0.00 0.00 0.00 FF8 0.00 1.67 5.00 FF40 3.33 1.67 5.00
D9 3.33 0.00 0.00 FF9 0.00 333 0.00 FF41 333 333 0.00
D10 3.75 1.25 1.25 FF10 0.00 3.33 1.67 FF42 3.33 3.33 1.67
D11 5.00 0.00 2.50 FF11 0.00 3.33 3.33 FF43 3.33 3.33 333
D12 1.67 5.00 0.00 FF12 0.00 3.33 5.00 FF44 3.33 3.33 5.00
D13 0.00 0.00 3.33 FF13 0.00 5.00 0.00 FF45 3.33 5.00 0.00
D14 0.00 1.67 5.00 FF14 0.00 5.00 1.67 FF46 3.33 5.00 1.67
D15 5.00 0.00 5.00 FF15 0.00 5.00 3.33 FF47 3.33 5.00 3.33
D16 5.00 5.00 0.00 FF16 0.00 5.00 5.00 FF48 333 5.00 5.00
D17 3.75 1.25 3.75 FF17 1.67 0.00 0.00 FF49 5.00 0.00 0.00
D18 5.00 1.67 0.00 FF18 1.67 0.00 1.67 FF50 5.00 0.00 1.67
D19 5.00 5.00 0.00 FF19 1.67 0.00 333 FF51 5.00 0.00 3.33
D20 2.50 0.00 2.50 FF20 1.67 0.00 5.00 FF52 5.00 0.00 5.00
D21 333 5.00 5.00 FF21 1.67 1.67 0.00 FF53 5.00 1.67 0.00
D22 5.00 2.50 5.00 FF22 1.67 1.67 1.67 FF54 5.00 1.67 1.67
D23 0.00 5.00 1.67 FF23 1.67 1.67 3.33 FF55 5.00 1.67 3.33
D24 1.25 1.25 1.25 FF24 1.67 1.67 5.00 FF56 5.00 1.67 5.00
D25 3.75 3.75 1.25 FF25 1.67 3.33 0.00 FF57 5.00 3.33 0.00
D26 1.67 3.33 5.00 FF26 1.67 3.33 1.67 FF58 5.00 3.33 1.67
D27 0.00 5.00 5.00 FF27 1.67 3.33 3.33 FF59 5.00 3.33 3.33
D28 5.00 5.00 3.33 FF28 1.67 3.33 5.00 FF60 5.00 3.33 5.00
D29 2.50 0.00 5.00 FF29 1.67 5.00 0.00 FF61 5.00 5.00 0.00
D30 2.50 2.50 0.00 FF30 1.67 5.00 1.67 FF62 5.00 5.00 1.67
FF31 1.67 5.00 3.33 FF63 5.00 5.00 3.33
FF32 1.67 5.00 5.00 FF64 5.00 5.00 5.00

2 wtk.
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Table 5

Conversion of CH4 (Xcn, ) and of CO, (Xco, ) and syngas ratio (H2/CO) for various Ni(2.5)La;03Y203ZrO;MgAl, 04 catalysts selected via D-optimal (D) and full factorial (FF)

design (650°C, 7 bar, CH4/CO, =1, GHSV=21000h1).

Cat. XCH4 a Xco2 & H,/CO Cat. XCH4 & Xc()2 a H,/CO Cat. XCH4 S XcoZ a H,/CO
D1 24 33 0.36 FF1 26 33 0.43 FF33 35 44 0.46
D2 22 29 0.37 FF2 6 9 0.15 FF34 32 40 0.49
D3 26 34 0.41 FF3 7 11 0.17 FF35 28 38 0.39
D4 28 37 0.43 FF4 10 15 0.19 FF36 20 28 0.31
D5 7 11 0.15 FF5 7 12 0.15 FF37 30 39 0.41
D6 10 14 0.18 FF6 9 15 0.17 FF38 30 39 0.39
D7 23 31 0.34 FF7 6 11 0.14 FF39 26 34 0.37
D8 26 33 0.43 FF8 11 17 0.21 FF40 27 36 0.37
D9 35 44 0.46 FF9 13 20 0.22 FF41 29 39 0.39
D10 24 32 0.36 FF10 5 9 0.16 FF42 27 36 0.40
D11 27 36 0.39 FF11 6 9 0.20 FF43 21 29 0.36
D12 20 27 0.30 FF12 3 5 0.11 FF44 11 16 0.23
D13 7 11 0.17 FF13 11 16 0.21 FF45 13 19 0.23
D14 11 17 0.21 FF14 15 22 0.13 FF46 11 17 0.22
D15 25 34 0.40 FF15 5 8 0.18 FF47 13 18 0.26
D16 28 53 1.48 FF16 7 11 0.15 FF48 12 19 0.27
D17 10 15 0.29 FF17 22 30 0.36 FF49 28 35 0.42
D18 20 28 0.36 FF18 18 27 0.30 FF50 33 44 0.42
D19 16 23 0.28 FF19 27 33 0.49 FF51 30 40 0.41
D20 21 28 0.34 FF20 29 37 0.43 FF52 25 34 0.40
D21 12 19 0.27 FF21 23 32 0.33 FF53 20 28 0.36
D22 12 18 0.27 FF22 13 20 0.23 FF54 32 42 0.41
D23 15 22 0.13 FF23 16 22 0.29 FF55 34 44 0.44
D24 17 25 0.27 FF24 6 10 0.15 FF56 24 33 0.34
D25 14 21 0.23 FF25 27 35 0.42 FF57 28 37 0.37
D26 11 16 0.23 FF26 14 21 0.27 FF58 28 37 0.37
D27 7 11 0.17 FF27 15 21 0.32 FF59 33 40 0.51
D28 17 23 0.30 FF28 11 16 0.23 FF60 28 37 0.42
D29 11 16 0.21 FF29 20 27 0.30 FF61 28 53 1.48
D30 29 38 0.41 FF30 12 17 0.20 FF62 31 40 0.44
FF31 6 10 0.16 FF63 17 23 0.30
FF32 4 7 0.11 FF64 32 41 0.47

a%.

The catalytic results in DR at elevated pressure for
Ni(2.5)La;03Y,03Zr0,MgAl, 04 catalysts selected via a D-optimal
and full factorial design are shown in Table 5. The results demon-
strate a wide variety in activity, viz. Xcy, and Xco,, and selectivity,
viz. Hy/CO molar ratio, which makes information extraction easier
during ANOVA analyses. From Table 5 it follows already that most
catalyst compositions show inferior performance in comparison to
the reference catalyst, viz. unpromoted Ni (2.5 wt%) on MgAl,04,
yielding Xcy, of 26%, Xco, of 33% and H,/CO of 0.43. General
trends typical for DR chemistry can be extracted from the set
of catalytic data, thereby validating the reactor set-up and the
DoE strategy. First, Xco, values are higher than Xcy, values for
all catalysts, pointing to the occurrence of the RWGS reaction
(3). This is also confirmed by the presence of a clear H,O peak in
each chromatogram. Secondly, the data in Table 5 show that the

Y,03
(wt%)

Fig. 5. Chemical space constructed for D-optimal and full factorial exploration.

H,/CO molar ratios increase in parallel with an increase in catalyst
activity. Also this observation is in line with the occurrence of the
RWGS reaction (3), as CO is produced at the expense of Hy, when
the steady-state concentration of CO, is high.

3.3. Modeling

As shown in Table 6, statistical analyses of the performance
(activity and selectivity) of catalysts generated via D-optimal and
full factorial design, result in linear equations for the output param-
eters, viz. Xcn,, Xco, and H/CO, as a function of the selected input
parameters, viz. wt% loading of La;03, Y,03 and ZrO,. ANOVA
analyses showed that the different equations for both designs
are statistically significant. More detailed information concern-
ing the modeling and the validity is given in the supplementary
information.

These equations, which predict the activity (Xcu,, Xco,) and
selectivity (H,/CO) for catalysts selected via D-optimal and full
factorial design, are visualized in Fig. 6. In these representations
all values are expressed relatively compared to the unpromoted
Ni(2.5)MgAl, 04 catalyst, which has a Xcy, value of 26%, a Xco, value
of 33% and a H,/CO ratio of 0.43.

Table 6

Equations for Xcn,, Xco,, H2/CO as a function of La;0s3, Y03 and ZrO, content of
Ni(2.5)La;03Y,03Zr0,MgAl, 04 catalysts selected by a D-optimal (D) or full factorial
(FF) strategy (650°C, 7 bar, CH4/CO, =1, GHSV=21000h-1).

D-opt Xcu, = 0.88375 +0.051268La; 03 — 0.045449Y,03 — 0.084968Zr0,
Xco, =0.92085 + 0.047189La,03 — 0.044628Y,03 — 0.074943Zr0,
H,/CO=0.80557 +0.042689La, 03 — 0.039035Y,03 — 0.046595Zr0,

FF Xcny = 0.64844 + 0.14513Lay03 — 0.062361Y203 — 0.047324Zr0,
Xco, = 0.70206 + 0.13971Lay03 — 0.059331Y,03 — 0.044714Zr0,
H,/C0=0.63723+0.10031La,03 — 0.044815Y,03 — 0.025970Zr0O,
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Fig. 6. Visualizations of the equations for Xcy,, Xco, , H2/CO of NiLa; 03Y203Zr0; MgAl, 04 catalysts obtained via D-optimal and full factorial design (650 °C, 7 bar, CH4/CO, =1,
GHSV=21000h-"). Values are compared to the reference catalyst Ni(2.5)MgAl,04 with Xcu, = 26%, Xco, = 33%, H2/CO=0.43. The color codes represent relative values x 10%.

Generally, it can be seen in these figures that values for Xcy,,
Xco, and Hy/CO are in most cases lower than those of the refer-
ence catalyst Ni(2.5)MgAl,04. Only when the catalyst contains high
loadings of La; O3 in the absence of or with only low amounts of the
other two additives, significantly higher DR activity is observed.
Such conclusion can also be extracted from the data in Table 5.
For D-optimal design, in particular catalyst D9 exhibits a DR activ-
ity higher than that of the reference, while for full factorial (FF)
design FF33, FF34, FF37, FF38, FF49, FF50, FF51, FF54, FF55, FF59,
FF62 and FF64 catalysts show higher activities. All catalysts have a
high content of La;03 in common.

When the graphs of the two search strategies are compared
(Fig. 6), it is clearly seen that the enhanced values for Xcy,, Xco,
and H,/CO cover a broader compositional range in case of the full
factorial design than in case of the D-optimal design. Also the pre-
dicted maximum values for the CH4 and CO, conversions and the
H,/CO molar ratio are somewhat higher in case of the full factorial
equations.

The effect of each of the promoters can be easily deduced from
these visualizations. In case of the D-optimal design, it can be seen
thatactivity (Xcn,, Xco, ) increases when the ZrO, content of the cat-
alysts is lowered (appearance of the red color). La, 03, as promoter,
favorably influences activity (Xcy, and Xco, ) in the whole chemical
space considered. As shown in Fig. 6, higher amounts of CO, and
CHy4 are converted when the La; 03 content of the catalyst increases
at afixed level of the two other promoters, Y,03 and ZrO,. Y503 has
a negative impact on activity since predicted Xcy, and Xco, values
decrease when the Y503 content increases. The match between the
figures of Xco, and H,/CO confirms the correlation between high
activity and high syngas ratios. As mentioned earlier for catalysts
with low activity, syngas ratios are lowered due to the occurrence
of the RWGS reaction (3).

In a next step the evaluation of the models is made by compar-
ing P/E values (predicted/experimental) of the 30 catalysts selected
via the D-optimal strategy. As shown in Table 7, P/E values for Xcy,
all approach a value of 1 except for catalysts D6, D13, D17, D19
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Table 7
Overview of P/E ratios for catalysts selected via D-optimal (D) and full factorial (FF) strategies (650 °C, 7 bar, CH4/CO, =1, GHSV=21000h1).
Cat. XCH4 Xcoz H,/CO Cat. XCH4 X(jo2 H,/CO Cat. X(j]—(4 Xcoz H,/CO
D1 0.8 0.8 0.9 FF1 0.6 0.7 0.6 FF33 0.8 0.9 0.9
D2 0.7 0.7 0.7 FF2 2.7 2.2 1.7 FF34 0.8 0.9 0.8
D3 0.8 0.8 0.8 FF3 1.8 1.6 14 FF35 0.9 0.9 1.0
D4 0.8 0.8 0.8 FF4 1.1 1.1 1.2 FF36 1.2 1.1 1.2
D5 0.8 0.9 1.1 FF5 1.9 1.7 1.6 FF37 0.9 0.9 0.9
D6 2.0 1.9 1.7 FF6 1.3 1.2 1.3 FF38 0.8 0.8 0.9
D7 0.8 0.8 0.9 FF7 1.6 14 14 FF39 0.9 0.9 1.0
D8 0.9 0.9 0.8 FF8 0.7 0.7 0.9 FF40 0.8 0.8 0.9
D9 0.8 0.8 0.9 FF9 0.9 0.8 1.0 FF41 0.8 0.8 0.9
D10 1.0 1.0 1.0 FF10 1.7 1.6 1.2 FF42 0.8 0.8 0.8
D11 0.9 0.9 1.0 FF11 13 13 0.9 FF43 0.9 0.9 0.9
D12 1.0 0.9 1.0 FF12 1.8 1.9 1.5 FF44 1.7 1.5 1.3
D13 22 2.0 1.6 FF13 0.8 0.8 0.8 FF45 1.7 1.5 14
D14 0.9 0.9 1.0 FF14 0.4 0.5 1.2 FF46 1.7 1.6 14
D15 0.8 0.8 0.8 FF15 0.9 1.1 0.8 FF47 1.4 1.3 1.1
D16 0.9 0.6 0.2 FF16 04 0.5 0.8 FF48 1.2 1.1 1.0
D17 1.9 1.7 1.1 FF17 1.0 1.0 1.0 FF49 13 13 1.2
D18 14 13 1.1 FF18 1.1 1.1 1.1 FF50 1.0 1.0 1.1
D19 1.5 14 1.3 FF19 0.7 0.8 0.6 FF51 1.0 1.0 1.1
D20 1.0 1.0 1.0 FF20 0.6 0.6 0.7 FF52 1.2 1.1 1.1
D21 0.8 0.9 0.8 FF21 0.9 0.9 1.0 FF53 1.6 1.6 13
D22 1.3 1.3 1.1 FF22 14 1.2 1.3 FF54 1.0 1.0 1.1
D23 0.9 0.9 1.7 FF23 1.0 1.0 0.9 FF55 0.9 0.9 1.0
D24 1.2 1.1 1.2 FF24 2.4 2.0 1.8 FF56 1.1 1.1 1.2
D25 1.5 1.3 1.4 FF25 0.7 0.7 0.7 FF57 1.1 1.1 1.1
D26 1.0 1.0 1.0 FF26 1.1 1.1 1.0 FF58 1.0 1.0 1.1
D27 0.9 1.0 1.0 FF27 0.9 0.9 0.8 FF59 0.8 0.9 0.8
D28 1.0 1.0 0.9 FF28 1.1 1.0 1.0 FF60 0.9 0.9 0.9
D29 1.4 14 14 FF29 0.8 0.8 0.8 FF61 1.0 0.7 03
D30 0.8 0.8 0.9 FF30 1.1 1.1 1.2 FF62 0.8 0.8 0.9
FF31 1.7 1.6 14 FF63 14 14 1.2
FF32 2.1 2.0 1.8 FF64 0.7 0.7 0.7

and D25. For these catalysts model predictions exceed experimen-
tal observations, demonstrated by high P/E values. For Xco, and
H,/CO, P/E values deviate from 1 in the case of catalysts D6, D13,
D16,D17 and D16, D23. This can be rationalized since D16 has been
considered as an outlier during the modeling of Xco, due to the
unrealistic experimental value and is therefore not used for model
construction. For the same reason D16 and D23 are not used dur-
ing modeling of the H,/CO ratio results. The evaluation using P/E
values points out that the proposed mathematical expressions for
the majority of the tested catalysts fit the data set generated via the
D-optimal strategy.

Similar conclusions can be drawn for the catalysts selected via
the full factorial design. La,03 promotion has a positive influence
on activity. Like for the D-Optimal design, Xcy, and Xco, values
increase in the whole explored space when the La,03 content is
elevated. Maximum activity is reached, just as in case of the D-
optimal design, with a Ni(2.5)La;03(5)MgAl,04 catalyst. Activity
(XcH,» Xco, ) increases with decreasing ZrO; or Y, 03 content of the
catalysts at constant level of the two other promoters. From Fig. 4
it follows that catalyst activity (Xcp, ) and selectivity (H,/CO) vary
in parallel. For the catalysts selected via the full factorial design
(Table 7), P/E ratios are seen deviating from 1 for catalysts FF2, FF3,
FF5, FF7, FF10, FF11, FF12, FF14, FF16, FF24, FF31, FF32, FF44, FF45,
FF46 and FF53 in case ofXCH4. for FF2, FF3, FF5, FF10, FF12, FF24,
FF31, FF32, FF45, FF46 and FF53 in case of Xco, and for FF2, FF5,
FF24, FF32 and FF61 in case of H,/CO. From this list of catalysts
only F61 is not used for Xco, and H>/CO model construction since
it has been defined as an outlier.

The evaluation of the P/E values points out that the equations,
shown in Table 6, fit the data for the majority of the catalysts, espe-
cially for the equation predicting the H,/CO ratios. In case of the
full factorial analysis, prediction of Xcy, is bad for catalysts with
low La, 03 content since in the majority of the above-mentioned
catalysts (12 out of 16) the La; O3 content is below 1.7 wt%. In this

area of the chemical space predicted values exceed experimental
data.

Differences between the values predicted by the full factorial
and the D-optimal strategy are calculated and visualized in Fig. 7.
It follows that catalyst composition areas (see yellow, green and
light blue areas) exist with high similarity of all output parameters
(XcH,» Xco,» H2/CO). The predictive value of the two models for the
three output parameters only differs at the border of the chemi-
cal parameter space (dark blue and red areas), i.e. at low or high
La; 03 content. However, detailed examination of the 95% confi-
dence intervals (see supplementary information, Tables S2, S3 and
S4) points out that these differences are statistically significant only
for the output parameters, Xcy, and Xco,, at high La03 (>4 wt%)
and ZrO, (>2.5 wt%) content. Only for this compositional area, the
confidence intervals show no overlap.

To further evaluate the two search strategies, the predictive
force of the equations from Table 6 is investigated. In Table 8
the predictive force of the D-optimal and full factorial models is
demonstrated by calculating P/E values. This calculation is done
for catalysts which have not been involved in the construction of
the different equations. Fifty-one catalysts selected for full facto-
rial analysis, not used in the D-optimal design, are used to estimate
the predictive power of the D-optimal equations. Seventeen cat-
alysts selected for D-optimal strategy, not used for full factorial
modeling, are used to investigate the predictive power of the full
factorial equations. From the analysis of the P/E ratios (Table 8)
similar conclusions can be drawn as formulated for the differ-
ences between the values predicted by the two strategies. At low
La,03 content (<1.67 wt%, F2-F15 in Table 8) the D-optimal equa-
tions predict higher values than the full factorial equations, which
in turn are higher than the experimental activity and selectivity
values (Table 7). This is easily seen by comparing P/E values in
Tables 7 and 8. P/E values for the catalysts, predicted by the D-
optimal equations (Table 8), are larger than the predicted values in
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Fig.7. Calculated differences (FF-D) for Xcu, , Xco, , H2/CO values predicted by equations represented in Table 6. Values are compared to the reference catalyst Ni(2.5)MgAl, 04
with Xcy, = 26%, Xco, = 33%, H2/CO=0.43. The color codes represent relative values x 10%.

Table 7, which are calculated via the full factorial equations. Most
P/E values in Table 7 (e.g. FF2, FF4, FF5) are higher than 1, indi-
cating that predicted exceed experimental values. It follows that
in this region the full factorial strategy delivers superior equations
for activity and selectivity prediction. At intermediate La,O3 con-
tent (1.67-3.33 wt%, FF17-FF48 in Tables 4 and 8), predictions by
the equations in both strategies are comparable and fit the exper-
imental results. At high La,03 content (>3.33 wt%, FF48-FF64 in
Tables 4 and 8) values predicted by the D-optimal equations are
smaller than the experimental ones.

In case of the full factorial equations similar conclusions can
be formulated (Table 8). At low La;03 content (D2, D7, D8 and
D27) model predictions are usually too low. At high La,03 content
(D17, D19, D22 and D25) full factorial equations predict too high
the activity and selectivity compared to the obtained experimental
values.

In a next step the equations of the two search strategies are
compared for a simple case of catalyst composition optimization,
aiming at highest activity and selectivity. For this purpose the
objective function, R (R = Xcy, - Xco, - H2/CO), is used. The function
R in this case is the product of the values for the conversion of CHy
(Xcn, ) and CO3 (Xco, ) with the Hp /CO ratio. By maximizing its value,
the function R can be used to determine catalyst compositions
which combine high activity with high selectivity. Visualization of
R values obtained via the two search strategies are given in Fig. 8.
It should be noted that the R values span a wide range of values
in both strategies, full factorial strategy covering the wider range.
However, it is seen in Fig. 8 that for all catalyst composition areas

similar trends are present. Low values are predicted in areas which
combine presence of ZrO, with low La;03 and high Y503 loading.
High values appear in the opposite corner of the space, i.e. for ZrO,
containing catalysts with a low Y503 and high La; 03 content. Opti-
mization based on these models leads towards the same catalyst
composition as shown in Fig. 8. In both cases optimization leads
to an identical composition, viz. Ni(2.5)La;03(5)MgAl; 04, as most
active and selective catalyst.

Conclusively, via ANOVA analyses of the experimental data of
catalysts selected via D-optimal and full factorial design, valid
mathematical relationships are obtained for the prediction of val-
ues for Xcy,, Xco, and Hy/CO values. In the major part of the
confined chemical space comparable values for activity and selec-
tivity are predicted by the equations derived for the two design
strategies. Only at the borders of the space differences in predicted
values between the two strategies are observed. At low La,03 con-
tent, values for the D-optimal design exceed those from the full
factorial design, approaching the experimental results better. At
high La;03 levels, values from D-optimal design are smaller than
experimental values, whereas predicted values for full factorial
design approach the experimental values. In both strategies, the
impact of the three promoters (La,03, ZrO, and Y,03) on activ-
ity and selectivity can be predicted easily from the equations.
Also compositional optimization yields the same catalyst. Based on
these findings, the D-optimal strategy is advantageous compared
to the full factorial strategy because in the former case only half
the number of experiments is needed. Thus the basic principle of
the D-optimal algorithm is confirmed, stating that the D-optimal
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Table 8
Overview of P/E ratios predicted by D-optimal and full factorial strategies (650 °C, 7 bar, CH4/CO> =1, GHSV=21000h"1).
Xc]—(4 Xcoz H,/CO Cat. XCH4 X(;o2 H,/CO Cat. XCH4 Xcoz H,/CO XCH4
FF2 3.7 3.2 2.1 FF35 0.8 0.8 0.9 D1 1.0 1.0 1.0
FF4 13 14 13 FF36 0.9 0.9 1.0 D2 0.6 0.6 0.6
FF5 3.0 2.7 2.2 FF37 0.9 1.0 0.9 D3 1.1 1.1 1.0
FF6 2.1 1.8 1.7 FF38 0.8 0.8 0.9 D6 1.3 13 13
FF7 23 2.0 1.7 FF39 0.8 0.8 0.9 D7 0.7 0.7 0.6
FF9 1.6 1.5 1.3 FF40 0.6 0.6 0.8 D8 0.6 0.7 0.6
FF10 3.0 2.6 1.6 FF41 0.9 0.9 0.9 D10 1.1 1.1 1.1
FF11 22 2.1 1.1 FF42 0.8 0.8 0.8 D11 1.2 1.2 1.2
FF12 2.9 3.0 1.8 FF43 0.8 0.9 0.8 D17 25 22 13
FF13 1.6 1.6 1.2 FF44 1.3 13 1.1 D19 1.7 1.6 1.4
FF15 2.0 2.1 1.1 FF45 1.8 1.7 1.4 D20 1.1 1.1 1.0
FF17 1.2 1.2 1.1 FF46 1.7 1.6 13 D22 22 1.9 14
FF18 1.3 1.2 1.1 FF47 1.2 1.2 1.0 D24 1.1 1.0 1.1
FF19 0.7 0.8 0.6 FF49 1.2 1.2 1.0 D25 1.7 1.5 1.5
FF20 0.5 0.6 0.6 FF50 0.8 0.9 1.0 D27 0.4 0.6 0.7
FF21 1.1 1.1 1.1 FF51 0.8 0.8 0.9 D29 1.9 1.7 1.5
FF22 1.6 1.5 1.4 FF54 0.8 0.9 0.9 D30 0.8 0.8 0.8
FF23 1.1 1.1 1.0 FF55 0.6 0.7 0.8
FF24 22 2.0 1.7 FF56 0.7 0.8 0.9
FF25 0.8 0.9 0.8 FF57 1.0 1.0 1.0
FF26 13 13 1.1 FF58 0.8 0.9 0.9
FF27 1.0 1.1 0.8 FF59 0.6 0.7 0.6
FF30 1.5 1.4 1.3 FF60 0.6 0.6 0.7
FF31 2.0 1.9 1.5 FF62 0.7 0.7 0.7
FF32 2.1 2.1 1.8 FF64 04 0.5 0.5
FF34 0.8 0.9 0.8
5~
3.75-
o
N
1.25-

we
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Fig. 8. Visualization of function R for catalysts obtained with D-optimal and full factorial design strategy. Values are compared to the reference catalyst Ni(2.5)MgAl, 0,4 with

Xcn, = 23%, Xco, = 33%, H2/CO=0.43. The color codes represent relative values x 104,

algorithm maximizes the amount of information with a minimum
number of experiments.

4. Conclusions

In this contribution dry reforming catalyst development is
explored at elevated pressure. Two search strategies, D-optimal and
full factorial, are evaluated for their ability to identify catalysts with
high activity and selectivity. For this a DoE has been set up. A high-
throughput screening has pointed out that Ni and MgAl,04 are the
active element and support with high potential for the dry reform-
ing reaction at elevated pressure. A promoter screening of alkaline,
alkaline-earth, transition and lanthanide metal oxides shows that
promoter effects, reported at atmospheric pressure, not always can
be extrapolated to elevated pressure. From a list of promoters,
La; 03, Y503, ZrO,, MnO and BaO were defined as promising ele-
ments, while only La,;03, Y203 and ZrO, were retained for further
use in the DoE.

Next, a cubic space is constructed which is explored using
two search strategies. Catalyst compositions are selected via these
two strategies and in a next step these catalysts are synthesized
and tested. ANOVA analyses of the catalytic activity and selectiv-
ity yield equations for Xcy,, Xco, and H/CO for both strategies.
After verification, it is shown that, except at the borders of the
cubic chemical space, these equations allow prediction of compa-
rable values for Xcy,, Xco,, H2/CO in case of the two strategies.
Also for both strategies the same effect of the three promoters
can be deduced from the equations. La;03 positively influences
the activity and selectivity, while the other two promoters, ZrO,
and Y,03, cause decreased catalyst performance. The search for
active and selective catalysts via an objective function, R, results
in the same catalyst composition for both strategies. These results
validate the D-optimal principle and show the advantage of the D-
optimal strategy over the full factorial strategy since comparable
results are obtained with only half of the number of experi-
ments.
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