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Welcome

The 2nd Adsorption Conference organized by the “French-German Adsorption Initiative” will be held
in Duisburg (Germany) between March 24" and 26", 2026. The conference is supported by the
German Adsorption Group (DECHEMA) and the French “Association Francaise de I'Adsorption
(AFA)”. The aim of the conference is to bring together and foster collaboration between scientists from
these two communities. However, we see this joint initiative as a platform that could be extended to
all European countries in the very near future. Therefore, we are open for presentations from France,
Germany and neighboring countries.

Adsorption phenomena play a crucial role in many processes, with applications ranging from catalysis
to treatment of waste streams. Current research ranges from the development of innovative adsorbent
materials to using molecular modeling tools to predict adsorption behavior. The scope of adsorption
research is also expanding into new fields, including energy systems, environmental protection, and
the life sciences.

As we want to cover the whole bandwidth from basic research to applied technology, we invite people
both from academia and industry to present their topics. This creates an excellent environment for the
exchange of ideas and knowledge between scientists and practitioners in the field.

Benoit Coasne Chairman),

Dieter Bathen Chairman),

Benjamin Claessens (Junior-Chairman)
& Christian Blaker (Junior -Chairman)
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Organizing Committee:
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Investigations on the influence of process conditions in chemisorptive
CO;-capture from industrial gas streams

Philipp Keil”
& Technical University of Applied Sciences OTH Regensburg, Regensburg, Germany

CO; capture from industrial emission gas streams and subsequent storage are essential
technologies for effectively achieving emission reductions for climate change actions, particularly
for industries with hard to abate emissions like waste incineration plants or cement works.
Adsorptive CO» capture by PSA and TSA processes have attracted increasing interest in recent
years as an alternative to absorption processes. Despite decades of industrial experience in the
adsorptive removal of CO: from process gas streams like synthesis and natural gas, there is still
need for extensive research to develop new innovative processes and optimized adsorbents for the
specific requirements of CO: capture from emission gas streams. Among many other aspects, the
influence of moisture plays a significant role under dynamic process conditions. It is well known
that many common physisorbents used for CO> adsorption, e.g. zeolite 13X, quickly deplete in
CO; capacity in the presence of water due to competitive adsorption. Therefore, chemisorbents
that enable non-competitive adsorption of CO; and water are of great interest, as they simplify
selective CO2 removal from moist gas streams using TSA processes without water removal. [1,2].

This contribution presents selected results from current research on the experimental
characterization of commercial and newly developed chemisorbents in the course of scaling up a
CO2 capture TSA from flue gases. Systematic measurements of breakthrough curves on lab scale
with the commercially available amine-functionalized polymer adsorbent Lewatit® VP OC 1065
as model adsorbent reveal, that both humidity of the gas stream as well as the water loading of the
adsorbent have a relevant influence under dynamic process conditions [3]. Experimental results
on long-term stability under dynamic conditions reveal, that aside of temperature, humidity and
gas composition during regeneration is significant, too. The findings are discussed combined
together with equilibrium data with respect to process design. For scaleup and process
optimization, a dynamic, non-isothermal adsorption model has been implemented, which is based
on static-volumetrically measured isotherm data, and contains also adapted models for considering
the influence of water in gas and adsorbent on CO:> capacity and thermal properties [4].
A containerized pilot plant has been designed together with an industrial partner, which will be
operated by latter onsite with real flue gas streams for adsorbent testing, process optimization and
to provide data for model validation for further development and scaleup in the outlook.

[1] Chimani, F.M., et al., Separations, 2024, 11, 160

[2] Veneman, F., et al., Int. J. Greenh. Gas Control, 2015, 41, 268-275

[3] Osmi¢, E., Neu, D., Klein, H., Keil, P., Adsorption, 2026 (publication in preparation)
[4] Neu, D., Klein, H., Keil, P. (2026): Adsorption, 2026 (publication in preparation)
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Stability of Amine-Functionalized Sorbents for Direct Air Capture in the
presence of Oz, COz, and H;O at high temperature

T. Aztiria “, A. Marberger ¢, D. Albani “;
& Climeworks AG, Ziirich, Switzerland

Direct Air Capture (DAC) is a critical technology for climate change mitigation that
removes CO; from the atmosphere. Despite its key role in climate goals, few studies address the
stability of amine-functionalized sorbents under process relevant conditions. Most stability studies
are limited to O2/N2 exposures in dry or humid conditions, with little consideration given to the
potential role of CO> and H>O on the degradation of the sorbent, despite their variable
concentrations within the DAC process. Available research on the effect of H>O has primarily
focused on aminopolymers supported on silica or alumina, showing that H>O vapor can suppress
or accelerate degradation depending on the support and amine structure [1-3]. Similarly, research
on the effect of the simultaneous presence of CO2, Oz, and H>O at elevated temperatures has
focused primarily on polyethylenimine (PEI) supported on silica and alumina, showing on one
side that high concentrations of CO; can protect the amine groups against oxidation [1,4], while
low concentrations of CO; can accelerate the degradation of the material [5,6].

In this study, we focus on degradation tests that are relevant to Climeworks’ DAC process
by performing accelerated degradation experiments with variable O,, CO2, and H>O vapor
concentrations at moderate and elevated temperatures. We demonstrate that the presence of H2O
and CO2 can impact the effects of O, on amine-functionalized sorbents, depending on their
concentration in the gas phase. Through characterization of the degraded samples, we track the
effects on the amine functionalities to uncover possible variations in the oxidative degradation
mode due to the presence of HoO and COs. These results highlight the importance of extending
the stability assessment of sorbents for DAC to conditions that are more relevant to the process,
allowing to unveil potential synergistic effects of the different components that will impact the
lifetime of the material.

References
[1] Min, K., et al., Nat. Commun., 2018, 9, 726.
[2] Vu, Q. T. et al., Ind. Eng. Chem. Res., 2021, 60, 4942-4950.
[3] Carneiro, J. S., et al., Angew. Chem., Int. Ed., 2023, 62, ¢202302887.
[4] Heydari-Gorji, A., and Sayari, A., Ind. Eng. Chem. Res., 2012, 51, 6887-6894.
[5] Guta, Y. A, etal., ACS Appl. Mater. Interfaces, 2023, 15, 46790-46802.
[6] Li, S., etal., J. Am. Chem. Soc., 2024, 146, 28201-28213.
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Capture and separation of CO; from N using activated carbons prepared
from N-rich precursors

Kouassi F. N'GOLE “°; Rafael MORALES-OSPINO®; Laurence REINERT ¢; Bernard DAVID °;
Vincent NICOLAS ®; Jimmy NICOLLE ¢, Fatou CONDE ©; Alain CELZARD °;
Vanessa FIERRO® ; Laurent DUCLAUX ¢
& Université Savoie Mont Blanc, CNRS, EDYTEM, 73000, Chambéry, France
b [JL, Université de Lorraine, CNRS, F-88000, Epinal, France
¢ ICMN, CNRS/Université d’Orléans, 1B rue de la Féerollerie, 45071 Orléans cedex, France

As CO> is one of the main greenhouse gases, the increase in its concentration in the
atmosphere leads to global warming. For this reason, numerous researches are presently focused
on CO; separation from industrial gases in the post-combustion process. In this work, nitrogen-
enriched Activated Carbons (ACs) with nitrogen content up to 10 wt.% were synthesized in two
successive steps in the same furnace. The first step was a pyrolysis (10 K.min™!, 1173 K, N, flow
rate: 200 mL.min") of nitrogen-rich precursors: lyophilized millimetric beads and powder of
chitosan (7 wt.% N), coffee grounds (3 wt.% N) and polyacrylonitrile powder (26 wt.% N). The
second step was a gasification activation with an NH3/H>O mixture (90 wt.% NH3, NH; flow rate:
30-36 mg.min!) at 1173 K using N as carrier gas (activation time: 15-120 min).

The physisorption isotherms at 77 K of N2 and H> indicate that the synthesized ACs are
mainly microporous. The BET surface areas vary in the range: 325-1390 m’.g™!. Adsorption
isotherms of CO> and N> on ACs were studied at P <1 bar, at three different temperatures: 273 K,
298 K and 323 K. The amount of CO> physisorbed at 1 bar ranges from 1.79 to 2.98 mmol.g! at
298 K. The CO» isosteric adsorption heats were determined from the isotherms network. To assess
the ability of ACs to select CO2 over Na, the CO2/N; selectivities were calculated for a mixture
containing 15% vol. of CO», using the Ideal Adsorbed Solution Theory (IAST) model applied to
the adsorption isotherms of the pure gases.

The dependence of CO: isosteric adsorption heat on coverage is typical of heterogeneous
surfaces, reflecting a distribution of various pore sizes. At 298 K, the CO2/N; selectivity value of
the ACs ranges from 24 to 110. The highest selectivity is obtained for the AC from coffee grounds
activated for 120 min at 298 K. To better understand this behavior, statistical methods such as
Principal Component Analysis (PCA) and Partial Least Squares regression (PLS regression) were
applied. They demonstrate that the impurity content in ACs affects the CO2/N> selectivity at 298
K. This is corroborated by SEM coupled to EDS, that has revealed the presence of mineral
impurities containing Ca, K, Mg and P, which are likely to affect selectivity at T > 298 K.

Acknowledgments: National French Agency and France2030 supporting CATALPA ANR-22-
PESP-0007 project (Spleen).
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Direct Air Capture of CO: Using Amine-appended Metal-Organic
Frameworks

M. Gupta *; G. Mouchaham ¢ ; C. Serre ¢
“Institut des Matériaux Poreux de Paris, Ecole Normale Supérieure, ESPCI Paris, CNRS, PSL
university, 75005 Paris, France,

The continuous rise in atmospheric CO: is driving the urgent need for efficient carbon
capture technologies. Among them, direct air capture (DAC) offers a promising approach by
extracting CO: directly from ambient air. Conventional liquid amine-based sorbents, though
effective, face challenges related to high regeneration energy, corrosion, chemical degradation,
and operational costs. These drawbacks have motivated the exploration of solid-state alternatives
such as metal-organic frameworks (MOFs), whose modular structures and tunable chemistry offer
exceptional potential for DAC[1].

Amine-functionalized MOFs, particularly polyamine-grafted systems like mmen-
Mgz(dobpdc) [2] and amino acid-modified frameworks (e.g., lysine@MOF-808(Zr)) [3], have
recently emerged as high-performance materials. In this work, we explore a greener post-synthetic
grafting route to incorporate amine-containing moieties onto MOFs, aiming to enhance CO:
affinity and chemical robustness of the adsorbent. Notably, the monoamine-grafted system exhibits
a remarkable CO: uptake of ~0.5 mmol g' at 0.4 mbar with a heat of adsorption around —70 kJ
mol™, confirming the effectiveness of the single amine group in capturing low-pressure CO:
(Figure 1).

This presentation will detail our
amine grafting strategy, initial single- 16
component gas adsorption results, and
stability under humid conditions. The
influence of moisture on performance, as
well as preliminary breakthrough studies
under CO2/H20/N: gas mixture, will also i
be discussed. Finally, we will outline how 00 W
extending this strategy toward polyamine A
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sorption capacity under realistic DAC Figure. 1. CO; adsorptff)n isotherm at 25 °C yielded a
environments. CO; uptake 0.5 mmol g at 0.4 mbar.

References:

[1] Jian-Bin Lin et al., Science. 374,1464-1469 (2021)
[2] Eugene J. Kim et al., Science. 369,392-396 (2020)
[3] Hao Lyu, et al., JACS. 144, 2387-2396 (2022)
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Experimental screening of zeolites for application in an industrial sorption
tumble dryer

Henri Schmit ¢, Tobias Schubert®, Eberhard Ldvemann*, Stefan Hiebler“
& ZAE Bayern, Garching, Germany

Open adsorption systems based on water adsorption and desorption on zeolites can be used
for heating, cooling, and thermal energy storage. Within an ongoing project, the integration of such
a sorption system into an industrial gas-fired tumble dryer is being investigated, aiming to reduce
the energy demand by up to 30%. Typical industrial tumble dryers operate with drying times of
about 20 min and temperatures up to 210 °C. The target conditions for zeolite desorption in this
application are 300 °C and a dew point of 80 °C.

Four commercial binder-free zeolites from Chemiewerke Bad Kostritz (CWK) were
investigated (3ABFK, 4ABFK, SABFK and NaYBFK) as well as one standard zeolite with binder
(4AK) and an ion-exchanged sample, Mg-4ABF (32% exchange rate). The volumetric water
uptake and hydrothermal stability were investigated to identify the most suitable zeolite for
industrial tumble dryer conditions.

Characteristic curves were determined using equilibrium water uptake data obtained from
a simultaneous thermal analysis (STA) device operated in thermogravimetric analysis (TGA)
mode with a coupled humidity generator. Adsorption conditions ranged between 80-100 °C
(temperature) and 40—60 °C (dew point temperature), while desorption was fixed at 300 °C and 80
°C dew point temperature. Under these conditions, NaYBFK exhibited the highest volumetric
water uptake (0.207-0.270 cm?® g '), followed by Mg-4ABF (0.203-0.253 cm? g'). Among the A-
type zeolites, 4ABFK showed the largest range (0.175-0.205 cm? g ™).

Hydrothermal stability was assessed using 16 combinations of temperature (200-300 °C)
and dew point (30-70 °C) over a 10-day period, followed by reference adsorption cycles to
quantify ageing. Hydrothermal ageing results revealed only a marginal decrease (~1%) in water
uptake for 4ABFK, within the measurement uncertainty. The binder-containing 4AK had a
maximum decrease of 3.3% for 200 °C and 70 °C dew point temperature. Mg-4ABF showed a
maximum loss of ~7.5% under 200-233 °C and 60-70 °C dew point temperature. Tests for the
remaining zeolites under target conditions are ongoing.
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Influence of cation Exchange on Low-Pressure Adsorption of CHs, CO2, N2
and Ar in 13X Faujasites.

Romain Troncy “°; Habiba Nouali®® , Cyril Vaulot*®, Samar Gareau“®, Loic Vidal “?,
Bénédicte Lebeau ™, Rogier Gadiou ab
“Université de Haute Alsace, CNRS, I1S2M UMR 7361, F-68100 Mulhouse, France
bUniversité de Strasbourg, France
Gas phase adsorption process

In this study, the influence of charge-compensation cations on adsorption at low-pressure
of CHs, CO2, N2 and Ar was investigated using 13X faujasite. First, charge-compensation cations
Na+ of the13X faujasite was exchanged with alkali and alkaline-earth cations (Li*, K, Mg**, Ca**
& Sr’") in order to identify the most versatile adsorbent. Ca-exchanged faujasite exhibited
promising results, particularly for CH4 and N> adsorption, while Sr-exchanged faujasite showed
enhanced performance for CO; (Figure 1.A). Second, sodium cations were replaced by calcium,
followed by partial introduction of divalent transition-metal cations (Co**, Ni** & Cu*") at
relatively low exchange levels. The adsorption performance strongly depends on the nature of the
exchanged cation. Calcium/copper exchanged faujasites show promising selectivity for CH4 and
Ar adsorption, while calcium/cobalt exchanged samples demonstrate versatile adsorption behavior
towards studied gases (Figure 1.B). These findings highlight the crucial role of charge-
compensation cation composition in tailoring adsorption properties, with potential applications in
gas trapping under low-pressures environments.

Henry constant (mmol.g "' mbar') Henry constant (mmol.g ™ .mbar ')
10"

13X:5r%*

—— 13X:Ca?*/Cu?"
—— 13X:Ca®*/Ni**
—— 13X:Ca®"/Co*
— 13X:Ca*"
—13X:Na"

CH,
8x107 N, 8x107° N,

24 24
co, co,

Figure 1: Henry’s constant determined for the adsorption of CHs, CO2, N> & Ar at 20°C
on faujasites exchanged with (a) alkali & alkaline-earth cation or (b) divalent transition-metal
cations.
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Insights into Krypton Sequestration Mechanism in a Tailored LTA Zeolite

C. Grimaud,” C. Daniel,* A. Tuel,* A. Mesbah,? D. Farrusseng ?
8 JRCELYON, CNRS, 2 Avenue Albert Einstein 69626 Villeurbanne Cedex

Krypton is a rare noble gas with various industrial applications, including lighting,
insulation, and medical imaging. While krypton is currently stored in high-pressure cylinders,
alternative storage methods could offer advantages for specific applications requiring controlled
release or ambient pressure handling. Adsorptive storage in microporous solids represents a
promising approach for rare gas capture and retention under mild conditions. The objective of this
work is to investigate zeolites capable of strongly capturing krypton with limited desorption,
thereby exploring a novel storage approach for this gas.

Through a systematic screening of bicationic LTA zeolites, we identified a specific
composition, K4,Caz9-LTA, which exhibits distinctive krypton adsorption-desorption isotherms.
While K-LTA shows negligible adsorption and Ca-LTA displays fully reversible adsorption,
K42Caz9-LTA demonstrates pronounced hysteresis, indicating potential for long-term storage
(Fig. 1.a). This hysteresis diminishes with increasing adsorption temperature. Desorption kinetics
were assessed through manometric experiments, revealing that krypton can be effectively trapped
within this specific zeolite, with minimal release under ambient T and P.

Synchrotron PXRD studies were conducted, providing structural insights, especially
regarding the cation distribution. The results reveal a specific arrangement of K* and Ca** cations
that simultaneously provides accessible adsorption sites while maintaining pore-blocking cations.
(Fig. 1.b) The effect of temperature was also investigated to correlate the non-monotonic
temperature dependence observed in adsorption with cationic mobility.

This study demonstrates the potential of specifically tailored zeolites for gas storage at
ambient pressure and temperature.
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Fig. 1 a) Kr adsorption isotherms on cation-exchanged LTA zeolites at 298 K. b) View of the crystal structure of the KCa LTA, K*
positions are represented in purple, Ca?* positions in green.
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D2/H: separation on zeolites under cryogenic conditions:
revealing the mass transfer mechanism through breakthrough curves analysis

Claire Coutier *°, Clément Cabaud ®, Igor Bezverkhyy ¢

& Laboratoire Interdisciplinaire Carnot de Bourgogne, Dijon, France
bCEA, DAM, Valduc, Is sur Tille, France

Separation of hydrogen isotopes is an important technological issue due to numerous
applications of deuterium and tritium in research and industry. Microporous sorbents of different
nature (zeolites, MOFs and activated carbons) have been shown to be selective towards heavier
isotopes during adsorption under cryogenic conditions (< 77 K). This selectivity is due to the
“quantum sieving” effect observed in micropores when the pore size is similar to the size of H»
molecules (~ 3 A). An important research effort has been developed in this field and it has been
recently shown that D2/Hz selectivity of magnitude higher than 20 can be achieved at 40 K in CHA
zeolites and in some MOFs.

The high values of D»/H» selectivity in microporous materials were obtained under
equilibrium conditions. It is not clear however if a high separation efficiency can be maintained
under dynamic conditions used in industry since the information on the diffusion of D> and H» in
microporous solids at low temperature is lacking. To fill this gap, we realized a detailed kinetic
study of D>/H> mixture separation at 40 K using the breakthrough curves technique. The mass
transfer characteristics were obtained through analysis of the breakthrough curves measured in a
laboratory scale setup (~ 1 g of sorbent) for several shaped zeolites of FAU and LTA structure.
For some materials the breakthrough curves were also measured using an industrial pilot column
(~ 200 g of sorbent).

Before analysing the kinetic parameters, the axial dispersion coefficients were determined
from the series of measurements for different flowrates. This data was used to subtract accurately
the contribution of the axial dispersion and to obtain the characteristic time corresponding only to
the mass transfer in zeolite particles. Also, it was shown that the adsorption isotherms of D in the
presence of H» are linear for all materials. This finding allowed to represent the overall diffusion
time obtained from the breakthrough curves as a linear combination of the characteristic times of
different steps involved in the adsorption process (film transfer, macropore and micropore
diffusion). By realizing measurements for different particle sizes (300 — 700 pm) we determined
the values of macropore and micropore diffusion coefficients in the studied zeolites and identified
the most performant sorbent.

Sub topic — Thermodynamics and Kinetics of adsorption
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Small-Angle Scattering Insights into the Equilibrium or Metastable Nature
of Capillary Condensation

A.F. Haidar °; A. Belet °; B. Goderis *; A. Léonard °; C.J. Gommes °
8 Dep. Chemical Engineering, University of Liege, Belgium
b Polymer Chemistry and Materials, KULeuven, Belgium

Sub topic — Characterization of porous materials

Questions about the origin of the adsorption/desorption hysteresis are as old as sorption
experiments themselves. Most existing methods to extract pore size distributions from sorption
data assume that adsorption is a metastable process and that desorption takes place at
thermodynamic equilibrium. Here we report on nitrogen and argon sorption on a series of fourteen
SBA-15 ordered mesoporous silicas, and we use small-angle X-ray scattering (SAXS) to
independently determine their pore sizes. We find that capillary condensation systematically
occurs close to thermodynamic equilibrium according to a Derjaguin—Broekhoff—de Boer
calculation [1]. Our analysis suggests that many earlier works have significantly underestimated
the actual pore size in SBA-15 materials. It also highlights the critical role of the reference isotherm
used to calibrate the fluid—solid interaction in the models.

The presentation of these new results will also be an occasion for a more general discussion
of capillary condensation in a broader historical perspective. Although the phenomenon was first
described more than 150 years ago by Lord Kelvin, ordered mesoporous materials have only been
available for about 30 years. Testing theories of capillary condensation on these types of materials
is a difficult process, for two distinctly different reasons. First their structure is more complicated
than initially acknowledged, and understanding the effect of geometrical non-idealities (pore
constriction, corrugation, etc.) on sorption is still an active subject of research. The second
difficulty pertains to the dual status of capillary condensation/evaporation as both a research topic
and a characterization method. In that situation, it is occasionally difficult to discriminate theories
that are truly validated from others that are merely self-consistent. Independent characterization
methods, such as small-angle scattering, have an important role to play in that process [2].

[1] A.F. Haidar, A. Belet, B. Goderis, A.F. Léonard, C.J. Gommes, Small-angle scattering
indicates equilibrium instead of metastable capillary condensation in SBA-15 mesoporous silica,
Langmuir, 40 (2024) 17444-17453.

[2] C.J. Gommes, S. Jaksch, H. Frielinghaus, Small-angle scattering for beginners, Journal of
Applied Crystallography, 54 (2021) 1823-1843.
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Adsorption Potential Theory and strong confinement effects on CO2/H>0O
competition in CALF-20.

P. Grisanti °; Y. Magnin®; B. Coasne®*; S. Gravelle®.

& Univ. Grenoble Alpes, CNRS, LIPhy, F-38000 Grenoble, France.
TotalEnergies, OneTech, R&D, CSTJF, Pau 64018, France.
“Institut Laue Langevin, F-38042 Grenoble, France.

To limit global warming in the coming decades, capturing CO; from industrial emissions
using nanoporous materials is a promising approach. Among them, Metal-Organic Frameworks
(MOFs) show great potential due to their versatile structures and tunable properties. However,
humidity in flue gases often hinders CO> capture by competing for adsorption sites. A deeper
understanding of these interactions is thus crucial for selecting suitable MOFs and guiding the
design of next-generation sorbents. In this context, atomistic numerical simulations provide a
microscopic understanding of the thermodynamic properties and interactions of CO; in these
materials.

In this work, Grand Canonical Monte Carlo (GCMC) simulations of CO> and water
mixtures were performed in CALF-20, a recently reported structure by Shimizu et al. with
promising capture properties. To understand what distinguishes this material from others, the
century-old Polanyi’s Adsorption Potential Theory (APT), was tested to compare both species.
While the theory describes water adsorption well, unexpected behavior was observed for COo,
highlighting the need for corrections in the subnanoporous regime. With our proposed correction,
we show that this theory is capable of predicting isotherms even in this highly confined system, as
shown in the figure where dots correspond to simulations and dashed lines to predictions. To better
understand the difference between water and CO», their structural and energetic interactions were
compared to explore their competitive adsorption behavior.
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Figure: Simulated adsorption isotherms (dots) and model predictions (lines) at different
temperatures.
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A non-local Density Functional Theory for water adsorbed in nanoporous
materials of arbitrary geometry

Antoine Barthes “; David Grégoire °; Christelle Miqueu “
& Universite de Pau et des Pays de I’Adour, CNRS, LFCR, Anglet, France.

Water confined in nanoporous materials has focused many attentions due to its vast number
of technical applications and scientific fields [1]. Indeed, confinement of water in nanopores
affects its thermodynamic properties such as its density, its freezing temperature, the crystal
structure, efc. For some years now, porosimeter manufacturers have been integrating the ability to
perform high-precision measurements of adsorption of vapors at low pressure, including water. In
parallel, thermoporosimetry appears to be a good alternative - or at least a good complementary
technique - to gas porosimetry and mercury intrusion, especially for the investigation of the
samples that can be destroyed in drying process [2]. The common features between water vapor
sorption analysis and thermoporosimetry is that a reliable model of water adsorption inside
nanopores is necessary to interpret the experimental data and try to obtain structural information
of the porous materials from these measurements. In this work, we present a new NLDFT
framework for confined water based on the general formulation of Wertheim's thermodynamic
perturbation theory [3] and the statistical associating fluid theory [4]. The resulting model can be
employed to determine the microscopic structure of inhomogeneous water in pores of arbitrary 3D
geometry. It is first used to evaluate the phase behavior of water confined in carbon slit pores over
a wide range of pore sizes and thermodynamic conditions, thanks to the low computational cost of
the method. Then, the focus is done on the thin water film confined between an ice crystal and a
graphitic surface, as it is assumed that the pressure exerted by the latter could initiate mechanical
damage in nanoporous materials.

i i B B

---------

1} 200 400 800 BOO 1000 1200 1400 1600
plkgm™

Figure 1 : liqguid-vapour phase diagram of water confined in graphitic pores by SAFT-NLDFT
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Resource and Sustainability Considerations in the Activated Carbon Industry

Raphaél Verdier
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The global market for activated carbon is experiencing strong growth. In recent years, demand has
risen sharply, driven by stricter environmental protection measures and emission control
regulations. Germany’s demand has more than doubled since 2010 and now exceeds 80,000 tonnes
annually, highlighting both the rapid market expansion and the need for a secure and sustainable
raw material supply.

At the same time, an analysis of current resource base reveals growing constraints on traditional
feedstocks such as lignite, whose availability is rapidly declining, and hard coal, which depends
on long international supply chains. This dependency results in price instability, potential impacts
from coal phase-out policies, shipping issues, and limited sustainability due to long transport routes
and extraction-related emissions. Against this backdrop, resource efficiency and sustainability
have become key priorities.

The presentation provides an outlook on how innovative solutions can be used to counteract the
impending shortage of raw materials. For example, the regeneration and reuse of spent activated
carbon that has already been used in exhaust gas purification processes offer a practical and
environmentally friendly alternative to primary production. It shows that it is possible to
significantly reduce resource consumption and CO: emissions while maintaining product quality.
This presents an effective solution for reducing dependence on new raw materials and promoting
the circular economy within the industry.

Looking ahead, Carbon Service & Consulting is already implementing the principles that will
define the future of the activated carbon sector. The presentation will highlight ways in which the
activated carbon industry can combine sustainability with reliability through closed regeneration
cycles, regional raw materials, and process optimizations to improve energy efficiency and reduce
emissions. These measures ensure long-term raw material security, economic stability, and a
significant reduction in environmental impact — and show that the transition toward a circular,
low-emission, and sustainable activated carbon industry has already begun in practice.
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Advanced textural characterization of Carbon Molecular Sieves
complementing the development of
material structure and process performance correlations
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As a consequence of the tailored pore structure, carbon molecular sieves (CMS) enable separations
of industrially relevant gas mixtures, including O2/N2, CO2/CH4, N2/CH4, or CO2/N2 by exploiting
a significant difference in mass transfer rates among adsorptives. Thus, PSA/VSA techniques
utilize primarily that effect for the efficient production of purified gas streams. The proper design
of kinetic-based separation processes requires an extended, application-performance-oriented
information about the selected adsorbent, as adsorption capacity, mass transfer kinetics, selectivity,
or regenerability. However, as these material characteristics result from the adsorbent structural
properties, specifically surface-topology and surface-chemistry, acquiring that structure-oriented
information shall not be omitted, as it is fundamentally in control of PSA/VSA performance.

The reliable textural characterization of CMS materials remains challenging due to their complex
pore network, consisting of macropores and ultramicropores connected by very narrow necks.
Physisorption of argon and nitrogen at 87 K and 77 K, respectively, remains one of the most widely
applied techniques within this context, however, it does not allow for an accurate and
comprehensive characterization of CMS, given substantial diffusion limitations within the narrow
neck at cryogenic temperatures. Thus, a selection of suitable probe molecules — considering their
size, shape, and polarity — as well as the choice of appropriate testing conditions given available
validated mathematical solutions, is not trivial. Moreover, an additional complexity dimension to
the stated problem lies within the lack of standardized characterization protocols to determine the
specific CMS structure-oriented properties beyond the simple assessment of their pore size
distribution, as the distribution of neck sizes including their distinct geometry, specific
location/orientation ~ of  deposited  pyrocarbon layers forming the neck, or
type/quantity/location/orientation of surface functional groups as well as associated charge
distribution, especially around the entrance of ultramicropores.

To address these challenges, we have developed a novel methodology targeted towards a
comprehensive and detailed textural and surface-chemistry characterization of CMS materials,
based on the combination of gas and vapor physisorption of proper adsorptives at unique testing
conditions, coupled with advanced data reduction methods. We demonstrate the unique
correlations among different material assessment strategies, namely textural-based and process-
based methods, particularly to highlight the importance of diverse complementary techniques
towards a holistic understanding of CMS structure-performance association.
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Challenges and opportunities in the industrial reactivation of PFAS-laden
granular activated carbon
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®Donau Carbon GmbH, Gwinnerstrafie 27-33, 60388 Frankfurt, Germany

Per- and polyfluoroalkyl substances (PFAS) represent a class of synthetic compounds with a high
potential to pose risks to both animal and human health. These substances are widely used in
medical products, cosmetics, coatings, lubricants, and firefighting foams. The use of PFAS in such
applications is primarily due to their high stability and resistance to chemical and thermal
degradation. However, intentional or unintentional release, results in the continuous accumulation
of these substances throughout the biosphere, since the mineralization of PFAS into CO: and HF
does not occur under environmental conditions. To address these challenges, the use and
circulation of PFAS is to be regulated through national and international legislation. Frameworks
such as drinking water ordinances and the EU-wide POP Regulation (Persistent Organic
Pollutants) define limit values for an increasing number of PFAS. Existing environmental
contamination is to be reduced through adsorptive processes, for example as a part of industrial
soil washing, drinking and or wastewater treatment. In that sense, activated carbons (AC) have
proven to be effective adsorbents for a broad range of PFAS. The resulting PFAS-laden AC must,
depending on their loading, be landfilled, incinerated, or thermally reactivated. Successful thermal
reactivation though, requires the mineralization of all PFAS contaminants to prevent the release of
secondary or decomposition products.

In this contribution we present results from the thermal reactivation of PFAS-laden granular
activated carbon (GAC) with the aim of the complete removal and mineralization of PFAS on an
industrial scale. For this purpose, PFAS-laden GAC from soil wash and wastewater treatment
plants were collected and characterized in terms of their PFAS content and distribution by a
combination of basic methanole extraction and HPLC-MS/MS method. The thermal reactivation
was carried in two different rotary kiln setups (one direct fired, the other one indirectly) under
systematically varied operational conditions. To overview the potential release of secondary PFAS
or decomposition products the kiln output, cooling water, exhaust gasses prior and after thermal
oxidizer as well as the reactivated GAC were continuously analyzed for their PFAS content. The
determined loadings have shown that the tested AC are efficient adsorbents for medium to short-
chain PFAS. Furthermore, characterization by Ar-physisorption at 87 K revealed an influence of
the pore-structure on their removal capacity. From the collected data a mass balance, proving the
complete mineralization of PFAS compounds, was obtained. The results therefore indicate that
AC will continue to play an important role in the remediation of PFAS contaminated environments
and proves that the thermal reactivation of PFAS-laden GAC represents a safe route for the
successful elimination of PFAS contaminants.
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Gas Separation via Flexible MOFs
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8 TU Dresden, Dresden, Germany

Metal-Organic Frameworks have received considerable attention in recent years and the
Nobel Prize in Chemistry in 2025. Flexibility is a unique feature of a limited number of MOFs.
They open their pores selectively for specific gases excluding others that cannot open the pores.
This feature leads to outstanding separation selectivity in specific cases. However, their degree of
flexibility is systematically affected by their particle size and morphology. This feature enables
systematic tuning of selectivity and provides a deeper understanding of the role of flexibility on
separation selectivity.

We outline the understanding and performance of flexible MOFs focusing on a well
established model system. DUT-8 (DUT= Dresden University of technology) is a gate pressure
MOF belonging to the class of pillared-layer systems [1]. Particles with a size below 500 nm are
typically rigid, while larger particles (> 2 um) show pronounced flexibility. We compare the single
and multi-component adsorption isotherms to highlight the impact of flexibility on separation
selectivity. As prototypical examples, we focus on CH4/CO; and H2/D» separation studies. In
particular the flexible form of DUT-8 shows high selectivity for D> vs. H> [2] and CO2 vs. CH4. In
situ NMR and diffraction studies are used to deeper investigate the mechanisms behind these
phenomena. Finally, we discuss insights from Xe NMR [3] in regard to noble gas separations and
outline open questions in the field of gas separation regarding flexible MOFs for gases and vapors.
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Temperature-Dependent CO: and N: Adsorption on 2D Hofmann Clathrates
Exhibiting Spin-Crossover Properties
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The discovery of the first Hofmann clathrate with spin-crossover (SCO) properties,
[Fe(pyridine):Ni(CN).], by Kitazawa and co-workers in 1996 marked a significant milestone in
the development of switchable coordination materials’. In this compound, Fe(II) centers reversibly
switch between low-spin and high-spin states under external stimuli such as temperature or
pressure’?. The material forms a two-dimensional interdigitated framework, offering a model
platform for investigating the interplay between spin-state transitions, framework flexibility, and
selective gas adsorption. In this study, we investigate the temperature-dependent adsorption of CO-
and N: on [Fe(pyridine):Ni(CN)4] across a wide temperature range. Gas porosimetry with N> and
Ar at cryogenic conditions revealed only minimal uptake, indicating a predominantly closed
framework under these conditions. Magnetic susceptibility measurements confirmed a sharp SCO
transition at ~195 K, accompanied by a visible color change (see Fig. 1). CO: adsorption showed
significantly higher uptake compared to N: supporting both selective interactions with the
framework and gate-opening (see Fig. 1). Moreover, steep initial slopes in the CO: isotherms
suggest subtle structural flexibility or gate-opening behavior. The effects of mechanical processing
(grinding and pelletization) on gas uptake were also evaluated, showing measurable variations in
adsorption capacity.
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Figure 1: (a) Fe(pyridine),Ni(CN), at high spin (Left) and low spin (Right), (b) Adsorption isotherms of COz and Nz at 180 K, 195 K, and 220 K.

Ligand-substitution (e.g. Phenyl-4-pyridylimine) was then performed to tune cavity size and
adsorption behaviour and a custom coupled manometric—vibrational spectroscopy (Raman/IR)
setup was designed to investigate structural changes and framework flexibility during CO:
adsorption, and to correlate adsorption behavior with vibrational signatures of the host framework.
[1] T. Kitazawa et al., J. Mater. Chem., vol. 6, no. 1, pp. 119-121, Jan. 1996

[2] Molnér, Gébor, et al.. Journal of Physics: Condensed Matter, vol. 16, no. 14, Mar. 2004, p. S1129. Institute of Physics
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Exploring adsorptive window effects: Unusual adsorption and diffusion

patterns for CHA and AEI zeolites
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The Henry constants Ky for the adsorption of linear alkanes in zeolites are often found to increase
exponentially with carbon chain length!. However, a limited number of studies with small-pore
CHA-type zeolites have indicated an unusual variation in Ky with carbon number Nc.>® This
behaviour is known as a cage effect occurring when the alkane molecule approaches and exceeds
the size of the zeolite’s structural cages. Recently*, similar effects were observed on AEI zeolite,
where the Ky shows a remarkable minimum for n-octane.

In this presentation we revisit and explore these unusual adsorption effects, before expanding into
a the associated unusual diffusion coefficient (D) trend. Using inverse gas chromatography, n-
alkanes and 1-alkanes C;-Ci2 were injected on various CHA and AEI zeolites, with different Si/Al
ratios. For AEI and CHA, respectively, Ky rises up to Cs and Cs, then drops to a minimum at Cg
and Co before rising again. The unusual non-monotonic trend is contrasted with that of a ZSM-5
zeolite, which shows a linear trend of In(Ky) with Nc. Similar trends where observed for 1-alkenes
with a shift in local minima and maxima for Ne.

By monitoring the second moments, information on the adsorption kinetics can be obtained. The
AEI and CHA -alkane systems were studied using two pellets sizes and two different carrier gasses,
indicating micropore diffusion as a key mass transfer resistance. Typically, a lower diffusion
coefficient with increasing N. is expected, as experimentally confirmed for ZSM-5. The AEI
zeolite showed a remarkable trend. From Cs—Cs, D rises by nearly two orders and for N. larger
than 8 it drops again. The trends are confirmed at 200, 245 and 290°C, and reveal activation
energies between 40-80 kJ/mol. These unusual trends can be rationalized based on computational
simulation work> on window effects.

[1] J Phys Chem B, 102, (1998), p. 3077. [4] J Phys Chem C, 128, (2024), p. 7334.
[2] J Phys Chem C, 112, (2008), p. 16593. [5] J Phys Chem B, 107, (2003), p. 12138.
[3] J Phys Chem C, 127, (2023), p. 24393.
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Development of a novel swing-adsorption gas separation technique using
force-responsive carbons
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Gas separation is one of the most energy-intensive steps in the chemical industry. To improve the
sustainability of this industry, much research has been done on advancing existing processes, €.g.
pressure and temperature swing adsorption. However, these techniques still require a lot of energy
due to the harsh swing conditions (high/low temperatures and pressures) required to complete the
separation. To decrease the energy costs of these separations, it may be necessary to develop novel
gas separation methods.

By applying a mechanical force to zeolite templated carbons (ZTC), the pore size has been shown
to reversibly decrease. ZTCs are 3D-ordered nanoporous (0.6 — 1.2 nm) frameworks composed of
curved graphene fragments that can act as nanosponges. When ZTC is mechanically compressed
at 200 MPa, its adsorption capacity for 1-hexene is decreased by over 20%. By oscillating the
degree of compression, two products streams are created: one with a high concentration, and one
with a low concentration of adsorbate. Based on this, we propose a novel gas separation method
utilizing the force-responsive behaviour of these flexible porous materials — compression-swing
adsorption. Furthermore, the permeance through ZTC particles can be also strongly modulated
upon compression, turning it promising for fabrication of force-responsive molecule sieving
membranes.
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