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ABSTRACT: Activated carbon sorbents were directly 3D-printed
into highly adaptable monolithic/multi-channel systems by using
potassium silicate as a low-temperature binder. By employing
emerging 3D-printing technologies, monolithic structured sorbents
were printed and fully characterized using N2, Ar, and CO2-sorption
and Hg-intrusion porosimetry. The CO2-capture performance and
the required temperature for active-site regeneration were evaluated
by thermogravimetric analysis-looping experiments. A mechanically
stable activated carbon sorbent was developed with an increased
carbon capture performance, even when a room-temperature
regeneration by N2 purging was applied. Although the CO2 uptake
slightly dropped after several cycles due to incomplete recovery at room temperature, a capacity increase of 25% was observed in
comparison with the original activated carbon powder. To improve the recovery of the active sorbent, an optimization of the
desorption step was performed by increasing the regeneration temperature up to 150 °C. This resulted in a CO2 uptake of the
composite material of 0.76 mmol/g, almost tripling the working capacity of the original activated carbon powder (0.28 mmol/g). An
in situ X-ray diffraction study was carried out to confirm the proposed sorption mechanism, indicating the presence of potassium
bicarbonates and confirming the combination of physisorption and chemisorption in our composites. Finally, the structured
adsorbent was heated homogeneously by applying a current through the monolith. These results describe the development of a new
type of 3D-printed regenerable CO2 sorbents by using potassium silicate as a low-temperature binder, providing high mechanical
strength, good chemical and thermal stability, and improving the total CO2 capacity. Moreover, the developed monolith is showing a
homogeneous resistivity, leading to uniform Joule heating of the CO2 adsorbent.

■ INTRODUCTION
The emission of greenhouse gases into the atmosphere,
especially carbon dioxide, is a worldwide acknowledged
problem. Throughout the last years, a significant increase in
CO2 emission has been observed which is predominantly
caused by human activities including industry, transportation,
and the use of fossil fuels as an energy source. Since CO2
emission continues to steadily increase every year, it is
considered as the primary driver of climate change and one
of the most pressing challenges. Therefore, more and more
research has been dedicated in the last years to develop
innovative processes to reduce the ecological impact of CO2 by
capturing it preventively as well as using it as a building block
for fuels, polymers, and other valuable chemicals, also known
as carbon capture, utilization, and storage.
Nowadays, most commercial CO2 capture processes involve

the use of liquid amine solutions. However, these amines are
plagued by several drawbacks including high energy con-
sumption during regeneration, thermal and oxidative solvent
degradation, and evaporation, as well as formation of corrosion
products.1−3 Therefore, the interest has shifted to alternative
CO2 separation processes, including thermal swing adsorption
(TSA) using solid porous materials which show a high

selectivity for CO2 while reducing the energy consumption and
amount of waste water significantly.4 Raganati et al. described
the use of fine porous activated carbon in a laboratory-scale
TSA fluidized-bed setup obtaining a high recovery rate as well
as a high purity CO2 stream.5 Ben-Mansour et al. evaluated the
performance improvement by computational fluid dynamics
(CFD) modeling for the use of Mg-MOF74 in a TSA process,
showing an improvement in productivity and overall power
consumption.6 Rainone et al. showed the promising potential
of activated carbon and carbon molecular sieves (CMS)
adsorbents at a low regeneration temperature for biogas
upgrading.7 Morales-Ospino et al. evaluated the energy
efficiency of two TSA configurations using a commercial 13X
zeolite at moderate desorption temperatures.8
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Although this method seems very promising, conventional
TSA processes often show long cycle times due to the indirect
heating of the adsorbent. Consequently, electrical swing
adsorption (ESA) by the use of Joule heating has shown to
be a promising alternative. On contrary to the conventional
TSA processes, the adsorbent is directly heated by an electric
current throughout the adsorbent which reduces the total cycle
time and enhances the overall efficiency significantly.9−11

Moreover, the system is not contaminated with water unlike
TSA processes where steam regeneration is often used.
Conventional sorbent shapes include packings of beads,

pellets, and extrudates, but have limitations in terms of
pressure drops, inefficient use of active material at short
contact times, and increased attrition. Therefore, structured
adsorbents including monolithic structures show great
potential due to a uniform flow pattern, resulting in low
pressure drop and improved heat- and mass transfer.12−14

Moreover, structured adsorbents enable the formation of a
homogeneous electrical conduction and heating during an ESA
process, avoiding the development of hot spots.
One way to develop monolithic-shaped adsorbents includes

the washcoating of extruded inert supports. However, this
often leads to a limited sorbent loading per unit volume and
poor surface adhesion. Contrary to coating of a monolithic
inert support, additive manufacturing or direct 3D-printing of
the sorbent material into a monolithic shape has proven its
potential and enables the development of an optimal porous
structure with a specific design, tailored to the application
while showing a high sorbent loading per volume material.15,16

Common adsorbent materials typically involve porous
materials due to their high specific surface area and high
adsorption capacities. Two categories can be distinguished,
based on their adsorption process: (I) activated carbon,17,18

zeolites,12,19 and porous polymers,20,21 metal organic frame-
works (MOFs),22,23 and covalent organic frameworks
(COFs),24,25 in which adsorption occurs mainly due to
physisorption and (II) metal-based adsorbents (e.g., Na2CO3,
K2CO3, CaO, ...)26,27 and hybrid organic/inorganic sorbents
including amine-functionalized polymers or inert supports,28,29

in which adsorption occurs due to chemisorption. Metal-based
adsorbents and specifically carbonates provide several advan-
tages that make them desirable for carbon capture, including
their inexpensiveness, nonvolatility, resistance to degradation,
and low binding energy with CO2 enabling an energy-efficient
capture process. A promising combination includes the
impregnation of potassium carbonate onto various supports
including activated carbon, presenting high CO2 capture
capacity and reaction rate at fairly low temperatures due to
the microscopic architecture of the activated carbon
powder.30−32 However, most sorbents that have been reported
were evaluated in powder or pelletized form. Shaping of these
adsorbents by 3D-printing and specifically 3D micro-extrusion
typically includes the addition of a combination of inorganic
binders and organic binders, which can function as a rheology
modifier and provide green strength. Thakkar et al. and
Lawson et al. both describe the use of a combination of
bentonite clay and poly(vinyl alcohol) (PVA) for the
development of 3D-printed MOF and carbon monoliths for
CO2 adsorption, respectively.33,34 Couck et al. developed a
SAPO-34 monolith for gas separation using a methylcellulose
solution.35 Lefevere et al. described a binder recipe of a
combination of methylcellulose and bentonite for the develop-
ment of a 3D-printed ZIF-8 adsorbent.16 Regufe et al.

incorporated a carboxymethylcellulose solution to provide
green strength to an electrically conductive zeolite/activated
carbon monolith.17

Typically, the use of these binders requires a high-
temperature thermal treatment in order to remove the organics
and obtain a stable, strong, and accessible porous structured
material. This typically leads to a loss in specific surface area,
porosity, and consequently in CO2 sorption capacity.15,17 In
order to avoid these challenges, a low-temperature binder
which adsorbs CO2 and contributes to the total sorption
capacity could offer a possible solution and could result in the
retainment of the total capacity.
In our recent study on biogas upgrading by a 3D-printed

activated carbon monolith through electrical swing adsorption,
the influence of the electrification conditions (e.g., voltage,
electrification time, and purge conditions) on the heating,
regeneration efficiency, and resulting purity was extensively
investigated.36 Although sorbents with better CO2-selectivity
are required for potential use of ESA in biogas upgrading, the
monolith used for the ESA experiments showed a homoge-
neous temperature distribution during Joule heating and
excellent mechanical and thermal stability.36 While the earlier
publication was focused on the ESA performance and the
impact of process conditions on practical applicability in biogas
upgrading, the 3D-printing formulation optimization and
impact of the sorbent composition on the CO2-adsorption
performance have not been discussed.
Therefore, this paper focuses on the development of the

formulation and the characterization of the 3D-printed
activated carbon adsorbents, more specifically on the role of
the commercial silicate binder. A commercial potassium silicate
solution was combined with activated carbon and subsequently
shaped by 3D micro-extrusion, resulting in a structured hybrid
adsorbent. The use of a silicate binder resulted in a high
mechanical strength without the need of a high-temperature
thermal treatment, good chemical and thermal stability while
retaining or even improving the total CO2 capacity. Several
publications describe the use of lithium or sodium metasilicate
as CO2 sorbents in powder or pelletized form.37−41 However,
the use of potassium silicate as a binder for 3D-printed
structures offers an innovative technique to hierarchically
structure CO2 sorbents. Through extensive characterization of
the printed monoliths, the role of the silicate binder and the
CO2-adsorption mechanism have been elucidated. Finally,
Joule heating experiments were performed with improved
thermal imaging, showcasing the homogeneous temperature
distribution and fast cycling possibilities of the hybrid material.

■ EXPERIMENTAL SECTION
Paste Preparation and Monolith Printing. The 3D-

printing paste was prepared by a mixture of activated carbon
powder (Norit SX1G, Cabot Corporation), a commercial
silicate glue (Graphi-bond 669T, Aremco Products), and
distilled water. Prior to mixing, the activated carbon was sieved
through a 45 μm mesh, resulting in a particle size distribution
with a D50 value of 21.86 μm. Using an ARE Thinky mixer,
the different components were mixed in several ratios to obtain
a printable paste, while providing high mechanical strength and
a maximized total CO2 capacity. Subsequently, the paste was
loaded into a syringe and extruded by using a mechanically
driven piston, mounted on a computer numerically controlled
(CNC) x-y-z stage. A constant volume flow was ensured by the
piston, extruding fibers through a nozzle of 600 μm. Squared
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monolithic-type structures were constructed layer-by-layer
until a beam of 5 cm height and 2 cm width was obtained.
The programmed scan spacing between neighboring fibers was
kept at 1200 μm while each successive layer was rotated with
90°. After printing, the structures were dried using a Thermo
Scientific Heratherm at 94 °C for 8 h to obtain a mechanically
strong printed monolith. No additional high-temperature
thermal treatment was performed. The linear shrinkage was
also analyzed based on the length and width before and after
the drying process.

Adsorbent Characterization. Characterization of the glue
was performed by means of Fourier transform−infrared
spectroscopy using a Thermo Scientific Nicolet NEXUS
spectrophotometer and inductively coupled plasma (ICP)
spectroscopy using an Agilent Technologies 5100 ICP-OES.
Specific surface area and micropore volume determination of
the AC powder and 3D-printed adsorbent were analyzed from
N2 isotherms at liquid nitrogen temperatures (77 K) on a
Quantachrome Autosorb-iQ−MP (volumetric). Sample acti-
vation was performed overnight at 200 °C under vacuum. A
CO2 isotherm at 273.15 K and Ar at 87 K were measured using
a Quantachrome Autosorb-1 to gain insights into the
(ultra)micro- and mesopore distribution. The CO2 isotherm
was analyzed using quenched solid density functional theory
while the Ar isotherm was treated according to nonlocal
density functional theory. Mercury intrusion porosimetry was
performed on a Thermo electron Corporation Pascal 140−240
series. The pore size distribution was calculated using a contact
angle of 140° and a surface tension of 480 Dynes/cm. He
pycnometry was determined on a Micromeritics AccuPyc II. X-
ray diffraction (XRD) measurements were carried out using a
PANalytical X’Pert Pro Powder diffractometer operating with a
Cu anode (CuKα; λ = 1.5405 Å) operated at a 40 kV voltage
and 30 mA current. Phase identification was carried out using
X’Pert PANalytical High Score Plus software. Scanning
electron microscopy (SEM) with energy dispersive X-ray
analysis (EDX) was performed by a FEI Nova NanoSEM 450.
The mechanical strength of the 3D-printed adsorbent was
analyzed using a compression strength test (top−bottom) with
a compression speed of 0.5 mm/min.
The CO2 capacity of the composite sorbent was analyzed

using thermogravimetric analysis (TGA), performed on a
NETZSCH STA449 F3 Jupiter. The composite sorbent was
measured in crushed form with a typical sample mass of 100
mg to exclude any mass diffusion limitations. A looping
sequence was programmed, consisting of three cycles in which
CO2 adsorption at 25 °C or elevated temperatures was induced

for 3 h by a mixed flow of 9.1% CO2 (10 mL/min) in N2 (100
mL/min), followed by a desorption step of 3 h in which purely
N2 was used at RT or elevated temperatures, depending on the
performed experiment. Prior to the first cycle, a regeneration
step was performed for 3 h at 120 °C in order to activate the
adsorbent by removing the physisorbed gases. As a reference,
the same looping sequence was used to evaluate the impact of
the shaping process by analyzing the CO2 capacity of the
structured monolith.

Joule Heating. The electrical resistivity was measured on
the activated carbon powder as well as fibers of the composite
using a two-probe method, using a Tektronix DMM4050
voltmeter and a power supply. Cyclic Joule heating experi-
ments were performed using the structured composite sorbent
on an in-house built system (Figure 1). The structured
monolith was installed in between two aluminum plates,
serving as the electrodes. To ensure an optimal electrode-
monolith contact which is necessary for homogeneously
heating of the monolith, the two parts were secured using
butterfly screws. The contact between the two electrodes and
the monolith was improved by using fine steel wool between
the electrodes and the monolith. The aluminum plates were
connected to a power supply (Statron 3256.1 Bench PSU),
that allowed the application of a constant electric potential (0−
36 V DC) or current (0−13 A). In the application test, a fixed
current of 2.4 A was used to heat up the monolithic adsorbent,
leading to a potential difference varying between 5.3 and 4.6 V
at room temperature and maximum temperature, respectively.
The power supply was turned on/off based on the measured
temperature at the surface of the monolithic composite
adsorbent using two K-type thermocouples connected with a
GRAPHTEC GL240 data-logger. A cyclic experiment was
executed by applying a fixed current of 2.4 A through the
monolith, resulting in the heating of the material by Joule
heating. When the temperature of the material reached the
target set point of 90 °C, the current to the power supply was
cut off. At the same time, a cooling nozzle located to the side of
the monolithic adsorbent was activated, blowing approximately
10 SLPM of pressurized air on the structured monolith to
induce active cooling of the sample. When the thermocouple
detected a temperature below 19.8 °C, the power supply was
activated again to apply the fixed current of 2.4 A through the
composite monolith and initiating the second cycle.
During the cyclic experiments, the temperature of the

monolith surface was monitored using an infrared camera
(InfraTec VarioCAM HDx head 600 S) with a macro-lens
(VarioCAM HDx 20 mm) combined with a close-up lens

Figure 1. Overview of the in-house built setup which was used for cyclic Joule heating experiments of the structured composite adsorbent.
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(0.35×), leading to a pixel size of approximately 49 μm. The
monitored surface temperature was also measured and
corrected by two fiber optic temperature sensors (Rugged
Monitoring L201) located in the field of view of the infrared
camera.

■ RESULTS AND DISCUSSION
Characterization of Silicate Glue. Figure 2 shows the

Fourier-transform infrared spectroscopy (FT-IR) spectrum of

the pure silicate glue, which was dried at 94 °C overnight prior
to crushing of the sample to perform the analysis. The silicate
glue presented several characteristic vibration bands between
500 and 1100 cm−1, confirming the nature of the binder. The
presence of silicate and silica functionalities is acknowledged
by the vibration bands detected at 609, 760, 877, 975, and
1100 cm−1 corresponding to the Si−O, Si−O−Si, Si−O, Si−
OH, and Si−O−Si vibration, respectively. Moreover, a broad
band between 3000 and 3500 cm−1 and a peak at 1638 cm−1

are observed, confirming the presence of hydroxyl function-
alities and/or adsorbed water molecules at the silicate surface.
Additionally, ICP spectroscopy was performed to analyze

the nature of the silicate glue in terms of counterions, which
largely influences the total CO2 capacity, the kinetic behavior,
as well as regeneration temperature. ICP confirmed the
presence of a mixture of potassium and sodium counterions,
with potassium as the dominant species in a concentration of
74.7 g/L in comparison with sodium at 0.43 g/L. The
concentration of silicon in the glue solution was equal to 129
g/L, resulting in a total Si/K + Na weight ratio of 1.72.

Additive Manufacturing of Monolithic Adsorbents. In
the next step, the silicate glue was combined with an activated
carbon powder in different proportions to develop a suitable
paste composition for 3D-printing. The activated carbon/glue
ratio varied between 70/30 and 40/60 to evaluate and balance
the printability, mechanical strength of the sorbent after
printing as well as after curing, and the impact of the used
binder on the CO2-sorption capacity. The CO2 sorption
capacity was measured using TGA by applying several cycles of
a flow consisting of 9.1% CO2 in N2, as described in the
Experimental Section.

As observed in Figure 3, a large improvement in CO2
capacity is observed when adding increased amounts of glue

to the activated carbon material, confirming the active
contribution of the silicate glue. At a 70/30 ratio between
activated carbon and glue, the CO2-capacity at 25 °C doubles
from 0.28 mmol/g for the activated carbon powder to 0.57
mmol/g for the composite. The mechanical strength at this
composition is, however, insufficient to self-support a printed
structure, and more glue is needed to achieve the necessary
mechanical strength. Decreasing the ratio to 60/40 and 50/50
improved the mechanical strength, but a further decrease to
40/60 resulted in a collapse of the structure after printing due
to the influence of the aqueous glue solution on the viscosity of
the printing paste. Ratios higher than 50/50 are therefore
unsuitable for 3D-printing as they resulted in phase separation
and as the self-supportability of the printed monoliths was
insufficient. While both 50/50 and 60/40 ratios yielded
structures with similar CO2-capture capacity, the choice
between the two formulations was made based on the final
mechanical strength and the printability of the developed
composite paste. The 50/50 ratio, selected for scale-up, further
characterization, and Joule heating tests displayed a CO2
capture capacity of 0.62 mmol/g during the first cycle, after
a degassing period of 3 h at 120 °C.
To take into account the effect of the glue on the density

and volumetric capacity of the composite material, the density
of the cured and dried glue, the pure activated carbon powder,
and the selected 50/50 composite (cured and dried) was
determined by He-pycnometry. The respective skeletal
densities are 2.019 g/cm3 (glue), 1.869 g/cm3 (AC powder),
and 1.817 g/cm3 (composite). These results indicate a very
minor decrease in skeletal density when combining the glue
with the activated carbon powder, resulting in the observation
of a similar trend in terms of the volumetric capacity of the
composite material compared to the CO2-capacity based on
weight (activated carbon powder 0.52 vs 1.14 mmol/cm3 for
the printed AC-silicate composite). These results indicate that
the silicate glue binder has a tremendous effect on the capture
capacity of the printed monolithic adsorbents.

Figure 2. FT-IR spectrum of the silicate glue, measured in crushed
powder form.

Figure 3. Effect of activated carbon/glue ratio on the total CO2
capacity at 25 °C, analyzed by TGA (9.1% CO2 in N2 at 1 bar). The
depicted CO2 capacity is the gas uptake after a regeneration step of 3
h at 120 °C (first cycle).
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The optimized paste formulation was subsequently loaded
into a syringe and 3D-printed into monolithic-type structures
using a 600 μm nozzle. The printed monoliths were then
transferred to the drying furnace at 94 °C for at least 8 h to
achieve mechanically strong sorbent monoliths (>1 MPa,
Figure S1 in Supporting Information). During the low-
temperature treatment, a limited linear shrinkage based on
the dimensions before and after drying of up to 10% was
observed without distortion. The final monoliths are depicted
in Figure 4.

Adsorbent Characterization. Scanning electron micros-
copy images of a single composite fiber were taken to evaluate
the distribution of the silicate glue. A highly porous fiber was
observed, while the silicate glue was homogeneously
distributed throughout the fiber, as shown in Figure 5 and

on the EDX spectra presented in the Supporting Information
(Figure S2). This provides an indication of an excellent wetting
of the activated carbon powder (black platelets) by the glue,
further confirmed by the minor decrease in density of the
composite material versus the original activated carbon powder
and cured glue.
A complete porosity characterization was performed using a

combination of several techniques, including N2, Ar, and CO2
sorption as well as mercury intrusion porosimetry.
N2 isotherms at 77 K of the crushed monolith structure in

comparison with the activated carbon powder are shown in
Figure 6. A significant change in the isotherm shape is
observed, indicating a clear difference in pore shape, size and
total pore volume. The activated carbon powder shows a
typical type IV isotherm with a hysteresis loop associated with
capillary condensation, indicative of the presence of meso-
pores. This can be associated with the plate-like carbon
particles, forming slit-like pores. Moreover, a steep increase is
observed at the lower pressure range, indicating a significant

amount of micropores as well. Addition of the silicate glue to
the monolith structure clearly reduces the total meso- and
microporosity, indicated by the disappearance of the hysteresis
loop as well as the reduced uptake in the lower pressure range.
A reduction of the Brunauer−Emmett−Teller (BET) value
from 1010 m2/g for the activated carbon powder to 700 m2/g
for the composite is observed. Using the t-plot method, a
decrease of ∼20% in micropore volume is obtained, due to the
presence of the silicate glue. The cured glue itself displayed a
very low BET surface area (1.2 m2/g); therefore, a full
isotherm of this material is not included.
This decrease in microporosity was also observed when

using CO2 and Ar adsorption isotherms to evaluate the
microporous region. The use of Ar and CO2 allows us to
evaluate the (ultra-)micropore region more accurate in
comparison with nitrogen, due to the absence of a quadrupole
moment and the decreased reactivity.42Figure 7 shows the pore
size distribution of both the activated carbon/silicate
composite and activated carbon powder, as derived from the
CO2 isotherm at 273.15 K and the Ar isotherm at 87 K. The
AC powder displays a large amount of micropores below 0.8
nm (0.24 cm3/g) with a significant fraction at around 0.5−0.6
nm (>0.13 cm3/g), which lead to the large uptake at low
partial pressures. The composite material on the other hand
shows a clear reduction in microporosity (<0.03 cm3/g) below
0.8 nm, possibly due to the blockage of these micropores by
the silicate binder. In the Ar porosimetry measurements, a
significant reduction in total pore volume is shown for pores
with a diameter larger than 1.0 nm. This clear decrease in
microporosity is possibly induced by the “dilution” of the
activated carbon due to the large presence of the silicate
binder, responsible for 50% of the composite. An overview of
the results using the different characterization techniques is
shown in Table 1.
Figure 8 includes the pore size distribution measured by

mercury intrusion porosimetry on the structured monolithic
composite sorbent. Around 0.43 g of 3D-printed material was
used to evaluate the macroporosity of the printed material. The
measurement indicates a high amount of porosity (45.7%)
inside the fibers. A total cumulative volume of 480 mm3/g is
shown, while the average pore radius and density were equal to
0.92 μm and 1.76 g/cm3, respectively.

Figure 4. Images of the 3D-printed activated carbon/silicate glue
composite, accompanied by an optical microscopy image to
determine the fiber diameter and interfilament spacing. After drying,
the final monoliths consist of fibers with a diameter of ∼580 μm and
an interfilament spacing of ∼600 μm.

Figure 5. SEM images of a single extruded fiber consisting of the
activated carbon powder and silicate glue.

Figure 6. N2 isotherms at 77 K of the activated carbon powder and
the activated carbon/silicate glue composite.
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CO2 Adsorption. The cyclic CO2 sorption capacity of the
composite monoliths was evaluated and compared to the
activated carbon powder by TGA. In the first step, the sample
was degassed at 120 °C in a N2 flow for 3 h. After regeneration
and cooling to room temperature, 9.1% CO2 was added to the
sample chamber, and the weight increase over time was
evaluated (cycle 1). Following this adsorption step, desorption
of the CO2 gas is induced by flowing pure N2 for 3 h through
the sample chamber at room temperature. This cycle is
repeated three times in total to evaluate the regenerability and
performance of the sorbent with only a N2-flush (no heating).
The comparison of the activated carbon powder and the
activated carbon/glue composite in crushed and structured
form is shown in Figure 9. As observed, the CO2 capacity of
the activated carbon powder is stable over the different cycles;
the material can be fully regenerated by N2 purging without an
increase in temperature during the desorption step. A total

CO2 uptake capacity at 9.1% CO2 of 0.28 mmol/g is observed
for the activated carbon powder. On contrary to the activated
carbon powder, the composite shows a significant decrease in
sorption capacity throughout the different cycles. This decrease
can be attributed to the different adsorption mechanism of the
3D-printed composite material. The pure activated carbon
powder displays excellent regenerability without heating the
material, which can be explained by physisorption of CO2 on
the large specific surface area. For the monolith adsorbent, on
the other hand, the significant drop in adsorption capacity
throughout the ad- and desorption cycles combined with the
slightly decreased specific surface area, indicating the
occurrence of a much stronger bond between the adsorbed
CO2 and the surface of the material. The amount of available
adsorption sites decreases significantly throughout the different
cycles, leading to an overall reduction of the total adsorption
capacity. Comparing the capacities of the powdered composite
to the structured monolith, there is a negligible impact of the

Figure 7. Pore size distributions of the activated carbon/silicate glue composite and activated carbon powder analyzed by (a) CO2 porosimetry at
273.15 K and (b) Ar porosimetry at 87 K.

Table 1. Overview of the Porosity Properties of the
Activated Carbon Powder Compared to the Activated
Carbon/Silicate Composite

activated
carbon

activated
carbon/glue

N2 surface
area

SBET [m2/g] 1010 700

Smic [m2/g] 768 620
pore
volume

Vtot [cm2/g] 0.802 0.400

Vmic [cm2/g] 0.327 0.252
Ar surface

area
SDFT [m2/g] 1078 690

Smic [m2/g] 853 630
pore
volume

Vtot [cm2/g] 0.555 0.343

Vmic [cm2/g] 0.274 0.172
CO2 surface

area
SDFT(<1.5 nm) [m2/g] 960 225

pore
volume

Vtot(<1.5 nm) [cm2/g] 0.305 0.090

Figure 8. Cumulative pore volume and pore size distribution as
derived from the mercury intrusion measurement on the activated
carbon/silicate glue-printed composite.
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shaping process on the CO2 uptake capacity. No significant
decrease in capacity is observed comparing the composite in
crushed powder form with the composite in structured
monolith form throughout the three cycles, which indicates a
high accessibility of the activated carbon powder and the
potassium silicate glue.
In order to fully regenerate the composite sorbent, two

different desorption temperatures were evaluated (100 and 150
°C) (see Figure 10). In the first step, a similar degassing

procedure at 120 °C was applied as described in the previous
paragraph. Adsorption was then carried out by using a 9.1%
CO2 in N2 stream, resulting in the total CO2 sorption capacity
displayed at cycle number 1. A sorption capacity between 0.60
and 0.70 mmol/g is shown for all three samples after cycle 1,
indicating the reproducibility of the composite material.
The first desorption step is then induced by increasing the

temperature from room temperature up to 100 or 150 °C

under N2 flow. While a regeneration at room temperature
significantly reduced the working capacity of the sorbent
material by 40% (0.61 to 0.37 mmol/g), regeneration at 100
°C only decreased the working capacity by 11% (0.7 to 0.62
mmol/g). Furthermore, the sorption capacity of the material
regenerated at 150 °C induced a significant increase of the
CO2 uptake by 10% (0.69 to 0.76 mmol/g). In comparison
with the reduction of the CO2 uptake after desorption at room
temperature, regenerating at higher temperatures clearly
induces a significant increase in the CO2 uptake, indicating
the recovery of the active sites. In comparison with the
activated carbon powder, this results in a CO2 uptake that is
almost tripled (0.28 vs 0.76 mmol/g).
Using the optimized desorption procedure, the CO2 uptake

capacity was also evaluated at elevated adsorption temper-
atures, as shown in Figure S3 in the Supporting Information. A
significant decrease of the uptake capacity is observed when
increasing the temperature, going from 0.761 mmol/g at 25 °C
to 0.576 and 0.372 mmol/g for 50 and 75 °C, respectively.
This trend indicates the importance of the flue gas temperature
when using an activated carbon composite for CO2 adsorption
out of flue gases.

CO2-Adsorption Mechanism. The TGA results indicate a
change in the sorption mechanism when adding the silicate
glue to the activated carbon powder. While porosimetry
measurements show the decreased specific surface area and
micropore volume of the composite material, significantly
higher sorption capacities were observed even after multiple
cycles with room temperature regeneration. Additionally, TGA
experiments show that the active sites require higher
temperatures in order to achieve full regeneration. Both
observations indicate that the composite material adsorbs CO2
by a combination of physisorption in the remaining pores of
the activated carbon and chemisorption.
As indicated in the literature,43,44 this chemisorption process

is most likely the (partial) conversion of potassium bicarbonate
(KHCO3) to potassium carbonate (K2CO3) or intermediate
hydrated forms. The incomplete regeneration at room
temperature indicates that this regeneration is not sufficient
to recover all chemisorption sites. Interestingly, the addition of
this glue also increases the working capacity, even after
regeneration at room temperature by N2 flushing. The full
CO2-adsorption mechanism is shown in eqs 1−5, with the first
reaction already occurring during curing after shaping.
First of all, the aqueous silicate solution (indicated by the

characterization of the pure glue) will transition to a carbonate,
which will function as the active sorption species, and silica
which will act as a binder and provide mechanical strength to
the printed composite.
Transition f rom silicate to carbonate

+ + +K SiO 2CO H O 2KHCO SiO2 3 2 2 3 2 (1)

During the pretreatment of the carbonate (through the
partial mechanism and/or full mechanism, depending on the
presence of water and the utilized temperature), CO2 is
released, with the formation of potassium carbonate hydrate or
anhydrous potassium carbonate.
Desorption reaction

+ · +Partial: 2KHCO 0.5H O K CO 1.5H O CO3 2 2 3 2 2
(2)

+ +Full: 2KHCO K CO H O CO3 2 3 2 2 (3)

Figure 9. Comparison of the cyclic CO2 sorption capacity at 9.1%
CO2 in N2 (25 °C, 1 bar), analyzed by TGA. The sample is degassed
at 120 °C prior to the first cycle and subsequently regenerated at
room temperature in the following cycles.

Figure 10. Effect of desorption temperature on the cyclic CO2
capacity of the activated carbon/glue composite at N2-9.1% CO2,
analyzed by TGA.
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This pretreated 3D-printed monolith then adsorbs CO2 with
the formation of potassium bicarbonate through both reverse
reactions:
Adsorption reaction

· + +Partial: K CO 1.5H O CO 2KHCO 0.5 H O2 3 2 2 3 2
(4)

+ +Full: K CO CO H O 2KHCO2 3 2 2 3 (5)

To confirm the described mechanism including the
conversion of potassium bicarbonate (KHCO3) to potassium
carbonate (K2CO3) at higher desorption temperatures, an in
situ XRD study was performed, where the temperature of the
composite sample was increased stepwise up to 150 °C. Figure
11 shows the diffraction pattern of the activated carbon/silicate

glue composite. The composite was measured in crushed form
at room temperature and subsequently heated in situ to 150 °C
in the air atmosphere. Several XRD scans were performed
during heating to evaluate the transformation of the character-
istic peaks. At room temperature, three characteristic peaks can
be observed at 28.18, 35.05, and 36.55°, indicating the
presence of KHCO3. A clear reduction in peak intensities is
observed with increasing temperature, confirming the con-
version of KHCO3 to K2CO3. Complete conversion of KHCO3
is observed after heating to 150 °C.
This mechanism, confirmed by XRD, also explains why the

incorporation of additional potassium silicate molecules does
not result in a capacity increase (Figure 3). As described with
other carbonation reactions,45,46 the adsorption of CO2 by the
potassium atoms creates an external layer of potassium
carbonate, limiting the diffusion to and accessibility of internal
potassium atoms. Therefore, the particle size and the specific
surface area of the activated carbon largely influence the
availability of the potassium atoms and the overall adsorption
capacity.
These in situ XRD observations, coupled with the increased

working capacities as displayed in the earlier TGA-looping
experiments, show the large potential of the silicate glue as an
active low-temperature binder for the creation of strong
monolithic activated carbon structures, suitable for a low-
temperature and energy-efficient regeneration.

Joule Heating. First, the electrical resistivity was measured
on the activated carbon powder as well as fibers of the
composite using a two-probe method. The resistivity is an
important property since it determines the efficiency and
homogeneity of the heating process. Low electrical resistivity
could result in inhomogeneous heating due to high contact
resistances while increased electrical resistivities typically lead
to the need of elevated voltages to achieve conductivity
throughout the structure. The electrical resistivity of the
composite was measured on several fiber lengths (0.5−1.0
cm), resulting in a value of 0.014 Ω m, while the activated
carbon powder showed a resistivity of 0.0021 Ω m. This value
clearly indicates the increase in electrical resistivity caused by
the addition of the potassium silicate binder. To evaluate the
effect of the potassium silicate binder on the homogeneity of
the heat development throughout the activated carbon
composite, cyclic Joule heating experiments were performed
on the structured adsorbent (see Figure 1 in the Experimental
Section for a picture of the utilized setup). Figure 12a shows an
infrared picture of the heated monolith during the first
temperature cycle. The temperature distribution of the
structured composite adsorbent was very homogeneous, as
observed in Figure 12a,b. The lowest temperature of the
monolith was located at the bottom left corner of the IR image
in Figure 12a, which is the location of the pressurized air
nozzle applying active cooling to the structured sample (see
Figure 1). Furthermore, a slight decrease in temperature was
observed at the vertical sides of the structured monolith due to
natural convection. To evaluate the temperature distribution
across the two electrodes, the minimum, maximum, and
average temperatures on a line perpendicular to the electrodes
were measured over time, as depicted in Figure 12b. Fast and
homogeneous heating was observed, with average heating
times of 54 °C/min during the application of the current.
Moreover, an increased heating rate was observed at the lower
temperatures, being 110 °C/min from 30 to 40 °C and 90 °C/
min from 40 to 50 °C. The maximum temperature difference
across the line throughout the structure was equal to 18.4 °C at
an average temperature of 82 °C but decreases to 11.5 °C at
the maximum temperature.
Graphs of temperature rates and temperature differences

between maximum and minimum temperature, as well as a
heat map over time are included in the Supporting
Information.
With this preliminary experiment, the homogeneity of the

heat development as well as the applicability to use the
material for CO2 separation by ESA has been shown. However,
a more detailed study of the performance of the composite
material in an ESA process for biogas upgrading was described
previously by Verougstraete et al.36

■ CONCLUSIONS
In this work, structured activated carbon sorbents suitable for
Joule heating and electrical swing adsorption were developed
using the 3D micro-extrusion technology by using potassium
silicate as a low-temperature binder. A paste optimization was
performed to achieve a balance between the printability,
mechanical strength of the sorbent after printing and a
maximized CO2 sorption capacity. Several monolithic/multi-
channel type structures were developed and characterized in
terms of total pore volume, pore size distribution, and the
resulting CO2 uptake. As observed using thermogravimetric
analysis with 9.1% CO2 in N2, the use of the silicate binder

Figure 11. Temperature-controlled XRD spectrum of the AC/glue
composite to investigate the transition of KHCO3 to K2CO3 at
elevated temperatures.
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doubled the working capacity of the 3D-printed activated
carbon sorbent after a regeneration step of 120 °C. This
working capacity dropped after regeneration at room temper-
ature using N2-purging but still exceeded the CO2 uptake of
the original activated carbon powder by 25%. By increasing the
regeneration temperature up to 150 °C, an improved working
capacity of the composite material up to 0.76 mmol/g was
observed after several cycles, almost tripling the working
capacity of the original activated carbon powder (0.28 mmol/
g). An in situ XRD study confirmed the proposed mechanism,
including a combination of physisorption in the remaining
activated carbon micropores and chemisorption, resulting in
the formation of potassium bicarbonates. The cyclic Joule
heating experiments indicated the possibility of fast and
homogeneous heating cycles (an average heating rate of 54
°C/min from 23.5 to 125 °C), with a maximum temperature
difference of 18.4 °C between the two electrodes during
heating. These results show the large potential of the silicate
glue as an active low-temperature binder for creating strong
monolithic activated carbon structures, suitable for low-
temperature and energy-efficient regeneration using Joule
heating.
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Figure 12. (a) Infrared overlay on microscopy image of the side of the monolith (color scale bar between 15 °C and 125 °C, length scale bar 5
mm). Aluminum electrode locations are schematically drawn on the image. (b) Temperature profile (minimum, average, and maximum) of the line
indicated on the infrared overlay during 3 J heating cycles.
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