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A B S T R A C T   

Pressure swing adsorption is widely applied in industry for hydrogen purification, methane recovery, air sepa
ration, biomass upgrading, CO2 recovery, to name a few. To further improve the attractiveness of pressure swing 
adsorption systems, ongoing research focusses on ways to intensify the process. In particular, improve produc
tivity and reduce the footprint of the system consequently leading to reduced capital and operating costs. The 
proposed solution is known as fast or rapid cycling which, as the name implies, means to reduce the cycle time. 
However, there are some challenges to overcome such as mass transfer limitations leading to reduced separation 
efficiency, as well as increased pressure drop due to high superficial velocities typical to fast cycling. Adsorbent 
shaping has the potential to overcome these limitations and it is being regarded as a promising process inten
sification solution for pressure swing adsorption processes offering great flexibility in designing optimized cycles 
with improved performance. Various adsorbent shapes such as monoliths, laminates, foams and fibers have been 
studied in literature with monolith structures being the most popular. Most of the published literature on the 
topic of adsorbent shaping is concentrated on material development and lab-scale testing, modeling, and 
manufacturing through 3D printing techniques. Performance evaluations generally target reduced pressure drop 
and enhanced mass transfer kinetics with only a few papers addressing the broader context of process intensi
fication and economic assessments of the potential gained benefits of using structured adsorbents in place of 
beads or pellets. Although, sorbent shaping is a very promising developing field, there is still significant work to 
be done for it to reach its full potential. Further research should go beyond shape optimization and lab-scale 
testing to process optimization and pilot/large-scale testing under cyclic conditions. In this context, newly 
developed artificial intelligence tools show great promise for the development of intensified cycles based on 
structured adsorbents by speeding up computation time of complex optimization routines. To date, there are 
limited industrial applications using structures sorbents. One of the main hurdles for large scale deployments is 
the labor and time intensive preparation methods currently available, leading to high manufacturing costs. Thus, 
development of easy, fast and cost-effective manufacturing options through automatization, will expedite the 
large-scale implementation of structured adsorbents in pressure swing adsorption processes.   

1. Introduction 

The term “adsorption process” refers to a unit operation in which a 
substance is separated from a fluid by affinity with a solid substrate, the 
adsorbent. Periodic regeneration of the loaded adsorbent in a two or 

more column unit allows for a continuous process. Pressure swing 
adsorption (PSA) refers to a system using a change in pressure for the 
regeneration of the adsorbent. Potentially, a purge gas is used to further 
facilitate the regeneration. Developed since the 1970s, typical industrial 
applications of pressure swing adsorption include hydrogen purifica
tion, methane recovery, and air separation [1]. More recently, in the 
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industrial energy transition, novel processes are being developed uti
lizing PSA systems for the recovery of CO2 [2] and carbon monoxide [3], 
and the upgrading of biogas [4]. More advanced PSA applications 
include sorption-enhanced reactions for the enhancement of reactions 
through the use of an in situ adsorbent material [5–9]. 

In order to further improve the attractiveness of PSA, continuous 
efforts are being made to intensify the process. Process intensification 
reduces the footprint of the system and positively impacts capital and 
operating costs. The footprint can be reduced by fast cycling as the size 
of columns is determined also by the cycle time. Faster adsorption and 
regeneration of the adsorbent material means less material is needed 
and consequently smaller columns are possible. The performance of 
adsorption-based gas separation processes is dependent on the design of 
the process, the choice of material as well as its shape. Adsorption 
processes are generally carried out in packed bed columns with the 
adsorbing material in the form of beads or pellets. This type of material 
shaping has the benefit of high adsorption loading, easy and fast 
manufacturing, and thus low costs. However they suffer from serious 
drawbacks in terms of process efficiency due to high pressure drop and 
limiting mass and heat transport phenomena [10,11]. In conventional 
packed bed systems, the pressure drop has a direct influence on the 
energy consumption, product recovery and purity as well as on the 
productivity. One way to prevent high pressure drops is to adopt radial 
bed adsorbers however, this leads to increased complexity and costs 
[12]. Mass and heat transfer limitation may occur due to long diffusion 
paths through the material pores leading to reduced performance [10]. 
In particular during fast cycling, where these intra-particle mass and 
heat transfer limitations become the main limitation of the performance 
which may cause unwanted breakthrough of the gas [12]. An option for 
mitigating mass transfer limitations would be to reduce the size of the 
bed packing. In the last decades, particle sizes were reduced from 3 mm 
to 0.7 mm, reducing not just the diameter of the packing material but 
also the lengths over diameter ratios (L/D) to < 1 resulting in “pancake” 
geometries in order to reduce pressure drop. This leads to the rise of 

other complications such as gas maldistribution and even fluidization of 
the packed bed [12]. Geometric structuring has the potential of over
coming these limitations and improve the performance of the process 
due to increased void fractions and surface area allowing for high su
perficial velocities favored in rapid cycling leading to reduction in col
umn size with no negative consequences on the pressure drop 
[11,13,14]. On the other hand, when employing structured adsorbents 
the productivity might suffer due to reduced adsorbent loading 
compared to their traditional counterparts. Nonetheless, due to reduced 
pressure drop, structured adsorbents are able to process 15–30 times 
higher flowrates which is generally enough to compensate for the lower 
adsorbent loading [15]. 

This review critically discusses the available literature on structured 
adsorbents, an important emerging topic which has not been discussed 
in a dedicated review to date. Papers have been published in the last 
decade that review the application of MOF-based adsorbents [16–18], 
zeolite-based separations [19,20], separation of rare earth elements 
[21], electric-swing adsorption [22], and separation of carbon dioxide 
[23–25]. The topic of material shaping in the field of heterogeneous 
catalysis has also been thoroughly reviewed [26–30], and will not be 
discussed here. Hierarchically structured porous material is another type 
of shaping focused on the internal structure of the material. It shows 
high performance in various application areas like energy, catalysis, 
separation, adsorption, and biomedicine. The topic has been extensively 
reviewed including characterisation [31], synthesis [32,33], applica
tions [34,35] and will not be further discussed. Hierarchically structured 
porous materials can also be further shaped into different geometries for 
enhanced performance [36]. Finally, additive manufacturing techniques 
for catalysts and adsorbents have shown great progress over the last 
decade and were recently reviewed by Rosseau et al. [37]. Conse
quently, additive manufacturing and 3D printing techniques will be 
discussed below, only to the extent that they enable advances in process 
intensification of pressure swing adsorption. 

With the focus on the intensification of adsorption-based separation 

List of symbols 

a inside diameter hollow cylinder [m] 
Ap particle surface area [m2] 
b outside diameter hollow cylinder [m] 
CD cell density [cpsi] 
d′ diameter of a sphere of equal volume/surface area ratio as 

the particle [m] 
d″ diameter of equivalent volume sphere [m] 
De effective pore diffusivity [m2/s] 
df,out fiber outer diameter [m] 
dh channel hydraulic diameter [m] 
Dm molecular diffusivity [m2/s] 
dp particle diameter [m] 
dp,eq equivalent sphere diameter [m] 
dt column diameter [m] 
DZ axial dispersion [m2/s] 
f correction factor [–] 
f’ friction factor 
ke material thermal conductivity [W/m2K] 
kg gas thermal conductivity [W/m2K] 
kLDF linear driving force mass transfer coefficient [1/s] 
l channel side length [m] 
L column length [m] 
q average amount adsorbed [mol/kg] 
q* amount adsorbed at equilibrium [mol/kg] 
rfs radius of Happel’s free surface [m]:rfs = roD̅̅̅̅̅̅

Vfib
√

ri inner radius [m] 

riD fiber inner radius [m] 
ro outer radius [m] 
roD fiber outer radius [m] 
rp particle radius [m] 
u0 superficial fluid velocity [m/s] 
ug interstitial gas velocity [m/s] 
Vfib bed volume fraction occupied by fibers 
Vp particle volume [m3] 

Characteristic numbers 
Bi Biot number [–] 
Nu Nusselt number [–] 
Pé Péclet number [–] 
Pr Prandtl number [–] 
Re Reynolds number [–] 
Sc Schmit number [–] 
Sh Sherwood number [–] 

Greek letters 
δa adsorbent coating thickness [m] 
δw wall thickness [m] 
ε bed voidage [–] 
εhc void fraction of bed of hollow cylinders [–] 
εsc void fraction of bed of hollow cylinder corrected to solid 

cylinders [–] 
μ dynamic viscosity [Pa*s] 
ρ fluid density [kg/m3] 
ϕ sphericity [–]  
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processes, this review first discusses sorbent manufacturing techniques, 
followed by a summary of literature discussing the potential of sorbent 
shaping. The advanced sorbent shapes enable the design of improved, 
intensified pressure swing adsorption cycles. Novel optimisations need 
to be done in order to maximise the potential for intensification: reas
sessing the trade-offs between bed density and pressure drop, sorbent 
density and resistances to heat and mass transfer, enabling faster cycling 
and higher throughputs. These are enabled by advanced cycle modelling 
of processes using structured adsorbents, which is discussed in a sepa
rate section, and is followed by an outlook and discussion of promising 
research directions. 

2. Manufacturing of structured adsorbents 

Converting powder material into desired shapes is not straightfor
ward. Material properties such as adsorption capacity and porosity, as 
well as mechanical strength should be maintained as much as possible. 
An overview of the most applied shaping methods is presented in 
Table 1. Conventional shapes such as pellets, beads and extrudates are 
obtained by one of the variety of traditional manufacturing approaches 
like pelletizing, spray drying and granulation, casting, or extrusion. 
Amongst these techniques, extrusion is capable of manufacturing more 
complex shapes like hollow cylinders, or monoliths with continuous 
channel design. From a shaping perspective, recently developed adsor
bents, including MOF and COF, not only provide enhanced equilibrium 
and intrinsic kinetics – they also provide ample opportunity for shaping. 
COFs more than MOFs have been demonstrated with very high thermal 
conductivities [38,39]. However, some materials such as those con
taining organic compounds (e.g., MOFs, COFs) are not suitable to be 
shaped using these methods due to the destructive nature of the thermal 
treatment on the porous structure as well as the low mechanical strength 
they possess which excludes any manufacturing process that applies 
pressure [40].The use of pressure to shape the powder can also lead to 
reduced porosity or pore blockage having a negative influence on the 
adsorption properties. Furthermore, some of these manufacturing 
methods (e.g., casting, coating) require an additional support material to 
attain stable structures which may lead to reduced adsorption loading of 
the structured adsorbent [41]. 3D printing, known also as additive 
manufacturing, has been promoted in the last decade as the option to 
shape porous adsorbents into complex structures. There are seven cat
egories of additive manufacturing technologies available so far, with 
new methods and technologies being constantly developed: 1) binder 
jetting, 2) direct energy deposition, 3) material extrusion, 4) material 
jetting, 5) powder bed fusion, 6) sheet lamination, and 7) vat poly
merization. Each of these technologies include different techniques 
under their umbrella. For adsorbent manufacturing the main applied 
technologies so far are vat polymerization and material extrusion [41]. 
Reviews on the different 3D printing techniques, their advantages and 
disadvantage, the status of developments and applications, were 
recently published by several authors [37,40–42]. Although additive 
manufacturing techniques offer great flexibility in terms of shapes and 
material loading, the major hurdle for large scale deployment is the long 
preparation time [43]. Amongst the barriers that need to be overcome 
for scale-up is the standardization of the ink preparation which currently 
is technology and material dependent and still requires a lot of manual 
tuning making it labor and time intensive, and thus expensive. Stereo
lithography (SLA) and Digital Light Processing (DPL) have been iden
tified as promising technics to overcome this issues as they are capable 
of simultaneously printing multiple geometries on the same printer, they 
are suitable for a wide range of materials and show improved printing 
accuracy [44,45]. They fell under the VAT polymerization techniques 
and use UV light to solidify the mixture of photosensitive resin and 
active material. SLA is not a new technology, it has been around since 
the early 1980s and has become more popular with the development of 
low-cost resins. With further advancements in process control, autom
atization of the manufacturing process could reduce the effort and 

printing time of other 3D printing technologies and improve accuracy, 
speeding-up industrial deployment. As the application of 3D printing 
techniques is expanding also into other areas of application (e.g., 
catalysis, electronics, drug delivery, thermal management, food), it is 
expected that the maturity of the shaping technology will grow and the 
associated costs will most likely drop. 

Successful large-scale implementation of any 3D printed technique 
will also rely on process intensification, advancing additional features to 
set it further apart from conventional shaping techniques, such as 
binder-less printing, introduction of local structural variations and 
multi-material printing. Binder-less printing, even though possible from 
a material perspective, it is still a challenge due to rheological and light 
transmittance properties of the adsorbent material required for the 3D 
printing process. To this end, additives are introduced which in some 
cases can be removed by post-processing techniques, such as heat. But 
his could lead to other issues such as shrinkage of the structure post- 
processing. In particular for materials based on organic compounds, 
preparing binder-free structures is still challenging, with only a few 
papers reporting novel manufacturing binder-free techniques based on 
controlling the evaporation of the solvent [46], or by using aqueous 
colloidal ink formulation [47]. Additional research is still required to 
find new ways to modify the raw material in such a way that it can meet 
printing requirements without significantly affecting its adoption 
properties. 

As highlighted by Rosseau et al. [37], most of the existing literature 
on 3D printing focuses primarily on the chemistry of ink formulation, 
printing optimization and small-scale testing of the printed structures, 
with little regard to shape optimization for the various large-scale ap
plications. Amongst the strategies proposed for scale-up are stacking of 
multiple structures, or the use of multiple reactors similarly to a multi- 
tubular reactor. Both strategies have their advantages and disadvan
tages. In case of stacking multiple structures on top of each other, 
existing columns can be easily used but care must be taken to align the 
channels when loading the structures into the column. Similarly with 
multitubular reactors used in industry, when considering using multiple 
smaller reactors as a scale-up strategy, one of the challenges is main
taining even distribution of flow across the multiple reactors even 
though the pressure drop will stay the same over the different tubes as a 
result of identical structures. This concept may also lead to somewhat 
increased cost with scale-up as the economy of scale does not completely 
apply. Reactor scale-up is closely dependent on the developments in 3D 
printing, in particular ink formulations that can provide mechanically 
stable structures with minimal or no binder use. Most of the available 
literature reports cm-scale structures mainly due to the proof-of- 
principle type of research. In a recent study, Krishnamurthy et al. [48] 
studied the feasibility of scaling-up a 3D printed sorbent from laboratory 
scale to production scale, that is in the scale of 100 s kgs. Monolith 
structures were prepared from 8 kg of paste having a diameter of 50 mm 
and a height of 200 mm. For the scale-up evaluation, 90 such monoliths 
of 13X-AC were printed over a total manufacturing time of 4 weeks, 
corresponding to seven 1.75 m columns of stacked structures, clustered 
in 133 trains for the capture of 14,000 kg mol/hr of CO2, representing 
the flue gas of an 800 MW powerplant. The structures were character
ized and tested in the lab along with simulations and technoeconomic 
assessment showing a 5 % reduction in the levelized cost of electricity 
and ~11 % reduction in footprint for the monolith case compared to the 
reference packed-bed using pellets. The results of this study clearly show 
there is strong potential in cost and footprint reduction by adopting 
structured adsorbents. 

3. Adsorption processes using structured adsorbents 

Structured materials are already extensively applied in the chemical 
industry for a variety of applications like air dehumidification or sepa
ration, vehicle exhaust treatment, hydrogen separation, CO2 separation. 
A rapid cycle pressure swing adsorption (RCPSA) process developed 
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Table 1 
Overview of shaping methods.  
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jointly by ExxonMobil Research and Engineering and QuestAir Tech
nologies Inc., marketed under the name “QuestAir H-6200“, is used for 
hydrogen recovery in hydrocarbon processing industries [49]. A sig
nificant increase in productivity is reported compared to a system 
operating with beads, as a result of up to 100 times higher mass transfer 
coefficients. For CO2 capture applications there are a few commercial 
technologies known to employ structured adsorbents. Direct air capture 
(DAC) modules use solid adsorbents in the shape of monoliths or filter 
sheet by companies like Global Thermostat [50] and Climeworks [51]. 
Another example is VeloxoTherm™, developed by Svante Technologies 
Inc. The process, illustrated in Fig. 1, uses structured MOF laminate beds 
in a rapid cycle-temperature swing adsorption (RCTSA) [52,53]. Re
ported benefits of the structured adsorbent bed include a reduction in 
pressure drop by one to two orders of magnitude compared to conven
tional packed bed systems, up to 4 times increase in surface area 
compared to granular adsorbents, improved mass and heat transfer as 
well as faster kinetics thanks to shorter diffusion paths, smaller equip
ment and as a result reduced equipment cost [54]. Structured packed 
beds are also used to improve contact between two phases in process like 
absorption, stripping or distillation [55]. 

Various adsorbent shapes as illustrated in Fig. 2, have been studied in 
literature with monoliths being the most popular ones. The perfor
mance, and consequently the application of monolith structures depends 
on various geometric properties such as channel size and shape, wall 
thickness and cell density. A comparative study on the performance of a 
gas separation process using the sorbent material in the form of beads 
and as a structured monolith was conducted by Mosca et al. [10]. It was 
found that the use of structured adsorbent resulted in a reduction of 45 
times in pressure drop while maintaining the same adsorption capacity 
as the beads. Beads and monolith structures were also evaluated by 
Middelkoop et al. [56] and found that beads showed a higher adsorption 
capacity but the adsorption/desorption rates were significantly faster for 
monoliths. 

Zeolite monoliths with hierarchical pore structure were prepared 
and tested against pellets by Hasan et al. [57]. Enhanced mass transfer 

with a six times increase in effective diffusivity was observed for the 
monolith structure, as well as reduced pressure drop at similar adsorp
tion capacity showing good potential for RPSA applications. Sharma 
et al. [13] evaluated the performance of a monolithic adsorbent against 
a packed bed of pellets in a vacuum pressure swing adsorption (VPSA) 
system considering equal volume columns. The results showed that the 
pelleted adsorbent system could not reach the same recovery rate unless 
higher vacuum is applied increasing the energy penalty of the process. 
The proposed monolithic VPSA process was also compared with a con
ventional amine-based CO2 capture system showing improved perfor
mance in terms of productivity and exergy input. Krishnamurthy [58] 
carried out optimization of various cycle designs of a 6-step VPSA pro
cess for CO2 capture that lead to a two-folds increase in productivity 
(reported based on adsorbent volume) in case of 3D printed monolith 
sorbent structure, as well as a reduction in specific energy compared to a 
packed bed of pellets as shown in Fig. 3. This work was carried out as 
part of the ACT 3D-CAPS project part of which the design, 3D printing 
and testing of adsorbents for CO2 capture was previously investigated 
[14,59]. 

Tegeler et al. [60] showed that by changing the channel types in a 
monolith structure from straight to helical, the mass transfer rate was 
significantly improved leading to overall cost reduction of 30 % for a 
DAC system. In their approach, the helical shape of the adsorbent 
introduced convective transport of adsorbate towards the adsorbent 
wall (Fig. 4), which resulted in a significant enhancement of mass 
transfer rates. 

Henrique et al. (2023) [36] have studied hollow structured mono
liths made out of active carbon, with 8 tetragonal cubic centered unit 
cells each unit cell having a diameter of 5.7 mm and a thread diameter of 
2 mm (Fig. 5) for the separation of C5-C6 alkane isomers. Breakthrough 
experiments were carried out to assess the adsorption of C5-C6 alkane 
isomers and evaluate the separation performance. Two different sepa
ration mechanisms were observed depending if the structure underwent 
an activation process or not. In case of the nonactivated structure it was 
shown that molecular sieving properties can be achieved also by mate
rials with nonuniform pore size distribution. Different activation con
ditions (time, temperature) were evaluated leading to variations in the 
porosity of the structures by introducing additional micropores without 
greatly influencing the mesoporosity. After activation, alkanes were 
adsorbed in order of their boiling points following a thermodynamic 
mechanism instead. An increase in sorption capacity as well as in 
mixture loading was observed for the activated structures successfully 

Fig. 1. VeloxoTherm™ compact Rotary Adsorption Machine (RAM) of Svante 
using structured solid sorbent. Reprinted with permission from Ghaffari-Nik 
et al. (2022) [53]. 

Fig. 2. Illustration of a variety of adsorbent structures including (left to right): 
ceramic and carbon adsorbent monoliths, corrugated paper monoliths (center), 
fabric adsorbent and conventional beaded adsorbents. Reprinted with permis
sion from Rezaei and Webley (2010) [12]. 
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proving the applicability of structured sorbents in the field of alkanes 
separation. 

Jeong and Realff (2021) [61] showed that monolith-shaped adsor
bents enable the realization of modularized reactors with increased 
flexibility to adapt to various feeding conditions (e.g., input CO2 con
centration, cycle time, flow rate) (Fig. 6). They observed that reduction 
of cycle time is crucial in reducing cost. The proposed modularized 
reactor is also capable of changing the configuration of the adsorption/ 
desorption steps during the process leading to better separation per
formance than a conventional fixed bed reactor. 

Besides monoliths, other structures such as laminate and foam were 
also assessed against their pellet counterpart. Laminates can be 
considered as simplified monoliths but with a more complex 

manufacturing process. The evaluation of laminate adsorbent structures 
is comparatively reported less with only a handful of patents available 
[62–65] while foams have been previously studied as catalyst structures 
[66–70]. Rezaei and Webley [71] developed an analytical framework for 
finding the optimum set of geometric parameters (i.e., voidage, surface 
area per unit volume, bulk density) a structure should possess to lead to 
the best performance in terms of pressure drop, mass transfer zone, 
productivity. The most promising results for laminate systems were 
observed in case of small spacings and sheet widths of 0.2 mm. Similarly, 
He et al. [72] found that mass transfer resistance decreased and sharper 
breakthrough curves were observed with a reduction of the inter- 
laminar spacing. The performance of monolithic structures depends 
not only on high cell densities (>1000 cpsi) and low voidages, but it is 

Fig. 3. Post-combustion carbon capture with VPSA: specific energy vs productivity pareto 3D printed silica sorbent grafted with amino silane and reference pellets 
for a lower bound of (a) 0.1 bar and (b) 0.01 bar. Reprinted with permission from Krishnamurthy (2022) [58]. 

Fig. 4. Figure demonstrating the benefit of a helical channel over a conventional honeycomb contactor. A1: Contactor with straight channels (a single channel shown 
for discussion purposes). A2: Laminar flow in straight channels. A3: CO2 capture through diffusion. B1: Helical channels, B2: formation of Dean vortices. B3: Faster 
CO2 capture rate via convection. Reprinted with permission from Tegeler et al. (2023) [60]. 
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also highly dependent on the effective diffusivities that can be obtained 
in the walls of the monolith. High density monoliths with high surface 
areas are desired in order to outperform packed beds. The influence of 
geometric properties such as cell density and porosity was evaluated in 
terms of adsorption capacity and kinetics for 3D reprinted zeolite 
monoliths by Lawson et al. [73]. Contrarily to Rezaei and Webley [71], 
the authors found that low density monoliths (e.g., 200 cpsi vs 600 cpsi) 
together with enhanced microporosity performed better in dynamic 
operation as a result of reduced diffusional resistances. In case of high 
density monoliths (e.g., 600 cpsi) the best separation was obtained at 
low inlet velocities which would require long cycle times and could lead 
to poor recovery, thus not being industrially feasible. In case of foam 
structures, the study of Rezaei and Webley [71] showed comparable 
properties to packed beds of 0.7 mm diameter beads. The influence of 
the axial dispersion to the overall rate constant was found to be negli
gible for all evaluated structures. On the other hand, the internal rate 
and the external film contributions were found to have a more signifi
cant contribution. Another important finding by Rezaei and Webley [71] 
is that higher productivities can be achieved by using structured ad
sorbents with the condition that the system is operated at its optimal 
velocity in order to reduce pressure drop and mass transfer zone. Similar 
conclusion was noted by Sharma et al. [13] who compared monoliths 
with pellets in a VPSA process. Adsorbent-coated microchannel mono
lith was evaluated for natural gas purification in a PSA system by 
Pahinkar et al. [74]. From the parametric study it was observed that 
adjusting the channel size had a positive effect on depressurization ef
ficiency and overall on reducing the total cycle time and consequently 
the plant size compared to conventional PSA processes. 

Another type of structure that is gaining a lot of interest is fiber 
adsorbents. They were first applied for adsorption processes about three 
decades ago using a shell-and tube configuration with adsorbent 

material present either in the bore or the shell of the fiber [75]. Feng 
et al. [76] investigated experimentally the performance of hollow ad
sorbents with adsorbent in the shell side for hydrogen separation in a 
PSA systems. A large gas separation efficiency was found as a result of 
reduced pressure drop and fast mass transfer rates. 

More recently, fiber adsorbents with a hollow bore in which a heat 
transfer fluid can help efficiently control the temperature during 
adsorption–desorption cycles was found of particular interest for tem
perature swing adsorption (TSA) applications [78,79]. On the other 
hand, for applications where isothermal conditions can be expected, the 
fiber adsorbents can be produced in a monolith-type of structure without 
bore as illustrated in Fig. 7. Sujan et al. [77] prepared such a fiber sor
bent and measured breakthrough curves for N2 and O2 at conditions 
typical to an air separation PSA system. A VPSA system for the kinetic 
separation of propane-propylene feed using a ZIF-8-based fiber sorbents 
(Fig. 8) is reported for the first time by Pimentel and Lively [80]. With a 
unoptimized cycle they were able to obtain up to 81 % propane purity 
and about 30 % recovery from an equimolar feed mixture. Further 
research is required to improve recovery rate while not significantly 
reducing the purity and reach competitive performance with the state-of 
the-art. 

An economic evaluation of a small scale hydrogen purification PSA 
system using a zeolite-based hollow-fiber absorbent was performed by 
Ohs et al. [81]. Following optimization of hollow fiber design, operating 
pressure and adsorption time, a 13 % cost reduction was obtained 
compared to a reference case based on previously reported works 
[82–85]. Optimal fiber geometry was found to be weakly dependent on 
the adsorption capacity, with high product purities achievable by using 
modularized systems. A comparison between packed bed of pellets and 
hollow fiber structure for propylene-propane separation by VPSA was 
performed by Sen et al. [86]. From the parametric comparison it was 

Fig. 5. Active carbon 3D printed monoliths for C5-C6 isomer separation. Reprinted with permission from Henrique et al. (2023) [36].  

Fig. 6. Modular monolith adsorbents allow different configurations and cycle design including true moving bed configurations: (a) actual modular monolith systems 
for experiments, (b) conceptual design of the modular monolith systems, (c) unit block having specific dimensions, (d) dimensions of a single channel for the 
mathematical model, (e) true moving bed in modular monolith systems. Reprinted with permission from Jeong & Realff (2021) [61]. 
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observed that the hollow fiber adsorbent led to better performance 
regarding pressure drop, mass and heat transfer. As a result, a five times 
higher productivity (based on adsorbent weight) was calculated for the 
structured bed, considering the same volumetric flowrate and pressure 
drop as well as identical product purity and recovery rates in both sys
tems. A critical review of fiber adsorbent based on microporous active 
materials has been published by Lee et al. [87] discussing the current 
status and future potential of these type of structured adsorbents in 
separation processes. 

From work done in the field of catalysis, more simple shapes, that can 
be easily manufactured by currently available extrusion techniques, 
show benefits in term of reduced pressure drop and enhanced transfer 
phenomena compared to classical shapes like beads and pellets. Shapes 
like hollow cylinders or spheres, multilobed particles can also be applied 
for sorption applications. Compared to catalysts, shapes used for 
adsorption applications should be made predominantly from the 
adsorbent material in order to maintain satisfactory sorption capacities. 
Pashchenko [88] evaluated both experimentally and computationally 
the pressure drop inside a packed bed filled with various catalyst shapes 
such as full cylinders, hollow cylinders (i.e., raschig ring), convex cyl
inder with seven internal holes and speres with seven internal holes. A 

linear dependence was reported between the pressure drop and the 
length of the packed bed while the velocity follows a quadratic depen
dance for all evaluated shapes. As seen from Fig. 9 the lowest pressure 
drop was observed for the bed of speres with seven internal holes fol
lowed by convex cylinders with seven internal holes, hollow cylinders 
and finally the full cylinders at velocities between 0.2–1.4 m/s in a bed 
with a length of 600 mm and a diameter of 100 mm. Gopal Manoharan 
and Buwa [89] compared a catalytic packed bed of seven hole cylinders 
with complex structures such as monolith and foam, keeping the geo
metric volume and surface area constant for all shapes. The monolith 
structure showed the lowest pressure drop, followed by the seven-hole 
cylinder and lastly by the foam structure due to the higher tortuosity 
of the structure. Similar studies comparing the performance, both 
technical and economic, of simpler geometries inspired from catalysis 
with more complex shapes would be of interest as these geometries can 
already be easily and cost effectively manufactured speeding up 
implementation. 

As seen reported in literature, the separation performance as well as 
the cost is influenced by the geometries of the structured adsorbent. 
Optimal geometric parameters will provide the desired performance but 
a trade-off will still exist between minimizing pressure drop while 
improving the mass transfer and productivity. Therefore, cycle design 
studies and economic evaluations should also be performed to clearly 
understand the true potential of implementing structured sorbents is 
PSA systems. 

Fig. 7. Stainless steel hollow fiber module (left) and monolithic fiber module (right). Reprinted with permission from Sujan et al. (2018) [77].  

Fig. 8. Fiber-shaped ZIF-8 adsorbents, with large crystals dispersed throughout 
the polymer matrix. Reprinted with permission from Pimentel & Lively 
(2018) [80]. 

Fig. 9. Comparison of numerical and experimental data: the hollow points – 
experiment; the solid points and lines – CFD modelling. Reprinted with 
permission from Pashchenko [88]. 

D.-A. Chisăliță et al.                                                                                                                                                                                                                           



Separation and Purification Technology 353 (2025) 128466

9

Most of the research on shaped adsorbents focuses on lab-scale 
testing and there is limited information about what would be the per
formance of these structures when they go from lab to demonstration or 
industrial scale. Based on modelling and simulation, performance at 
large-scale can be estimated from relationships developed at lab-scale 
but these results should be validated experimentally. The effect of ma
terial shape and its size is scarcely investigated in the literature. It is 
expected that the shaping benefits will not scale linearly with size [42]. 
Another important factor to consider when scaling up from lab-scale is 
the sizing of the external piping to avoid additional pressure drop or void 
volume. Similarly, the loading of the structures in the column is not 
discussed in literature, although it is an essential part in advancing the 
technology. As mentioned in Section 2, there are currently two scale-up 
strategies proposed, stacking structures on top of each other or using 
multiple structures in the same reactor similar to multitubular reactors. 
As the technology advances allowing for more mechanically stable 
structures, single block or cartridge reactor structures may also become 
a possibility. Material stability in general is an important aspect 
regarding scale-up where adsorbents are needed to withstand a large 
number of cycles without needing replacement. Therefore, duration 
tests should be widely applied for any new or developed adsorbent. 

4. Modelling 

In order to design efficient adsorption processes, modeling plays a 
crucial role as it allows for fast and inexpensive evaluations. To do so, it 
is necessary to describe as accurately as possible the phenomena taking 
place inside the column. There are various studies concerning modeling 
of PSA processes [25,90,91]. Typically, the dynamic behavior of the 
adsorption process is described using a series of partial differential 
equations representing the mass, energy and momentum balances. The 
differences between models come from the specific ways of expressing 
pressure drop, mass transfer rate, heat transfer as well as the shape of the 
equilibrium isotherm. In the next sections, the influence of shaping on 
these phenomena is reviewed in more detail with the exception of the 
isotherm which is mainly material dependent. 

Most reported correlations used for packed beds were developed for 
spherical particles [92,93]. For non-spherical particles an equivalent 
diameter is introduced with various definitions available. A compre
hensive review can be found in [94]. The most commonly used ones are 
presented in Table 2. However, for more complex geometries the 
application of the equivalent diameter becomes more challenging as 
well as less accurate. In case of geometries with channels (e.g., mono
liths) the hydraulic diameter is typically used. Formulas to evaluate the 
hydraulic diameter of circular, square, triangular and hexagonal chan
nel geometries as a function of the monolith channel’s characteristic 
length and the wall thickness can be adopted from work done on cata
lysts [95]. In general, computational fluid dynamics (CFD) is employed 
to assess important parameters such as the bed voidage and subse
quently the pressure drop, mass and heat transfer in complex geometries 
without relying on experimental measurements. 

4.1. Pressure drop 

The pressure drop (i.e., flow resistance) inside a packed bed of 
spheres has been reviewed extensively in literature [96,97]. The two 
most referenced correlations are those proposed by Ergun [98] and 
Carman [99]. Since their publishing more than 70 years ago, many 
correlations were set forward with claims of improved accuracy or range 
of applicability. A general way of representing the pressure drop is in the 
form of a dimensionless friction factor (f′) which can be expressed as 
seen in Eq. (3) or as a function of the dimensionless Reynolds (Re) 
number (Eq. (4). Different forms of Re are used in literature as defined in 
Table 3 depending on how the velocity is expressed [100]. The most 
common one used in the expression of the friction factor is the modified 
Reynolds number, Re” described by Eq. (7) [97,101–103]. 

f ’ =
− ΔP

L
dp

ρ u2
0

ε3

(1 − ε) (3)  

f ’ =

[
150
Re˝

+ 1.75
]

(1 − ε)
ε3 (4)  

A thorough literature review of friction factors inside a packed bed was 
performed by Erdim et al. [97], which not only collected the available 
correlations but also tested 38 of them using spherical particles of nine 
different sizes. Consequently a new correlation was formulated with 
improved accuracy for the parameter ranges assessed in their work 0.37 
< ε < 0.47, 4 < dt/dp < 34, and 2 < Re”<3600. Following the work of 
Erdim et al. [97], new correlation were published looking also at other 
shapes. Von Seckendorff et al. [101] proposed a revised Carman-type 
correlation for the pressure drop for equilateral cylinder packings 
valid for Re’’=10–3000. The modified Re number, Re’’, was used in the 
proposed friction correlation. Mohammadi et al. [104] proposed a 
methodology for developing 1-D axial pressure drop correlations for 
structured adsorbents with parallel channels based on 3D Navier-Stokes 
CFD modelling. The methodology was successfully validated for trian
gular shaped channels against experimental data as well as against two 
correlations previously proposed in literature. The range of validity is 
restricted to laminar flow regime with Re ≤ 2000. 

In structures with channels (e.g., monoliths, laminates), the Hagen 
Poiseuille equation is typically used to evaluate pressure drop 
[15,61,104]. In fiber adsorbents Happel’s cell model is generally 
employed [15,105], while for foam structures an Ergun-like equation 
[70] or a new equation proposed by Richardson et al. [67] can be used. 
Table 4 summarizes pressure drop correlations for the main geometries 
used in structured sorbents. 

4.2. Bed void fraction 

An important parameter in the calculation of the pressure drop is the 
bed void fraction. Low bed voidage is desired, even if it has a negative 
effect on the pressure drop, in order to reduce the column size [12] as 
well as to have a higher volumetric efficiency for increased throughput 
[107]. Bed voidage is greatly influenced by the shape of the particle. By 
changing the shape of the adsorbents, the bed voidage can be manipu
lated to lead to acceptable performance in terms of pressure drop. Tor
tuosity is another parameter that can influence the pressure drop. It 

Table 2 
Equivalent diameters for non-spherical shapes.  

Diameter name Definition Formula  

Surface volume (or 
Sauter) diameter 

Diameter of a sphere of equal 
volume/surface area ratio as the 
particle 

d’ = 6
Vp

Ap 

Eq. 
(1) 

Volume diameter Diameter of a sphere of equal 
volume as the particle d’’ =

(
6Vp

π

)1/3  

Eq. 
(2)  

Table 3 
Reynolds number definitions.  

Equation  Description 

Re =
ρ dp u0

μ 
Eq. (5) Superficial gas velocity (u0) 

Re’ =
ρ dp u0

μ ε 
Eq. (6) Effective/interstitial gas velocity (u0/ε) 

Re’’ =
ρ dp u0

μ (1 − ε)
Eq. (7) Modified Reynolds number  
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describes the complexity of the void space and has a direct influence also 
on the mass transport [108]. For structured adsorbents such as mono
liths, laminates and fibers, the tortuosity is equal to 1, while in a con
ventional packed bed using beads can be 2–3, which means that lower 
pressure drops are achieved in a structured sorbed at the same voidage 
as a bed packed with beads for example [12]. Bulk void fraction corre
lations for a fixed bed containing spherical and equilateral solid and 
hollow cylinder packaging are presented by Dixon [109]. Predictions 
can be made to evaluate the voidage in case of equilateral hollow cyl
inders (Eq. (13) based on the correlations for solid cylinders (Eq. (14) 
and by considering a correction factor for internal voidage and inter
penetration of packings, f (Eq. (15). With “a” being the inside diameter 
of the hollow cylinder and “b” the outer diameter. 

εhc =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

1 − (1 − εsc)

(

1 −
a2

b2

)

for
a
b
< 0.5

1 − f(1 − εsc)

(

1 −
a2

b2

)

for
a
b
≥ 0.5

(13)  

Where, 

εsc =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

0.36 + 0.1
d’’

dt
+ 0.7

(
d’’

dt

)2

for
d’’

dt
≤ 0.6

0.677 − 9
(

d’’

dt
− 0.625

)2

for0.6 <
d’’

dt
< 0.7

1 − 0.763
(

d’’

dt

)2

for
d’’

dt
≥ 0.7

(14)  

f = 1 + 2
(a

b
− 0.5

)2
(

1.145 −
d’’

dt

)

(15)  

Voidage correlations for randomly packed beds of various adsorbent 
shapes have also been determined experimentally by Benyahia and 
O’Neill [110]. The general expression represented by Eq. (16) is pro
posed to be valid for spheres, solid cylinders, hollow cylinders and 4- 
hole cylinders with an average error of 5.2 %. Column to particle 
diameter ratio (dt/dp,eq) is the main parameter involved in the voidage 
correlation. For non-spherical particles, the equivalent sphere diameter 

(dp,eq) is used to describe non-spherical particles, however the definition 
of the used equivalent diameter is not specified in the reference. 

ε =

(

0.1504 +
0.2024

φ

)

+
1.0814

(
dt

dp,eq
+ 0.1226

)2 for <
dt

dp,eq
< 50, and

< φ < 1.0
(16)  

With ϕ being the sphericity 

φ =
π d2

p,eq

AP
(17)  

As an alternative to the equivalent diameter, some correlations available 
in the literature are based on the particle sphericity instead. A summary 
can be found in the review prepared by von Seckendorff and Hinrichsen 
[92]. 

In the case of shapes with complex geometry there are not many 
universal correlations available. However, for catalytic applications 
complex shapes like monoliths with different geometry channels have 
been previously described and can be used or adapted for adsorption 
processes. Void fraction correlations for monoliths with circular, square, 
triangular or hexagonal shaped channels as a function of cell density, 
wall thickness and characteristic lengths of the monolith channel can be 
found in [95]. Similarly, porosity correlations for foam-based structures 
can be adapted from work done on catalyst structures (e.g., tetrakai
dekahedral and diamond lattices) [111]. In their work, Mohammadi 
et al. [104] used Eq. (18) to validate the void fraction in a monolith 
structure with equilateral triangular straight channels in case of an 
adsorbent-coated structure. In case of complex geometries CFD is typi
cally used, however CFD relies heavily on specific knowledge of the 
geometry of the system which is often not well defined. 

ε =
l

(

4
̅̅̅
3

√
(

δa +
1
2δw

)

+ l
) (18)  

where, 

l =
2̅
̅̅
3

√

⎡

⎣ − 3
(

δa +
1
2

δw

)

+

(

9
(

δa +
1
2

δw

)2

+

̅̅̅
3

√

CD

)1/2
⎤

⎦ (19)  

4.3. Mass transfer 

Mass transfer rate is an important parameter influencing the effi
ciency of the adsorption process. It depends on the length of the diffu
sion paths which is correlated to the type of pores available, their 
volume and size [107]. Besides average pore diameter and pore volume, 
other sorbent surface properties such as polarity, pH, functional groups, 
or roughness, can also influence the mass transfer of adsorbents with 
identical shapes. These properties are considered material dependent 
and will not be further addressed as it is out of the scope of the paper. 

Mass transfer limitations are caused by external or internal diffusion. 
External diffusion takes place in the gas phase while internal diffusion 
happens in the adsorbent’s pores. Short diffusion paths are desired for 
improved mass transfer rate. The influence of the various diffusion paths 
can be estimated by different characteristic numbers. The Biot number 
(Bi) shows the relative importance of internal versus external resistances 
and for mass transfer (Bim) it is generally represented by Eq. (20) [112]. 
Typical magnitudes in case of sorbent systems for gas separation are 
Bim≫1. Internal resistances are dominant when Biot is large. For packed 
beds Bim is in the range 5–500, thus the major resistance for mass 
transfer is in the particle and the external film resistance is negligible in 
case of pellets or foams [12,112]. In contrast, for structures such as 
laminates, monoliths and fibers, external film diffusion can be the 

Table 4 
Pressure drop correlations used for structured packed beds.  

Shape ΔP correlation 

Spheres and 
Pellets 

Ergun [98] ΔP
L

= 150
(1 − ε)2

ε3
μ u0

d2
p

+

1.75
(1 − ε)

ε3
ρ u2

0
dp 

Eq. 
(8) 

Carman [99] ΔP
L

= 180
(1 − ε)2

ε3
μ u0

d2
p

+

2.871
(1 − ε)1.1

ε3
ρ u1.9

0
dp 

Eq. 
(9) 

Monoliths and 
Laminates 

Hagen 
Poiseuille  
[15,61,104] 

ΔP
L

=
32 μ u0

ε d2
h 

Eq. 
(10) 

Fibers Happel  
[86,106] 

ΔP
L

=

μ ug

r2
oD − 3r2

fs

8
+ ln

(
rfs

roD

) r4
fs

2
(

r2
fs − r2

oD

)

Eq. 
(11) 

Foams Richardson [67] ΔP
L

=
(1 − ε)2

ε3

(
μ u0 α γ2)+

(1 − ε)
ε3

(
ρ u2

0 β γ
)

Eq. 
(12) 

α = 973 d0.743
p (1 − ε)− 0.0982    

β = 368 d− 0.7523
p (1 − ε)0.07158    

γ =
12.979

[
1 − 0.971(1 − ε)0.5

]

dp (1 − ε)0.5    
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dominant resistance in case of large channel diameters and wall thick
nesses [12]. 

Bim =
0.357
2 ε

Dm

De
Re0.641 Sc1

3 for 3 < Re < 2000 (20)  

The Sherwood (Sh) number describes the ratio of total mass transfer to 
external film diffusion and can be expressed as a function of the Rey
nolds and Schmidt numbers, Sh = f(Re, Sc). Table 5 lists the different 
definitions available for the Sh number depending on structure shape. 

There are different mechanisms to describe internal diffusion 
depending on the type of pores present (e.g., macropores > 500 Å, 
mesopores 20–500 Å, micropores < 20 Å). In case of macro and meso
pores, for large pore diameters with respect to the mean free path mo
lecular diffusion is dominant, while in case of equal or smaller pores 
than the mean free path the Knudsen diffusions becomes dominant. 
Micropore diffusion becomes important in case of diffusing molecules 
have comparable diameters as the pores. [116]. Even though pore 
diffusion models give a more realistic description, their computation is 
quite complex. Thus, the Linear Driving Force (LDF) model proposed by 
Glueckauf [117] is generally applied in literature (Eq. (26) irrespective 
of the actual nature of the mass transfer resistance [116]. 

∂q
∂t

= kLDF (q* − q) (26)  

The overall mass transfer coefficient, kLDF, is dependent on the shape of 
the particle (see Table 6). For the model proposed by Glueckauf [117] 
which uses spherical particles, kLDF is expressed by Eq. (27). Patton et al. 
[115] looked into the LDF approximation for various geometries with 
the goal of attaining a correlation suitable to be applied for the design of 
monolith structured adsorbents with different channel geometries. 
Applying the method proposed by Liaw et al., [118] which demon
strated that kLDF can be easily determined by assuming a parabolic 
concentration profile in the pellet (Eq. (32), Patton et al. [115] was able 
to formulate kLDF expressions for more complex channel geometries (e.g. 
square, rectangular, triangular, hexagonal) based on the kLDF approxi
mation for hollow cylinder with insulated external surface. In Eq. (32), 
a0 and a2 are functions of time and axial distance and do not depend on 
the radial distance from center of particle, R. 

q = a0 + a2 R2 (32)  

Axial dispersion is caused by molecular diffusion and turbulent mixing 

and it is neglected for conventional fixed beds in most cited literature 
since mass transfer resistances are significantly greater [112,116]. 
However, for particles smaller than 1 mm or low linear gas velocity, it 
can have a more significant contribution outweighing the benefits to the 
kinetic effects [12]. In case of structured adsorbents the flow charac
teristics are different due to much higher bed voidage which leads to 
stronger dispersion effects influencing the breakthrough front and as a 
result the separation effectiveness [71,120]. The axial diffusion coeffi
cient (Dz) is typically expressed in term of Péclet number (Pé) as rep
resented in Eq. (33). The Péclet number is described a function of 
Reynolds and Schmidt numbers using Eq. (34) [112]. 

Pe
́
=

u0 dp

Dz
(33)  

1

Pe
́
=

0.3
Re Sc

+
0.5

1 + 3.8
Re Sc

for < Re < 400 (34)  

In case of monoliths and laminates, axial dispersion coefficients can be 
approximated from correlations describing flow in pipes [120]. Specific 
corelations of axial dispersion in fiber adsorbent beds are not present in 
literature, thus as an approximation Eq. (35) was used by Sen et al. [86] 
in their study (see Table 7). 

Improved mass-transfer and lower pressure drop are especially 
relevant during regeneration. As regeneration is often performed at low 
pressure, the reduction of pressure drop is especially impactful here. In 
the case of systems with a purge feed, the reduced pressure drop allows 
for high purge flow rates. While an improved access to the adsorption 
sites improves the desorption kinetics. 

4.4. Heat transfer 

Heat effects are a consequence of the sorption enthalpy. Generally, 
adsorption processes are assumed isothermal with the heat generated 
during the exothermic adsorption step not having a significant influence 
on the performance of the system. In practice this is not always valid as 
temperature increase has a negative effect on the adsorption capacity 
and influences the loading during cyclic operation, an effect which can 
be pronounced especially in the case of relatively concentrated adsor
bate streams [121]. Similarly, during regeneration the sorbent is cooled 
by the desorption process which deteriorates system performance. 

Similarly to mass transfer, heat transfer resistance is also influenced 
by the various diffusion paths. The heat-Biot number (Bih) is represented 
by Eq. (38) [112] as a function of Re and Prandtl number (Pr) instead of 
Sc. Typical magnitudes of heat-Biot number are Bih < 1 which means 
that contrary to mass transfer, the major resistance for heat transfer, in 
case of pellets or foams, is in the external film. Nusselt number (Nu) is 
the heat transfer analogue of the Sherwood number, thus external film 
diffusion is expressed using similar correlations as presented in Table 5 
replacing Sc with Pr. 

Bih =
0.357

2ε
kg

ke
Re0.641 Pr1

3 for < Re < 2000 (38)  

The effect of adsorbent shaping on the heat transfer was studied by 
Rezaei and Grahn [122] for different adsorbent structures (e.g., mono
liths, laminates, foam and pellets) under isothermal, adiabatic and 
nonadiabatic conditions. For nonisothermal conditions it was shown 
that the temperature rise has also an influence on the adsorption, 
leading to less sharp and faster breakthroughs. In case of monoliths, high 
cell densities were shown to lead to lower and more uniform bed tem
peratures. Similarly for foam adsorbents, increased pore densities are 
preferred for the same effect. In case of laminates small sheet spacing are 
desired for a more efficient heat dissipation. All evaluated adsorbent 
structures showed a smaller temperature gradient inside the column 
compared to the conventional packed bed of pellets, due to an improved 
effect thermal conductivity in the bed. In particular, the possibility to 

Table 5 
External film diffusion in structured packed beds.  

Shape Sh number definition Range of 
validity 

References 

(Single) 
Sphere 

Sh = 2+ 0.6 Re0.5 Sc0.33 Eq. 
(21) 

1 < Re < 104 

[55] 

Pellets Sh = 2+ 1.1 Re0.6 Sc0.33 Eq. 
(22) 

3 < Re < 104 

[113] 

Foam Sh = 0.91 Re0.43 Sc0.33 Eq. 
(23) 

15 < Re < 200 
[114] 

Monolith 
Laminate 

Sh =

A
(

1 + B Re Sc
dh

l

)0.81 
Eq. 
(24) 

Re < 500 
Chanel type: 
Circular: A =
3.6 
Triangular: A 
= 2.35 
Square: A =
2.95 
B = channel 
roughness 
constant 

[71,115] 

Fiber 
Sh =

1.45
(

Re Sc
df ,out

l

)0.33  

Eq. 
(25) 

Laminar 
regime on 
shell-side 

[86,106]  
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introduce a thermally conductive support structure can be beneficial. 
Heat-exchanger configurations have been proposed to deal with the 

heat effects, essentially balancing the heat of adsorption and desorption 
[121,123]. Lee et al. [124] have proposed a heat exchanger design for 
H2 purification, where a cylindrical bed was surrounded by an annular 
bed, that led to an improvement in performance. For full-scale appli
cation, the use of a large heat exchange surface area seems important. 
More recently, the use of plates-type heat exchange configurations has 
been proposed for PSA operations by Shabbani et al. [125,126]. Sorbent 
shaping techniques could expedite this promising development, as they 
can enable the adoption of sorbent shapes that enable heat transfer by a 
high effective bulk thermal conductivity. Similar effects have indeed 
been recently presented for 3D printed ‘logpile’ structures that provide a 
more lenient heat transfer – pressure drop trade-off sin heterogeneous 
catalysis [127]. Moreover, the potential for improved mass transfer (as 
discussed in Section 4.3 above) will allow to minimize the wall effect in 
these designs that require relatively large surface areas for heat ex
change. Besides the use of heat exchangers, phase change materials have 
been proposed to deal with the heat of adsorption. As discussed above, 
covalent organic framework (COF) adsorbents can provide high thermal 
conductivities [128]. Ma et al [129] have reported ultra-high thermal 
conductivity (>15 W m− 1 K)) for COF-300 although a strong function of 
the nanometer-range pore size. In order to make use of the enhanced 
intrinsic thermal conductivity of adsorbent materials, research into the 
shaping of these adsorbents is needed to either increase the bed solid 
density or create effective paths for conduction, in order to arrive at a 
high effective macroscopic thermal conductivity as well. Thus, sorbent 
shaping can contribute to the development of non-adiabatic adsorption 
systems, by improving the mass transfer (reducing the wall effect, 
improving flow characteristics, increasing sorbent bulk density) as well 
as heat transfer (bulk thermal conductivity). 

4.5. Productivity 

Besides low pressure drop and high mass transfer kinetics, an ideal 
PSA process should also allow for high productivities. Productivity is 

defined as the amount of product obtained per unit volume or mass of 
adsorbent in a unit of time [130]. Developed dimensionless scaling rules 
for improving the system productivity [131,132] depend on rate 
limiting steps in mass and heat transfer, rather than a particular system 
layout. The rules define a system of solutions for which dimensionless 
temperature, concentration, and pressure remain the same. As such, 
they are applicable to intensification of adsorption processes by sorbent 
shaping, provided that adapted relationships are implemented (cf. Sec
tions 4.1-4.4). Importantly, however, shaped sorbents are able to pro
vide the highest impact by their ability to change the relationship 
between temperature, concentration, and pressure. This means the 
system would require a case by case redesign rather than the use of 
scaling rules. As this is inherently computationally intensive, this is also 
where advanced numerical techniques will exert a significant impact. 

Productivity is one property which often suffers when adopting 
structured adsorbents as the volumetric loading of the adsorbent bed is 
generally lower compared to conventional geometries such as beads or 
pellets [12]. High working capacities, high adsorbent loading, and short 
cycle times are desired if the aim is to increase the productivity which 
can be expressed by Eq. (39) [71]. 

Productivity = k
WC

τ = k
WC − f(ΔP) − f(MTZ)

τ (39)  

where, k is a proportionality constant, WC is the working capacity, τ is 
the cycle time, and f(ΔP) and f(MTZ) are functions of pressure drop and 
mass transfer zone, respectively. The working capacity, expressed as 
amount of gas adsorbed or desorbed per mass or volume adsorbent [71], 
is directly related to the material and the operating conditions of the 
system being negatively influenced by the pressure drop (reducing the 
pressure swing). The mass transfer zone can also negatively impact the 
productivity by the reduction of the bed’s effective length which also 
correlates to a reduction in working capacity. High adsorbent densities 
together with low bed voidage are desired in case of rapid cycling in 
order to minimize losses during pressurization/depressurization. In 
standard pellet PSA processes about twice the amount of gas is adsorbed 
compared to the void fraction of the bed. When using shaped sorbents 
with higher void fraction the void-to-sorbent ratio increases and more 
energy/gas is needed to repressurize the columns compared to what is 
adsorbed [12]. Short cycle times can be achieved by an increase in 
flowrate which means also higher velocities. As a consequence increased 
void fractions and surface area are desired to limit pressure drops and 
subsequently energy consumption. As seen, increasing productivity of a 
PSA system is not that straightforward as it depends on many interre
lated factors. Fig. 10 illustrates the influence of adsorbent shaping on the 
specific productivity. It clearly shows that the redesign of a PSA cycle 
with the use of a structured adsorbent leads to improved performance, 
surpassing conventional tradeoffs between bed density (amount of sor
bent (kg) per m3 of column) and pressure drop, particle density and mass 
transfer limitations. It is interesting to note that for all shapes evaluated, 
there is an optimum where the productivity is the highest. Outside this 

Table 6 
KLDF definitions used in structured packed bed.  

Shape kLDF definition Ref 

Sphere kLDF = 15
De

r2
p 

Eq. (27) 
[115] 

Pellets kLDF = 8
De

r2
p 

Eq. (28) 
[115] 

Monolith Hollow cylinder with insulated external surface: 

kLDF =
4

[(
ro

ri
− 1
)
(
r2
o − r2

i
)
−

1
ri(ro − ri)

][
1
2
(
r4
o − r4

i
)
−

4ro

3
(
r3
o − r3

i
)
+ r2

o
(
r2
o − r2

i
)
]

Eq. (29) 
[115] 

Laminate kLDF = De l Eq. (30) 
[119] 

Fiber 
kLDF = 8

De r2
0D

r2
oD − r2

iD  

Eq. (31) 
[86]  

Table 7 
Axial dispersion in packed beds.  

Shape Equation Range of 
validity 

References 

Spheres/ 
Pellets 
Foam, 
Fibers 

Dz =

Dm

ε (20 + 0.5 Sc Re)

Eq. 
(35) 

Laminar 
regime [71,86,112] 

Monolith/ 
Laminate Dz = Dm +

1
192

u2
0 d2

h
Dm 

or 
Dz

u0 L
=

1
Re Sc

+
Re Sc
192  

Eq. 
(36) 
or 
Eq. 
(37) 

Laminar 
regime [71,120]  
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optimum condition, reduced productivity is observed also for structured 
sorbents. 

In terms of cycle design, the reduction of pressure drop allows for 
reduction of the regeneration pressure improving the working capacity. 
As the WC depends on the material and its isotherm, different isotherms 
lead to different operations. A material with a linearly increasing 
isotherm can be operated at any pressure level and increasing the 
pressure difference between adsorption and desorption increases the 
WC. For materials with Langmuir-like isotherms, the steepest increase in 
loading is in the lower partial pressure range while at higher pressure 
ranges, the isotherm levels off. As such a pressure swing between high 
pressures will not lead to a high WC while going to (shallow) vacuum 
can significantly increase the WC [133]. At (shallow) vacuum pressures 
the gas velocities and the resulting pressure drops increase rapidly thus 
making shaping necessary to achieve a rapid regeneration. A lower 
adsorption pressure can be applied when shaping and lower regenera
tion pressure come together, as these lead to deeper regeneration of the 
sorbent and lower pressure drop during adsorption, while the WC is not 
significantly affected for materials with Langmuir-like isotherms [134]. 

As a result, optimization of the PSA cycle is essential to make sure all 
the advantages offered by using structured adsorbents are fully 
exploited. 

4.6. Artificial intelligence: New methods for improved cycle design 

Modeling of PSA systems makes use of second order partial differ
ential and algebraic equations (PDAE) to describe the phenomena of the 
process. Generally PDAEs are converted into differential–algebraic 
equations (DAE) or algebraic equations (AE) to be solved by different 
solvers which are generally complicated and time-consuming making 
optimization of the system quite challenging [90]. In addition, the 
complexity of PSA optimization is also brought about by its cyclic 
behavior and the fact that it employs multiple steps – each with different 
characteristics taking place in different columns while the process tar
gets multiple performance indicators (e.g., product purity and recovery, 
productivity, and energy consumption) which are influenced by various 
input parameters (e.g., temperature, pressure, flowrate, column size, 
cycle time, number of steps etc.) often leading to complex tradeoffs 
[135]. Like in other fields of chemical engineering, machine learning 
methods have been successfully applied to simplify and speed up opti
mization of these complex systems. For a more general overview of 

techniques, the reader is referred to excellent reviews available in 
literature [136–141]. 

One of the main advantages of these kind of models is their speed, 
making optimization and control of PSA systems much easier to imple
ment. Compared to the detailed models, the main drawback of surrogate 
models is the fact that they cannot be extrapolated to cover other con
ditions/configurations outside the scenarios used for training. There
fore, flexibility to allow for multiple combinations of the steps in the 
cycle design needs to be the focal point when developing these models. 

Multi-objective optimization of a six-step two-bed PSA system for H2 
purification was carried out based on artificial neural networks (ANN) 
by Tong et al. [142]. Based on known operating conditions such as 
adsorption pressure and step time, the ANN was successfully trained to 
accurately predicted hydrogen recovery and purity and to optimize the 
performance of the system. Similar study was carried out by applying 
ANN and polynomial regression models by Xiao et al. [143]. It was 
found that ANN models could more accurately achieve the desired 
outputs under different weights. Two optimization approaches based on 
machine learning methods, surrogate-assisted and design space dimen
sionality reduction, were evaluated by Subraveti et al. [144] in case of a 
8-step PSA process for CO2 capture. Reduction in computational time of 
about one order of magnitude was observed while still maintaining the 
performance of the original detailed model. Oliveira et al. [145] eval
uated the performance of two other methods, ANNs and deep neural 
networks (DNN), for the optimization of the H2/CO ratio in case of a PSA 
process for syngas pre-treatment downstream Fischer-Tropsch process. 
Better performance was generally observed for the DNN models which 
were able to predict the dynamic behavior of the PSA with higher pre
cision. Beyond performance targets such as purity and recovery, Martins 
et al. [146] looked into simultaneous economic optimization and 
advanced control strategies for a PSA unit for syngas purification based 
on DNN models. Techno-economic optimization of a PSA system for CO2 
removal considering two cases and different adsorbent materials was 
evaluated by Andersson et al. [147]. Bayesian optimization and other 
two optimization algorithms presented in literature were employed on a 
reduce-order PSA model showing good results in terms of reliability and 
computational time. Li et al. [148] combined generic algorithms with 
ANN to perform multi-objective optimization of CO and CH4 break
through times and operating conditions for a hydrogen purification PSA 
system. For predicting breakthrough curves, the authors advise for the 
use of more complex algorithms such as DNNs. Optimization under 
constraints of a PSA system for integrated H2 purification and CO2 
capture, applying ANN models, was performed by Streb and Mazzotti 
[149]. The authors draw attention to the poor accuracy of the ANN 
model for conditions found at the boundary of the sampling domain and 
recommend to avoid using the models in this region or increasing the 
number of training data for these regions. Pai et al. [150] compared the 
performance of various machine learning algorithms (i.e., decision tree, 
random forest, ANN, Gaussian process regression, support vector ma
chines) for the multi-objective optimization of a VSA process for CO2 
capture. For a fixed set of operating conditions, Gaussian process 
regression-based surrogate models showed the best predictions with the 
smallest number of training data points. In addition, the authors also 
used an ANN-based model to predict cyclic steady state and used it to 
speed-up convergence of the detailed model. Simultaneous optimization 
of process conditions and adsorbent selection was performed by Kim 
et al. [151] for a VPSA system intended for post-combustion CO2 capture 
considering 75 adsorbent materials and 5 operating conditions. Two 
surrogate-based optimization approaches were compared in terms of 
accuracy and computational time – nonlinear programming (NLP) and 
mixed-integer nonlinear programming (MINLP), with the latter proving 
to be more efficient. Simultaneous optimization of process conditions 
and adsorbents screening was extensively studied by various authors 
[152–158], nonetheless the influence of adsorbent shaping was not 
considered so far in optimization problems. 

Data-driven models most commonly known as surrogate models, 

Fig. 10. Specific productivity versus superficial velocity: structured adsorbents 
(monolith, laminate, foam) enable new cycle designs with increased specific 
productivity. Figure reprinted with permission from Rezaei and Webley 
(2009) [71]. 
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machine learning models, or meta-models, are black-box models which 
approximate the solution of a detailed model based on its input–output 
relationships data. A new emerging branch of machine learning tech
niques is physics-informed neural networks (PINN) which uses ANN to 
solve PDEs [159]. In this approach conservation equations are included 
as constraints. It has been successfully applied to various areas of 
chemical engineering, such as fluid mechanics [160] or heat transfer 
[161]. A first attempt at applying this method for adsorption systems 
was done by Santana et al. [162] showing that PINNs are efficient in 
solving the PDE describing the system and subsequently used for 
parameter estimations. Following this, PINN were also applied to 
describe kinetics (breakthrough curves) [163] and adsorption equilibria 
[164] of chromatographic processes. In an interesting example of 
combining data-driven and physical models, Leperi et al. [165] devel
oped (data-driven) surrogate models for each of the most common steps 
of a PSA cycle using data from three different cycles design (e.g., 3, 4 and 
5 step designs) for training the ANN. The main advantage of their 
approach is the flexibility of evaluating different (physical) cycle designs 
by combining the ANN models of the desired steps. The developed 
model was used to evaluate the optimization of a PSA cycle for CO2 
capture considering two different adsorbent materials (i.e., MOF and 
Zeolite) showing good agreement compared to the rigorous PSA model 
at a reduction in computational time of approximately 3 orders of 
magnitude. Vo et al. [166] proposed a similar approach to the optimi
zation of an integrated process for H2 recovery and CO2 capture from the 
tail gas of hydrogen plants. ANN was used to model the main units of the 
process (e.g., PSA unit, membrane, cryogenic) and subsequently inte
grate it with AEs to describe compressors, heat exchangers and to 
evaluate the economics of the entire process. 

Most focus has been on optimization and control of existing systems. 
In view of the complex nature of PSA-type processes, hybrid approaches 
between physical models and data-driven models as well as PINNs seem 
to provide interesting opportunities, especially for the development of 
novel, optimized cycles for structured adsorbents. 

5. Conclusions and outlook 

Adsorbent shaping has been well established as an important enabler 
for intensified pressure swing adsorption (PSA) processes. Intensifica
tion of PSA cycles can be facilitated by structured adsorbents, for which 
reduced pressure drop and enhanced mass transfer kinetics have been 
well demonstrated experimentally as well as corroborated in modelling. 
Moreover, a major potential for further improvement can still be 
explored by redesigning the PSA system based on shaped sorbents, to 
allow in the end unsurpassed gains in productivity. In this context, only 
few papers have explicitly focused on productivity increase by cycle 
redesign [13,58,71,86]. For redesigning the PSA systems, it is of crucial 
importance that the set of available, validated model relations as out
lined in this work become more widely established. In this paper, an 
attempt has been made to present a structured overview of model 
relations. 

Desired properties for structured adsorbents were found to be high 
adsorbent loading in case of coated structures or with the use of binders, 
high bed density, high surface area, optimum bed voidage. For each 
structure, trade-offs to satisfy both high mass transfer and low pressure 
drop need to be identified to unlock full potential of implementing rapid 
cycling in PSA systems. The most important trade-off for each applica
tion depends on the process integration, and is a conclusion from techno- 
economic analysis on a system level. Optimum geometric parameter 
ranges (e.g., wall thickness, cell density) found through modeling should 
also be validated at scales beyond lab-scale. In addition, in order to be 
applied industrially, structured adsorbents need to possess good me
chanical and cyclic stability as well as long lifetimes. Thus, duration tests 
should be performed for newly developed structured adsorbents, 
providing valuable information for cost assessment as well. From the 
manufacturing part, easy, fast and cost-effective options are required. 

Additive manufacturing, or 3D printing, has been identified as a prom
ising shaping technique but there are still barriers to overcome for large- 
scale production. Simpler geometries inspired from catalysis (e.g., multi- 
hole cylinders, multi-lobe shapes) remain of interest, as these geometries 
can already be easily and cost effectively manufactured speeding up 
implementation. It is essential that the intensified PSA cycles are vali
dated in pilots and demonstration units to corroborate the predicted 
performance gains. 

Optimization of cycle design, not just of the geometric parameters, is 
essential to ensure that the benefits associated to shaping are completely 
exploited. There is limited information regarding the performance of 
structured adsorbents at realistic cyclic operation. Process dynamics will 
be different compared to the conventionally shaped material as a 
consequence of different mass transfer limitation (molecular diffusion vs 
film transfer). Artificial intelligence-based optimization methods, 
already extensively applied for PSA modeling and optimization, will 
bring a lot of opportunity for studying improved cycle designs. Perfor
mance evaluations should go beyond pressure drop, separation recovery 
and productivity and include also potential energy efficiency and size 
reduction compared against existing PSA systems in a systematic way so 
that even different geometric structures can be easily compared against 
each other for a specific application. Furthermore, techno-economic 
assessment has been scarcely evaluated so far [60,61,81]. More effort 
needs to be invested towards this to actually weight in the benefits of 
using structured adsorbents and thus take the next step towards 
implementation. 

In conclusion, sorbent shaping provides the ability to fundamentally 
redesign and optimize pressure swing adsorption cycles. Based on our 
analysis, we highlight several complementary elements that will expe
dite the development of next generations of PSA systems:  

• High-density and low pressure drop sorbents will be developed using 
the combined effort of experimental shaping efforts and numerical 
modelling techniques (including computational fluid dynamics). 
Especially for the latter, the use of artificial intelligence will enable 
relatively fast convergence.  

• Taller and more slender columns will be made possible that improve 
the productivity.  

• Low operating pressures will become feasible, both in the adsorption 
step and in the regeneration, leading to a better separation perfor
mance and improve efficiency. New cycle designs employing a (mild) 
vacuum for regeneration will become technically feasible.  

• Because of the reduced column size, a larger number of columns per 
train will be economically attractive. This means systems will run 
more close to ideal ‘countercurrent’ operation (see also Sivakumar 
and Rao [167]) In the design and optimization, the use of artificial 
intelligence will also play an essential role. 

Thus, sorbent shaping is a very promising developing field, that will 
reach its full potential if a more comprehensive approach will be 
followed. 
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Dora-Andreea Chisăliță: Writing – original draft, Conceptualiza
tion. Jurriaan Boon: Writing – review & editing, Supervision, 
Conceptualization. Leonie Lücking: Writing – review & editing. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 
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