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Conventional thermochemical syntheses by continuous heating under near-
equilibrium conditions face critical challenges in improving the synthesis rate,
selectivity, catalyst stability and energy efficiency, owing to the lack of temporal
control over the reaction temperature and time, and thus the reaction pathways'>.

As an alternative, we present a non-equilibrium, continuous synthesis technique that
uses pulsed heating and quenching (for example, 0.02 s on, 1.08 s off) using a
programmable electric current to rapidly switch the reaction between high

(for example, up to 2,400 K) and low temperatures. The rapid quenching ensures high
selectivity and good catalyst stability, as well as lowers the average temperature to
reduce the energy cost. Using CH, pyrolysis as amodel reaction, our programmable
heating and quenching technique leads to high selectivity to value-added C, products

(>75% versus <35% by the conventional non-catalytic method and versus <60% by
most conventional methods using optimized catalysts). Our technique can be
extended to arange of thermochemical reactions, such as NH; synthesis, for which we
achieve a stable and high synthesis rate of about 6,000 pmol g;. " h atambient
pressure for >100 h using a non-optimized catalyst. This study establishes a new
model towards highly efficient non-equilibrium thermochemical synthesis.

Thermochemical reactions proceed along specific pathways that are
heavily affected by the reaction temperature and time. In particular, the
elementary reaction rate is exponentially dependent on temperature
accordingto the Arrhenius law, and the product distribution can be fur-
ther influenced by establishing or shifting the chemical equilibrium*>.
Therefore, dynamic modulation of the heating profile could be used
to control the reaction pathways for targeted product yield and selec-
tivity. However, conventional thermochemical reactions are typically
conducted by continuous heating under near-equilibrium conditions*,
despite along history of efforts to develop dynamically heated reac-
tors™*¢, This is in part because conventional heating devices show poor
heat transfer and large thermal inertia, which makes it challenging to
attaintemporal control over the temperature profiles and thus affect the
reaction pathways. Taking methane (CH,) pyrolysis asan example, selec-
tive CH, transformation to value-added products has proved extremely
important but difficult to achieve under continuous heating at a rela-
tively mild temperature regime (<1,400 K)”. The constraints of chemical
equilibrium often result in limited selectivity, low conversion or both.
Herein, we report a dynamic operating technique that addresses
these issues using programmable heating and quenching (PHQ) to

conduct thermochemical reactions with a high selectivity, rate and
yield to value-added products at low energy cost. Compared with
conventional steady-state approaches that operate with continuous
heating at constant temperatures (for example, 1,273 Kin Fig.1a), the
Joule-heating-based PHQ method allows for rapid switching between
low and high temperatures (for example, between 650 and 2,000 K
in Fig. 1b) in just milliseconds, simply by varying the electric current
appliedtoacarbon heater to achieve thermochemical synthesis. Such
a heating profile is also enabled by placing the porous carbon heater
indirectcontact with thereactants to establish efficient heat transfer.
Thisdesignallows the temperature of the gas-phase reactants and the
adsorbed surface species onthe catalyststo closely follow the tempera-
ture profile of the carbon heater, which enables us to precisely control
the reaction pathway under non-equilibrium conditions.

Using CH, pyrolysis as a model reaction, our PHQ method demon-
strates much higher selectivity (>75% versus <35%) to value-added C,
products at comparable CH, conversions (about 13%) in comparison
with the conventional catalyst-free CH, pyrolysis performed under
near-equilibrium conditions by continuous heating® (Fig. 1c). The C,
product selectivity by our metal-catalyst-free PHQ technique even
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Fig.1|Comparisonbetween our PHQ method and conventional continuous
heating usinga CH, pyrolysis model reaction. a, Schematic of a typical
temperature profile by continuous heating. Continuous heating createsa
variety of products owingto the lack of temporal tunability over the temperature
profile and thus the resulting reaction pathways. b, Schematic of an estimated
temperature profile by the PHQ method. PHQ selectively produces value-added
C,products. The high temperature ensures high conversion, whereas the
transient heating duration enables high selectivity. ¢, Comparison of CH,

outperforms most literature reports of CH, pyrolysis using optimized
catalysts by continuous heating®® (Fig. 1d). The PHQ technique can
also be expanded to a variety of thermochemical processes, such as
NH, synthesis, to achieve high production rates and good stability. This
approachestablishes a general platform for efficient thermochemical
synthesiswith a high reactionrate, selectivity, reduced energy cost and
improved catalyst stability.

Toapply the PHQtechnique, we use a sheet of porous carbon paper
asthe heating element, whichis placed along the middle axis of aquartz
tubereactor (Fig.2a and Supplementary Discussion1). Togenerate heat,
we pass an electric current through the carbon paper, which — owing
to its low heat capacity (<0.033) K™) — is able to reach ramping and
cooling rates of around 10* K s* (ref. ?) (Fig. 2b and Supplementary
Discussion2). Duringthis process, the gas-phase reactants flow through
thereactor and comeinto direct contact with the carbon paper, pass-
ing through and directly interacting with its microstructure (Fig. 2c),
thereby closely following its programmed heating pattern. Most of
the electrical energy is converted to heat the gas molecules®, there-
forethe energy transfer efficiency by PHQ is enhanced compared with
conventional processes, in which heaters are generally placed out-
side the reactor?* Note that no extra catalyst is needed in the design
(Fig. 2c and Supplementary Discussion 3), as the high temperature
of the carbon heater exponentially increases the CH, activation rate
for high conversion. For initial characterization of the PHQ method,

CH, conversion (%)

pyrolysis by PHQin this work and continuous heating reported in the literature®,
At comparable CH, conversions (about 13%), continuous heating of the
non-catalytic CH, pyrolysis reaction results in coke as the major product (grey)
withother minor products (maroon)®, whereas CH, pyrolysis by PHQ showcases
its >75% selectivity to C, products (red). d, Our metal-catalyst-free PHQ
technique (red stars) even outperforms most literature reports of CH, pyrolysis
reactions with optimized catalysts conducted by continuous heatingin terms of
the C, productselectivity atawide range of CH, conversions®™,

weinvestigated the carbon paper heating elementin a‘flat’ configura-
tion in the centre of the reactor, which was straightforward to repro-
duce, although we acknowledge that this setup is not optimized for
the spatial uniformity of temperature and CH, conversion. However,
the structural flexibility of the carbon heater provides the potential to
manipulateits shape forenhanced interaction with the gas molecules
(Fig.2d and Supplementary Discussion 4).

In a typical heating programme, we switch the electrical power
applied to the carbon heater from the ‘off” state to the ‘on’ state and
holdfor 0.02 s, followed by removing the power to turn the heater back
off for 1.08 s to complete a period of 1.1 s, which is then repeated. By
adjusting the input power for a specific pulse duration, the peak tem-
perature (Ty;,) of the carbon heater can also be accurately controlled
(Supplementary Discussion 5 and Supplementary Table 1). We demon-
strate the ability to tune 7y, and the pulse duration according to the
programmed electrical signal, as shownin Fig. 2e, f, respectively. Using
numerical simulations with different peak temperatures, we verify that
the temperature profile of the gas molecules that interact with or are
near the surface of the carbon paper precisely coincides with that of
the heater (Fig. 2g), demonstrating rapid heating and cooling rates
(Supplementary Discussion 6 and Supplementary Tables2 and 3). These
results confirm that our PHQ method enables an accurate, temporal
temperature pattern experienced by the gas molecules flowing through
the reactor and interacting with the carbon heater.
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Fig.2|Operation of the PHQ technique. a, Schematic of the reactor design.
The CH, molecules pass through thereactor andinteract with the heated
porous carbon paper torapidly transforminto desirable value-added C,
products. b, Digitalimages of the carbon heater in power off (bottom) and
power on (top) states, corresponding to the switch from room temperature
(about300 K) to high temperature (about 2,400 K). ¢, Scanning electron
microscopy image of the carbon heater, showcasing the highly porous
microstructure and the catalyst-free surface. Scale bar, 50 pm. d, Digitalimage
oftheflexible carbon heater. e, The temporal temperature pattern of the
carbon heateris tuned by increasing the input electrical power for higher peak
temperatures at fixed pulse duration (dashed grey line). Insets are digital
images showing the carbon paper being heated to different temperatures.

f, Thetemporal temperature profile of the carbon heater can also be tuned by

Figure 3 demonstrates the utility and advantages of our PHQ tech-
nique using CH, pyrolysis as amodel reaction. We compared four dif-
ferent reaction conditions (Fig. 3a), including: (1) non-catalytic CH,
pyrolysis using continuous furnace heating at 1,273 K; (2) catalytic CH,
pyrolysis with astate-of-the-art Fe/silica catalyst”'° using continuous
furnace heating at 1,273 K; (3) CH, pyrolysis with the carbon paper
heating element (as shownin Fig. 2 but without PHQ) using continuous
furnace heating at 1,273 K; and (4) CH, pyrolysis using our PHQ tech-
nique witha Ty, 02,200 Kand pulse duration of 0.055 s over a period
of1.15(0.055 son, 1.045 s off). We found that the product distribution
of our PHQ method showed a notable improvement compared with
the other techniques, withamuch higher selectivity (around 80%) for
C, products. In comparison, only about 40% C, products were meas-
ured using continuous heating by afurnace at 1,273 Kwith the Fe/silica
catalyst, which is consistent with the literature®. For the non-catalytic
system, continuous furnace heating at 1,273 K produced nearly zero
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varying the pulse duration at a fixed peak temperature. Increased pulse
durationrequires decreased power input to reach the same peak temperature.
g, Numerical simulation verifies that the temporal temperature pattern of the
gasmolecules closely follows that of the carbon heater (0.02 son, 1.08 s offf;
Thign=1,600K). The three traces represent the temporal temperature patterns
ofthree spatial positions (in the reactor cross-section) vertically above the
middle point on the upper surface of the carbon paper with distances (d) of OR’,
1/16R’and 1/8R’. R’ is the closest distance from the middle point on the upper
surface of the carbon heater to the edge of the cylindrical quartztubereactor
(R’=R-1/2D,inwhich Ristheradius of thereactor and Dis the thickness of the
carbon paper). The insets show the cross-sectional contour maps of the gas
temperature distributionwhen the time on stream equals 0.02 s (when Ty is
reached)and 0.2 s (when most gas molecules are cooled down).

product. Meanwhile, continuous heating in the presence of the carbon
paper (using afurnace, without PHQ) showed a large amount of unde-
sired coke (about 30%) and low C, product selectivity (about 40%)***
(Fig.3a). Theseresultsindicate thatlow C, selectivity isintrinsic to the
continuous heating method owing to marked secondary and subse-
quent reactions, resulting in the formation of low-value compounds,
such as naphthalene and coke. By contrast, PHQ can achieve stable
and high selectivity to C, products with limited coke formation (Sup-
plementary Discussion 7). Notably, withan average temperature (7, )
0of <900 K, PHQ can obtain a comparable CH, conversion (about 15%)
and much higher value-added C, product selectivity than those by the
Fe/silica catalyst using continuous heating at 1,273 K (refs. *') (Fig. 3a).

We further explored the effect of Ty, and the pulse durationonthe
CH, pyrolysis reaction by programming the electrical signal (Supple-
mentary Discussion 8). In this experiment, we used a lower flow rate
(4 sccm, 75 mol% CH, and 25 mol% Ar) to increase the CH, conversion to
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Fig.3| The utility and advantages of our PHQ technique. a, Comparison
between (fromleft to right): (1) non-catalytic CH, pyrolysis using continuous
furnace heatingat1,273 K; (2) catalytic CH, pyrolysis with a state-of-the-art
Fe/silica catalyst using continuous furnace heating at 1,273 K; (3) CH, pyrolysis
with carbon paper using continuous furnace heatingat1,273K; (4) CH,
pyrolysisusing PHQwitha Ty, 0f 2,200 Kand pulse duration of 0.055 sover a
period of 1.15(0.055s on, 1.045 s off, T, <900 K). Aflow rate of 24 sccmwas
used forallfour reaction conditions. b, CH, conversionincreases with Ty,
monotonically by PHQ, asdemonstrated using a pulse duration of 0.02s overa
period of1.15(0.02 s on,1.08 s off). Error bars denote standard deviation with
thevalueofn>3.c,Productselectivity by PHQat various T, values witha

better resolve these effects. Withafixed pulse duration of 0.02 sonand
1.08 s off, CH, conversionincreases with T, monotonically (Fig. 3b).
Note thatincreased Ty, at fixed pulse duration (0.02 s) leads to slightly
lower selectivity to the C, products but higher selectivity to benzene
(C¢H,) owing to the increased reaction rate at higher temperatures
(Fig. 3¢). Meanwhile, increasing the pulse duration at a constant Ty,
(1,800 K) leads toasimilar trend owing to the longer reaction progress
(Fig.3d).Ingeneral, the observed selectivities of the total C, products
(for example, >75%) by the metal-catalyst-free PHQ process are among
thebest reported in the literature at comparable CH, conversions® 8,

Compared with continuous heating, PHQ offers a new dimen-
sion of tunability by means of the highly controllable variables of
the temporal temperature pattern, which can be used by recently
developed data science approaches for efficient process optimiza-
tion®, thereby greatly reducing the experimental effort compared
with conventional trial-and-error methods. To use this advantage, we

fixed pulse duration of 0.02 sonand1.08 s off. d, Product selectivity by PHQ
using various pulse durations at a fixed T}z, 0f 1,800 K. A flow rate of 4 sccm
was used forb-d. Theerror range for C, productselectivity was found tobe
+3%. e, Bayesian-optimization-based active learning framework to optimize
thedesired product (C,H,) yield.f, The surrogate model response surface of
the C,H, yield as afunction of Ty, and the pulse duration. The red colour
indicates ahigh C,H, yield. The dotsrepresent the sampled experimental data
points onthe basis of the prediction by the acquisition function. g, The optima
and experimental C,H,yieldin each active learningiteration, corresponding to
theexperiment numbers.

used Bayesian-optimization-based active learning® (Fig. 3e) to help
us determine the optimal C,H, yield (see Supplementary Methods for
details). Through threeiterationsin the active learning loop (Fig. 3fand
Supplementary Discussion 9), we found that T, = 2,000 Kand pulse
duration = 0.21 s were the conditions to achieve the highest C,H, yield
(11.82%, iteration 2 in Fig. 3g) in our experiments and notably witha T,
of <1,000 K. The PHQ process can also be driven by active learning to
further optimize the yield of multiple products (Supplementary Discus-
sion10). Inthis manner, the model can guide us on how to programthe
heating pattern to lower the undesired product yield at a given target
performance with minimal experimental effort. It can also help us
rationalize how the relative scaling between the pulsed heating dura-
tions and the characteristic time constants of the dominant kinetic
pathways leads to improved performance.

We suggest that the rapid heating and quenching processes of the
PHQ synthesis provide a greater degree of control by matching the
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Fig.4|NH;synthesisby PHQunder ambient pressure. a, Catalyst
morphological evolution by means of the metal hydrideintermediate during NH,
synthesis by continuous heatingand PHQ. b, An estimated temperature profile
ofthe PHQ processusedinc.c, Comparison of the activity and stability of NH,
synthesis by PHQ(0.11s0n, 0.99 s off; Ty, 0f 1,400K, Ty, of around 700 Kand
T, of around 900 K) (red) and by continuous heating at 1,400 K (corresponding
t0 Tyyin of PHQ) (blue) and 900 K (corresponding to T, of PHQ) (cyan). Error bars
denotestandard deviation with the value of n>3.d, Ru catalyst size and
distributionafter PHQfor1h (0.11so0n, 0.99 s off; Ty, 0f 1,400 K). €, Ru catalyst

formationtimescales of the intermediate C,speciesinthe CH, pyrolysis
reaction network but without allowing a steady state tobe reached that
would lead to secondary and subsequent products?. To investigate the
mechanism behind the high C, product selectivity of our technique,
we used first-principles-based microkinetic simulations to compare
the continuous heating and PHQ methods. We modelled two types of
reactor operated at steady state (that is, under an isothermal condi-
tion) and transient modes (that is, using a rapid temperature ramp
followed by an exponential decay) to simulate continuous heating and
PHQ, respectively (Supplementary Discussion 11). In the steady-state
continuous-heating mode, the simulated selectivity to C;H, species
is notably high, indicating a large amount of secondary and subse-
quent reaction products. Compared with continuous heating, PHQ
offers higher selectivity to C,H, and C,H, and lower selectivity to C,H,
and C,H, (Supplementary Discussion 12). These results are in good
agreement with our experimental observations in terms of the high
C, product selectivity. Beyond the enhanced C, product selectivity,
our calculations also show that PHQ potentially reduces the average
energy needed by >80% compared with continuous heating at identi-
cal CH, conversion. This feature can be generalized for other reaction
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sizeand distributionafter continuous heating for1hat1,400 K (corresponding
to Tyign 0f PHQ). f, DFT modelling for the activation barrier and timescale of
Ruhydride (Ru-H) migrationat1,300 K.g, NH; production as a function of
thetime onstreamby PHQ (0.11s0n, 0.99 s off; T}z, 0f1,200 K) using
non-optimized Ruand Fe catalysts. The error range for production rate was
found tobe +3%. Theinset shows the testing solutions for NH; quantification by
the Berthelot method*’. h, Comparison of ryy, between the PHQ method using
non-optimized Ruand Fe catalystsand literaturereports on the basis of material
innovations® >, NPs, nanoparticles.

schemes, in which PHQ with pulse durations of less than 0.33 s could
greatly reduce the energy cost compared with continuous heating
(Supplementary Discussion 13).

To understand the role of pulse duration by PHQ, we simulated
the characteristic trajectories of CH, conversion and product yields
up to C¢H, as a function of the astronomic time (that is, clock time
or external time of the system)*>?® under isothermal conditions
(T=1,500K) (Supplementary Discussion 12). The transition from
the transient regime (that s, in which the conversion and selectivity
change over time before reaching equilibrium) to the steady-state
regime requires >0.25 s. Note that the reaction pathway proceeds
as CH, » C,H, > C,H, » C,H, » C,H, (refs. %), in which C{H, forms
later than C, species after an induction period (that is, a later onset
time) owing to the slow bimolecular nature of the cyclization reaction.
Hence, transient pulse durations by PHQ (for example, 0.02 s and
0.055 s) can provide enough thermal energy to drive the CH, pyrolysis
reaction to C, species but quench it before alarge fraction of CH is
produced as the reaction approaches steady state. A detailed reac-
tion pathway analysis from CH, to C¢H, shows that the PHQ method
reduces the formation of propargyl radicals (C;H,°) by keeping the



pulse durations shorter than the timescale for the cyclization reac-
tion**° (Supplementary Discussion 12). Under transient thermal
excitation (PHQ), most of the reaction flux is distributed in reactions
among C, species and the cyclization reaction from C;H,e is limited.
By contrast, under steady state (continuous heating), the reaction flux
is more uniformly distributed among all the simulated elementary
steps of CH, pyrolysis, allowing the recombination of C;H,* to form
aromatic species (Supplementary Discussion 12).

Our PHQ process canalsobe applied to other thermochemical reac-
tions beyond CH, pyrolysis, which is homogeneous and endothermic.
To demonstrateits broad applicability, we selected ammonia (NH;) syn-
thesis (from N, and H,) asamodel system that is heterogeneous and exo-
thermic. NH, synthesis often suffers from problems such as poor catalyst
stability and alow reaction rate by conventional methods*. For example,
the prevalent metal hydride intermediate speciesin the presence of H, is
critical for the NH; formation but has a profound impact on the catalyst
stability®>*. In addition, although high temperature is favourable for
N, activation, it undermines the catalyst stability by accelerating its
sintering process during continuous heating. To resolve these conflicts,
we use the PHQ process to enable transient high-temperature heating
andtherefore a high NH; production rate while ensuring good catalyst
stability by rapidly quenching the reaction temperature (Fig. 4a). Ru
nanoparticles (supported on a carbon felt heater) was selected as a
model catalyst, as it shows activity for N, activation®.

Using atypical heating and quenching programme (0.11son,0.99 s
off; Tyign 0f 1,400 K; an estimated temperature pattern is shown in
Fig. 4b), the PHQ operation showed a stable performance that lasted
foraround 20 hwithanNH,synthesis rate of about 7,000 pmol gz, h7,
after which the activity started to decay (Fig. 4c). In comparison,
we measured the NH; synthesis rates by continuous heating at T,
(1,400K), Ty, (about 700 K) and T,,, (about 900 K). Among these
testing conditions (Fig. 4c), continuous heating at Ty, showed good
activity that was comparable with PHQ but only lasted for about 2 h.
Meanwhile, continuous heating at 7,,, showed much worse catalyst
activity, albeit with astable NH, synthesis rate. Last, continuous heating
at T,,,, showed an almost zero NH, synthesis rate owing to the poor N,
activationunder low temperature (not showninthe figure). We found
that the Runanoparticles retained their original size and distribution
after PHQfor1h (Fig.4d) but severely sintered after continuous heating
at Ty, for the same duration (Fig. 4e and Supplementary Discussion 14).
Taking the morphological evolution of the catalyst into consideration,
we simulated the scenarios of NH, synthesis by PHQ and continuous
heating at a series of temperatures®. The results agree well with our
experimental observation that PHQ offers highly stable and fast NH,
production rates (Supplementary Discussion 14).

We used density functional theory (DFT) calculations to understand
how PHQ improves the catalyst stability. Ru hydride (Ru-H) species
should be readily available under NH; synthesis conditions, as the
adsorption/dissociation of H,is common on metal catalyst surfaces™.
Our DFT calculations estimated the potentially rate-determining step
for the diffusion of Ru-H on the carbon support to have an activation
energy of about 3.6 eV and a corresponding timescale of approximately
4 s (tg,., Fig. 4f). Furthermore, defects on the carbon support are criti-
cal for anchoring catalysts® but self-heal at high temperatures®. We
estimated the corresponding activation energy and timescale of this
processtobeabout3.7 eVandabout 8 s, respectively (Supplementary
Discussion 15). The timescales (4-8 s) of these two processes are an
order of magnitude longer than the pulse duration of PHQ (0.11s). Asa
result,the PHQ methodis able to quench these detrimental processes
before they can lead to the migration of Ru atoms on the carbon sup-
port. In comparison, continuous heating does not offer this amount
of control against catalyst sintering.

Owing to the improved catalyst stability, we were able to maintain
stable NH; production for 100 h with an average synthesis rate ryy,, of
about 4,000 pmol g, h™ by PHQ(0.11 s0n, 0.99 s off; Ty, 0f 1,200 K)

using a non-optimized Ru catalyst (Fig. 4g). We also demonstrated
stable NH; production for >100 h using a non-optimized Fe catalyst
(Tpusse < Tre, Supplementary Discussion 15) with an average synthesis
rate ry,, of around 6,000 pmol gg. ' h™ (Fig. 4g), which is among the
highestinthe literature under ambient pressure® *° (Fig. 4h). Further-
more, compared with literature-reported continuous heating using a
similar Ru/C catalyst”, ther,,, of the PHQ process is more than an order
of magnitude higher. We attribute this performance to the high tem-
perature thatis enabled by PHQ without sacrificing the catalyst stabil-
ity because of the rapid temperature quenching. Recently, Hosono and
colleagues reported a Ni-loaded LaN catalyst for stable NH; synthesis
atahigh TNH, under ambient pressure®. Unlike this breakthrough in
material development, PHQ offers a new and general process that
boosts the activity and stability of non-optimized catalysts (for exam-
ple, Ruand Fe) to acomparably high performance level® (Fig. 4h). We
predict that our PHQ process can be potentially coupled with such
material innovations for even greater thermochemical synthesis out-
comes.

In this study, we demonstrate the PHQ thermochemical synthesis
technique using the CH, pyrolysis reaction as a proof of concept. The
process, without using metal-based catalysts, enables a high selectivity
tovalue-added C, products. Our study opens up anew model forimple-
menting arange of industrially important thermochemical processes,
such as NH; synthesis. We show that PHQ prevents catalyst sintering,
thereby achieving astable and high NH; synthesis rate under ambient
pressure. In general, the high temperature in the PHQ technique ena-
blesfastactivation of reactants for high rates and conversions, and the
precise control over the heating process leads to high selectivities of
desired products and improved catalyst stability. Although the quench-
ing process is not actively controlled, tuning the electric current can
potentially create complex and sculpted temperature patterns (for
example, square wave, triangle wave, stepped heating and cooling,
and so on) to accurately manipulate the reaction pathways.

Scaling up the PHQreactor relies onincreasing the size of the carbon
heater, which needs to be porous to allow gas molecules to diffuse
throughout the structure, and — at the same time — possess alow total
heat capacity for rapid heating and cooling. Commercial materials
such as carbon felt and carbon foam can be used. Specially designed
and synthesized carbon materials are also promising candidates. For
example, the carbon heater can be highly porous three-dimensional
structures and assembled to arrays for large-scale operations. Driven
by electrical energy, our technique may also enable process inten-
sification and distributed chemical manufacturing with improved
efficiency®*.
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