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Abstract

The use of high throughout and combinatorial experimentation is becoming commonplace in catalytic
research. The benefits of parallel experiments are not only limited to reducing the time-to-market, but
also give an opportunity to study processes in more depth, by generating more data. To investigate the
complete parameter space, multiple experiments must be performed and the variability between these
experiments must be quantifiable. In this project, the reproducibility and variance in high throughput
catalyst preparation and parallel testing were determined. High-performance equipment was used in a
catalyst development program for fuel processing, the production of fuel cell-grade hydrogen from hy-
drocarbon fuels. Four studies, involving water-gas shift conversion and high-temperature steam meth-
ane reforming, were performed to determine the reproducibility of the workflow from automated cata-
lyst preparation to parallel activity testing. Statistical analyses showed the standard deviation in cata-
Iytic activities as determined by conversion, to be less than 6% of the average value. Copyright © 2017
BCREC GROUP. All rights reserved
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1. Introduction making their implementation very much de-
pendent on local factors.

Hydrogen is the fuel of choice for most sta-
tionary and mobile fuel cells, a promising tech-
nology for generating electricity with high fuel
efficiency [2]. This brings solutions as a power
source for vehicles [3] as well as back-up power
and off-grid electricity generation. More specifi-
cally, fuel cells have the potential to supply
electricity with high efficiency to remote loca-
tions where the capital costs involved in ex-

Fossil fuels supply about 85% of the total
world energy requirements [1]. With more gov-
ernments planning to implement a ‘carbon tax’
on the production of COg2, the use of alternative
energy sources 1s becoming increasingly attrac-
tive. Alternative energy sources do however
have their own advantages and disadvantages
(economic, environmental and social impact)

. - tending the electrical grid are very high. The
Corresponding Author. lack of a proper hydrogen infrastructure

E-mail: niels.luchters@uct.ac.za (Luchters, N.T.J.) . . .
Telp.: +27(0)21 6505760 (production, storage, distribution), however,

berec_708_2016 Copyright © 2017, BCREC, ISSN 1978-2993




Bulletin of Chemical Reaction Engineering & Catalysis, 12 (1), 2017, 107

limits the implementation of fuel cells in these
remote locations.

Natural resources from which hydrogen can
be extracted include water, fossil fuels
(hydrocarbons) and biomass. It is anticipated
that, in the long-term, hydrogen will be gener-
ated via carbon-free technology (renewable re-
sources), such as solar photovoltaic and electro-
lysers. The current “carbon free” technologies,
however, remain too expensive and efficiency
needs to be improved [1]. In the transition pe-
riod to a carbon-free renewable hydrogen econ-
omy, reforming of fossil fuels should be consid-
ered as practical hydrogen source using widely
available fuels and existing infrastructure [4].

Fuel processing is an attractive technology
to convert fossil fuels (like natural gas, LPG,
diesel, jet fuels, etc.) into hydrogen or syngas.
Utilising the existing global infrastructure for
these fuels, hydrogen can be produced on-site
and, after clean-up, can be used to directly feed
fuel cells [5]. Consequently, the availability of
catalytic fuel processors are an important re-
quirement for the widespread (near to middle
term) implementation of fuel cells [6].

The catalysts used in fuel processors have
demanding requirements with respect to life-
time, stability and ease of start-up, where long
reduction procedures and temperature sensi-
tive formulations are wunsuitable. Research
aimed at the development of suitable fuel proc-
essing catalysts 1s predominantly based on
platinum group metals, an active field of en-
quiry.

Traditionally, catalyst development involves
a one-at-a-time sequence of preparation and
performance testing. However, the exploitation
of massively parallelized experimentation, so-
called high throughput experimentation, is
gaining increasing acceptance as a vehicle for
the discovery, development and optimisation of
new catalytic systems [7,8]. Currently several
commercial, state-of-the-art technologies exist
for catalyst preparation, catalyst testing and
the associated handling of vast data sets [8].

The terms “high throughput experimenta-
tion” and “combinatorial screening” are often
still interchangeably applied [9]. Even ITUPAC
defines high throughput screening as the
“process for rapid assessment of the activity of
samples from a combinatorial library or other
compound collection, often by running parallel
assays in plates of 96 or more wells” [10], the
definition mostly focussing on pharmaceutical
research. Maier et al. redefined the terms for
the material sciences and chemical industry,
such that the term refers to a change in the na-
ture of the parameters, not to a change in the

value of the parameter. The systematic change
of parameters, like composition, temperature,
pressure, etc., to explore a wide parameter
space is defined as high throughput experimen-
tation [7]. Typically, both approaches make use
of parallelization: performing multiple experi-
ments in parallel, under similar conditions,
with variation in the studied parameter. In
this paper, the term high throughput experi-
mentation refers to parallel experiments, as
both the catalyst formulations and experimen-
tal condition play an important role in catalyst
optimization. Experiments are often inter-
changed between combinatorial and high
throughput, although, experimental procedures
are similar.

High throughput experimentation has been
applied since the early twentieth century with
Edison (1878), Ciamician (1912), and the devel-
opment of the catalyst for ammonia synthesis
by Mitasch at BASF in 1909 [7]. Despite this
long history, only in the late 1990s did the
methodology commercialize, partly favoured by
the technology-friendly venture capital boom.
Commercial enterprises focusing specifically on
high throughput experimentation such as
SYMYX, Chemspeed, hte, and Avantium found
their way to the market [8]. Although in re-
search circles much scepticism still surrounds
this approach, it is slowly gaining acceptance.

This paper seeks to establish the consis-
tency of results from high throughput experi-
mentation in automated catalyst preparation
and the subsequent testing thereof in parallel
reactors. For this case study, the reactions con-
sidered are the first two stages of a typical fuel
processor i.e. high temperature methane steam
reforming and water-gas shift, both stages em-
ploying platinum group metal catalyst formu-
lations. For each study, catalysts were pre-
pared on the Chemspeed ISYNTH platform
and the consistency in formulation was investi-
gated through characterisation techniques
(ICP and CO chemisorption analysis). The
catalytic performance was determined using an
Avantium 16 parallel reactor setup in two
types of experiments, viz, a) all reactors con-
taining a single prepared catalyst — referred to
here as one-to-many (one catalyst in many re-
actors), and b) eight repeat formulations tested
in parallel — referred to as a many-to-many ex-
periment (see Figure 1).

2. Materials and Methods
2.1. Catalysts preparation

Catalysts were prepared using the Chem-
speed ISYNTH synthesis robot, employing a
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recipe for incipient wetness impregnation. Two
series of catalysts were prepared; one compris-
ing of 8 catalyst batches of 1 wt% Pt/Al20s and
a second of 8 catalyst batches of 0.5 wt%
Rh/Al203 - in both cases the support being Pu-
ralox alumina NWA-155. Stock solutions of
chloroplatinic acid or rhodium nitrate (Sigma-
Aldrich) of sufficient concentration, so as to ul-
timately prepare catalysts with the desired
metal loading, were prepared by dissolving ap-
propriate amounts of metal salts in de-ionised
water. These stock solutions were subsequently
further diluted by the Chemspeed ISYNTH ro-
bot as required for each impregnation. The
catalysts were prepared by addition of 1.4 ml
PGM impregnation solution to 2 g of support
via a fine injection needle, whilst under con-
tinuous agitation. Thereafter, the catalysts
were evacuated to 500 mbar and dried at 30 °C
for 1 hour under continuous vigorous agitation
to ensure good mixing and contact between
support and impregnation solution. Subsequent
treatments involved drying as follows: 2 hours
at atmospheric pressure and 60 °C, followed by
4 hours at 120 °C and, finally, calcination for 5
hours at 500 °C (for WGS catalysts) or 800 °C
(for reforming catalysts) in static air. During
drying steps, the temperature was ramped at
1 °C/min.

2.2. Catalyst characterization

CO chemisorption was performed on the
1 wt% Pt/Al2Os3 catalyst series in a Micromerit-
ics ASAP 2000 apparatus equipped with two
Edwards vacuum pumps (E2M-0.7). The sam-
ple (in powder form) was heated to 250 °C at a
rate of 5 °C/min in flowing H2 to remove ad-
sorbed water and reduce any platinum oxide to
Pt metal. The sample was maintained at
250 °C for one hour, after which the Hz flow
was stopped and the sample chamber evacu-

Figure 1. Experimental setups; top one-to-
many, bottom many-to-many

ated for 2 hours, attaining a pressure of
103 mm Hg. The temperature was subse-
quently lowered to room temperature at
5 °C/min, and CO chemisorption was per-
formed. A Varian 730 ICP-OES (inductively
coupled plasma - optical emission spectrome-
ter) instrument was used to determine the
metal content of fresh (unused) catalysts. The
sample was digested with a mixture of hydro-
chloric, hydrofluoric and nitric acids in a
MARS-5 microwave digester, followed by neu-
tralization with boric acid prior to analysis.

2.3. Catalyst testing

Catalyst testing was performed on a
Flowrence, 16 parallel fixed-bed reactor
(stainless steel for WGS or quartz for SMR) in-
strument from Avantium. A gas feed composi-
tion was mixed by mass flow controllers and
distributed to each reactor by equal pressure
drop using capillaries. Steam was fed as liquid
water by a HPLC pump and distributed by cap-
illaries to each reactor. Evaporation of water
occurred at the top of the reactor before reach-
ing the catalyst bed. The catalysts were acti-
vated in-situ using a H2/N2 mixture (10 vol%
Hs for WGS; 100 vol% Hz for SMR) and heated
to 204, 300 and 750 °C for the commercial low
temperature shift (LTS), Pt/AloOs and Rh/Al1.O3
catalysts, respectively. Chromatographic
analysis was performed using an Agilent CP-
490 micro-GC, with compounds separated over
a MS5 or COX column and detected by a TCD.
Methods on both columns were run isothermal
and isobaric. A detailed overview of the analy-
sis parameters is given in Table 1.

Four experiments were performed to deter-
mine the reproducibility of the high through-
put catalyst testing. A commercial LTS cata-
lyst as well as the Pt catalyst series were used
for WGS at low and medium reaction tempera-

Table 1. Micro-GC parameters

Channel # 1 2

Column (Iength in meters) MS5 COX
(20 m) (1 m)

Injector temperature (°C) 109 109
Column temperature(°C) 100 80
Carrier gas Argon Helium
Carrier pressure (kPa) 250 110
Sample line temperature (°C) 110
Sample line flush time (s) 30
Injection time (ms) 75 75
Backflush timing (s) 11.5 8.5
Analysis time (min) 5 5
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ture ranges, respectively. The commercial LTS
catalyst was tested in a one-to-many experi-
ment (one catalyst in 13 reactors), whereas the
Pt/Al20s3 catalyst series was tested in a many-
to-many experiment (multiple catalyst batches
prepared and each tested in a reactor). The
steam methane reforming was evaluated at
700 °C in both one-to-many and many-to-many
experiments using the Rh/Al203 catalyst series.

To describe the reproducibility of a series of
data points the standard deviation is calculated
using Equation 1. For comparison purposes the
standard deviation is expressed as a percentage
of the average value (relative standard devia-
tion; RSD).

Deviation Standard = /M (1)
(n-1)

3. Results and Discussion
3.1. Variance in catalyst preparation

ICP analysis for Pt metal loading on the
Pt/Al203 catalysts provides an indication of the
accuracy of the impregnation volumes used.
First, a duplicate measurement of seven ICP
analyses on a single Pt batch resulted in a RSD
of 4.8%, a relatively low precision due to the
low Pt loadings. Likewise, the Pt catalyst series
exhibited a similar RSD for ICP metal loading
(Table 2). However, the variance in the series of
samples is not larger than the duplicate single
batch measurement, implying that the devia-
tion seen is mostly a result of the analysis tech-
nique rather than the impregnation.

The automated impregnation of the Rh se-
ries was also analyzed for Rh metal loading by
ICP. A repeat of 6 analyses on a single catalyst
batch yielded a RSD of 3.9%, some what lower
than for the Pt-containing samples. The analy-
sis of the Rh catalyst series resulted in an aver-
age loading of 0.4+0.019 wt% (RSD = 4.7%). Al-
though, the absolute Rh content in each cata-
lyst was below the intended amount, the accu-
racy shows good reproducibility of impregna-
tion by the synthesis robot.

The results from CO chemisorption of the
Pt/Al2O3 catalyst series (8 batches) are pre-
sented in Figure 2. Although, the metal disper-
sion and crystallite size are related to each
other and calculated from the same analysis,
the relative standard deviation on the series is
5.0% of the average.

3.2. Water-gas shift

Thirteen Avantium reactors were charged
with a commercial LTS catalyst, with loadings

between 75.9 and 77.6 mg. Given typical indus-
trial conditions (20 barg, 200 °C, 40,000 h-1) a
line-in period of approximately 4 days was ob-
served (Figure 3). All catalysts behaved simi-
larly. At approximately 100 hours on stream
the average CO conversion was 38.8%; the dif-
ference between the lowest and highest activity
measured being 8 percentage points (RSD =
6.3%). At approximately 110 h time on stream
(TOS) the experiment was interrupted and re-
actor positions were changed around (reactor
at position 14 was changed with reactor at po-
sition 16, etc.). After re-starting at ~150 hours
TOS, a similar activity trend was observed
with an equal spread between the reactors. It
is therefore clear that the position of the reac-
tor in the equipment does not influence the
catalytic performance and the spread in activ-
ity between reactors is due to variation of cata-
lyst mass in the different reactor tubes (i.e.
small differences in catalyst loading).

The Chemspeed synthesis robot was used to
prepare eight batches of 1 wt% Pt/Al203 cata-
lyst. The catalytic performance of all eight
batches was evaluated simultaneously in the
Flowrence system for the WGS reaction at
standard gas hourly space velocity (SGHSV) of
5,000, 10,000 and 15,000 h-1, and temperatures
of 300, 325 and 350 °C. This was done in order
to measure variation in catalyst activity as a
function of conversion (Figure 4).

The RSD at ~50% CO conversion is 4% of
the average conversion. This is in accordance
with the deviations found with the commercial
catalyst. At lower conversions the RSD is found
to be around 4%, only increasing to 6.3% at
very low CO conversions of approximately 11%.
The increase is ascribed to the chroma-
tographic inaccuracy associated with the late
elution of the CO peak on the MS5 column.

In the last step of the experiment, the condi-
tions were reset to a SGHSV of 15,000 h-1 and
temperature of 350 °C to verify if any catalyst
deactivation had taken place (by comparison to
a condition evaluated earlier in the test). The
average conversion of 22.9% (ToS = 200 h) had
decreased to 20% over a period of almost 100
hours and is not considered to have influenced
the reproducibility estimations (~0.029 per-
centage points per hour).

3.3. Steam methane reforming

Reproducibility of steam methane reforming
catalysts were determined using a single cata-
lyst batch, loaded into multiple reactors (one-
to-many). More specifically, 12 quartz reactors
were charged with an equal loading of 0.5 wt%
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Rh/Al:0s (catalyst mass per reactor between
50.1 and 50.9 mg) and methane conversions
were measured. At start-up the SGHSV and
temperature were set to 50,000 h-! and 700 °C
respectively, however, this resulted in conver-
sions close to equilibrium, making true com-
parison of reactor-to-reactor activity variations
difficult. Subsequently, the SGHSV was in-
creased to 75,000 h! (at ToS = 50 h) and
120,000 h-! (at ToS = ~170 h) to obtain conver-
sion levels sufficiently removed from equilib-
rium, while maintaining the temperature at
700 °C (blue data points in Figure 5).
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Figure 3. WGS CO conversions using commer-
cial LTS catalyst

Table 2. ICP analysis of Pt and Rh catalysts

At 120,000 h-! the average conversion de-
creased to 73% with a relative standard devia-
tion of 2.7% (calculated on three analyses of all
reactors). The data set, used for calculating the
RSD, was considered to be at stable catalytic
conditions, as the average conversion de-
creased only slightly (from 73 to ~70%) over
the respective 150 hours on stream.

Eight batches of 0.5 wt% Rh/Al20s were pre-
pared through incipient wetness impregnation
using the Chemspeed. ICP analysis confirmed
the average Rh loading to be 0.4+0.019 wt%.
The Rh/Al203 catalysts were loaded into thir-
teen reactors (catalyst mass each reactor be-
tween 49.9 and 50.5 mg), making up the many-
to-many reproducibility study. Activities were
measured at SGHSV of 120,000 h-! from the
start of the experiment. The results show no
initial line-in time required for the catalysts.

For the standard deviation calculations,
three analyses of each reactor between 150 and
200 hours on stream were used. This corre-
sponded to a similar dataset used in the one-to-
many experiment. The RSD for the many-to-
many experiment was 3.8% of the average
methane conversion of 72.5% (i.e. 72.5+2.8%).

The data for the one-to-many and many-to-
many experiments were compared at the same
SGHSV and ToS. In Figure 5 the blue data
points are data for the one-to-many experiment
at the three SGHSV (50,000, 75,000, and
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Figure 4. WGS CO conversion using 8 batches
of Pt/Al203

Catalyst Batch 1 2 3 4 5 6 7 8 Average RSD (%)
Pt/Al203 0 0
(Pt wt%) 1.07 1.05 1.12 1.06 1.02 1.05 1.08 0.99 1.06% 3.7%
Rh/Al203 0 0
(Rh wt%) 0.38 038 0.42 039 0.55 0.42 0.42 0.41 0.40% 4.7%
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120,000 h-!), orange data points are from the
many-to-many experiment (SGHSV 120,000
h-1). The two experiments, gave similar meth-
ane conversions, with the RSD in the many-to-
many (orange) data being only slightly higher.
Even so, both data sets show essentially the
same activity level and deactivation trend over
time (ToS = 170-270 h).

4. Conclusions

Two series of catalysts have been prepared;
Pt/Al20s for WGS and Rh/Al203 for SMR reac-
tions, whilst a further commercial LTS catalyst
was used for WGS. For both reactions, two
types of experiments were performed to deter-
mine the standard deviation with regard to re-
producibility. The first experiments are one-to-
many, referring to one catalyst batch (prepared
or commercial) tested in many reactors. The
other experiment is many-to-many, in which a
series of eight batches of the same catalyst
were prepared and all tested for their perform-
ance.

ICP analysis indicated that loadings of both
Pt and Rh were performed accurately through
incipient wetness impregnation using the syn-
thesis robot. In addition, CO chemisorption ex-
periments of the Pt catalysts suggest equal ac-
tive metal distribution on the alumina support.
The reproducibility of the WGS and SMR reac-
tion were assessed with both one-to-many and
many-to-many experiments. The calculated
RSD are all found to be 6% or lower (Table 3)
and activity trends over time between experi-
ments are almost identical. The performance
data collected in this study represents approxi-
mately 1000 hours per sample, which under
conventional single reactor test protocols would
have taken well over a year to achieve. This,
along with the high accuracy and reproducibil-
ity shown in this study, clearly show that high
throughput tools are extremely valuable for
catalyst development.
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