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Abstract:

 A novel methodology is presented for more comprehensive catalyst development by maximizing the acquired information rather than relying on statistical methods or tedious, elaborate experimental testing. Two dedicated high-throughput kinetics (HTK) set-ups are employed to achieve this objective, i.e., a screening (HTK-S) and a mechanistic investigation one (HTK-MI). While the former aims at evaluating a wide range of candidate catalysts, a limited selection is more elaborately investigated in the latter one. It allows focusing on an in-depth mechanistic analysis of the reaction mechanism resulting in so called “kinetic” descriptors and on the effect of key catalysts properties, also denoted as “catalyst” descriptors, on the catalyst performance. Both types of descriptors are integrated into a (micro)kinetic model that allows a reliable extrapolation towards operating conditions and catalyst properties beyond those included in the high-throughput testing. A case study on ethanol conversion to hydrocarbons is employed to illustrate the concept behind this methodology. The methodology is believed to be particularly useful for potentially large-scale chemical reactions.
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1. Introduction

Catalyst development often relies on “trial and error” procedures in which laboratory scale performance is, implicitly, deemed to represent industrial scale operation. Despite many efforts to rationalize the development of catalytic material by using, among others, virtual catalyst screening [1], the “chemical experiment” remains a valuable and credible tool for novel catalyst development as it yields important information on catalyst activity, selectivity and long-term stability. Prior to the emergence of high-throughput technologies, catalyst development used to be constrained by the number that could be investigated within an available time frame or budget. At present, high-throughput experimentation has allowed overcoming this hurdle such that, instead, data management and interpretation have become the bottleneck [2,3].

The necessity of high-throughput experimentation was already demonstrated by Thomas Edison in 1878 who tested 1600 different materials for the incandescent lamp [4]. In catalysis research, the efforts of Mittasch and coworkers between 1909 and 1912 to improve Haber-Bosch ammonia synthesis, in which, originally, expensive osmium was used as catalyst, can be considered to be one of the first examples of high-throughput-like experimentation. In total, 2500 formulations were screened in 6500 experiments using a specifically designed small-scale, high pressure apparatus that allowed continuous testing by easily inserting and removing cartridges containing 2 g of catalyst sample [5]. Eventually, thirty of these reactors were operated simultaneously, which resulted in the selection of an inexpensive yet highly effective catalyst. Most commercial catalysts on the market today are just slight variations of the catalyst identified bafck in time, i.e., a magnetite promoted by K2O, CaO, SiO2, and Al2O3. Many other successful examples of high-throughput based material development have been reported [6]. Most efforts have been spent on accelerating material synthesis and testing [7,8,9] by optimization of the catalyst library using e.g., the split and pool method [10], Design of Experiments (DoE) [11] or an evolutionary algorithm [12]. Only few have tried to develop more comprehensive strategies for catalyst development [13,14].

The systematic measurement of chemical kinetics is often overlooked during catalyst development. Upon the acquisition of intrinsic kinetics, the chemical reaction rate is measured without being affected by any other phenomena such as mass or heat transport. Such kinetics quantify unequivocally the occurring elementary chemical phenomena and lead to an unprecedented understanding of the effect of catalyst properties on its activity, selectivity and stability. The implementation of high-throughput technologies for (intrinsic) kinetic studies of complex, multistep catalytic reactions has already been demonstrated for, among others, Fischer-Tropsch synthesis, partial oxidations, olefin polymerization, hydroformylation and hydroconversion [15,16,17,18].

Catalyst development challenges will continue requiring attention due to the variations in feedstock, e.g., from fossil to renewable, but also from conventional fossil to alternative fossil fuels. Compared to the large scale of a conventional refinery, in the case of renewable feeds, the development various novel processes such as glycerol hydrogenolysis and cellulose aminolysis are expected. This will result in an increasing importance of liquid phase processes [19] and is expected to involve a transition from a limited number of large scale production facilities towards larger numbers of medium scale ones located near the biomass production facility.

In this work, an efficient catalyst development methodology based on fundamental kinetic modeling, denoted as information-driven catalyst design, is presented. The initial objective is not to maximize the catalyst performance but rather the information that can be acquired by high-throughput experimentation. In a second step, relying on (micro)kinetic modeling, the methodology is supposed to lead more adequately to superior catalyst performance compared to other techniques. The methodology is believed to be particularly suited to “large-scale” reactions referring to the actual scale of a single plant or the number of (smaller) plants existing for this reaction. This methodology will be illustrated using ethanol conversion to hydrocarbons as model reaction.



2. Catalyst Design Methodologies

Several strategies for catalyst design can be found in literature [20] and can be classified into two categories: so-called statistics- and performance-driven catalyst design (Figure 1a,b). The alternative methodology proposed in this work is presented in Figure 1c. The differences between these methodologies are more elaborately discussed in the paragraphs below.

Figure 1. Different methodologies in catalyst design: (a) statistics-driven catalyst design; (b) performance-driven catalyst design; and (c) information-driven catalyst design. Catalyst performance is plotted on the y-axis and mechanistic information on the x-axis. The grid below the graphs conceptualizes a corresponding two-dimensional optimization study where x1 and x2 are two factors influencing catalyst performance. Color code: khaki, screening; red, in depth study; and blue, final selection and validation.
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2.1. Statistics-Driven Catalyst Design

Having defined the catalyst characteristics to be optimized, the boundaries of the domain in which they will be varied need to be determined. An experimental design can be subsequently followed to actually determine the “best” catalyst as shown in Figure 1a. The optimization can occur according to the “one-variable-at-a-time” principle [21,22], however more advanced, statistical designs can also be implemented.

A full factorial design may be applied to cover a broad range of experimental conditions. The drawback from such a design is the gargantuan number of experiments that needs to be performed, e.g., for only a 2-level, 7-factor design, a total of 128 experiments needs to be performed. The use of fractional factorial designs conveniently reduces the number of experiments. Several classical symmetrical designs can applied for this, such as circumscribed, inscribed and face centered central composite designs or Box-Behnken designs [23].

The relation established between catalyst characteristics (factors, xi) and performance (y) is typically of a linear nature in the parameters (bi) while quadratic and interaction terms for the factors are generally also considered:
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(1)




Such empirical linear relations lack the fundamental detail governing the catalyst performance. It is evident that the use of such relationships is, at most, suited for interpolation purposes and will not lead to reliable extrapolations, not to mention their irrelevance for simulating catalyst behavior at different operating conditions or with alternative feeds. Although among a set of relatively poorly performing catalysts, a significant improvement may be achieved, the lack of fundamental character in the developed relationships, can reasonably be expected to result in a relatively straightforward selection of a sub-optimal catalyst, e.g., pronounced non-linearities in catalyst activity as induced by the Arrhenius or van ‘t Hoff relationships are not adequately captured by such empirical models. In addition, non-linear interaction effects will only be poorly described.





2.2. Performance-Driven Catalyst Design

The most experimentally intensive methodology, i.e., the so-called performance-driven catalyst design, is depicted in Figure 1b. In contrast to the single-stage development of the statistics-driven catalyst design, performance-driven catalyst design typically distinguishes between two development stages, i.e., a catalyst screening and a catalyst optimization stage [6,16,24]. During the catalyst screening stage, a wide variety of catalyst formulations are prepared, kinetically investigated and ranked based on activity, selectivity and stability performance at a single set of operating conditions. An extensive catalyst screening study is required before going into an advanced catalyst development stage. In the optimization stage, the potentially interesting catalysts from the first stage are tested on a more quantitative basis and subject to more prolonged testing. The bottleneck for this methodology is situated in the synthesis and testing of large numbers of catalysts as well as in the relevance of the acquired data for scale-up purposes.



2.3. Information-Driven Catalyst Design

Information-driven catalyst design, as shown in Figure 1c, overcomes the drawbacks of the previously described methods. Initial catalyst screening is performed to determine which catalysts will allow retrieving a maximum amount of information. The corresponding catalyst selection is based on a preliminary assessment of catalyst property effects on their activity. The selected catalysts will not necessarily be the most active or selective ones, however as mentioned before, they should be the ones which will allow acquiring the most detailed mechanistic information.

This information is acquired in the second stage of the information-driven catalyst design methodology. Aiming at a better understating of the underlying reaction mechanism, information on the possible intermediates and by-products is obtained as well as on the effect of temperature and pressure on the catalyst performance. The information obtained in both the catalyst screening and kinetic testing, can be combined as input for microkinetic model development. The combination of an in-depth study on a well-selected catalyst and a more explorative study of the catalyst descriptors on a limited selection of catalysts, complemented by the initial screening results yields the desired kinetic and catalyst descriptors for the microkinetic model. Whereas the former capture the reactive properties, such as activity and selectivity, most often in terms of activation energies and pre-exponential factors, the latter specifically account for the effect of the catalyst properties on their performance. The catalyst descriptors constitute its fingerprint, i.e., a unique identifier which can be translated into a specific performance thanks to the microkinetic model [25].

The constructed microkinetic model is used in an in silico screening of alternative catalyst formulations. It also eliminates the need for traditional catalyst comparison methods such as the light-off temperature, i.e., temperature at 50% conversion or an apparent activation energy and pre-exponential factor [10]. Due to the fundamental character of the microkinetic model, the virtual screening allows reliable extrapolations beyond the operating conditions and catalyst properties contained in the dataset [26,27]. Finally, the performance of the novel catalyst formulation is compared to the virtual screening results in the validation step.

By implementation of these models in an adequate reactor model accounting for transport phenomena [28,29], specific reactor configurations such as a riser reactor [30] or a slurry-bubble column [31] and catalyst deactivation [32], reliable, industrially relevant simulations can be made with these models. This also comprises the extension from model compound behavior, as typically measured at the laboratory scale, to realistic feeds [25,33]. This methodology may not only lead to successful process scale-up but can also result in adequate reactor down scaling for the development of microreactors [34]. As the observed effects are incorporated on a fundamental level, this methodology allows limiting the number of experiments while still being able to extrapolate towards other operating conditions.

Both experimental stages, i.e., screening and mechanistic investigation, each require a dedicated, experimental high-throughput kinetics set-up. The high-throughput kinetics screening (HTK-S) set-up comprises a comparatively large number of parallel reactors with a limited reactor volume operating at identical conditions. Low catalyst masses are required in this set-up since this enables the evaluation of advanced, difficult-to-synthesize catalytic materials. The high-throughput kinetics mechanistic investigation (HTK-MI) set-up contains a more limited number of reactors in which operating conditions can be more independently varied such that a systematic exploration of the intrinsic kinetics in a whole range of operating conditions is possible within a limited time frame. The required amount of catalyst in this stage is about one order of magnitude higher such that the scale-up of the catalyst synthesis method can also be validated. The larger scale of the HTK-MI set-up also provides an opportunity for temperature measurement inside the reactor, helping to experimentally ensure the intrinsic kinetics character of the acquired data, see Section 3.

The main prerequisite for extrapolating towards other operating conditions and proper assessment of catalyst properties is the measurement of intrinsic kinetics. Generally, the most frequently encountered lab scale reactor for kinetic measurement is a fixed bed reactor which can either be operated in a differential or an integral regime since it is simple, inexpensive, applicable for both gas, liquid as well as three phase operation and deactivation can be observed immediately when pursuing steady-state conditions [16]. Additionally, in order not to complicate the construction of the microkinetic models, an ideal flow pattern in the reactor is strived for, i.e., ideal plug flow in the fixed bed reactor.

It is vital to improve the data acquisition efficiency with increasing number of reactors. Depending on the experimental stage, i.e., screening or mechanistic investigation, this can either be achieved by respectively analysis equipment diversification or duplication. Diversification leads to a more flexible analysis section, e.g., multiple gas chromatographs in which complementary columns and/or detectors are present. This is often used for catalyst screening due to large variety of catalysts tested, which potentially leads to a diverse product spectrum. Duplicating the analysis equipment is quite straightforward and allows timely data acquisition from a well-selected catalyst tested at a broad range of reaction conditions, i.e., during the mechanistic investigation.

The analysis equipment type typically depends on the reaction investigated. In the case where only a limited number of products is involved in the reaction, a spectroscopic method may be preferred due to its fast analysis, i.e., ms time range. Even mass spectrometry can be applied but has limited quantitative capabilities. When the individual determination of all products is important, chromatographic techniques are typically used.




3. High-Throughput Kinetics Information Acquisition

Two complementary high-throughput kinetics (HTK) set-ups are available at the Laboratory for Chemical Technology at Ghent University, i.e., a high-throughput kinetics screening set-up (HTK-S) and high-throughput kinetics mechanistic investigation set-up (HTK-MI). They are specifically designed to achieve the goals put forward in the information-driven catalyst design methodology, i.e., catalyst screening and mechanistic investigation while providing reliable intrinsic kinetic data for microkinetic model construction. Table 1 compiles the most relevant features of these set-ups while a schematic representation of these set-ups is given in Figure 2.

Figure 2. Schematic representation of one reactor block highlighting the differences between (a) HTK-S and (b) HTK-MI, where A corresponds to the reactors, B to the gas/liquid separators and C the liquid waste vessels.
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Table 1. Features of and operating conditions used in the set-ups for Information-driven catalyst design.


	Feature or Operating Condition
	High-Throughput Kinetics Screening (HTK-S)
	High-Throughput Kinetics Mechanistic Investigation (HTK-MI)





	number of reactors
	16
	8



	number of heating blocks
	4
	4



	reactor type
	Tubular
	Tubular



	reactor internal diameter did (10−3 m)
	2.1
	11.0



	reactor length L (m)
	0.8
	0.9



	feed flow rate control
	per reactor block
	per reactor



	operating temperature range Tmin, Tmax (K)
	323–773 (SS) 323–1273 (Quartz)
	323–923



	operating pressure range pmin, pmax (105 Pa)
	1–100 (SS) 1–3 (Quartz)
	1–200



	catalyst mass W (10−3 kg)
	0.05–0.2
	0.5–10













3.1. Screening (HTK-S)

The main goal of the HTK-S set-up is the fast parallel screening of a large variety and, hence, number of catalysts. Both simple and complex reaction networks can be dealt with. This set-up corresponds to the screening step, as shown in Figure 1c. During its design and construction by Integrated Lab Solutions [35], maximum flexibility was ensured with respect to different reaction types and catalysts. This set-up contains 16 parallel tubular reactors (i.d. = 2.1 mm), which are grouped four per heating block. The user can choose between stainless steel and quartz reactor tubes, depending on the target reaction. An overview and more detailed pictures of the HTK-S set-up are given in Figure 3.

Figure 3. HTK-S set-up pictures: (a) front view; (b) gas (top) and liquid (bottom) feed section; (c) reactor heating blocks; (d) heated gas and liquid sampling section; and (e) analysis section.
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3.1.1. Feed Section

Three different gases are connected to the set-up for experiments with one Bronkhorst El-Flow thermal mass flow controller for each gas per reactor block (Figure 3b): An inert gas, e.g., He (flow rate range: 1–50 NL·h−1), a reducing gas, e.g. H2 (flow rate range: 1–50 NL·h−1) and an oxidizing gas, e.g., O2, (flow rate range: 1–25 NL·h−1). Vary-P controllers are implemented ensuring a flow rate independent of the feed bottle pressure. The liquid is pressurized using a Lab Alliance 12-6 dual piston pump (Figure 3b). The liquid flow rate per reactor is controlled using a Coriolis Mass Flow Controller, ensuring a flow rate independent of the liquid feed type (1–50 g·h−1).



3.1.2. Reaction Section

As indicated already above, the reaction section consists of four reactor blocks, of which two are shown in Figure 3c. The four reactors contained in a reactor block share a single feed line. The feed flow through this line is equally distributed over all four reactors in the block making use of capillaries upfront of each of the reactors. These capillaries ensure a pressure drop sufficiently exceeding that over the catalyst bed such that the flow rate is distributed evenly. It is evident that the dimensioning of this capillary distribution system has to be very precise. Its dimensions for gas and liquid were as follows: Lcap,g = 1.00 m; dcap,g = 75 µm and Lcap,l = 0.75 m; dcap,l = 75 µm.

Each reactor block is heated by an electrical oven (Figure 3c), which is constructed of silicon carbide (SiC) because of its high thermal conductivity. The electrical heating elements are at the outside of the SiC block in which holes were drilled for the reactors. In each block, two thermocouples are present: one located near the heating element measuring the oven temperature To, and one in the reactor block center measuring the reactor temperature, i.e., TM (Figure 4a,b). The reactor pressure is regulated by using an El-press pressure controller (Bronkhorst).

Figure 4. (a) Schematic representation of a reactor block of the HTK-S set-up (1. insulation, 2. Electrical heating, 3. SiC, 4. reactor well, TC: central thermocouple; TO: thermocouple located near the heating elements) and (b) axial temperature profile measured in the absence of reaction (setpoint: 203 K); isothermal zone indicated in green (ΔT < 1 K).
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In principle, the best practice would be to measure the catalyst bed temperature directly to verify the actual reaction temperature. Due to the small reactor diameter, i.e., 2.1 mm, it is impossible to insert an internal thermocouple to measure this local temperature. Therefore, the internal reactor temperature was verified via separate, non-reactive measurements. The temperature in the reactor was measured in the absence of reaction, feed flow rates and a catalyst bed. A thermocouple was placed in the reactor from the top and a temperature was set for the oven. By gradually sliding the thermocouple through the reactor, a temperature profile could be obtained (Figure 4b). An isothermal zone (ΔT <1 K) of 0.30 m was determined as indicated in the figure. Via the use of adequate correlations [36], it was determined that even in the presence of highly exo- and endothermic reactions ([image: there is no content]) and at reaction rates sufficiently low to eliminate transport limitations at the scale of the catalyst particle, no significant temperature profiles will develop in this reactor configuration.

Easy reactor handling is ensured by the utilization of a double O-ring sealing which is able to maintain pressures up to 100 bar. By virtue of these sealings, the time required to remove or load the reactors is significantly reduced compared to using conventional, metal connections. Particular attention needs to be paid to the loading of the catalyst bed, including inert material, to avoid segregation in these small diameter reactors. The generally accepted procedure [37] to pack beds of shaped catalysts diluted with fine powders with intermediate tapping or vibrating, does not work for fine powder beds. As suggested by van Herk et al. [38], premixing the catalyst particles using a tumbler-type mixing to ensure free flow of fluidized swirling power before loading into the reactor is required for a small diameter reactor. A steep angle funnel made of a smooth material, e.g., stainless steel, is used to load the catalyst-inert mixture in small batches to reduce the possibility of segregation. A densification procedure with intense vibration and/or tapping has to be performed before introducing the reactor in the reactor oven. The catalyst-inert mixture can easily be removed from the reactor and can be facilitated by tapping. The reactor is subsequently cleaned with ethanol or another solvent. If coking on the reactor wall occurs, the reactor needs to be treated at elevated temperature under an oxygen rich atmosphere to burn any residuals.



3.1.3. Analysis Section

Keeping the whole product spectrum in the gas phase is advantageous since it allows a fast and easy analysis. The presence of a liquid phase would require liquid collection time, additional sampling and more complex data treatment. Therefore, all tubing downstream of the reactor is mounted inside a hot air convection oven (Figure 3d). The maximum oven temperature is 473 K, such that heavy product condensation is minimized. The possible introduction of a nitrogen flow at the reactor outlet allows decreasing the heavy product partial pressures. The gas phase effluent of each reactor can be sampled by using one of the two ten-port selection valves, each of them being connected to eight reactors and a calibration or dilution gas. In order to quantify the effluent flow rate and to verify the mass and elemental balances, an internal standard is introduced downstream of the reactor before sampling.

Since renewable feedstocks are receiving more and more attention, only gas phase analytical equipment was considered not to be sufficient. For example, the decomposition temperature of sucrose is much lower than its vaporization temperature, even at decreased pressures. Therefore, gas-liquid separators are installed that can be operated in a temperature range from 293 to 473 K. The gas-liquid separators are mounted near the convection oven and are insulated to prevent cold spots. A three-way valve is present which is directly connected to the reactor effluent and fills up a dead end-liquid collection tube. When sufficiently filled, the valve is switched and the expelled liquid is collected in a glass vial. These glass vials are located on a holder plate fixed to an autosampler.

The analysis section comprises three gas chromatographs, i.e., two Detailed Hydrocarbon Analyzers (DHA, Thermo Fisher Scientific), each analyzing the effluent of two reactor blocks, and one Refinery Gas Analyzer (RGA, Thermo Fisher Scientific), which is common for all four reactor blocks. These GCs are shown in Figure 3e. The RGA comprises a Hayesep N column for separation of CO2, C2H4, C2H6, and C2H2; molsieve 5A for O2, N2, CH4, and CO; and a Carbosphere for H2. The analysis of these gases is performed on two thermal conductivity detectors (TCD). Hydrocarbon separation up to C4 hydrocarbon isomers is performed using an Al2O3/KCl column and a flame ionization detector (FID).

While the RGA can only sample on-line, both on- and off-line injections can be performed on the DHA. Both DHA GC are equipped with a PONA column (Paraffins, Olefins, Naphthenes and Aromatics) and an additional, more dedicated column, e.g., to separate oxygenates or amines. The presence of both a flame-ionization detector (FID) and nitrogen phosphorous detector (NPD) allows for a versatile and simultaneous effluent stream analysis. The DHA analysis time for a PONA analysis typically requires 1 h, depending on the product spectrum that needs to be analyzed. The RGA analysis time is limited to 17 min and is able to detect a product spectrum from permanent gasses up to C5 hydrocarbons, allowing for a semi-continuous screening of the catalyst activity.




3.2. Mechanistic Investigation (HTK-MI)

After the screening stage, a benchmark catalyst is selected, on which an extensive experimental study is performed complemented by a few additional catalysts for the catalyst descriptor determination. This is depicted as the mechanistic investigation step, as shown in Figure 1c. This mechanistic investigation is performed in the HTK-MI set-up. Its design by Zeton [39] contains eight parallel tubular reactors (i.d. = 11 mm), which are grouped two per oven. The temperature can range up to 923 K and the pressure can be elevated up to 200 bar. Due to the larger dimensions of the reactors compared to the HTK-S set-up reactors, no specific caution should be taken with respect to catalyst bed mixing. An overview and more detailed pictures of the HTK-MI investigation set-up are given in Figure 5.

Figure 5. HTK-MI set-up pictures: (a) front view; (b) liquid pump section; (c) gas (top) and liquid (bottom) feed section; (d) reactor blocks; and (e) liquid waste collection.
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3.2.1. Feed Section

The set-up has one plunger-diaphragm dosing pump (Figure 5b, which pressurizes and feeds a liquid reactant to all the liquid mass flow controllers (Liquid-Flow, Bronkhorst) (Figure 5c, bottom). A pulsation damper helps to ensure a constant flow rate from the pump. The same feed type is sent to all eight reactors. The feed flow rate, however, is set individually per reactor. Bronkhorst El-Flow gas mass flow controllers, with a flow rate ranging up to either 10 NL·h−1, 100 NL·h−1 or 1000 NL·h−1 are installed (Figure 5c, top). One of the three gas feed flows is used as internal standard in order to quantify of the effluent flow rate and to verify the mass and elemental balances.





3.2.2. Reaction Section

Each reactor is paired with a second one in a reactor block (Figure 5d) and is made of stainless steel (AISI 316 cold worked steel) with a length of 0.9 m and an internal diameter of 11 mm. An internal three-point thermocouple of 3 mm diameter allows to measure and control the actual temperature of the catalyst bed. An additional thermocouple is placed at the outer reactor wall. The temperature can be controlled either via the inner or outer thermocouple. Temperature control using the external thermocouple is recommended since it leads to a lower dead time. The three-point character of the used thermocouple allows ensuring a uniform temperature profile throughout the reactor axial direction. The reactor pressure is maintained via back-pressure control.



3.2.3. Analysis Section

The reactor effluent is initially maintained at sufficiently high temperature via IR-heating at the reactor outlet and consequently via heat tracing up to the backpressure regulator. This avoids heavy product condensation when working at gas phase conditions in the reactor. Downstream of the back pressure regulator, the effluent enters a flash drum operated at ambient temperature. The flash drum is used to separate the gas from liquid at ambient temperature in the effluent, if any. The gases continue to the gas analysis section which is also heat traced to avoid condensation of heavy components in the gas effluent. A multiport selection valve (one inlet for each reactor, one for calibration purposes and one outlet to the analysis equipment) allows selecting the effluent to be sampled. Downstream of the multiport selection valve, the gas stream is sent directly to a micro-GC (μGC). The μGC is a compact device which contains four parallel columns (molesieve column: separation of permanent gases and methane, PLOTU column: separation of C2 and C3 hydrocarbon, Alumina column: C3 and C4 hydrocarbons and OV-1 column: isomer separation of C4 to C6 hydrocarbons) with each a TCD detector. This is allows a very fast analysis, i.e., less than five minutes, and the detection of a product range from permanent gasses to light hydrocarbons up to C6. The liquid continues through the set-up by gravity and passes through a sampling device where a GC PAL robotic arm can take a liquid sample to be injected in one of the online GCs. Two GCs (Agilent Technologies 6850 series II network GC system) are available in the set-up for the analysis of the liquid phase reactor effluent and are equipped with a flame ionization detector (FID) to perform a PONA analysis. If required, the gas effluent can also be analyzed on these GCs. The liquids subsequently continue to the liquid waste storage tanks (Figure 5e). These tanks are placed on an electronic weighing scale with an accuracy of 0.5 g, which allows mass balance verification.





4. Case Study: Ethanol Conversion to Hydrocarbons

The application of the proposed information-driven catalyst design methodology and the use of the corresponding set-ups is illustrated by the efforts related to (bio)ethanol conversion to hydrocarbons [40]. Ethanol conversion to hydrocarbons on H-ZSM-5 opens up perspectives for a sustainable light olefins production such as ethene and propene, which are the key building blocks for polyethene and polypropene. In view of industrial application and large scale operation, a lot of research has been performed to enhance the catalyst performance by tuning their properties. This includes, among others, the investigation of different topologies [41], metal modification [42,43], framework modification [44,45] and phosphorus introduction [46]. Furthermore, the reaction mechanism of ethanol conversion to hydrocarbons is still a matter of debate [47,48,49]. In addition to the complexity brought about by a multitude of post synthesis modifications methods, the assessment of reported catalyst performance in ethanol conversion is often challenging because of the large variety of reaction conditions employed and catalyst properties investigated.

During experimentation, the mass balance was always determined via an internal standard as this reflects the accuracy and correctness of the performed experiments. As indicated in Section 3, the internal standard is added downstream for the HTK-S and upstream of the reactor HTK-MI set-up. Both methods are equivalent as long as the internal standard is inert. In both cases, methane was used as internal standard. It was verified that no methane conversion or formation in ethanol conversion occurred at the most severe operating conditions used. Using the internal standard, the mass and elemental balances for all experiments were verified to be closed within 5%.

The most important prerequisite for correct interpretation and utilization of information driven catalyst design is the acquisition of reliable intrinsic kinetic data [36]. External mass transfer limitations, if any, are quantified by the Carberry number (Ca) [50] while internal ones are verified by the Weisz-Prater criterion [51]. The absence of internal and external heat transfer limitations is validated by the Mears criterion [52]. A tubular reactor is said to be operated in plug flow regime when the axial dispersion can be neglected [53] and uniformity in the radial direction is achieved [54]. It also requires a minimal pressure drop over the catalyst bed. It was validated that all criteria were met in both set-ups, as can be seen in Table 2. This validation was done for the most severe operation conditions, being the highest temperature used in this study.


Table 2. Calculated versus limit values in the criteria for intrinsic kinetics evaluation at the most severe operating conditions used for ethanol conversion to hydrocarbons (T = 623 K, PEtOH =20 kPa, W/F°EtOH = 17 kg·s·mol−1).



	
Phenomenon

	
Criterion

	
HTK-S

	
HTK-MI






	
Mass transfer

	
external

	
Ca

	
2.9 × 10−4 < 0.05

	
5.3 × 10−3 < 0.05




	
internal

	
Φ

	
9.7 × 10−2 < 0.08

	
3.0 × 10−3 < 0.08




	
Heat transfer

	
external

	
ΔText

	
1.3 × 10−2 < 2.0 K

	
1.4 × 10−1 < 6.0 K




	
internal

	
ΔTint

	
1.4 × 10−3 < 2.0 K

	
5.1 × 10−3 < 6.0 K




	
Flow pattern ideality

Plug flow

	
radial dispersion

	
dt/dp

	
24 > 8

	
16 > 8




	
axial dispersion

	
LB/dp

	
1074 > 50

	
519 > 50




	
pressure drop

	
ΔP/P

	
7.5 × 10−2 < 0.2

	
1.1 × 10−3 < 0.2












4.1. Catalyst Screening (HTK-S Set-Up)

First, several catalyst samples are considered for the initial catalyst screening with the HTK-S set-up. In total, 15 catalyst samples were selected, i.e., three pristine H-ZSM-5 (Si/Al = 15, 25 and 40) and 12 iron (Fe), gallium (Ga) or nickel (Ni) containing ZSM-5 samples derived from the pristine H-ZSM-5 with aSi/Al = 15. The metal content varied between 0.5% and 7%. The catalysts were compared at identical reaction conditions, i.e., at a temperature (T) of 623 K, a fixed space time (W/F°EtOH) of 17 kg·s·mol−1 and fixed ethanol partial pressure (pEtOH) of 10 kPaAs can be seen from Figure 6, the lowest metal containing ZSM-5 exhibited a higher activity compared to the parent H-ZSM-5 (Si/Al = 15) [40]. As the metal content increases, the activity decreases in a similar manner as it occurs with an increasing Si/Al ratio. This behavior was found to correspond with the acid site concentration: small metal amounts resulted in an increase of the acid site concentration while metal oxides were formed at higher metal contents which cause pore blocking and decrease the accessibility of the acid sites. The acid site strength was found only to be affected at high metal loading. Furthermore, it was found that increasing the metal content did not significantly alter the product selectivity. These observations resulted in the selection of unmodified H-ZSM-5 as benchmark catalysts because of their commercial availability. The sample with a Si/Al = 15 was selected, as it exhibited the highest activity and also best guaranteed reproducible synthesis.

Figure 6. Catalyst screening on the HTK-S of different ZSM-5 catalysts including Fe, Ni and Ga modified ZSM-5 with different metal content (indicated as bars) and unmodified H-ZSM-5 with different Si/Al (indicated as lines in x–z plane: full: Si/Al = 15; dashed: Si/Al = 25 and dot dash: Si/Al = 40) and its effect on the conversion(T = 623 K; pEtOH = 10 kPa, W/F°EtOH = 17 kg·s·mol−1, treact = 2 h).
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4.2. Mechanistic Investigation (HTK-MI Set-Up)

The next step is to gain more fundamental insight in the reaction mechanism governing the ethanol to hydrocarbons conversion. This was initiated via a performance screening over a broad temperature range at fixed space time and ethanol inlet partial pressure as shown in Figure 7.

Figure 7. Effect of temperature on effluent composition on H-ZSM-5 (Si/Al = 15) (pEtOH = 20 kPa; W/F°EtOH = 8 kg·s·mol−1, treact = 2 h) (blue: ethanol; red: diethyl ether; green: ethene; magenta: C3 and C4 olefins; black: C5+ hydrocarbons), as measured on the HTK-MI [40].
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At low temperatures, i.e., below 500 K, diethyl ether is the primary product resulting from the bimolecular reaction as shown in Equation (2). Upon a temperature increase, the ethene yield increases. This ethene is produced either via the decomposition of diethyl ether Equation (3) or the monomolecular dehydration of ethanol Equation (4):
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(2)
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(3)
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(4)




A detailed reaction mechanism for ethanol dehydration was already theoretically elucidated using quantum chemical techniques [55]. Complete ethanol conversion is reached at temperatures exceeding 540 K, simultaneously leading to the formation of C3+ hydrocarbons. At even higher temperatures, a wide variety of olefins up to C8 are formed. More elaborate intrinsic kinetic testing is currently ongoing.

Given the different possibilities for catalyst optimization, i.e., maximizing the production of diethyl ether as diesel additive [56], ethene as precursor for polyethene, propene as monomer for polypropene or C5+ hydrocarbons as alternative feedstock for gasoline, it is believed that no single optimal catalyst exists for ethanol to hydrocarbon conversion. Rather, making use of a fundamental, microkinetic model, the ideal catalyst descriptors and operating conditions can be determined for each of the potentially desired product slate.

As the intrinsic kinetics character of the measurements has been verified, the obtained results can be used as input for the construction of such a microkinetic model. Considering the complexity of the effluent comprising over more than 100 compounds, the Single-Event Microkinetic (SEMK) methodology would be ideally suited for this endeavor in order to limit the number of adjustable parameters. It proved already to be successful for acid catalyzed processes such as hydrocracking [57] and oligomerization [58] but also for metal catalysis [59]. An example of proper catalyst assessment and how intrinsic kinetics measurements can be used in a micro kinetic model has recently also been implemented for oxidative coupling of methane [27].




5. Conclusions and Perspectives

A novel catalyst design methodology based on fundamental, microkinetic modeling has been described. The experimental efforts require two correspondingly developed high-throughput kinetic set-ups for screening (HTK-S) and mechanistic investigations (HTK-MI). The former focuses on acquiring as much information as possible on a wide variety of catalysts while the latter is used for in-depth studies on the reaction mechanisms and effects of catalyst properties on the kinetics. This information is integrated in a (micro)kinetic model that is able to describe the reaction in a fundamental manner. The construction of such kinetic models, including kinetic and catalyst descriptors, allows the in-silico design of new, non-explored and better performing catalysts. The actual synthesis of these enhanced catalysts and subsequent screening verifies the validity of the model and, hence, of the methodology.

Specifically for large scale chemical reactions, statistics- and performance-driven catalyst design are believed to have reached their limits for further catalyst improvement. The lack of fundamental insights in the relevant phenomena hinders the development of novel and improved catalyst formulations according to these methodologies. Information-driven catalyst design is particularly interesting for reactions for which small catalyst improvements will lead to a high profit increase.

Given the transition from conventional fossil to alternative fossil and renewable feedstocks, alcohol conversion, hydrodeoxygenation and hydrogenolysis, are promising candidate reactions for catalyst optimization according to the proposed methodology. All reactions have in common that they are governed by a complex reaction network, certainly when heteroatoms are present. This complexity requires a fundamental understanding to effectively optimize catalyst performance.
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