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The in situ analysis of industrial processes, mostly conducted in opaque equipment is difficult. Whereas pre-
viously the positron emission technique was successfully applied to study the flow and mixing in gas-solid and
liquid-solid systems using radio-active tracer particles, research on imaging a radio- active tracer gas is scarce.

The present paper demonstrates the use of a fully three-dimensional (3D) Positron Emission Tomography
(PET) in imaging the adsorption of 'CO, tracer gas, while validating the measurement by conventional exit gas
analysis. It will be demonstrated that PET can be used to measure the kinetics of high-pressure CO, adsorption in
situ, including the essential breakthrough and mass transfer zone characteristics. Such high-pressure operation is
characteristic of pre-combustion CO, capturing processes. It is expected that this work will foster further studies
of gas—solid systems of adsorption, gas-solid catalysis, gas—solid hydrodynamics, and processes where the
gas—solid interaction is of primary importance.

1. Introduction

Gas-solid contacting systems are widely used in the process in-
dustries, with gas-catalytic reactors and gas—solid adsorbers as im-
portant examples. Fixed-bed gas-catalytic reactors are often the first
choice for the economical production of large amounts of products. The
selective adsorption of gaseous components from a gas mixture is
widely applied in air pollution control and finds increasing application
in CO, capture from combustion exhausts.

The complete understanding, design and operation of these

* Corresponding authors.

heterogeneous processes however requires quantitative in situ data on
the concentration of the target gas molecules, present as reactant or
adsorbed gas) on the surface of the catalyst or adsorbent, respectively.
Since the processes are commonly conducted in opaque vessels and
generally at high temperatures and/or pressures, such processes are
usually monitored only by measurement techniques on the process exit
streams, hence providing no information on the evolution of the gas
concentrations with time and position inside the gas-solid reactor or
adsorber. Yet these detailed data are important to study intrinsic ki-
netics and transport phenomena, moreover required as input to
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Fig. 1. Experimental set-up and detail of the adsorption column with adsorbent bed and glass beads packing (P;: pressure control valves, F: mass flow rate mea-

surements).
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Fig. 2. Illustration of the 'CO, profiles from inflow to outflow in the Zeolite 13X packed bed for 11 consecutive image frames, each containing data acquired over
45 s [13]. Images are given in pixel-colour (left) or in intensity (counts per minute, cpm) data (right).

mathematical simulations of the processes under scrutiny. The devel-
opment of monitoring techniques to provide in situ data from actual
operations is required, and the use of radioactive labeled molecules was
investigated for that purpose in the present research.

In the diagnosis and treatment of many diseases [1], functional
radio-active tracer medical imaging is used to study physiological
processes within the human body. Such clinical imaging can be adapted
for industrial use, where process equipment is also of opaque nature
and in situ analysis of processes is difficult. The Positron Imaging Centre
(PIC) of the University of Birmingham uses positron emission [2-4] to
study the flow and mixing in gas-solid and liquid-solid systems using
radio-active tracer particles [5-12]. Research on the imaging of radio-
active tracer gas is scarce. Such a technique enables non-intrusive ob-
servation of processes involving gases and thereby helps in under-
standing industrial operations such as sorption and reaction. Positron
Emission Tomography (PET) has been applied to a limited extent, in
fluidised beds [13,14], in studying the fluid flow within porous rock

[15], and to analyse surface catalysis in car exhaust systems [16].
The objectives and novelty of the present research aim at devel-
oping and demonstrating the use of a fully three-dimensional (3D) PET
applied to imaging of adsorption of ''CO, tracer gas, validating the
measurement by conventional exit gas analysis. Physical adsorption is a
dynamic but relatively slow (mm/min) [17] process, and hence within
the resolution of the PET technique. By PET-imaging of the dynamics of
CO, adsorption, the study aimed at (i) proving the application of 3D
PET to dynamic systems in opaque equipment; (ii) validating PET re-
sults against CO, concentration measurements at the discharge from the
column; while (iii) also measuring time-dependent properties of the
adsorption. Neither the progress of the adsorption front along the bed
length nor the evolution of the Mass Transfer Zone (MTZ) can be de-
termined using the outflow CO, concentrations only, but both can be
clearly determined by in-situ PET imaging. Such high-pressure opera-
tion is characteristic of pre-combustion CO, capturing processes. It also
expands the single previous one-dimensional application [16] to a fully
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3D imaging. To achieve these aims, '*CO, gas was used to demonstrate
and validate the PET concept and to study gas—solid adsorption. We
anticipate our work to foster further studies of gas-solid systems of
adsorption, gas—solid catalysis, gas—solid hydrodynamics, and processes
where the gas—solid interaction is of primary importance.

2. PET principles

As a non-invasive imaging technique, PET can provide 3D tomo-
graphy images in real-time of a radio-active tracer distribution and give
quantitative information on both position and concentration. Positron
emission particle tracking was previously and successfully applied
when using a particle-labelled tracer, in various liquid-solid [8-12,18]
and gas-solid applications [5,6,19-22]. Many reactant molecules can
be labelled with short half-life time (to5) positron-emitting nuclides of
carbon (*!C, to5 = 20.4 min), nitrogen (**N, 9.96 min) and oxygen
(*50, 2.07 min). These short t, 5 values are advantageous from the point
of view of safety and ease of use but imply that PET experiments and
the radionuclide production facility (a cyclotron in the present case)
must be physically close. Experiments only require very small amounts
of labelled molecules (~107'2 to 102 mol) since such nuclides have a
high initial specific activity. Each positron emitted during the decay of
the radioisotope annihilates with an electron [3], and produces 2 back-
to-back (collinear) high-energy (511KeV) gamma rays. The PET camera
detects the y-rays, allowing absolute positron-emitter concentrations to
be determined, thus providing ‘images’ of interactions as a function of
time and location. In standard medical PET imaging, data are gathered
and presented in 2D planes. For complete 3D PET [2], scanners with
retractable septa can acquire coincidences between all possible pairs of
detectors, resulting in full 3D imaging, which is becoming more widely
used in medical applications. Principles and important characteristics of
the PET systems are given in Supplementary Information SI-A.

The intrinsic spatial resolution of PET imaging systems is related to
geometry, specifically the centre separation of individual detector
blocks. In the camera used in this study (Field of View, FOV:
axial = c160mm; trans-axial = ¢400mm) the manufacturer’s stated

Fig. 3. Illustration of cross-sectional concentration
profiles in a plane, in the middle of the adsorbent
bed for Zeolite 13X at 1.6 MPa and C,., = 10% at
nine minute intervals. 'CO, was initially detected
in the plane at time = 1 min. The final image is the
time when the plane reaches its maximum intensity,
corresponding to its saturation [13].

28 min

resolution is 6 mm, close to the axis. Calibration tests of this camera
with single and multiple point sources showed peaks with Full-Width at
Half Maximum (FWHM) circa 10 mm and a peak resolution of 1 mm
(see SI-A). In practice, the resolution achieved depends on tracer ac-
tivity (limited by the saturation capacity of the detection system) and
the duration of acquisition per measurement. In dynamic systems, the
balance struck between spatial and temporal resolution will also de-
pend on the rate of passage of the tracer. Blurring of the adsorption
front is inherent in the technique but we have shown that with the front
moving at between 0.8 and 5.4 mm/minute the data acquisition time of
45 s enables us to capture the breakthrough curve with reasonable
accuracy, as shown further in the text (see Fig. 4 for examples) and we
would expect the same accuracy for adsorption profiles within the bed.

3. Experimental set-up and procedures

Physical adsorption is a dynamic but relatively slow (mm/min) [17]
process, and hence within the resolution of the PET technique. In-situ
PET-imaging of the dynamics of CO, adsorption could determine the
progress of the adsorption front along the bed length and the evolution
of the Mass Transfer Zone (MTZ), which cannot be determined using
the outflow CO, concentrations only. The 11¢0, tracer is produced on
site by a cyclotron, as explained further below.

3.1. Experimental set-up

A stainless steel adsorption column (19 mm LD., 22 mm O.D.)
(Fig. 1) was packed in its centre with an adsorbent to a maximum layer
length of 195 mm but mostly limited to an adsorbent bed length be-
tween 70 and 90 mm for the experiments. At each end of the adsorbent
bed, 3 mm glass beads were inserted between steel mesh to position the
adsorption bed and uniformly distribute the gas flow. The full set-up
was located within the Field of View (FoV) of the PET camera. The gas
exhaust was to a flexible duct which was shielded and able to contain
the 'CO,-loaded exhaust. The imaging system was confined in a lead
enclosure.
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Fig. 4. Breakthrough curves from PET and CO, analyser data. PET information was obtained at the outlet of the adsorption column: the total cpm for each pixel in the
transverse slice was summed for each final frame. AC: (a) CO, concentration of 50%, partial CO, pressure 1.3 MPa; (b) CO, concentration of 30%, 0.78 MPa; (c) CO,
concentration of 10%, 0.26 MPa. Zeolite 13X: (e) CO, concentration of 50%, 1.3 MPa; (f) CO, concentration of 30%, 0.78 MPa; (g) CO, concentration of 10%,

0.26 MPa. Figures (d) and (h) illustrate the fair agreement obtained between PET and CO, probe measurements for both AC and Zeolite 13X.

The CO, and N, (or 'CO; - N;) feed flow rates were set by two mass
flow controllers (maximum 100 and 400 Nml/min, respectively, and
able to withstand to a pressure of maximum 10 MPa). The operating
system pressure was set by a backpressure regulator P,, operated up to
2.6 MPa at 19 °C. The feed flow was also equipped with pressure gauges
and regulators (P;, P; and P3). A Servomex 5200 was used to measure

CO,, concentrations at the discharge from the column, with an accuracy

of = 0.1 vol% CO..

3.2. Parameters and materials

The positron (3*) emitting isotope, ¢ (tos = 20.5 min) can be
used for PET imaging. Its production involved bombarding Nitrogen-14
atoms with protons in a cyclotron [13]. Upon collision of a proton with

a nitrogen atom, the proton energy can cause the release of an alpha
particle, hence giving rise to the **N(p,a)''C reaction. If minor amounts
of oxygen are mixed with the nitrogen gas target, 'CO, is produced.
Chemically, '*CO, and CO, behave in an identical manner. The PET test
gas is predominantly N, containing minor amounts (vol-ppb) of 11CO,,

PET experiments lasted two hours at a rate of one frame/ 45 sec.
Flow rates and concentrations of CO»-11CO, applied are given in the
experimental procedure below.

Further to an objective multi-criteria assessment, as described in
Supplementary Information SI-B, both Zeolite 13X beads (Sigma Al-
drich, USA) of average diameter 3 mm, pore diameter 0.1 nm and
surface area 750 m2/g, and Activated Carbon pellets (Brownell's, UK) of
average diameter 6.5 mm, pore diameter < 50 nm and surface area
800-1200 m2/g were the selected adsorbents for the research.
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Fig. 5. Intensity profiles and wave function along the adsorbent bed of Activated Carbon (79 mm adsorbed length: 24 to 103 mm) at 1.6 MPa (Full data are given in
SI-C.1).



Table 1

Deviation, in %, (%g{%’m ), of data acquired by PET-imaging and

CO, -analyzer.

CO,, Partial pressure mol CO,/kg AC mol CO,/kg Zeolite 13X

(MPa)

PET Analyser % PET Analyser %
0.159 2.560 2.485 2.90 4.173 4.173 0.00
0.259 3.672 3.505 4.55 4.748 4.915 —3.52
0.480 6.028 5.564 7.69 5.620 5.564 0.99
0.789 7.465 7.280 2.48 6.102 6.148 -0.76
1.301 9.218 9.756 -5.84 6.807 7.790 —14.44

3.3. Experimental procedure

The experimental procedure involved several stages. During the
regeneration of the bed (1-3 h), pure N, was used to flush the bed at
200 Nml/min. The CO, analyser was then started to measure the vol%
CO, at the column exit. The system pressure was increased to and
maintained at 2.6 MPa for most of the experiments. The 'CO, — N,
cyclotron gas cylinder was connected and pressurised at about 6 MPa
by adding N,. When at this pressure, both 1'C0,-N, and CO, were fed at
the STP flow rates defined before, and the PET imaging was performed.
For both Zeolite 13X and Activated Carbon, the total operating pressure
was 2.6 MPa for most of the experiments. The partial pressure of CO, is
a function of its vol% (10 to 50). The N, flow was 140 Nml min ! with
a CO, flow of 60 Nml min~'. Experiments lasted about 160 min.

Finally, CO, and N, supplies were turned off and the rig was slowly
depressurized. Radioactive tracer would continue to be exhausted to
the expandable and shielded ducting pipe for overnight decay. When at
ambient pressure, the tracer gas cylinder was removed and returned to
the cyclotron to be used in the next experiment.

All flow, images and CO, concentration data where thereafter pro-
cessed to assess the CO, adsorption. Adsorption kinetics and break-
through curves were generated and compared with experimental ima-
ging data. The images captured were reconstructed by the Unix PET
computer, transformed to usable image files (jpg/png format), and
numerically analysed.

3.4. Data treatment for adsorption

In adsorption of gaseous components on a solid substrate, various
parameters are important to characterize the process and progress, i.e.
the mass transfer zone, the adsorption equilibrium as commonly de-
termined by the rate of transfer of adsorbate onto adsorbent to reach
equilibrium conditions, and the adsorption mechanisms, which are
expected to be diffusion dominated. These parameters are defined and
described in Supplementary information SI-C and SI-D.

4. Experimental results and discussion
4.1. Profiles of the tracer concentration with time and length

Fig. 2 illustrates eleven consecutive image frames, from the initial
11C0, arrival (frame 1). The highest concentration region in the ad-
sorption bed is shown by red pixels (determined from the relative in-
tensity of the tracer in counts/min). With increasing time, CO, becomes
uniformly adsorbed throughout the bed length as shown in frame 11
(after 495 s).

A similar progress of the adsorption is shown in the cross-sectional
intensity profiles of accumulated ''CO, at a given cross section within
the bed, is illustrated in Fig. 3. The experiments demonstrate varying
adsorption front velocities using different intensity values, and indicate
that CO, was still adsorbed even after the main Mass Transfer Zone
(MTZ) moved past the given location. The comparison of the accumu-
lation rate of CO, at a given location with the bulk velocity of the MTZ

enabled the determination of the overall mass transfer kinetics, as il-
lustrated in SI-D.

4.2. Breakthrough curves

Both PET results, and measurements by the CO, probe at the bed
exit, were used to construct the breakthrough curves.

Fig. 4 illustrates the resulting breakthrough curve for Activated
Carbon and Zeolite 13X at various CO, concentrations. The curves
clearly show a zero output concentration until about 15 (high CO,) to
30 (low CO3) minutes which corresponds with a MTZ progress in the
bed at a bulk velocity of 13 and 6.5 mm min ™, respectively. The curves
level off after respectively ~120 and ~60 min. Both factors confirm
that a PET frame acquisition duration of 45 s is certainly suitable, since
meeting the measured Full-Width at Half Maximum (FWHM), as illu-
strated in SI-A. Fig. 5 summarizes both the image and the analyser data,
for different experimental conditions. Good agreement is obtained and
the times to breakthrough only differ by about 5 min. Data at 50% and
30% feed concentrations show a different initial inclination, slightly
steeper, however with negligible differences in the observed times to
saturation (6 and 1 min, respectively).

To compare the CO, PET imaging and probe results; data of
Fig. 4(d) and 4(h) were summarized in Table 1, with deviations
amongst respective data expressed in %. For most of the CO, partial
pressures, the respective error bars of the average data overlap and
deviations are generally positive or negative, within the accuracy
margin of 5 to 10% as expected from the accuracy of the Servomex CO,
probe and the spatial resolution of the PET imaging. This fair agreement
is not obtained for Zeolite 13X at the highest partial pressure of CO,
(1.3 MPa): the average PET result is 14.44% lower than the CO, probe
result. This higher deviation is probably due to the length and the lo-
cation of the Zeolite 13X adsorber bed (69 mm only, not centrally po-
sitioned along the FoV. and hence responsible for an attenuation error
correction of the PET camera). This error only occurred at high CO,
partial pressures, where the velocity front moves faster than at lower
pressures (as discussed below). Ideally, the location of the adsorbents
should be centrally towards the FoV. This Zeolite 13X data point should
hence be considered with caution.

4.3. Mass transfer zone

The in-bed progress of the adsorption phenomenon as described in
Supplementary Information B-1 can only be observed by PET imaging.

Figs. 5 and 6 show central cross sectional images along the length of
the column for adsorption on AC and Zeolite 13X, respectively, at a
reference 20 min of operation and for different CO, feed concentra-
tions. Pixel intensities are normalized with a pixel at maximum in-
tensity representing 100% saturation. The illustration of concentration
profiles are added at 30% CO, to depict the distribution of 'CO, along
the column as % of the maximum observed capacity. Additional figures
are reported in SI-C.1. Data were moreover transferred into intensity
wave functions, also completely illustrated in SI-C.1

Both intensity curves and wave functions are important to under-
stand the adsorption kinetics.

For Activated Carbon, the MTZ is reduced progressively from
92 mm, to 74 mm and 58 mm at respectively 50, 30 and 10 vol% feed
concentration. The velocity of the adsorption front decreases with the
vol% concentration from 5.4 mm/min (50%), 4.14 mm/min (30%) to
3.05 mm/min (10%).

For Zeolite 13X, on the contrary, calculated MTZ are 40 mm (50 vol
%), 26 mm (30 vol%) and 16 mm (10 vol%) only. The adsorption front
velocities are 3.05 (50%), 2.32 (30%) and 0.78 (10%) mm/min, re-
spectively. Clearly, Activated Carbon has a faster moving bulk ad-
sorption front than Zeolite 13X.

This is also confirmed by the mass transfer wave velocities (SI-C.1).
The concentration profiles in The wave functions of Fig. 5(C) and 6(C)
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are very close together which would imply a slow progression of the
MTZ through the bed. Conversely, the concentration profiles shown in
Fig. 5(B) and 6(B) are much more spaced apart and the profiles begin to
plateau at about 70% of the maximum intensity. This would indicate a
relatively fast moving bulk adsorption front with the entire length of
the adsorption region acting as an active MTZ, with consistent 11CO,
uptake for the length of the bed from about 19 min onwards into the
experiment.

4.4. Overall appraisal

The results presented prove that a gaseous nuclide-based imaging
technique can be used for adsorption studies and provides valuable
insights into the kinetics inside the opaque packed bed column for CO,
adsorption. Imaging defines the concentration profiles and location-
specific CO, accumulation, the progress and velocity of the adsorption
front along the column length, and finally the MTZ. The number of
events detected was corrected for decay and sensitivity by calibration,
and is proportional to the *CO, concentration. The velocity of the
adsorption front increased with the increasing partial pressure of CO,
being fed to the adsorber bed.

As stated before, adsorption design equations are mostly based upon
the concentration of the adsorbed component in the adsorber exit gas
stream, thus defining overall adsorption parameters such as adsorption
efficiency expressed in mole of adsorbate per kg of adsorbent, or the
expected time to achieve the breakthrough of adsorbate from the ad-
sorbent. Dynamic measurements inside the adsorbent bed are seldom
performed, although they are extremely important to measure the ad-
sorption kinetics and MTZ through the evolution of concentrations with
time and location. Asif [23] and Medeiros [24] mentioned that the lack
of these data does not allow to validate 2D or Computational Fluid
Dynamics (CFD) simulation results, respectively. Windes et al. [25]
estimated concentrations in an exothermic packed bed reactor by
measuring the temperature profile (with only one or two properly
placed temperature sensors). Finally, Mustafa [26] developed a special
probe to collect gas samples along the reactor, with stored gas samples
subsequently analyzed by GC/MS. This measurement technique does
not provide rezal-time data, since samples are analyzed after the tests
only. The advantages of the PET imaging are hence evident, since
providing real-time concentration profile data.

5. Application of the experimental data to validate gas adsorption
models and theories

CO, analysis data were further used to validate kinetic adsorption
theories, as described in detail in Supplementary Information SI-D.

The data treatment confirms that PET measurements provides in-situ
data that enable a full theoretical treatment of adsorption. A pseudo-
first-order model provides a fair linear fitting of predicted and experi-
mental results for both adsorbents tested, and can hence be applied for
further calculations. As far as adsorption mechanisms are concerned,
intra-particle diffusion is rate-limiting for Activated Carbon, while for
Zeolite 13X both film and intra-particle diffusion must be considered.

6. Conclusions

The results have proven that PET can be used as a non-invasive
radio-active gas imaging technique in opaque systems. The additional
3D information it gives, including the shape of the mass transfer zone,
enables fundamental insights into the kinetics of packed bed CO, ad-
sorption.

The scientific potential of the imaging technique in opaque systems
was demonstrated by using the data obtained, with the various litera-
ture approaches for gas adsorption. Here too, PET imaging data can be
applied and help to select the most appropriate approaches for the
studied CO,/ Zeolite 13X or Activated Carbon process.

To further develop and implement the PET investigation concept,
additional research is recommended to include (i) the kinetic study of
desorbing ''CO, at reduced pressure and after system saturation has
been reached; examining 3D-surface gas—solid catalytic reactions in e.g.
car exhausts [16], fixed bed reactions such as encountered in mineral
oxides/CO, carbonation/decarbonation cycles [17], catalytic and non-
catalytic deNO, [27] and deSOy [28], or the immobilisation behaviour
of bio-molecules on an appropriate carrier [29,30]. Even complex me-
chanisms of PCDD/F removal [31-33] in fixed, entrained or moving
beds, and/or PCDD/F catalytic destruction on V,05/NO3/TiO, catalyst
[34] could be elucidated. To improve the temporal resolution of the
PET imaging, the Positron Imaging Centre at The University of Bir-
mingham has recently acquired a GE Discovery ST scanner with similar
FOV and spatial resolution but improved sensitivity which should offer
greater temporal resolution. For smaller scale studies a Concord P4
(FOV: axial 150 mm; trans-axial 80 mm) with stated resolution of
1.8 mm will also be available.

Finally, the technique offers potential application in various other
fields, since also N and O positron emission isotopes can be used (albeit
with a lower half-life time).
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