Heriot-Watt University
Research Gateway

Synergistic material and process development
Citation for published version:
Asgari, M, Streb, A, van der Spek, M, Queen, W & Mazzotti, M 2021, 'Synergistic material and process
development: Application of a metal-organic framework, Cu-TDPAT, in single-cycle hydrogen purification
and CO capture from synthesis gas', Chemical Engineering Journal, vol. 414, 128778.
2
https://doi.org/10.1016/j.cej.2021.128778

Digital Object Identifier (DOI):
10.1016/j.cej.2021.128778
Link:
Link to publication record in Heriot-Watt Research Portal
Document Version:
Publisher's PDF, also known as Version of record

Published In:
Chemical Engineering Journal
Publisher Rights Statement:
© 2021 The Authors.

General rights
Copyright for the publications made accessible via Heriot-Watt Research Portal is retained by the author(s) and /
or other copyright owners and it is a condition of accessing these publications that users recognise and abide by
the legal requirements associated with these rights.
Take down policy
Heriot-Watt University has made every reasonable effort to ensure that the content in Heriot-Watt Research
Portal complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact open.access@hw.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

Download date: 09. Jan. 2023

Chemical Engineering Journal 414 (2021) 128778

Contents lists available at ScienceDirect

Chemical Engineering Journal
journal homepage: www.elsevier.com/locate/cej

Synergistic material and process development: Application of a
metal-organic framework, Cu-TDPAT, in single-cycle hydrogen purification
and CO2 capture from synthesis gas
Mehrdad Asgari a, 1, Anne Streb b, 1, Mijndert van der Spek c, Wendy Queen a, *, Marco Mazzotti b, *
a
b
c
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We employ a synergistic material and process development strategy to improve the performance of a single-cycle
vacuum pressure swing adsorption (VPSA) process for the hydrogen purification and the CO2 separation from
reforming-based hydrogen synthesis. Based on process-informed adsorbent selection criteria, including high CO2
cyclic capacity and selective uptake of impurities like CO, N2, and CH4 over H2, a metal organic framework
(MOF), Cu-TDPAT, is selected. First, adsorption isotherms of CO2, CO, CH4, N2 and H2 are measured. Subse
quently, a column model is used for optimization-based analysis of the VPSA cycle with Cu-TDPAT as the
adsorbent to assess both the separation performance, and the process performance in terms of energy con
sumption and productivity. The adsorption characteristics of Cu-TDPAT require an adaptation of the original
VPSA process to increase the CO2 separation performance of the process. After this adaptation, Cu-TDPAT clearly
outperforms the benchmark material, zeolite 13X, in several metrics including higher H2 purities and recoveries
and fewer columns needed for a continuous separation process. Most importantly, Cu-TDPAT offers a two-fold
improvement in CO2 productivities when compared to zeolite 13X, thus substantially decreasing the bed size
required to achieve the same throughput. However, zeolite 13X remains the better adsorbent for reaching high
CO2 purities and recoveries due to its higher selectivity for CO2 over all other components in the gas stream,
which leads to an overall lower energy consumption. The obtained results show that the final performance
strongly depends on an interplay of various factors related to both material and process. Hence, an integrated
process and material design approach should be the new paradigm for developing novel gas separation processes.

1. Introduction
Climate change is one of the most pressing challenges of the 21st
century. To mitigate the continuous increase in atmospheric CO2 levels,
it is imperative that we undergo a global transition to a low-carbon
economy that is based on sustainable industrial and energy systems as
quickly as possible. Current estimates indicate that 10 to 15% of global
energy is consumed on industrial separations alone, and this number is
expected to increase significantly with the implementation of large scale
carbon capture efforts.[1] Therefore, the development of high per
forming adsorbents [2,3] able to readily capture greenhouse gases like
CO2 from dilute gas streams, and/or reduce the energy input into a
number of existing industrial separations is needed. Adsorbent

development, combined with the development of new energy efficient
separation processes is expected to play a major role in enabling a highly
anticipated low-carbon transition.[4,5]
Unfortunately, the development of materials and process design
often occur in a disconnected way; in short, while there are many
literature reports on the design and characterization of a host of novel
adsorbents, the relevant performance metrics for their actual imple
mentation into a given separation process are often unknown, hence the
materials are often improperly assessed. This shortfall is partially owed
to the differences in the nature of the required disciplines – namely
chemistry and materials science versus chemical engineering and pro
cess design, which require very different expertise. Several exceptions
can be found in the field of post-combustion CO2 capture (PCC), which
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has not only resulted in the identification of promising adsorbents
amongst a variety of existing materials, i.e. already either synthesized in
the lab or designed in silico, but also enabled the development of an
understanding of the important adsorbent characteristic relevant for
classical adsorption based PCC, i.e. CO2-N2 separation. As an example, to
determine the characteristics of four adsorbent materials, Farmahini
et al. [6] coupled molecular simulations with process modeling of a
vacuum swing adsorption (VSA) cycle and concluded that the ‘maximum
performance … depends on a complex combination of both intrinsic
material properties and process variables’. Consequently, they sug
gested a new dimensionless metric to estimate the process performance
of a given material. Burns et al. [7] used a similar approach com
plemented with machine learning techniques to predict the process
performance of 1632 MOFs for VSA based PCC. Balanshankar and
Rajendran [8] extended this work to zeolites. Hefti et al [9] studied a
temperature swing adsorption (TSA) process using an adsorbent with a
step-shaped isotherm. They assessed hypothetical variations of the ma
terial with different step pressures and enthalpies to optimize the per
formance. Ga et al. [10] developed an evaluation software tool coupling
a sorbent library based on molecular simulations with shortcut perfor
mance evaluation for idealized VSA and PSA PCC processes.
Different separations, however, have very different material re
quirements, for example if more than one impurity has to be separated
from the product or if the light product instead of the heavy product
should be purified. In this paper, we therefore present a collaborative
and interdisciplinary approach toward material and process develop
ment involving both materials science and process engineering. We aim
at i) showing that understanding the real needs of the envisaged in
dustrial process can help set process-informed material requirements; ii)
demonstrating that with a collaborative approach, opportunities or
shortcomings either on the side of the material or the process can be
identified and synergies can be exploited to design effective and viable
material-process combinations; and iii) understanding and exemplifying
the complex interactions between material properties and final process
performance. Such information is indispensable for the design and
synthesis of adsorbents tailored for different separation applications. We
here limit ourselves to the class of MOF materials, i.e. taking the first
step in materials-process collaboration while leaving the second step –
the process informed new materials design and discovery – for future
work.
Adsorption based co-purification of H2 and CO2 in the context of lowcarbon fossil-based H2 production was selected as case study. This sep
aration is highly relevant given the increasing importance of H2 as lowcarbon energy carrier and raw material on the one hand, and the high
costs and low renewable electricity supply limiting H2 production from
renewable electricity on the other hand.[11] Hence, a fossil based pro
duction route coupled with CO2 capture and storage to mitigate CO2
emissions is a logical and viable alternative.[12] Furthermore, the
complex separation task includes purification of the light product (H2),
purification of the heavy product (CO2) and separation of several im
purities, and thus allows for an analysis of how different material
properties influence one, two or all three of these tasks.
In this manuscript, we first describe the VPSA process of interest.
Then we determine the adsorbent requirements for such process. Next, a
MOF adsorbent, i.e., Cu-TDPAT framework is selected based on these
criteria and characterized. Cu-TDPAT is an rht-type framework that
presents high densities of accessible open metal sites. The framework
crystallizes in the tetragonal I4/m space-group (no. 87) and contains
Cu2(carboxylate)4 “paddlewheel” units that are interlinked by TDPAT6ligands to form a neutral, porous, and three-dimensional network.[13]
We then optimize the process using such material and assess its per
formance including suggestions on how to adapt the VPSA cycle to
improve the material-process configuration. The performance with this
adsorbent is then compared to that with the benchmark material, zeolite
13X.

2. Background on VPSA for low-carbon hydrogen
In previous works, we have developed a vacuum pressure swing
adsorption (VPSA) process that allows the integration of hydrogen pu
rification with the concurrent separation of CO2 from reformer syngas in
a single adsorption cycle.[14,15] The most promising one is presented in
Fig. 1 and employed in the current work. In addition to high purity H2
and CO2 product streams, the cycle yields a third stream as tail gas
containing the majority of the impurities present in typical reformer
syngas (Table 1).
As in a typical PSA process, the first step of the cycle is a highpressure adsorption step (Ads) where the syngas is fed to the column.
Initially, all components are adsorbed onto the adsorbent; however, H2,
having the lowest affinity, can be withdrawn as product from the top of
the column until the first impurity breaks through. At this point, the feed
is stopped and the column undergoes a sequence of pressure equaliza
tions (PE1-PE3). During a PE step, the top of the high-pressure column is
connected to the bottom of another column at lower pressure, which
results in the outflow of the hydrogen rich gas in the voids from the highpressure column into the lower pressure one. Traces of impurities pre
sent in the outflowing stream adsorb at the bottom of the low-pressure
column, and the valuable hydrogen remains in the process rather than
being wasted, thereby increasing its recovery. After the third pressure
equalization, the column pressure is bled off until the pressure is
ambient, a step called blowdown (BD1); this step produces a tail gas that
consists of H2 and large amounts of impurities. These aforementioned
steps are similar to those typically employed in a hydrogen PSA process.
[16]
The remaining steps target CO2 capture. Next, the ambient pressure
column is purged from the bottom with a CO2 rich gas stream, a step
referred to as the heavy purge (HP). The purge stream pushes the H2 gas
remaining in the column voids out of the column and desorbs and re
places impurities also pushing them out of the column. This HP step is
necessary to ensure the required CO2 purity. Around the time the CO2
breaks through, the HP is stopped, and the CO2 is withdrawn, via
evacuation, from the column bottom, referred to as the BD-vac step.
After evacuation, some CO2 still remains, both adsorbed and in the
column voids. This CO2 is recovered by purging with previously purified
hydrogen product (the light product) inserted from the top of the col
umn, referred to as the light purge (LP). During this step, the column
remains at sub-atmospheric pressure. The resulting outflow is rich in
CO2, but also contains increasing amounts of other impurities as well as
H2. This CO2 rich outflow from the LP step mixed with additional CO2
product from the BD-vac step is used to purge the column in the HP step.
In addition to desorbing additional CO2, the light purge step also cleans
the column top. Finally, the column is re-pressurized, first in a sequence
of three PEs, and then with the syngas feed.
3. Methods
In this work, we have adapted the following multi-step procedure:
• Formalization of material requirements based on intimate knowledge of
VPSA process.
• Literature and database screening for MOF materials that potentially
comply.
• Selection of MOF material for further characterization and study.
• Material synthesis and characterization.
• Process modelling and multi-objective optimization.
• Performance comparison with incumbent benchmark material.
Formalization of material requirements based on intimate knowledge of
VPSA process
The VPSA process described above operates at three distinct pressure
levels: i) high pressure for H2 purification, ii) intermediate pressure to
enrich the column in CO2 and push impurities out of the column, and iii)
2
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Fig. 1. 12 step VPSA base cycle as described in [14] and [15].

thus leading to a process closer to isothermal conditions, which is
favourable.
Last, industrially relevant indicators should be considered, including
a low cost of the synthesized material or of the precursors needed for
synthesis, the potential for scale-up of the synthesis process, and a high
chemical and hydrothermal stability (pre-drying of the syngas comes at
an additional cost).
Literature and database screening for MOF materials that potentially
comply
For material screening, CO2 adsorption properties of a number of
different MOF structures were considered [20,21] together with the
industrially relevant indicators mentioned above. Several MOFs with a
high potential for CO2 capture applications, including Mg-MOF-74[22],
ZIF-GME frameworks (ZIF68, ZIF69, ZIF78, ZIF79, and ZIF81) [23], CuBTTri [24] and Cu-TDPAT were included in the comparison.
Selection of MOF material for further characterization and study
Cu-TDPAT (Cu3(TDPAT), H6TDPAT = 2,4,6-tris(3,5-dicarbox
ylphenylamino)-1,3,5-triazine), an rht-type MOF was selected as
adsorbent for the further analysis due to several reasons. First, it exhibits
a large CO2 adsorption capacity due to its high internal surface area
coupled with a high density of open metal sites and nitrogen-rich ligands
[25,26] and also a good adsorption capacity for CH4 and light hydro
carbons [26–28]. Second, in contrast to many other well-known MOFs
for CO2 adsorption like Mg-MOF-74, the CO2 adsorption isotherm of CuTDPAT exhibits a moderate slope in the Henry regime and the material
has a lower heat of CO2 adsorption than benchmark zeolite 13X (sup
porting information).[18,26] Third, the synthesis of Cu-TDPAT is
straightforward and its ligand can be synthesized in a single step from
low-cost starting materials.[26] Finally, it shows good stability under
humid conditions.[26]
Material synthesis and characterization
Cu-TDPAT was synthesized following the procedure described in the
supporting information and characterized via powder x-ray diffraction
and nitrogen adsorption measurements (77 K) to determine the BET
surface areas and the pore volumes.[29] Subsequently, preliminary
uptake measurements were performed (for the procedure see supporting
information) at one temperature, i.e. 25 ◦ C, for CO2, CH4, CO and N2 to
confirm the good adsorption characteristics and make a comparison
with the two benchmark materials. The comparison is reported in
Table 1 and confirms the favorable adsorption characteristics with i) a
high uptake of CO2 and of all impurities, in many cases exceeding that of
the benchmark adsorbents considerably, ii) a CO2 cyclic capacity more
than twice that of the benchmark adsorbents, and iii) a hydrogen
adsorption for Cu-TDPAT in between the two commercial adsorbents.
Then, a full characterization was carried out including the mea
surement of low-pressure (0–1 bar) isotherms at several temperatures
(288, 298 and 308 K) for CO2, CO, CH4 and N2, and of high pressure

Table 1
Adsorption capacities of zeolite 13X [18] and AC [17] as well as MOF Cu-TDPAT
for process conditions relevant for VPSA. The capacities are shown at a tem
perature of 25 ◦ C (first isotherm measurements on Cu-TDPAT). For all simula
tions, the feed temperature of 35 ◦ C and pressure of 25 bar was used.
Partial pressure

Zeolite 13X

AC

Cu-TDPAT

bar

mol/kg

mol/kg

mol/kg

Adsorption: uptake at adsorption partial pressure, syngas composition according to
[30]
CO2
CO
CH4
N2
H2

4.08
1.16
0.76
0.05
18.95

5.2
0.93
0.42
0.019
0.37

4.1
0.57
0.84
0.015
1.0

11.2
1.3
0.93
0.018
0.61

1.8

5.2

Heavy Purge HP (base case): CO2 uptake at 1 bar
CO2

1.0

4.5

Regeneration BD-vac (base case): CO2 uptake at 0.1 bar
CO2

0.1

2.9

0.3

1.3

Cyclic capacity CO2: i) between Ads and BD-vac ii) between HP and BD-vac
Ads → BD-vac
HP → BD-vac

4.08–0.1
1–0.1

2.3
1.6

3.8
1.5

9.9
3.9

sub-atmospheric pressure to withdraw CO2. Based on that, the following
material requirements can be defined:
• high CO2 cyclic capacity between the intermediate pressure and the
sub-atmospheric pressure (high productivity);
• selective uptake of CO2 over the impurities at the intermediate
pressure (high CO2 purity);
• low uptake of H2, and high uptake of all other components during the
high-pressure adsorption step, i.e. at syngas conditions (high H2
purity, recovery, productivity).
Two commercial adsorbents, i.e. activated carbon, AC [17] and
zeolite 13X [18], were considered as benchmark. Their performance in
terms of the adsorbent metrics defined above is reported in Table 1.
Moreover, the material should have a CO2 isotherm without a steep
slope at low pressures, i.e. corresponding to very high affinity, because
the process aims to withdraw CO2 at a moderate vacuum. High vacuum
is disadvantageous due to i) the high energy consumption resulting from
rapidly decreasing vacuum pump efficiencies below 0.1 bar [19] and ii)
the difficulty to achieve high vacuum with standard industrial equip
ment, hence the requirement of more costly vacuum pumps. Further
more, a lower affinity for CO2 translates into a lower heat of adsorption,
3
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isotherms at 25 ◦ C for H2 (0–180 bar) and CO2 (0–30 bar) (for the
procedure see supporting information). The isosteric heats of adsorption
were extracted from the measurements at different temperatures using
the Clausius Clapeyron equation [31–33]. For the mathematical
description of the isotherms, a Langmuir model was fitted to the iso
therms of all components except CO2, for which the Dual Site Langmuir
(DSL) model was used. Multicomponent adsorption was described using
extended isotherms:
(
)
q∞
q∞
1,i k1,i (T)yi P
2,CO2 k2,CO2 (T)yCO2 P
∑
qeq
+
(1)
n
i =
1 + j=1 k1,j (T)yj P
1 + k2,CO2 (T)yCO2 P

accommodate a specific cycle. In addition, idle times in between steps
are often necessary, which increases the total duration of the cycle and
thus decreases the productivity. In this work, constraints for the
scheduling are a synchronization of all three PE steps and a continuous
feed flow, whereas intermediate storage tanks are assumed to be present
for all recycles (recycled gas is used during heavy and light purge).
Below, we first report the productivity without the effect of scheduling;
then for the final comparison of the energy consumption and produc
tivity, we include the effect of scheduling.
Performance comparison with incumbent benchmark material
Finally, the VPSA process performance of Cu-TDPAT was compared
to that using zeolite 13X. This yields an understanding of how the dif
ferences in adsorption characteristics relate to the differences in process
performance, which allows to suggest further material improvements
and to re-evaluate the list of process-informed adsorbent requirements,
i.e., start a new iteration of points 1 to 6, if so desired.

Where n corresponds to the number of components, qeq
i corresponds
to the equilibrium solid phase concentration, Pis the total pressure, yi is
the molar fraction of component i, k1 (T) is the affinity coefficient, and
q1 is the saturation capacity. The temperature dependency of the affinity
coefficient is expressed as:
( 1)
kj
0
kj,i (T) = kj,i exp
j = 1, 2
(2)
T

4. Results and discussion
First, the results of the material characterization are presented.
Subsequently, the H2 and CO2 separation performance for Cu-TDAPT are
discussed. A cycle modification is suggested and the resulting im
provements in CO2 and H2 separation performances are demonstrated.
This is followed by a discussion of the process performance of Cu-TDPAT
including the effect of scheduling. Finally, the performance of CuTDPAT is compared to that of zeolite 13X, thus showing how the MOF
pushes the energy-productivity Pareto front to the region of higher
productivities.

It should be noted that all measurements were carried out on CuTDPAT in powder form. Typically, some capacity is lost upon struc
turing, and therefore the following analysis shows the upper bound of
the possible performance with Cu-TDPAT.
Process modelling and multi-objective optimization
After adsorbent characterisation, the VPSA adsorption process was
modelled with the 1D, one column model that was previously developed
at ETH Zurich and described in detail in the literature.[14] The process
parameters are summarized in section S5 of the supporting information.
Different key performance indicators (KPI) were used for assessing the
performance of the VPSA process with Cu-TDPAT including the purity
and recovery of both CO2 and H2, the energy consumption and the
productivity (for the definition, refer to section S11 of the supporting
information). Energy consumption and productivity are advantageous
for comparison, because they are easily obtained from process modelling
and are viewed as proxy indicators for operational and capital expen
ditures, respectively.
A two-step approach was used for process optimization (for more
details, the reader is referred to [14]). First, the feasibility of the sepa
ration was assessed by mathematically optimizing (using the multiobjective optimization routine described elsewhere [34]) the purity
and recovery of H2 while constraining purity and recovery of CO2 to
96% and 90%, respectively (the requirements typically set for CO2
capture and storage [35,36,37]). After this feasibility analysis, the ma
terial or the process configuration may be revisited for improvements.
Then, energy consumption and productivity were optimized through an
extensive sensitivity analysis, constraining the purities and recoveries of
both products to CCS requirements for CO2, 90% recovery for H2 (in line
with recoveries obtained from PSA processes currently used for H2 pu
rification, [16]), and H2 purities of either 99.9% (for use in, e.g., re
fineries, catalytic boilers) or 99.97% (PEM fuel cells for transportation).
[38] The decision variables used were the duration of the adsorption
step, the duration of the LP step and the recycle ratio (i.e. how much of
the total CO2-rich stream produced from the BD-vac step is recycled to
be used for the HP), and for the process performance in addition the
evacuation pressure and the HP pressure.
After the optimization runs, a scheduling exercise was undertaken to
determine a possible amount of columns for this process and to provide a
more realistic estimate of the productivity: as adsorption processes are
cyclic processes, they are typically accommodated in a series of columns
that undergo the same cycle sequence shifted in time, thus necessitating
scheduling. The scheduling is subject to several constraints, that can be
related to the cycle, like a synchronization of all PE steps (a PE-Press step
has to start and end in one column at the same time as the corresponding
PE-BD step in another column), or to the process, like a continuous feed
flow. This leads to a minimum number of columns required to

4.1. Material characterization
Cu-TDPAT was synthesized with high purity as confirmed by the
experimental x-ray powder diffraction pattern compared to the simu
lated one shown in Fig. 2. Also the calculated BET surface area (2250
m2/gr) and the pore volume (≈ 0.9 cc/gr) are in line with previously
published values.[26]
Fig. 3 shows the low pressure CO2 adsorption isotherms at 15 ◦ C,
◦
25 C, and 35 ◦ C and the fits with the DSL isotherm. The isotherms for
the other species are shown in the supporting information (Figure S1).
The corresponding heat of adsorption is shown in Fig. 4b, the

Fig. 2. Simulated [26] and experimental synchrotron powder x-ray diffraction
pattern of Cu-TDPAT (λ = 0.78256 Å). The more pronounced Miller indices
below the two theta of 10◦ have been indicated on the plot. Inset: high angle
diffraction peaks showing the high crystallinity of the synthesized framework.
4
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linear up to 1 bar and much lower than that of CO2 with N2 being the
least adsorbing impurity and it is described well with the corresponding
isotherm model. The uptake at other temperatures is reported in the
supporting information (Figure S1). The extracted isosteric heats of
adsorption are shown in Fig. 4b and follow the sequence CO2 > CO >
CH4 > N2. In contrast to CO2 with a high heat of adsorption at low
loadings that rapidly decreases to a lower value at lower loadings, it is
almost constant for the other components implying that the adsorption
of these small molecules occurs either at a single adsorption site or at
different adsorption sites with similar interaction energies. For the
simulations, we use an isosteric heat of adsorption averaged over the
loading range relevant to the process (Table 2). Fig. 4c shows the high
pressure adsorption isotherms of CO2 and H2 on Cu-TDPAT at 25 ◦ C. For
H2, the uptake is clearly the lowest of all components (compare Fig. 4a
and c) and linear up to 30 bar, which indicates a very low affinity for H2.
In contrast to that, CO2 adsorption features a very high maximum
loading and a long, almost linear region of the isotherm, thus resulting in
the targeted high cyclic capacity (see section 3). All estimated isotherm
parameters are reported in Table 2 together with the averaged heat of
adsorption used in the simulations.
Fig. 3. CO2 adsorption isotherms on Cu-TDPAT together with the corre
sponding DSL fit.
Table 2
Isotherm parameters and heat of adsorption for Cu-TDPAT.

corresponding isotherm parameters are provided in Table 2.
The figure shows that the adsorption isotherms have a relatively
steep slope at low CO2 pressure up to 0.1 bar, but afterwards increase
almost linearly. A DSL isotherm model was necessary for a good fit,
which implies the presence of at least two types of adsorption sites with
a significant difference in their affinity for CO2. This is further supported
by the heat of adsorption for CO2 shown in Fig. 4b, with a high heat of
adsorption at low loadings and a sharp decrease by about 50% for
increasing loadings. The DSL model reveals that the two CO2 adsorption
sites are significantly different. For instance, site 1 has a low CO2 affinity
and high saturation capacity, while site 2 has a high affinity and low
saturation capacity (see Table 2). These observations are in line with the
structure of Cu-TDPAT, which has several different open metal sites that
can electrostatically interact with CO2 [25,26] as well as nitrogen based
ligands, which are likely to provide many adsorption sites with rela
tively weak Van der Waals interactions.[25,29,39] The diversity of the
adsorption sites in the structure of this framework has been reported
elsewhere.[25,26]
Fig. 4a shows a comparison of the measured low pressure adsorption
isotherms of all impurities and of CO2 at 25 ◦ C (symbols) together with
their corresponding fits (lines). The uptake of all impurities is relatively

CO2 1
CO 2
N2 2
CH4 2
H2 3

q∞
1

k01

k11

q∞
2

k02

k12

ΔHads 4

mol/kg

1/MPa

K

mol/kg

1/MPa

K

J/mol

18.6
3.86
3.30
11.2
4.99

2.31e-04
1.52e-04
3.42e-03
7.69e-04
7.37e-02

2830
3055
1720
2190
0

0.859
0
0
0
0

748
0
0
0
0

8.49
0
0
0
0

−
−
−
−
−

26000
27000
13700
18000
8050 5

1

variable temperature DSL model based on low pressure and high pressure
adsorption isotherms
2
variable temperature Langmuir model based on low pressure adsorption iso
therms
3
temperature independent Langmuir model based on high pressure measure
ments
4
average provided for simulation calculated as average between the loading at
feed partial pressure (Table 1) and zero partial pressure (CO, CH4, N2) or 1 bar
(base case HP pressure) and 0.1 bar (base case BD-vac pressure) for CO2. The low
pressure loading range for CO2 therefore was not considered, resulting in a low
average heat of adsorption for CO2
5
assumed to be the same as for H2 adsorption on zeolite 13X, a reasonable
simplification considering its narrow range on a variety of materials [18]

Fig. 4. (a) Fitted (lines) and measured (circles) low pressure adsorption isotherms on Cu-TDPAT at T = 25 ◦ C. (b) Isosteric heats of adsorption on Cu-TDPAT. (c)
Fitted (lines) and measured (circles) high pressure (and low pressure for CO2) adsorption isotherms on Cu-TDPAT at T = 25 ◦ C; filled circles for CO2 correspond to the
high pressure isotherm measurements and empty circles to low pressure measurements.
5
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4.2. Separation performance
4.2.1. H2 separation performance
Fig. 5 shows the results of the constrained (CO2 purity ≥ 96%, CO2
recovery ≥ 90%) optimization of H2 purity and recovery. The Pareto
front is indicated with a black line and x-symbols; the dependency of the
separation performance on the recycle ratio is indicated by the color of
the symbols.
The figure shows that changing the recycle ratio results in no clear
change either towards higher purities or higher recoveries, but lowering
the recycle ratio is overall beneficial for pushing the Pareto front to
wards both higher purities and higher recoveries. There is, however, a
clear trade-off between recovery and purity, which can be explained by
the influence of the two remaining decision variables, i.e. the feed and
the LP duration. This is illustrated in Fig. 6, which shows the amount of
impurity in the H2 product as function of (a) the feed duration and (b)
the LP duration.
Fig. 6a shows that for Cu-TDPAT, N2 is the leading impurity front and
breaks through first after feeding for ~ 85 s because of its low affinity for
Cu-TDPAT. Therefore, a higher affinity for N2, making all impurities
break through at the same time, would be beneficial. Increasing the feed
duration therefore decreases H2 purity as more impurity breaks through,
but at the same time naturally leads to higher H2 recovery. The figure
further shows that the CO2 content in the H2 product does not depend on
the feed duration. Instead, it clearly decreases with increasing LP du
rations, as shown in Fig. 6b, because with increasing LP durations, a
better cleaning of the column from CO2 that contaminates the column
top (the H2 production side) can be achieved, thus increasing the
obtainable H2 purity. However, because the LP uses part of the H2
product, longer LP durations decrease H2 recovery.
Fig. 5 shows that when using Cu-TDPAT, H2 purity above 99.9(7) %
can be readily reached, but not very high recoveries. In short, the Pareto
front of Cu-TDPAT does not reach far into the region of recoveries ≥
90%. This is related to the constraints on the CO2 separation perfor
mance and is discussed in the following section.

Fig. 6. Impurity content in H2 product as function of total feed duration (Ads
and Press) (a) and of LP duration (b). Constraints: CO2 96%, CO2 recovery
≥ 90%.

4.2.2. CO2 separation performance and cycle adaptation for Cu-TDPAT
Fig. 7, left, shows the CO2 separation performance corresponding to
the optimization discussed above (red squares) but constraining the H2
purity at ≥ 99.9% and the H2 recovery at ≥ 90%. Additional Pareto
fronts for Cu-TDPAT after a cycle adaptation (discussed below) as well as
for zeolite 13X (discussed in section 4.4.1) are shown. Note that the
Pareto fronts were not obtained from a dedicated optimization of CO2
purity and recovery, but from a post-processing of the data obtained
during the constrained optimization of H2 purity and recovery. Fig. 7,

Fig. 7. Left: Pareto optimal points for CO2 purity and recovery obtained during
constrained optimization of H2 purity and recovery, all points reach H2 purity
≥ 99.9%, H2 recovery ≥ 90%. Right: recycle ratio along the Pareto fronts. The
CO2 purity axis is the same for both graphs.

right, shows the recycle ratio (of CO2 product for use in the HP) corre
sponding to the respective Pareto fronts with the same y-axis as the left
figure. The effect of the three decision variables is indicated with arrows.
The figure shows that for the base case (red squares), the CO2 sep
aration performance is poor and CCS requirements are only barely met,
which narrows the window of feasible operating conditions. As indi
cated in the figure, upon either increasing the adsorption time or
reducing the LP time (the methods used to increase H2 recovery), the
CO2 separation performance gets worse, thus limiting the H2 separation
performance to the region of lower recoveries.
Fig. 7 further shows that, as in the case of H2 purity and recovery,
there is a clear trade-off between CO2 purity and recovery, related in this
case to the recycle ratio shown in the right figure. Higher recycle ratios
result in higher CO2 purities, but also lead to the CO2 front breaking
through during the heavy purge, thus reducing the CO2 recovery. For
illustration, a typical gas phase column profile at the end of HP is shown
in Fig. 8a. CO2-rich purge gas enters at the column bottom (normalized
column length zero) and tail gas exiting at the column top (normalized
column length 1). Fig. 8a illustrates how the CO2 front breaks through at
the end of the HP step, thus leading to a loss of CO2. Because of the low
affinity of CO2 for Cu-TDPAT, the selectivity over the other impurities is
not very high and thus the CO2 front is not very steep (the calculated
selectivity is provided in the supporting information, section S1).
Moreover, there is significant co-adosorption of other impurities inside

Fig. 5. Constrained optimization of H2 purity and recovery (CO2 purity ≥ 96%,
CO2 recovery 90%). The H2 recovery-purity target is shown with boxes for the
two different purity constraints.
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gas phase H2 increases significantly, which in turn can decrease CO2
purity.
It is important to highlight that the increase in CO2 cyclic capacity at
higher HP pressures does not enable longer adsorption times. Instead,
more CO2 has to be recycled back to saturate the column in CO2 before
evacuation, thus leading to an increase in recycle ratio with higher HP
pressures (Fig. 7 right). A higher recycle ratio results in a higher energy
requirement for the same amount of CO2 produced (recycled CO2 has to
be evacuated twice). In addition, the recycled CO2 has to be compressed
to higher pressures, if the HP is carried out above atmospheric pressure,
which requires additional energy and a compressor, i.e. an additional
piece of equipment. Therefore, despite a clear improvement in separa
tion performance for higher HP pressures, the overall effect on the
process performance remains to be seen.

Fig. 8. Gas phase profiles at the end of the HP step for Cu-TDPAT and HP at 1
bar (a) and HP at 4 bar (b), the final CO2 purity is the same (96%), and they
reach ≥ 90% recovery for both H2 and CO2 and ≥ 99.97% H2 purity.

4.2.3. H2 separation performance for adapted cycle
Fig. 11, left, shows the H2 purity-recovery Pareto front for the old
cycle configuration and for the new cycle configuration with higher HP
pressures of 2 bar, 3 bar and 4 bar. The separation performance for
zeolite 13X is shown in the same figure and discussed in section 4.4.1.
The feed durations corresponding to the Pareto fronts are shown on the
right with the same y-axis as the left graph and confirm what was stated
above: the adsorption times are basically the same for Cu-TDPAT and the
different cycle configurations and are related directly to the H2 purity
and recovery.
Fig. 11, left, shows that for higher HP pressures, the H2 Pareto front
reaches the region of higher recoveries and spans through the whole
region of H2 recoveries and purities of interest, thus achieving the
desired improvement of the H2 separation performance. Exploiting the
opportunity of a process adaptation based on the specific needs and
characteristics of the adsorbent highlights the importance of integrating
material and process development for identifying such synergies. Note,
however, that there is only a small improvement in terms of the
maximum H2 purities.

the column, thus resulting in a low CO2 purity of the CO2 product
withdrawn in the subsequent step. Such behavior explains the poor CO2
separation performance shown with red squares in Fig. 7.
To increase the CO2 separation performance, we considered carrying
out the HP above ambient pressure and thus increasing the CO2 cyclic
capacity (this is possible for Cu-TDPAT because of the continued in
crease in CO2 adsorption capacity with increasing partial pressures
above 1 bar, in contrast to adsorbents with a steep CO2 isotherm like
zeolite 13X). This option was examined for different HP pressures of 2
bar, 3 bar and 4 bar. The new cycle configuration is shown in Fig. 9 and
the resulting CO2 separation performance in Fig. 7.
As shown in Fig. 7, the CO2 separation performance indeed improves
with higher HP pressures compared to the case where HP is carried out
at 1 bar. However, the performance seems to be optimized at ~ 2 bar
suggesting that there are counteracting effects. These are on the one
hand an increase in selectivity of CO2 over CO (beneficial for the sepa
ration performance), and on the other hand increasing molar amounts of
co-adsorbed and void gas CH4 and H2 (adverse for the separation per
formance). These are illustrated in Fig. 10 that reports the change in
molar amount of CO2, CO, CH4, and H2 contained within the column at
the end of HP for changing HP pressures, both in the adsorbed phase
(dark colors) and in the void gas (light colors).
Fig. 10a compared to Fig. 10b illustrates that the increase in CO2
adsorption with higher HP pressures is disproportionately larger than
that of CO, thus increasing the selectivity of CO2 over CO and leading to
a steeper CO2 front during HP, which is shown in Fig. 8b. This is beni
ficial for both CO2 purity and recovery. However, there will obviously be
increasing amounts of CO2 product lost during breakthrough of the CO2
front as the HP pressure increases. Moreover, as shown in Fig. 10c and d,
more CH4 and H2 adsorb at higher HP pressures and the molar amount of

4.3. Process performance
For the optimization of energy consumption and productivity, both
the HP pressure and the evacuation pressure were included among the
decision variables. Fig. 12 shows the obtained Pareto fronts for the
constraints of ≥ 90% recovery (CO2 and H2), ≥ 96% CO2 purity, and the
lower H2 purity target (99.9%, filled circles, solid line) as well as the
higher H2 purity target (99.97%, empty circles, dashed line). All non
Pareto-optimal points that reach 99.9% H2 purity are shown and their
dependence on the evacuation pressure is indicated by the color of the
symbols.

Fig. 9. Adapted VPSA cycle featuring a HP at higher pressures, thus requiring a re-compression of the CO2-rich recycle to above atmospheric pressure P > Patm using
a compressor (C).
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Fig. 10. Cyclic capacities for CO2, H2 CH4 and CO between end of HP and end of BD-vac for four different HP pressures; dark colours: adsorbed amount, light colours:
gas phase amount; CO2 purity = 96%, recoveries (H2 and CO2) ≥ 90%, H2 purity ≥ 99.97%. N2 is not shown, as there are only trace amounts present.

The figure demonstrates a trade-off between energy consumption
and productivity and a clear dependency of the energy consumption on
the evacuation pressure with higher evacuation pressures resulting in
lower total energy consumptions. Higher evacuation pressures, howev
er, results in a less clean column (more adsorbed CO2) after evacuation.
Consequently, longer light purge durations are required for column
cleaning to still reach the separation target. Hence, when moving along
the Pareto front to lower energy consumptions and thus higher evacu
ation pressures, the LP duration has to increase. The recycle ratio
naturally shows a dependency opposite to that of the LP duration. This is
because the HP inlet consists of LP outflow mixed with recycled CO2
product; since a longer LP provides more outflow, less additional CO2
product has to be recycled. Section S4 of the supporting information
provides more details.
Fig. 12 further shows that the maximum productivities are lower for
a higher H2 purity constraint. In contrast to that, there is little difference
in energy requirement in the region of low energy consumption when
considering the lower and higher minimum constraint on the hydrogen
purity. To understand this, one has to keep in mind that in total there are
four minimum constraints: for all points shown in the figure, a minimum
recovery of 90% for both CO2 and H2, minimum CO2 purity of 96% and
H2 purity of 99.9(7) % have to be reached. Along the Pareto front, one or
several of these minimum constraints may be exceeded, whereas only
the others are active. Fig. 13 shows the exact values of the purities (a)
and recoveries (b) along the energy-productivity Pareto front for the
constraints of ≥ 99.9% H2 purity corresponding to the filled symbols in
Fig. 12. The constraints are indicated with dashed lines. The figure
shows that both H2 purity (Fig. 13a) and recovery (Fig. 13b) exceed the
minimum constraints in the region of low energy consumption (i.e. low
productivity) and only the constraints on CO2 purity and recovery are
active. In particular a H2 purity of almost 99.97% is obtained and as
such, the high purity target can be readily reached at almost no addi
tional energy cost. For higher productivities, however, the H2 purity
constraint becomes active, thus explaining the big difference in
maximum productivity between the lower and higher H2 purity target
shown in Fig. 12.
It can be concluded that the purification/production of CO2 is the
limiting factor for Cu-TDPAT, whereas the H2 separation performance
exceeds the requirements.

Fig. 11. Left: Pareto fronts for constrained optimization of H2 purity and re
covery (CO2 purity ≥ 96%, CO2 recovery ≥ 90%). Right: feed duration (Press
and Ads). The H2 purity axis is the same for both graphs.

Fig. 12. Energy consumption and productivity required for co-producing CO2
(≥90% recovery, ≥ 96% purity) and H2 (≥90% recovery, ≥ 99.9/99.97% pu
rity) using Cu-TDPAT. The dependency on the evacuation pressure is colorcoded for all points that fulfil the lower H2 purity target. Important de
pendencies on the other decision variables are indicated with arrows.

4.3.1. Influence of scheduling on process performance
Before presenting a final comparison between the optimal processes
with Cu-TDPAT and zeolite 13X, we first assess how scheduling the
VPSA process in a multicolumn setup effects the energy consumption
and productivity (see section 3.5). Fig. 14a shows the energy8
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Fig. 13. H2 and CO2 purities (a) and recoveries (b) of Cu-TDPAT along the energy-productivity Pareto front shown in Fig. 12 with a H2 purity ≥ 99.9%.

to keep a single column under syngas flow at all times, the minimum
number of total columns required is approximately 7–8 columns
(Fig. 14b). To keep two columns receiving the feed at all times, the
number of required columns, 10 to 12 (Fig. 14b), also remains in a
reasonable range that is comparable to that of state of the art pressure
swing adsorption units for H2 purification only, for example Union
Carbide’s Polybed process that typically operates with a train of
approximately 10 columns.[40]
4.4. Comparison between Cu-TDPAT and zeolite 13X
4.4.1. Separation performance
The VPSA process was previously optimized for Zeolite 13X and the
base cycle (Fig. 1) including the effect of scheduling.[15] Before
comparing the process performance, a few remarks on the difference in
separation performance between zeolite 13X and Cu-TDPAT are needed.
Most importantly, in contrast to Cu-TDPAT, zeolite 13X features a
significantly higher selectivity of CO2 over all other impurities (sup
porting information section S2). This facilitates producing CO2 at high
purity and recovery (Fig. 7). On the other hand, it is also significantly
more difficult to clean the column top from the adsorbed CO2 impurity
hence longer LP durations (increasing the cycle duration) or lower
evacuation pressures (increasing the energy consumption) are required.
Moreover, the adsorption times until impurity breakthrough are shorter
due to the zeolite’s lower capacity compared to Cu-TDPAT and to the
impurities’ lower co-adsorption in the presence of CO2 with its very high
affinity, thus resulting in lower recoveries (Fig. 11). The difference,
however, is lower than expected based on the difference in adsorption
time only (Fig. 11 right). This is because zeolite 13X has a lower
porosity, and thus also lower void volume then Cu-TDPAT (see sup
porting information section S5). Residual H2 remains inside these voids
after adsorption and pressure equalization, and is lost in the subsequent
steps with the tail gas and the CO2 product. A larger void volume thus
results in an increased loss of H2 product. Hence, a high pore volume can
be a downside from a process performance point of view. Overall, zeolite
13X performs better regarding the CO2 separation performance, and CuTDPAT performs better regarding the H2 separation performance.

Fig. 14. (a) Influence of scheduling on energy-productivity Pareto fronts for
Cu-TDPAT with exactly one column receiving syngas feed at any time (empty
symbols), with exactly two columns receiving syngas feed at any time (lightfilled symbols), and without idle times, which corresponds to an infinite
number of columns (filled symbols). (b) Total number of columns required.

productivity Pareto front without scheduling (this corresponds to an
infinite number of columns, filled symbols), a situation where exactly
one of the columns receives syngas feed at all times (empty symbols),
and a situation where exactly two of the columns receive syngas feed at
all times (light-filled symbols). For illustration, refer to Figure S6 in the
supporting information that shows an exemplary schedule. Fig. 14b
shows the corresponding number of columns required.
To achieve a synchronization of the PE steps, large idle times are
required (for illustration, refer to Figure S6). Thus, there is a large drop
in productivity (around 50%) in the process configuration having one
column under continuous flow at all times when compared to an infinite
number of columns. When increasing the number of columns receiving
continuous syngas feed to two (Figure S6b), the productivity naturally
goes up, because there is approximately 50% less idle time. This
configuration therefore leads to a decrease in productivity of only
around 25% when compared to an infinite number of columns. In order

4.4.2. Process performance
Fig. 15 shows the energy consumption and the gravimetric (a) and
volumetric (b) CO2 productivities for Cu-TDPAT in comparison to
zeolite 13X including the effect of scheduling. The gravimetric produc
tivity used previously is an indicator for the total mass of adsorbent
required, whereas the volumetric productivity is an indicator for the
column size, hence for the capital cost. Note that for a fair comparison,
the number of columns used in both processes should be the same, but as
the minimum number of columns required to ensure continuous syngas
9
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Fig. 15. Energy consumption and gravimetric (a) or volumetric (b) productivity including the effect of scheduling. For Cu-TDPAT, both the case where exactly one
column receives syngas feed at all times (empty symbols), and the case where two columns at a time receive syngas feed (light filled circles) are shown, whereas for
zeolite 13X, only the former is shown.

flow at all times to one column for zeolite 13X is higher than for CuTDPAT (8–10 compared to 7–8), we carry out the comparison by
showing the productivity for Cu-TDPAT also for the next favorable
configuration (10 to 12 columns, continuous syngas flow at all times to
two columns).
Fig. 15 shows that the Pareto fronts obtained with Cu-TDPAT reach
significantly higher productivities than those obtained with zeolite 13X,
but the minimum energy consumption is lower for zeolite 13X. The
higher productivities obtained when using Cu-TDPAT as adsorbent are
related to the longer adsorption durations and to lower required LP
durations for column cleaning as explained above. The higher energy
consumption is due to the higher pressure at which the HP is carried out,
requiring recompression and, more importantly, a higher recycle ratio.
The figure further shows that the difference in gravimetric CO2
productivity (Fig. 15a) is more pronounced than the difference in
volumetric productivity (Fig. 15b). This is due to the higher porosity of
Cu-TDPAT compared to zeolite 13X, which results in an overall lower
bed density and higher total void fraction (see supporting information
section S5), thus again making a higher void fraction a downside from
the process perspective, especially if high volumetric performance is
important.
For the volumetric productivity shown in Fig. 15b, there is a critical
CO2 productivity (and energy consumption) below which it becomes
more favorable to use zeolite 13X when implementing the process in the
minimum number of columns – both in terms of energy consumption
and productivity. For the configuration where two columns receive feed
syngas at all times for Cu-TDPAT (10–12 columns) or the gravimetric
productivity, however, Cu-TDPAT always reaches a higher productivity
than the zeolite, i.e. more than twice the gravimetric productivity of
zeolite 13X and approximately 1.5 times its volumetric productivity.
Fig. 15 finally highlights that for zeolite 13X, reaching the higher H2
purity constraint comes at the cost of an additional 100 kJ/kg CO2, in
contrast to Cu-TDPAT with almost overlapping Pareto fronts for the
different H2 purity constraints in the region of low energy consumption.
This is because, as explained above, the strong CO2 adsorption makes
column cleaning more difficult. As such, H2 purity is a limiting factor
that inhibits a further reduction in energy consumption for the zeolite, i.
e. it is an active constraint.[15] This makes Cu-TDPAT particularly ad
vantageous when very high H2 purities are required.

hydrogen purification and CO2 capture using VPSA from reformingbased hydrogen synthesis gas.
First, we showed how process properties translate to material re
quirements and based on these criteria, a promising metal organic
framework, Cu-TDPAT, was selected and characterized experimentally.
We found that this process-informed approach for defining adsorbent
metrics, such as the adsorption capacities of impurities in the feed, offers
valuable guidance for materials selection. However, because even these
metrics are not sufficient to predict the actual process performance, it is
key to complement material screening and characterization with process
modelling and optimization.
Second, process optimization showed that Cu-TDPAT can be used in
the previously developed cycle for co-purification of CO2 and H2. But, a
cycle adaptation made the process-material combination more efficient,
improving both the CO2 and H2 separation performance. This result
shows that a selected cycle, adapted from the performance of one
adsorbent, is not necessarily the best cycle for other adsorbents. As such,
this work stresses the importance of optimizing material and process in
conjunction such that opportunities for process (or material) improve
ment, which would go unnoticed in a disconnected approach, can be
identified and exploited.
Third, comparing the optimization results for Cu-TDPAT to those
obtained previously for zeolite 13X showed that zeolite 13X is the more
favorable adsorbent for reaching a high CO2 separation performance due
to its highly selective uptake of CO2 and has a lower minimum energy
requirement. In contrast, Cu-TDPAT features a better H2 separation
performance precisely because of a lower selectivity for CO2 which
makes column cleaning easier, and because of its higher cyclic CO2 ca
pacity and higher uptake of impurities during high pressure adsorption.
Combined, these factors result in an over two-fold increase in maximum
productivity for Cu-TDPAT compared to zeolite 13X. Therefore, when
using Cu-TDPAT less adsorbent and smaller columns are sufficient for
purifying the same amount of feed. Moreover, in contrast to zeolite 13X,
Cu-TDPAT requires little additional energy for reaching strict hydrogen
purity requirements and requires fewer columns when carrying out the
separation under a continuous syngas flow.
Fourth, another important finding is that high pore volume of ad
sorbents, which often translates into record gravimetric adsorption ca
pacities can be a downside from a process performance point of view.
Therefore, it is complicated to pre-define a target pore volume for a
given process, whereas integrating process and material design allows
for a better understanding of the underlying effects that a material’s
physical properties play in a real-world process.
Summarizing, this work has shown how integrated process and

5. Conclusion
This work presented a collaborative and interdisciplinary approach
toward material and process design for the case study of single cycle
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material design studies can promote a deep, fundamental insight into
the interplay of process and material properties. This is indispensable to
design more efficient process-material combination and can help
accelerate adsorbent screening, design, and implementation into a tar
geted gas separation process.
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