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The present review focuses on the current progress on harnessing the potential of
hydrogen production by Methane Steam Reforming (MSR). First, based on the
prominent literature in last few years, the overall research efforts of hydrogen
production using different feed stocks like ethanol, ammonia, glycerol, methanol
and methane is presented. The presented data is based on reactor type, reactor
operating conditions, catalyst used and yield of hydrogen to provide a general
overview. Then, the most widely used process [steam methane reforming (SMR)/
methane steam reforming (MSR)] are discussed. Major advanced reactors, the
membrane reactors, Sorption Enhanced methane steam reforming reactors and
micro-reactors are evaluated. The evaluation has been done based on parameters
like residence time, surface area, scale-up, coke formation, conversion, space
velocity and yield of hydrogen. The kinetic models available in recently published
literature for each of these reactors have been presented with the rate constants
and other parameters. Themechanism of coke formation and the rate expressions
for the same have also been presented. While membrane reactors and sorption
enhanced reactors have lot of advantages in terms of process intensification
scale-up to industrial scale is still a challenge due to factors likemembrane stability
and fouling (in membrane reactors), decrease in yield with increasing WHSV (in
case of Sorption Enhanced Reactors). Micro-reactors pose a higher potential in
terms of higher yield and very low residence time in seconds though the volumes
might be substantially lower than present industrial scale conventional reactors.
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1 Introduction

Hydrogen as a chemical is highly useful for various purposes. A few examples are: It acts
as the robust backbone for the ammonia-based fertilizer industry and is highly useful for
hydro-treating and hydro-cracking in petroleum industries. Moreover, over the last few
years, hydrogen has developed as a fuel due to two major reasons (for example, in fuel cells)
1) zero emissions creating no environmental hazards and 2) as a byproduct gives cleaning
drinking water. The demand for pure hydrogen has increased over a decade. Hydrogen can
be classified into four major types based on their production source and methodology.
Figure 1 shows the classification of hydrogen on the basis of their production methodology
and source. Green hydrogen is based on the production of hydrogen from electrolysis of
water. Grey Hydrogen and Blue Hydrogen are produced from same raw material as natural
gas which majorly consists of methane and from same process of steam reforming. The only
difference between them is that the latter has the carbon capturing technologies while the
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former does not. Black hydrogen is obtained from coal gasification.
The present article deals with the production of hydrogen from
methane, i.e., Grey Hydrogen and Blue Hydrogen.

Hydrogen can be produced from various routes using chemicals
like methane, ethanol, ammonia, methanol, and glycerol. Current
trends on the production of hydrogen include processes involving

decomposition of ammonia, and steam reforming of ethanol and
glycerol (Lytkina et al., 2019a; Saidi and Moradi, 2020; Itoh et al.,
2021). In recent years, methanol steam reforming using innovative
reactor configurations has also become an emerging field of research
(Shtyka et al., 2018; Lytkina et al., 2019a; Lytkina et al., 2019b; Cai
et al., 2019; Cao et al., 2019; Fasanya et al., 2019; Kamyar et al., 2019;

FIGURE 1
Hydrogen classification on the basis of their production source and methodology.

TABLE 1 Recent Studies for Hydrogen Production using various Chemical Species as feed.

References Reactor
type

Feed Reactor
temperature (°C)

Reactant
conversion

H2 production Catalyst

Itoh et al. (2021) MR Ammonia 325–425 20%–100% — Ru

Huang et al. (2020) MR Ammonia 300–600 0%–100% Rate = 0.304–0.6 mmol/
min·gcat

Co/CeO2

Huang et al. (2019) QR Ammonia 300–550 90.7% Rate = 800–1,150 mmol/
min·gcat

Ru/La2O3

Chen et al. (2021) FBR Ethanol 700 75%–95% Yield = 50%–60% La, Mg or Ca-Ni/
sepiolite

Greluk et al. (2020) QR Ethanol 420 40%–100% Selectivity = 70%–90% Co or Ni/CeO2 +
La2O3

Lytkina et al. (2019a) TFR, MR Ethanol 380–630 — Yield = 0.1–4 mol/h·g Pt, Pd, Rh-Ru

Wang et al. (2019) FBR Ethanol 377–777 50%–100% Mole Fraction = 0.1–0.65 Ni/CeO2

Rate = 70–160 mL/min·gcat

Qingli et al. (2021) FBR Glycerol 400–800 77.5%–97.5% Yield = 10%–90% Ni/Attapulgite
+ MgO

Selectivity = 30%–90%

Charisiou et al. (2020) FBR Glycerol 400–750 70%–90% Selectivity = 5%–80% Ni/Y2O3-ZrO2

Yield = 0.5–8 mol/mol
glycerol

Saidi and Moradi
(2020)

MR Glycerol 350–500 75%–99% Recovery = 50%–100% NiO/A12O3

Yield = 30%–75%

Charisiou et al. (2019) FBR Glycerol 400–750 5%–90% Selectivity = 50%–90% Ni/ZrO2 + SiO2

Yield = 0.5–9 mol/mol
glycerol

FBR, Fixed Bed Reactor; MR, Membrane Reactor; TFR, Tubular Flow Reactor; QR, Quartz Reactor.
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TABLE 2 Recent Studies for Hydrogen Production using Methanol.

References Reactor
type

Reactor
temperature (°C)

Reactant
conversion

H2 production Catalyst

Mohtashami and Taghizadeh
(2019)

TPBR 150 71.3%–99.8% Selectivity = 65.5%–99.5% Cu-ZnO-ZrO2

Shtyka et al. (2018) FTQR 250–300 >75% — Pt, Ru/CNT-
KMnO4

Cao et al. (2019) FBR 240–310 20.86%–100% Selectivity = 95.78%–99.54% Cu-Fe/ATP

Fasanya et al. (2019) FBR 180–350 <70% — CuO-ZnO

Kim et al. (2019) FBR 167–287 35%–100% Selectivity = 75%–100% Cu-Zn

Kamyar et al. (2019) MoMMR 150–300 30%–95% Selectivity = 62.5%–92.5% Pt-SnO

Cai et al. (2019) FBR 150–400 10%–100% Production = 50–90 mmmol/
h/g

Nb-Pd-Zr-Zn

Zeng et al. (2019) FBR 250–380 5%–98% — Pd/ZnO

Lytkina et al. (2019a) TFR, MR 200–360 — Yield = 0.1–4 mol/h/g Pt, Pd, Rh-Ru

Lian et al. (2019) PCCR 355–727 40%–92% Selectivity = 60%–92% Ni, Fe-Cu/γ-Al2O3

Sarafraz et al. (2019) MMR 250–500 70%–97% — Cu-SiO2

Lytkina et al. (2019b) TFR, MR 200–400 5%–85% Yield = 0.1–4.5 mol/h/g Pd, Ru-Rh

Khani et al. (2019) MoMMR 150–300 20%–95% Selectivity = 45%–95% Cu-ZnO/La2O3-
Al2O3

FBR, Fixed Bed Reactor; FTQR, Flow-Type Quartz Reactor; MMR, Micro Reactor; MR, Membrane Reactor; MoMMR, Monolith Micro Reactor; PCCR, Plasma Chain Catalytic Reactor; TPBR,

Tubular Packed Bed Reactor; TFR, Tubular Flow Reactor.

TABLE 3 Recent Studies for Hydrogen Production using Methane.

References Reactor type Reactor temperature (°C) Reactant conversion H2 production Catalyst

Kim et al. (2018) MR 500 56.5%–79.5% Recovery = 97.9%–98.7% Pd-Ru/A12O3

Fukuda et al. (2021) CPR 500–800 8%–90% — —

Huang et al. (2021b) FBR 352–402 30–90 Yield = 30%–90% Ni/Al2O3

Anzelmo et al. (2017) MR 400 32.1%–84% Recovery = 82% Pd/PSS

Production = 22.4–58.1 mL/min

Bernardo et al. (2010) MR 500 50%–100% — Pd

Chompupun et al. (2018) MoMMR 500–600 5%–90% Mole Fraction = 0.1–0.4 Ni/A12O3

Recovery = 20%–95%

Ashraf et al. (2020) CPR >120 84.9% — Pt/A12O3

Irankhah et al. (2014) CRICC 400–750 55%–99% — Ni/CaAl2O4

Pt-Sn/A12O3

Pashchenko et al. (2021) CPR 527–727 <60% Mole Fraction = 0.1–0.2 Ni/A12O3

Antzaras et al. (2020) FBR 650 — Yield: 72%–90% NiO/ZrO2

Yuan et al. (2017) TPBR 600–1,000 18.4%–92.3% Mole Fraction < 0.5 Ni/Al2O3

Abanades et al. (2014) PBSR 1,000–1,200 100% Selectivity = 100% Carbon Black

Yield = 100%

CPR, Catalytic Plate Reactor; CRICC, Compact Reformer Integrated with Catalytic Combustion; MR, Membrane Reactor; MoMMR,Monolith Micro Reactor; PBSR, Packed Bed Solar Reactor;

TPBR, Tubular Packed Bed Reactor; TFR, Tubular Flow Reactor; TWMR, Tube-Wall Membrane Reactor.
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Khani et al., 2019; Kim et al., 2019; Lian et al., 2019; Mohtashami and
Taghizadeh, 2019; Sarafraz et al., 2019; Zeng et al., 2019).

Traditionally, methane had remained an effective source of
hydrogen production. Various strategies for hydrogen production
using methane include Partial Oxidation of Methane (POM) and
Methane Steam Reforming (MSR). The most efficient and pure
hydrogen production of all the methods have been developed using
steam reforming of methane. Challenges in current technologies and
increasing demands for lower capital and operating expenses in
chemical production have fueled interest in developing novel
approaches such as process intensification (Benson and Ponton,
1993; Moulijn and Stankiewicz, 2004). MSR produces nearly 48% of
hydrogen globally (Gaudernack, 1998) using natural gas, with a
maximum efficiency of 75% (Veziroglu and Barbir, 1998). To
understand the feasibility of other raw materials than methane,
three different tables are presented below. Table 1 summarizes the
prominent works of hydrogen production using various feeds other
than methane while Table 2 summarizes the recent advancements in
hydrogen production using methanol and Table 3 for hydrogen
production using methane. Most importantly, it can be observed
that different types of reactors and catalysts are used by different
authors to achieve high yields of hydrogen from different feed stocks
other than methane. However, while the works of some authors are
interesting the catalysts used by them are made of elements which
are expensive and might be difficult for commercialization at
industrial scale. Similarly, Table 2 focuses only on methanol
where the recent studies have reported a varied range of
conversion and selectivities from as low as 10% to as high as
100% providing very high yields. The different reactors in which
these studies have been carried out, different operating conditions
and catalyst types are also listed. Similarly, a listing of the most
recent studies for methane as a feed stock in Table 3 shows that the
advent of newer reactor types and different catalyst types
(dominated predominantly by Nickel, Palladium and Platinum)
have reduced reactor operating temperatures from conventional
range of 800°C–1,000°C to 350°C–500°C maintaining yields above
90% which is a major advantage for MSR technology and process
intensification. One of the major limitations of MSR as the most
widely used process for hydrogen production is its high energy
consumption. Due to this a major thrust has been pursued on
process intensification. Hence, process intensification is of primary
importance to further reduce the cost. Various strategies of process
intensification can be acquired either by integrating unit processes
involving chemical reactions and unit operations such as separation
and heat exchanger or, more recently, by the miniaturization of the
characteristic flow paths into unambiguous, structured geometries
(Simsek et al., 2011; Önsan and Avci, 2011). One of the strategies of
process intensification is coupling of innovative methods in catalyst
design and reactor design. Process intensification (PI) is a technique
for increasing energy efficiency using the strategies like
1 overcoming thermodynamic limitations 2 reduction in mass
transfer resistances (De Deken et al., 1982; Soliman et al., 1988),
3 reduction in heat transfer resistance. PI can be very effective in
conventional MSR, due to a) mass transfer limitations (Elnashaie,
1994), b) limitations due to thermodynamics and c) coke formation
leading to the deactivation of the catalyst (Trimm, 1997). Adsorptive
or membrane catalytic reactors may help overcome thermodynamic
limitations (Adris et al., 1991; Hufton et al., 1999), while mass

transfer limitations can be reduced through multifunctional
catalysts (catalyst particles capable of doing multiple tasks, e.g., a
catalyst particle having dual functionality, i.e., acting as a catalyst
and also having membrane properties) (Dietrich et al., 2005).
Innovative catalyst design, on the other hand, can aid in
achieving desired kinetics. Thus, intensification of MSR can be
achieved either by replacing conventional catalysts with
multifunctional catalysts (Rusu and Cormier, 2003) or by
intensifying processes like adsorptive or membrane catalytic
reactors. Micro-reactors provide an integration of exothermic
combustion channel and endothermic reforming channel. In
addition, the metal walls that are responsible for the indirect
heat exchange are made of advanced materials with higher heat
transfer coefficients. This aids in improving the thermal
efficiency of the process. On the other hand, advances in
novel catalysts (e.g., Ni based catalysts) aids in a) decrease
in residence times b) decrease in reactor volumes and c)
increase in throughput (Tonkovich et al., 2004; Tonkovich
et al., 2007).

Following are the objectives of the present study: a) to present a
comparison of the most recent studies on hydrogen production
using different feed stocks based on reactor types, operating
conditions, catalysts and yield of hydrogen, b) classify and select
major types of process intensification based advanced reactors most
suited for industrial production c) perform a critical analysis of the
key strengths in those reactors, their challenges and current status
with respect to industrial implementation d) perform a detailed
analysis of the kinetic models (essentially their rate expressions,
kinetic rate constants and other parameters) and mechanism of coke
formation (along with their rate expressions) for the chosen reactors
and f) comparison of the MSR’s based on their advantages and
limitations.

The Figures 2A–D show the schematics of the different types of
reactors and their functioning. Figure 3 shows the various
advantages and limitations of each of the reactors chosen for
comparison and the applications for which they are used other
than MSR.

2 Novel reactor configurations

2.1 Membrane reactors (MR)

MR consists of a reactor volume filled with catalyst with one of
its sides consisting of membrane (as shown in Figures 2A, C) that
selectively removed hydrogen during MSR process due to pressure
difference. The schematic of the MR in Figure 2A, shows that
reactant (methane + steam) enters the catalyst section which is
separated from the central section using the membrane. Hydrogen
produced byMSR permeates into the central section and collected at
the end with sweep steam while the unpermeated gas is collected at
outlet of catalytic section. Depending on the geometric and
operating parameters like reactor length, pressure, and
temperature, the methane conversion upto 100% can be achieved,
and pure hydrogen can be produced. These results in optimization
in terms of number of equipments required in process material cost
and temperature control is possible aiding the economics and design
of the process.
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FIGURE 2
Various Types of Reactor Configurations (A) Membrane Reactor. Reproduced under CC-BY 4.0 from Hafeez et al. (2020). (B) Micro-channel
Reactor. Reproduced from Chen et al. (2019), with permission from ACS Publications. (C) Tubular Packed Bed Reactor. Reproduced from Iulianelli et al.
(2016), with permission from Taylor and Francis. (D) Sorption Enhanced Methane steam Reformer. Reproduced from Huang W.-J. et al. (2021), with
permission from Elsevier.

FIGURE 3
Comparison of reactors on the basis of applications, advantages and limitations.

Frontiers in Thermal Engineering frontiersin.org05

Ganguli and Bhatt 10.3389/fther.2023.1143987

https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/thermal-engineering
https://www.frontiersin.org
https://doi.org/10.3389/fther.2023.1143987


Further, such reactors consist of three major steps, namely,
reforming, water-gas shift and purification all taking place in the
same reactor. Membrane reactors combine the capabilities of fixed
or fluidized beds with perm-selective membranes embedded in the
reactors. The membranes are especially useful in shifting
conventional thermodynamic equilibrium and in-situ separation
while also reducing the undesired by-products. To summarize, as
the membrane reactor combines the reactor and separator units into
one, it helps in reducing overall capital cost whilst increasing the
yield and selectivity of hydrogen production.

2.1.1 Membrane selection
Membrane reactors face problems like membrane fouling.

Another important parameter is the strength of the membrane is
important since the pressure at which the hydrogen is obtained is
higher than atmospheric pressure. Other criteria like the purity of
hydrogen obtained as the product and the mass transfer from the
membrane is vital to decide good membrane performance. Hence,
the type of membrane used is a crucial parameter in performance of
MR’s. Palladium based membranes are mostly used but they are
expensive. Hence, palladium with combination of cesium oxide
(Tong et al., 2005), or dense ceramic membranes or modified
pervoskite membranes (Bouwmeester, 2003; Thursfield and
Metcalfe, 2004) or mixed ceramic metal membranes (Dong et al.,
2001) have been used. Recent studies have shown that Carbon
Molecular Sieve Membranes (CMSM) have been found useful for
the production of hydrogen at low temperatures and are also
resistant to CO and Sulphur poisoning (Bernardo et al., 2020).
Palladium-based membranes provide a combination of both as a
catalyst for hydrogen production whilst helping in the purification
of hydrogen with excellent hydrogen selectivity (Bernardo et al.,
2020). Electrochemical Hydrogen Pumping Membranes (EHPM)
have high hydrogen permeation and selectivity at low energy
consumption (Bernardo et al., 2020). In addition to this, the
quality of feed and operating conditions harms membrane stability.

2.1.2 Implementation of membrane reactors
Membrane reactors are being tested on a small scale. For

example, a small MR built and tested for production of hydrogen
(capacity of 15 Nm3/hr) by Tokyo gas company (Seki et al., 2000).
Other projects like hydrogen production initiatives by European
Commission-funded project using Ag/Pd membranes faced
challenges in commercialization due to several design issues
(Dams et al., 2000). Research and development on hydrogen
separation catalysts are ongoing in several companies (John
Matthey catalysts, Aspen systems). Several government and
private organizations like (Northwest power systems, Natural
resources Canada, Institute of Gas Technology, and Dais-
Analytic) (Huang et al., 2003) have granted patents for this
technology. Micro-Membrane reactors have been extensively used
for the hydrogen production due to enhanced heat andmass transfer
characteristics, removal of mass transfer limitations and intense
process intensification due to integration of different process units
into single unit (Hafeez et al., 2020).

2.2 Sorption Enhanced methane steam
reforming (SEMSR)

Figure 2D shows a typical SEMSR in a tubular fixed bed reactor.
The length of the tube (Lr) is divided into three parts where Lc is the
catalyst bed while some distance is kept before and after the bed to
maintain fully developed flow/hydrodynamics (denoted by Lu and
Ld). SEMSR involves addition of sorbents to have a twofold
advantage a) increases in reaction rate b) in situ carbon-dioxide
separation. The temperatures to achieve these reaction rates are in
the range of 450°C–650°C. It also has advantages like high ability to
adsorb and lower operating temperatures for calcination and
carbonation. Pressure Swing Adsorption (PSA) is generally used
for adsorption.

2.2.1 Multi-functional catalyst design
A multifunctional catalyst involves the characterization of

the catalyst particle for different adsorbent fractions in the
particle and diffusivities inside the particle (Zanfir and
Gavriilidis, 2003; Yuan et al., 2007). These are also called
combined sorbent catalyst particles (CSCM) (Di Giuliano
et al., 2020) in which the solid particles consist of both the
catalyst for MSR and the sorbent for CO2 capture. It possesses
unique advantages like negligible inter and intra particle
resistances, thermal integration between endothermic and
exothermic reactions and reduced solid hold up in the case of
heterogeneous reactors. Recently, the multifunctional catalyst
configurations have been in the form of Nickel for MSR and CaO
as the sorbent for CO2 capture. These enable the MSR process to
be carried out at atmospheric pressures and 650°C than the high
pressures and temperatures required in the conventional
industrial processes.

2.2.2 Implementation of SEMSR
Air Products and Chemical Inc. have shown the implementation

of SEMSR via a pilot plant that essentially saves capital expenditure
compared to conventional SMR’s (McLeod et al., 1997). The
feasibility to use multifunctional catalysts like CaO15Ni(N)10 for
industrial scale have been successfully demonstrated by researchers
for 200 cycles (Di Giuliano et al., 2020). However, it has also been
found that Ni sintering causes deactivation of the catalyst which
would need further investigation in terms of Ni stability. Other
characteristics like wet impregnation, wet mixing and attrition
resistance were found to be good in these types of catalysts when
tested on industrial scale.

Implementation of SEMSR’s are however challenging also due to
the non-uniform temperature distribution due to the endothermic
reaction of MSR and the exothermic reaction of CO2 sorption. Due
to this it has been observed that the hydrogen production decreases
with increase in weight hourly space velocity (WHSV) for the same
geometric conditions (Huang W.-J. et al., 2021). This suggests more
amount of research to be performed on industrial scale conditions
for higher tube diameters for coming up with strategies to obtain
higher hydrogen yields.
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2.3 Micro-reactors

Micro-reactors used for hydrogen production are of different
types in terms of whether the reactor has catalyst particles packed in
the reactor or they are wall coated. This will in explained in the
forthcoming subsections.

2.3.1 Tubular packed bed micro-reactors (TPBM)
TPBM contains a concentric tubular system in which the inner

tube is a membrane containing a catalyst. The feed enters inside the
annular space between the concentric tube or the smaller concentric
tube. The reaction happens on the surface of the catalyst. If the feed
enters into the annular space between the concentric tube, then the
reactants will permeate through the membrane and the product will
be received through the outlet of the membrane itself. But if the feed
enters into the smaller catalyst membraned concentric tube, the
product permeates out of the membrane and received from the
annular space. For Tubular membrane reactors (TMR’s), a two-step
methane reforming process will be more efficient than the single-
step conventional methane reforming. The authors also discussed
that the optimum conditions for MSR by the two-step strategy are
720°C, Steam carbon ratio of 4, and pressure ranging between 3 and
10 bar. The two-step process also gives an energy efficiency of 35%–
40%. Abanades et al. (2014) studied MSR in a solar-powered tubular
packed bed reactor. The reactor directly used the solar indirect-
irradiation concept to gain higher temperatures and also for
complete driving of the endothermic MSR reaction. Carbon black
was used as a catalyst for the reactor. The product received was 100%
pure hydrogen without any by-products. The product contained no
CO2. The authors discussed that the residence time and the
temperature of the gas flowing through the catalyst bed act as
important parameters influencing the chemical conversion and
hydrogen yield.

2.3.2 Wall coated micro-reactors (MIR)
Micro-channel process technology consists of reactors with

channels in the range of 50–5,000 µm working in a laminar flow
regime. A typical micro-channel reactor is shown in Figure 2B. It
consists of alternating channels of catalytic combustion and
reforming with inlets of methane-air mixture and methane-water
mixture respectively. The walls on the reforming side are coated with
Ruthenium catalyst while those on combustion side are coated with
platinum catalyst. The heat transfer takes place through the walls as
shown in the figure. Two types of catalytic systems: Palladium
MMRs and Zeolite MMRs are used for hydrogen production
(Kiani et al., 2021). Typical characteristics of micro-reactors
include a high surface-to-volume ratio (for SMR also) improved
heat and mass transfer rates (typically the rates are inversely
proportional to channel diameters), low-pressure drops, and ease
in thermal integration (Tonkovich et al., 2004; Delsman et al., 2005;
Lou et al., 2008; Zhai et al., 2011). Further, micro-channel reactors
can be scaled up by numbering up of several micro-channels in
parallel that helps in production due to increase in throughput.
Micro-reactors are characterized by micro-channels (which may
have different shapes) in the range ~10−5 and 10−3 m. Flow in these
cases is essentially laminar. The construction material consists of
plates (substrates) in which the channels are constructed. The
surface areas are in the 1 × 104–5 × 104 m2m−3, which are ca.

50–100 times higher than those of their conventional packed bed
counterparts (Simsek et al., 2011). The presence of the higher surface
areas, smaller dimensions of sub-millimeters in combination with
the use of metal-based catalysts help in uniform temperature
distribution. The catalyst can either be packed into the channels
or coated as a layer on the internal channel walls. MSR is favored at
higher steam to carbon ratios of the feed at high temperatures. MSR
being an endothermic reaction, a packed bed reactor would
encounter axial and radial temperature gradients which in turn
require cautious heat input and removal. On the other hand, coating
catalysts on the walls, causes are helpful in minimization of transport
resistances and provides a uniform temperature distribution over
the catalyst layer. It is evident however that the above advantages of
the micro-reactors can be harnessed depending on catalyst
characteristics, stability, coating ability and activity.

2.3.2.1 Effect of geometric and operating parameters
In SMR process, two parameters that play a vital role are

temperature and flow arrangement, the former being the most
important. In micro-channels, the length scale for complete
combustion is very small. At temperatures in the range
930°C–1,000°C overall conversion of 96% is achieved. Cross flow
arrangement is mostly used while wall coated Fe-Cr-Al-Y catalysts
are used in micro-reactors for MSR as per published literature (Stutz
et al., 2006). Investigations have suggested that the complete
combustion of methane takes place at a very short reactor
distance at channel entry. One of the many advantages of micro-
reactors is the ability to house multiple operations in a single unit
(Tonkovich et al., 2007). This includes multiple inlets (like inlets for
feed components like methane and steam and for preheating
materials like fuel and air which make the process energy efficient).

Micro-channel reactors have been found to perform well at high
space velocities higher than 105 h−1. In a study by (Zhai et al., 2011),
the authors found conversions up to 100% for high space velocities
upto 1.2 × 105 h−1. A three time increase in space velocity caused 50%
decrease in conversion while an increase of five times decreased
conversion by 30%.

2.3.2.2 Energy optimization in micro-reactors
Micro-reactors provide a reduction in plant complexity by

incorporating multiple unit operations in a single modular
reactor (Tonkovich et al., 2007). This can essentially help in
small scale processing (Tonkovich et al., 2007) including specialty
chemicals, fuel processing, and combinatorial or analytical
applications.

Further, micro-reactors have the potential to reduce the cost of
energy-consuming pieces of equipment like blowers and
compressors. For example, as per study of the literature, a pilot
scale micro-reactor in 40 h of continuous operation can give 90%
MSR methane conversion at around 150 kPa pressure, and 850°C
with about 25% of excess air and reaction times as low as 6 ms
(Tonkovich et al., 2007). Further, the heat flux required to maintain
the reaction temperature due to the reaction being endothermic does
not destroy the mechanical integrity (Tonkovich et al., 2007). As per
the published literature, around 55% of the total energy produced by
combustion (fuel + air) was consumed to overcome endothermicity
higher than conventional reactors. Further, of the 700 W produced
by combustion in the micro-reactor, 311 W were consumed by the
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endothermic MSR reaction (6 ms contact time) and about 314 W
(45%) were associated with thermal losses. The losses may be very
low for pilot-scale systems due to the large surface-area to volume
ratio. However, in a commercial-scale system, the thermal losses are
calculated to drop below 5% while combustion contact times
were 4 ms.

2.3.2.3 Implementation and scale-up of micro-reactors
Micro-reactors have successfully been scaled up to produce

10 m3/s of hydrogen (Tonkovich et al., 2004). Numbering of
reactors plays a major role in increasing the plant capacity
during scaleup (Tonkovich et al., 2004). Conventional large-scale
reformers suffer from the inefficient use of heat recovered from
combustion gases in the form of steam and reduced thermal
efficiencies of radiant reformer.

In a micro-structured steam–methane reformer, the heat
transfer area required for recovering heat does not depend on the
reactor volume which provides ample opportunity for process
intensification and high energy savings as compared to
conventional tubular reformers (Endou et al., 2004). In some
cases, the energy required for reforming process is obtained from
energy recovered from hot exhaust streams. In others, the catalytic
fixed beds are embedded with heat exchangers providing high
thermal efficiency (due to additional heat transfer area
requirement), no extra steam generation (avoiding the necessity
of steam utilization) least requirement of process control and high
scalability.

2.3.2.4 Role of catalysts in micro-reactors
In terms of dispersion, sintering and coking characteristics, the

authors observed that good supports ensured lower tendency of
sintering and coking. The lesser carbon formation in Ni catalyst was
attributed to high saturation concentration of carbon in the smaller
nickel crystals. The authors also observed distinct possibilities of
catalysts being coated on the walls of the micro-channel to achieve
high performance in terms of low sintering and coking and shorter
residence times. Further, the authors also found that catalysts
prepared by mixing Nickel, Magnesium and Alumina (e.g.,
Ni0.5Mg2.5AlO9) were cost effective, stable, and active for long
residence times comparable or better than Rhodium catalysts.
The authors have also found that existence of NiAl2O4 helped to
restrain sintering and keep small crystal size.

3 Kinetic modeling of MSR

Development of kinetic models for couple processes has always
posed a challenge to the research fraternity. Kinetic models depend
heavily on the basic data like the rate constants and order of reaction
obtained from experimental data. However, depending only on
experimental data is not advisable and advanced techniques like
molecular modeling needs to be used to determine the above
parameters. This is also possible due to the increase in
computational power over more than a decade now. A few
researchers have been able to predict kinetic parameters with
different reaction mechanisms (Yang et al., 2000; Chen et al.,
2004). However, the information, obtained from molecular
dynamic simulations cannot be used directly during the scale-up

of reactors. Scale-up methodology involves model development for
different length and time scales, due to which the rate-limiting
parameters need to be identified at the molecular level. Further, a
correlation of these parameters (at micro-scale) with parameters at
the macro level needs to be established and controlled by
manipulating the micro-scale parameters. This approach has
been referred to as multi-scale modeling approach by various
authors (Bhat and Sadhukhan, 2009). The major advantage of
such multi-scale modeling is in catalyst design only. Other
aspects like predictions in conversion, yield, etc. can be achieved
even by tuning the existing empirical models if coupled with changes
in online experimental and multi-scale modeling does not provide
any specific advantage.

With reference to the above discussion, an effort has been made
to find the current status of the kinetic models in the published
literature (Chen et al., 2020; Katheria et al., 2020; Niu et al., 2020;
Parvasi et al., 2020; HuangW.-J. et al., 2021). The kinetic models [of
the most recent and prominent research works (Parvasi et al., 2020;
Huang W.-J. et al., 2021)] along with their rate constant expressions
developed for the membrane and sorption enhanced reactors have
been presented in Table 4. Below are the reactions occurring in a
reactor during MSR:

CH4 +H2O ↔ CO + 3H2 (1)
CO +H2O ↔ CO2 +H2 (2)

CH4 + 2H2O ↔ CO2 + 4H2 (3)
CH4 + CO2 ↔ 2CO + 2H2 (4)
CaO + CO2 → CaCO3 (5)

The reaction kinetics and the rate constants for the reaction
systems depends on several parameters. The major parameters
affecting the reaction system are temperature, pressure, and
activation energy. The activation energy for the reaction system
depends upon the reactor system and the catalyst used for the
reactor. Table 4 summarizes the reactions kinetics for the same.

4 Coke formation

Coke Formation results as an undesirable side reaction during
MSR. Coke formation causes the formation of a layer of carbon over
the layer of the catalyst. Because of the collection of coke over the
catalyst, the active sites of the catalyst which should be used by
reactants for product formation, gets consumed. This leads to
catalyst deactivation and efforts are needed to minimize them.
Figure 4 shows coke formation on a metal catalyst with support.

Though it is clear that there is coke formation during the MSR
reactions, the complete mechanism of the coke formation should
be understood to avoid it. Sheintuch and German (2021) studied
the reaction mechanism of coke formation during MSR in a Pd
membrane. They also modelled the coke formation using a
micro-kinetic model. According to the authors, the following
reaction steps occur during MSR when coke formation takes
place:

p + CH4 g( ) ↔ CH4
p (6)

p + CH4
p ↔ CH3

p +Hp (7)
p + CH3

p ↔ CH2
p +Hp (8)
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TABLE 4 Reaction kinetics for various reactor systems.

References Reactor Catalyst Reaction kinetics and rate constants

Parvasi et al. (2020) Membrane Reactor Ni/CeO2 Reaction Kinetics R1 �
k1

P2.5
H2

(PCH4 PH2 O−
P3
H2

PCO

K1
)

(1+KCH4 PCH4 +KH2 PH2 +KCO PCO +KH2 OPH2 O/PH2 )2

R2 �
k2
P3.5
H2

(PCH4P
2
H2O

−
P4
H2

PCO2
K2

)
(1+KCH4PCH4+KH2PH2+KCOPCO+KH2OPH2O/PH2 )2

R3 �
k3
PH2

(PCOPH2O−
PH2

PCO2
K3

)
(1+KCH4PCH4+KH2PH2+KCOPCO+KH2OPH2O/PH2 )2

R4 � k4k5K4PCH4PCO2
k4K4PCH4PCO2+k4PCH4+k5K4PCO2

Rate Constants k1 � 7.24166 × 10−7 exp[240.100R ( 1
648 − 1

T)]

k2 � 1.6882 × 10−9 exp[243.900R ( 1
648 − 1

T)]

k3 � 2.5440 exp[67.100R ( 1
648 − 1

T)]

k4 � 2.633550 × 10−3 exp[−4300.0T ]

k5 � 8.474329 × 102 exp[−7500.0T ]

Ki � exp(−ΔG°
rxni

RT ) i � 1, 2, 3 and 4

KCH4 � 1.8 × 10−1 exp[−38300R ( 1
823 − 1

T)]

KH2 � 2.9 × 10−2 exp[−82900R ( 1
648 − 1

T)]

KCO � 40.9 exp[−70700R ( 1
648 − 1

T)]

KH2O � 0.4 exp[88700R ( 1
823 − 1

T)]

Huang et al. (2021a) SEMSR Ni/Al2O3 Reaction Kinetics

R1 �
ρcat

k1
′

P2.5
H2

(PCH4PH2O−
P3
H2

PCO

K1
′ )

(DEN)2

R2 �
ρcat

k2
′

PH2
(PCOPH2O−

PH2
PCO2
K2
′ )

(DEN)2

R3 �
ρcat

k3
′

P3.5
H2

(PCH4P
2
H2O

−
P4
H2

PCO2

K3
′ )

(DEN)2

R5 � ρsorb
6(VCaOδCaO

)(1−X) 23 k″(CAs−CAeq)
1+δCaO

2DPL
k″

���
1−X3√ (1−

�����
1−X

1+(Z−1)X
3
√

)

RCH4 � (−R1 − R3)MCH4

RH2O � (−R1 − R2 − 2R3)MH2O

RCO � (−R1 − R2)MCO

RCO2 � (R2 + R3 − R5
MCaO

)MCO2

RH2 � (3R1 + R2 + 4R3)MH2

RCaO � −R5

RCaCO3 � R5MCaCO3
MCaO

Rate Constants and Other Parameters

ρcat � Loading of Ni/Al2O3

Volume of catalyst/sorbent bed (gm−3)

ρsorb � Loading of CaO
Volume of catalyst/sorbent bed (gm−3) k1′ � 1.243 × 1014 exp(−240.1RT )

k2′ � 1.955 × 106 exp(−67.13RT )

k3′ � 3 × 1013 exp(−243.9RT )

K1
′ � 1.198 × 1017 exp(−26830T )

(Continued on following page)
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p + CH2
p ↔ CHp +Hp (9)

p + CHp ↔ Cp +Hp (10)
Hp +Hp ↔ Hp

2 + p (11)
Hp

2 ↔ H2 g( ) + p (12)
p +H2O g( ) ↔ H2O

p (13)
p +H2O

p ↔ OHp +Hp (14)
p + OHp ↔ Op +Hp (15)
Cp +Op ↔ COp + p (16)

COp ↔ CO g( ) + p (17)
CHp +Op ↔ CHOp + p (18)
p + CHOp ↔ COp +Hp (19)

The reaction kinetics are given as follows:

R6 � k6fPCH4θ* − k6bθCH4

R7 � k7fθCH4θ* − k7bθCH3θH

R8 � k8fθCH3θ* − k8bθCH2θH
R9 � k9fθCH2θ* − k9bθCHθH
R10 � k10fθCHθ* − k10bθCθH
R11 � k11fθ2H − k11bθH2θ*
R12 � k12fθH2 − k12bPH2θ*
R13 � k13fPH2Oθ* − k13bθH2O

R14 � k14fθH2Oθ* − k14bθOHθH
R15 � k15fθOHθ* − k15bθOθH
R16 � k16fθCθO − k16bθCOθ*
R17 � k17fθCO − k17bPCOθ*
R18 � k18fθCHθO − k18bθCHOθ*
R19 � k19fθCHOθ* − k19bθCOθH

The authors observed that the at high temperatures of 873 K and
low hydrogen pressure of less than 1 millibar, there is formation of

TABLE 4 (Continued) Reaction kinetics for various reactor systems.

References Reactor Catalyst Reaction kinetics and rate constants

K2
′ � 1.767 × 10−2 exp(4400T )

K3
′ � 2.117 × 1015 exp(−22430T )

DEN � 1+KCO
′ PCO+KH2

′ PH2+KCH4
′ PCH4+KH2O

′ PH2O

PH2

KCO
′ � 8.23 × 10−5 exp(70.65RT )

KH2
′ � 6.12 × 10−9 exp(82.9RT )

KCH4
′ � 6.65 × 10−4 exp(38.28RT )

KH2O
′ � 1.77 × 105 exp(−88.68RT )

CAeq � PAeq
RT

DPL � DPL0 exp(−aXb)

PAeq � 4.137 × 10−7 exp(−20474T )

Z � VCaCO3
VCaO

FIGURE 4
Coking mechanism on catalyst [Reproduced under CC-BY 4.0 from Stenina and Yaroslavtsev (2022)], Pink-Catalyst Support; Blue-Metal Catalyst;
Black-Carbon.
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CH and O intermediates in very large amounts. This leads to coke
formation. At the same time, at high hydrogen pressure and low
temperature of 773 K, there is negligible amount of coke formation.

Studies have been done to diminish the coke formation effects
(Ali et al., 2023).

5 Comparison between different novel
reactors for hydrogen production
using MSR

Table 5 summarizes the performance, advantages and
limitations of the usage of several reactors. The salient features of
each of the reactors have been described below:

Membrane Reactors have wide advantages like continuous
production, and low energy and space requirements while giving
enhanced yields and selectivity with reduced capital costs. Because of
these reasons, the use of MR has increased for hydrogen production
using MSR. MR has been found effective for H2 production in a
working temperature range of 400°C–500°C. Moreover, a higher
conversion of 84% can be achieved using MSR. The recovery of the
produced H2 is also appreciable (≈98.7%). However, the use of MR
has also certain limitations. The major limitation of an MR is the
ineffectiveness of MR in scale-up. The performance of an MR
decreases rapidly because of membrane fouling. Moreover, there
is a requirement for high working capital investment because of the
limited life of a membrane and the excessive costs of a membrane.
However, integration of membranes with conventional fluidized and
packed beds have shown positive results by some researchers and
breakthroughs can be expected in the near future.

Tubular Packed BedMicro Reactors are an easy-to-build reactor
system with low capital investment. Moreover, on using TPBMR,
there is a high conversion rate per weight of catalyst used. TPBMR
also provides a high contact area. TPBMR has higher efficiencies at
higher temperatures and pressures. TPBMRs are operative in a
temperature range of 600°C–1,000°C. It also provides a

conversion of 92%. MSR can also achieve a stream of high H2

(mole fraction = 0.5) with very low side reactions.While it provides a
high conversion, temperature control and heat transfer within the
reactor are difficult. The catalyst is also difficult to separate.

Wall coated Micro Reactors (MIR) are an excellent reactor
choice when the reaction requires higher mixing characteristics.
MIR also has better reaction control and fewer hold-up volume
requirements. The reactor has increased safety parameters with the
best reagent usage. The scale-up of the reactor system is also
achievable. A temperature range of 500°C–600°C is optimum for
use of MIR. MIR can achieve a high conversion rate of 90% with an
appreciable H2 recovery of 95%. The stream can also possess a high
amount of mole fraction of 0.4, limiting the side reactions. However,
the fabrication cost of a reactor is high. The performance of an MIR
is also highly affected by clogging and precipitating products. Also,
the reaction time is low and hence the reaction should be falling
within that particular range.

Plate Reformers have a compact design with a faster start-up.
There is also higher heat transfer within the reactor simultaneously
with low capital investment. PR has been effectively tested within a
temperature range of 527°C–727°C. PR can achieve a high
conversion of 85%. However, the side reactions can lead to a
stream with low H2 content (mole fraction = 0.1–0.2). PR is also
highly sensitive to carbon deposition. Catalytic Wall Reactors have a
small area requirement as the reactor system is smaller in size. CWR
is the best reactor system for gaseous reactions because of the low-
pressure drops. Thermal energy management is also excellent in a
CWR. CWR can achieve a high conversion of up to 90% of methane.

Sorption Enhanced Methane steam Reformers have unique
process intensification capabilities with an ability to produce
hydrogen and capture carbon simultaneously due to the catalyst
and sorbent particles present in the same catalyst bed. They also
have a good operating temperature range and potential for high
hydrogen recovery. The inherent difficulties of non-uniform
temperature distribution due to simultaneous exothermic and
endothermic reactions in the catalyst bed promote decrease in

TABLE 5 Advanced reactors: Performance, advantages and limitations.

Type of reactor Temperature
(°C)

Methane
conversion

H2

recovery
H2 mole
fraction

Advantages Limitations

Membrane Reactor (MR) 400–500 32%–84% 82%–99% — 1, 2, 3, 4, 5, 6 7, 8, 9, 10

Tubular Packed Bed Micro Reactor
(TPBMR)

600–1,000 18%–92% — <0.5 4, 11, 12, 13, 14, 15 16, 17, 18, 19

Micro-Reactor (MMR) 500–600 5%–90% 20%–95% 0.1–0.4 20, 21, 22, 23, 24 25, 26, 27, 28, 29

Plate Reformer (PR) 527–727 85% — 0.1–0.2 4, 30, 31, 32 33, 34, 35

Catalytic Wall Reactor (CWR) 500–800 8%–90% — — 36, 37 —

Sorbtion-Enhanced methane steam
reformers

350–500 10%–90% 25%–99% 0.10.35 38, 39 40, 41, 42

1 Low Energy Requirements 2 Low Space Requirements 3 Enhanced Yields and Selectivity 4 Low Capital Requirements 5 Low Temperature Requirements 6 High H2 Recovery 7 Ineffectiveness

in Scale-Up 8 Limited Life of Membrane 9 Performance Decrease because of fouling 10 High costs of Membrane 11 High Conversion Rate Per Weight of Catalyst 12 Easy to Build 13 Higher

Contact Area 14 Higher efficiencies at high temperatures and pressures 15 Minimal side reactions 16 Difficult Temperature Control 17 Dead zones within the Reactor 18 Heat Transfer

challenges within the Reactor 19 Difficulty in catalyst separation 20 Better Reaction Control 21 Less Hold-Up Volume 22 Enhanced yields 23 Higher Mixing Characteristics 24 Increased safety

parameters 25 Difficult to scale-up 25 High Fabrication Cost 26 Clogging of the Reactor 27 Limited Reaction Time Range 28 Low Conversion 29 Low H2 Recovery 30 Decrease in Performance

because of precipitating products 31 Faster Start-Up 32 Compact Design 33 High heat transfer within the reactor 34 Extremely Sensitive to Carbon Deposition 35 High side reactions 36 Lower-

Pressure Drop 37 Better Thermal Energy Management 38 No catalyst attrition 39 Process intensification with both carbon capture and hydrogen production in the same unit 40 Non-uniform

temperature distribution in the catalyst bed 41Decrease in hydrogen production with increase inWHSV for same geometric conditions 42 Difficulty to scale-up in a TPBMR. The recovery of H2

is highest in an MR with the lowest being in an MMR. The side reactions are minimalist in a TPBMR. PR has the highest amounts of side reactions.
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hydrogen production at higherWHSV’s. This is primarily one of the
major hurdles for scale-up of these reactors.

6 Conclusion

Hydrogen production using both methane and methanol have
been carried out for four major novel reactor systems. The following
conclusions can be drawn based on their characteristics:

• Membrane Reactors gives higher conversions at lower
temperatures with a combination of separation unit in
themselves. They can also be integrated with conventional
fixed or fluidized bed reactors. Hence, Membrane Reactors
have the potential to be the most suitable reactors for
hydrogen production using MSR except for the high capital
and maintenance expenditure.

• Sorption Enhanced Methane Steam Reformers poses a very
good process intensification method since the carbon
separation happens in the catalyst bed which consists of
catalyst and sorbent particles thus enhancing the reaction rate.

• Micro Reactors are found to be having optimized hydrogen
production with an efficient hydrogen recovery. These have the
advantages of low residence time, better thermal efficiencies,
reaction control, high yields, and higher conversions.

• Nickel catalysts having different compositions of magnesium and
alumina are found to have the potential for uniformdispersion on
certain supports which can result in higher stability and lower
sintering and coking. This has been seen as a cost-effective
alternative to Rh catalysts. This is also preferred due to its
ability to be coated on walls of micro-channels.

• Energy utilization in micro-reactors has been seen to be much
better than conventional reactors due to non-necessity of
steam export, less heat transfer, area requirement due to a
decoupled requirement of reaction volume and heat
transfer area.

• Micro-reactors (packed bed or wall coated) have an edge over
other reactors due to their high yields and short residence
times and have a high potential to be commercialized for lower
volumes of hydrogen production

• Kinetic models for membrane reactors and Sorption enhanced
type of reactors reported in literature are mostly
chemisorption with surface reaction based LHHW kinetics.
These largely depend on the catalyst used. The kinetics of
MSR’s in micro-reactors are not that widely available and have
not been presented

• Coke formation mechanisms and their models available in the
literature are able to explain the coke formation. Further, ways
and means to suppress the formation is also available and
reported

• Membrane reactors are difficult to scale-up due to the high
cost and maintenance charges of membranes due to
membrane fouling while Sorption enhanced reactors suffer
from the non-uniform temperature distribution in the catalyst
beds as the WHSV increases posing difficulties in scale-up.
Micro-reactors have shown good potential for scale-up in
cases of hydrogen production

7 Future work

A comprehensive review of hydrogen production with the
variants like green hydrogen and gray hydrogen along with blue
and black hydrogen would be taken up in future work. This would
include details of research work carried on with different
technologies like electrolysis of water.
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Nomenclature

Alphabetical letters

Ci Concentration of Species i molm−3

ΔG°
i Standard Gibbs Free Energy for Reaction i Jmol−1

Ki Equilibrium Constant for Reaction i -

Kj, K′
j Rate Constant for Species j -

Mi Molecular Weight of Species i gmol−1

Pi Partial Pressure of Species i Pa

R Gas Constant Jmol−1K−1

Ri Rate of Reaction for Reaction i molm−3s−1

T Temperature K

Vi Volume of Species i m3

X Sorbent Conversion -

Z Volume Comparison Parameter -

a, b Fitting Parameters -

ki, k
′
i, k

″
i Rate Constant for Reaction i -

kif Forward Reaction Rate Constant for Reaction i -

kib Backward Reaction Rate Constant for Reaction i -

Greek alphabets

θi Correction Due to Competitive Adsorption for Species i -

δi Average Diameter of Species i m

ρi Density of Species i kgm-3

Subscripts

C Specific to Carbon

CH4 Specific to Methane

CH3 Specific to CH3 activated complex

CH2 Specific to CH2 activated complex

CH Specific to CH activated complex

CHO Specific to CHO activated complex

CO Specific to Carbon Monoxide

CO2 Specific to Carbon Dioxide

CaCO3 Specific to Calcium Carbonate

CaO Specific to Calcium Oxide

H Specific to H activated complex

H2 Specific to Hydrogen

H2O Specific to Water

O Specific to O activated complex

OH Specific to OH activated complex

Aeq Specific to Species A at Equilibrium

As Specific to Species A at the Surface

PL Product Layer

Superscripts

* Permeate Conditions
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