Downloaded via NORWEGIAN UNIV SCIENCE & TECHNOLOGY on April 21, 2020 at 11:23:06 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

This is an open access article published under a Creative Commons Attribution (CC-BY) m

License, which permits unrestricted use, distribution and reproduction in any medium,
provided the author and source are cited.
AGS
& AUTHORCHOICE

research

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

Production of MOF Adsorbent Spheres and Comparison of Their
Performance with Zeolite 13X in a Moving-Bed TSA Process for
Postcombustion CO, Capture

Giorgia Mondino,* Aud I. Spjelkavik, Terje Didriksen, Shreenath Krishnamurthy,
Ruth Elisabeth Stensrod, Carlos A. Grande, Lars O. Nord, and Richard Blom™*

Cite This: Ind. Eng. Chem. Res. 2020, 59, 7198-7211 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations ‘ @ Supporting Information

ABSTRACT: Well-shaped 300—700 pm spheres of aggregated metal—organic frame- O oz
work CPO-27-Ni crystallites have been produced using a spray-granulation method with 7R

cross-bonded alginate as the binder. The spheres are suitable for use in a moving-bed
temperature-swing adsorption (MBTSA) process for postcombustion CO, capture. The :
adsorption isotherm data of CO,, N, ,and H,O have been measured in the temperature SHAPING
intervalof 30—120 °C, and adsorption kinetics have been estimated from breakthrough W
measurements. The adsorption data together with the physical characteristics of the g COZJ
spheres (pore-size distribution and porosity) have been used to simulate the performance S —
of a MBTSA process utilizing the CPO-27-Ni/alginate spheres as adsorbent and
compared to similar simulations using Zeolite 13X spheres. Simulations have been carried
out in a natural gas-fired power plant (NGCC) context. The process simulations indicate B PROCESS
that the net electric efficiency of the NGCC plant with a MBTSA process utilizing the | CHARACTERIZATION | | SIMULATIONS
CPO-27-Ni/alginate spheres is similar to that of a MBTSA process utilizing Zeolite 13X

adsorbent, 56.1% and 55.9%, respectively, which are slightly higher than the net efficiency of the benchmark case NGCC with a
MEA-based solvent process of 54.7%.

VYvY

B INTRODUCTION physical stability of the MOF crystallites toward external
pressures and elevated temperatures vary widely, and
especially, MOFs having extremely high surface areas are the
most sensitive and will collapse at relatively low pressures.
Traditional methods for material shaping, such as extrusion

Metal—organic frameworks (MOFs) are a class of microporous
materials with large structural and chemical diversity and a
high number of potential uses within adsorption-based
technologies such as gas storage,' '’ gas and liquid

separation," ' ~'® protection against toxic-industry compounds and pelletization, involve the use of pressure, which often
(TICs),"* heat pumps and chillers," ™' water harvesting,” causes a significant reduction in specific surface area and
antimicrobial treatment,'® catalysis,19 and sensors.””"** Yet the POfOSitY-24_26 Therefore, in many cases, soft chemistry
use of MOFs is negligible commercially, partly due to methods for MOF shaping are needed that give the wanted
upscaling and cost issues, and on the more technical side, structures with the needed physical strength and at the same
one of the hindrances for further development is the lack of time maintain the porosity and surface area of the MOF.
real testing of shaped MOFs under realistic conditions. Since When used in CO, capture technologies, the adsorbent
most technologies require materials with a specific structure, material should be able to selectively adsorb CO, from the
either pellets, spheres, monoliths, or other, it is important that targeted gas mixture. In the case where the CO, is to be
high yield methods for shaping MOFs are developed that removed from a flue gas, either from power plants (coal or gas
maintain the good properties of the starting material but have a fired) or energy intensive industries (cement, steel, waste
higher material density and a shape that gives optimal fluid incinerators), the total pressure of the flue gas is often around
trefnsport throughout the materi.al during the. process. Having 1 atm with 4—30 vol % CO,, the rest being N,, O,, H,0, and
this, relevant data for the different applications can be
obtained. ] .

MOFs combine an inorganic atom, ion, or cluster with one Special Issue: Carbon Capture and Utilization
or more multifunctional organic linkers to build up the porous Received: November 21, 2019
framework. Some MOFs are only stable at relatively low Revised:  March 28, 2020
temperatures and decompose readily when exposed to water, Accepted: March 30, 2020
while others are stable under harsh conditions such as in Published: March 30, 2020

boiling water over prolonged periods.23 Furthermore, the
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varying amounts (most often in the ppm range) of SO,, NO,,
and other impurities depending on the combustion source and
flue gas cleaning. Disregarding the sulfur- and nitrogen-
containing impurities, there are several MOFs that show
promising performance for removal of CO, at low partial
pressures in the presence of water vapor: the CPO-27/MOF-
74/M,(dobdc) (dobdc = 2,5-dioxidobenzene-1,4-dicarboxz-
late) family with either Mg or Ni as a metal component,”’
UTSA-16,”° the SiFSIX family with either Cu or Zn as a metal
component,” and last, but not least, the Diamin-appended
mmen-Mg,(dobpdc) (dobpdc = 4,4’-dioxidobiphenyl-3,3'-
dicarboxylate) system,” all showing high selectivity for CO,
over N,, significant CO, capacity at around 10 kPa CO,
pressure, and also reasonable stable cyclic performance in the
presence of water vapor.”' >

We have recently developed a soft-chemical method to
produce well-shaped MOF spheres based on the use of cross-
bonded alginates.”* With this method, we can produce MOF
spheres containing 85—95 wt % MOF (dry basis) with
negligible loss in specific surface area except the 10%—15% loss
induced by the alginate in the spheres. The method is general
but requires that the MOF is stable in water for the time
needed to make the spheres, typically around 1 h.

Different processes need different sizes of the spheres. In the
search for new promising adsorbent and processes for
postcombustion CO, capture, we are building a lab-scale
moving-bed temperature swing adsorption (MBTSA)
unit.>>~** Such a process will need adsorbent particles having
good flowability and average diameters in the 0.3—1.0 mm
range to avoid too long intraparticle diffusion pathways causing
slow rate of adsorption. We believe spherically shaped particles
will best fill these needs. We have recently presented the
production and characterization of 2—3 mm spheres of CPO-
27-Ni for fixed bed pressure-swing adsorption (PSA)
applications.””*” In the present Article, we present the
properties of CPO-27-Ni spheres and their production by
the alginate method using a spray nozzle that gives the droplet
size distribution in the range from 0.3 to 0.7 mm suitable for
use in a MBTSA process. The method is based on adding the
MOF powder to an aqueous alginate solution yielding a
homogeneous slurry with low viscosity and the wanted
alginate/MOF ratio allowing the slurry to be atomized by
use of a suitable spray nozzle before entering a CaCl, solution.
Divalent Ca® cross binds the alginate, fixating the droplet
shape, yielding spherical alginate/MOF/H,O beads which can
be dried under mild conditions yielding dry alginate/MOF
spheres. We present the physical characteristics of the spheres
(size distribution, porosity, and density) and the adsorption
properties relevant for postcombustion CO, capture: CO,, N,,
and H,O equilibrium isotherms and kinetic parameters
estimated from breakthrough curves using the individual
components. We have used the data to evaluate the
performance of a MBTSA process for postcombustion CO,
capture in an NGCC context. A comparison has also been
done with recently published results obtained using Zeolite
13X spheres as the adsorbent.*

B EXPERIMENTAL SECTION

Synthesis of CPO-27-Ni Powder. Around 100 g of batch
CPO-27-Ni was produced in a 5.5 L autoclave using
Ni(CH,COO0), 4H,0 (99% from Aldrich) and 2,5-dihydrox-
yterephtalic acid (99.6% from Carbosynth) in an all-water
synthesis as described in ref 32. Here, 224.0 g of Ni-acetate and
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89.2 g of 2,5-dihydroxyterephtalic acid were separately
suspended in 1.5 L of deionized water. The two suspensions
were rapidly mixed together under continuous stirring before
being introduced to the autoclave equipped with an impeller.
The temperature was set to 110 °C, and the rotation speed of
the impeller was set to 174 rpm. The reaction time was 71 h
before the autoclave was cooled to ambient temperature
overnight. After separating the product from the solvent by
decantation and centrifugation, the crystalline powder was
further washed three times with deionized water (approx-
imately 1.5 L per wash lasting approximately 1 h) before
storage as a wet sludge. The solid content of the sludge was
estimated to be 24.2 wt % from measuring the mass before and
after drying under vacuum overnight at 120 °C. The X-ray
pattern (reported in the Supporting Information) is consistent
with earlier CPO-27-Ni diagrams in ref 40.

Production of CPO-27-Ni Spheres. Here, 15.9 g of
Alginate (Protanal LF10/60 from FMC) was dissolved in 1 L
of deionized water and further stirred overnight to ensure a
homogeneous solution. Then, 372.7 g of the wet CPO-27-Ni
sludge (approximately 90.2 g of dry CPO-27-Ni) was added to
the alginate/water solution. An additional 307.5 mL of
deionized water was used to wash out the rest of the CPO-
27-Ni sludge from the beaker. The slurry was then stirred
overnight to ensure homogeneity. The setup used for spray-
spheronizing CPO-27-Ni beads is shown in Figures S1 and S2
in the Supporting Information. Using a peristatic pump, the
slurry is fed at a speed of 25 mL/min to a 0.5 mm spray nozzle
using air at around 4.0 L/min as the atomizing agent. Then, 0.2
M CaCl, (98% from Aldrich) in deionized water was used as
the gelation bath. After approximately 1 h, the spheres were
removed from the gelation bath and washed. The washing was
done by continuously flowing (approximately 3 L/h) tap water
upward through a 1 L glass column with a glass filter keeping
the spheres in place. This continuous washing took place for
21 h, and then, the spheres were collected and stored wet in a
closed bottle. To find the optimal washing time, small samples
of beads were removed from the washing setup after 45 min, 3
h, 21 h, and 45 h. BET analyses of the samples showed that 21
h were needed to reach a stable high specific surface area.

For comparison, a sample of the binderless Zeolite 13X
spheres with sphere size distribution from 500 to 900 pm was
received from CWK in Germany.

Adsorbent Characterization. BET and Pore Character-
ization. Specific surface areas were estimated from N,
isotherms recorded at liquid nitrogen temperatures (77 K)
using the BET formalism. Sample activation was typically
carried out overnight at an external pretreatment unit
(BELPREP 1I vac) at 120 °C under vacuum prior to a short
(2 h) pretreatment at the BELSORP mini-instrument. The
micropore volume was estimated using the t-plot method
based on said N, isotherm measurements at 77 K, while larger
pores were analyzed using a Hg porosimeter (Micromeritics
AutoPore IV 9520) operating from 0.1 Pa to 414 MPa
covering the pore diameter range from approximately 360 to
0.003 pm.

Thermal Stability (TG-DSC-MS). The thermal stability of
the CPO-27-Ni precursor powder and the shaped beads were
analyzed by using a TG-DSC-MS instrument (Netzsch STA
449 F1 instrument equipped with a QMS 403 C MS analyzer).
Experiments were carried out using approximately 20 mg of
material, a 2 °C/min heating rate, and an air flow of 50 mL/
min. First, the samples were heated for 16 h in the air (50 mL/

https://dx.doi.org/10.1021/acs.iecr.9b06387
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min) at 90 °C to remove volatile components, and then, the
samples were heated to 800 °C. Mass changes (TG) and heat
transfer within the sample (DSC) as well as analyses of the
kinds of volatile components leaving the sample during the
process (by mass spectrometry, MS) were recorded. On the
basis of the experiments, the thermal stability of the samples
was evaluated.

Powder X-ray Diffraction. Powder X-ray diffraction
patterns from 26 = 5—60 of the MOF adsorbents were
measured using a PANalytical EMPYREAN diffractometer
equipped with a Cu source and Pixel 3D detector.

Scanning Electron Microscopy (SEM). Scanning electron
microscopy pictures of the CPO-27-Ni spheres were collected
on a FEI Nova NanoSEM 650 instrument.

Single Component Isotherm Measurements. Isotherms of
pure CO,, N,, and H,O were collected up to 1 bar (0.04 bar
for H,0) at different temperatures between 30 and 120 °C on
a commercial volumetric BELSORP Max instrument (BEL,
Japan). Sample activation was typically carried out overnight
with an external pretreatment unit (BELPREP 1II vac) at 120
°C under vacuum prior to a short (2 h) pretreatment with the
BELSORP Max instrument as part of the isotherm measure-
ment procedure.

Adsorption Kinetics. Adsorption and desorption experi-
ments were carried out using a dynamic column breakthrough
apparatus. The schematic of the apparatus is shown in Figure
1. It consists of gas flow controllers to provide fixed flow rates,

Flow control Valve control

by LABVIEW

ol

{Temperature i PC
| i control i
CO2 iby LABVIEW
mi-le/Nz Mass
ispectra
ito PC
Adsorption
column inside
oven
Mass
spectrometer

>

Figure 1. Schematic of the breakthrough setup.

an adsorption column housed in a temperature-controlled
oven, and a mass spectrometer to detect the concentration
downstream. Initially, the adsorbent column was regenerated
under a helium/nitrogen purge of 100 mL/min overnight at
120 °C, and following that, the column was cooled to the
experimental temperature of 50 °C. Once thermal equilibrium
is reached, a step input in concentration was provided (6.5%
CO, in He or N,). The adsorption step was carried out with 17
mL/min of CO, and 261 mL/min of He or N, gas. After
equilibrium was attained, desorption was carried out with the
pure carrier gas. Experiments were carried out with two
different particle sizes, namely, 300—500 and 500—700 pm.
About 1.3 g of the smaller particles and 1.0 g of the larger
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particles were used in the experiments. Due to the difference in
mass, the packed height for the two particle sizes were 7.3 and
4.6 cm, respectively. A thermocouple was also inserted into the
packed bed to measure the temperature profile inside the
adsorption column.

B THEORETICAL BASIS

Modeling of Adsorption Isotherms. Equilibrium data of
pure CO, and N, were fitted using the Virial isotherm model,
given by*"*

g

P = “CexplAg* + Bg** + Cq*
K, Xplayq, q; q; )

where subscript i indicates the adsorbate (CO, or N,), of

which p; is the pressure, g; the amount adsorbed, and K; the

Henry constant. The temperature dependence of the Virial

coeficients A;, B, and C; was expressed by

A=A Ay B =8 By, C=cC Cyi

i 0,i TS ) i 0,i ,1; ) i 0,i ,I;

@)

while the Van’t Hoff equation was used for the Henry constant

K=K xp(—"o]
i= oo,ie
RT (3)

where K, is the adsorption constant at infinite temperature,
AH} the heat of adsorption at zero coverage, and R the
universal gas constant.

The fitting of the experimental data to extract the model
parameters was performed on Scilab 6.0.2* using the Nelder—
Mead optimization routine for minimizing the square of
residuals between the experimental data and predicted
isotherms, in the whole temperature range simultaneously.

On the basis of the fitting parameters from pure gas
measurements, multicomponent adsorption equilibrium can be
predicted by applying the following extension of the Virial
model

q* N N N N N N
i * k ok ok sk
B= el DAl + D0 D Balel + 2 3 Y Cuuafag
i j=1 j=1 k=1 j=1 k=1 I=1
4)
where the mixing Virial coefficients are calculated as
A+ A B, + B + B, C+GC+C+C
Ay = 3 Bp=—"—F"5 Cu=—"T"—"—
2 3 4
(%)

Equations 4 and S were used in the MBTSA simulations to
take into account competitive adsorption of N, and CO,.

Modeling of Moving-Bed Temperature-Swing Ad-
sorption (MBTSA) Process. On the basis of the measured
equilibrium and kinetics properties, the use of the CPO-27-Ni
spheres in a moving-bed temperature-swing adsorption process
for CO, capture is evaluated via simulations.

The moving-bed system considered in this study, as
schematically shown in Figure 2, consists of a series of units
through which the adsorbent circulates while cyclically
adsorbing and desorbing CO, by means of temperature
swing. More specifically, the adsorption of CO, from the flue
gas occurs within the top unit (adsorption section) where
adsorbent and flue gas flow countercurrently to each other,

https://dx.doi.org/10.1021/acs.iecr.9b06387
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NGCC summary data Flue gas specifications MBTSA
GT model GE 9HA.02 Flow rate 916 kg/s Purge gas i I
GT output 555.3 MW Temperature 30 °C A tORPTION
ST output 246.5 MW Pressure 1.14 bar m
Combined output ~ 801.8 MW Composition CO, 5.15vol% y
Flue gas (from
Electric efficiency ~ 63.1 % N, 94.85vol% NGCCplant) T
Recycle gas ' :
=
Exhaust steam A
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NGCC integrated with MBTSA ey
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Figure 2. Specifications of the flue gas and reference NGCC power plant (top left), process flow diagram of the NGCC power plant with CO,
capture (bottom left), and schematic diagram of MBTSA (right). The figure is a modified version of the one presented in ref 38.

with the adsorbent being fed from the top and the gas entering
from the bottom.

The adsorbed CO, is then released and collected in a high
CO, purity stream by increasing the temperature of the
adsorbent as it passes through the desorption section, the latter
being an indirect contact heat exchanger using steam as heating
media. The cycle is then closed by indirectly cooling the
regenerated adsorbent in the cooling section and returning it
to the adsorption section for starting a new cycle. As shown in
Figure 2, the system allows for a heat-integration scheme to
reduce the external energy demand by recovering heat from
the hot particles leaving the desorption section to be used for
preheating the adsorbent before entering this section.

For process simulations, a detailed mathematical model of
the MBTSA was implemented and solved in the gPROMS
Model Builder.” Each section of the moving bed is described
by a set of coupled partial differential equations distributed
over the vertical coordinate, as described below (egs
6—10).36_38

The profiles of the gas phase concentration along the section
height are obtained from the mass balance in the gas phase

oG, 0 0y,
e— =&—|D,Cr—
0z

C

‘ot ‘oz
where t is time; z the position along the section height; C, -
and Y; the concentration in the bulk gas, the concentration in
the macropores, and the molar fraction, respectively, (with the
index i being either CO, or N,); &, the bed void fraction; & bed

_ o(uC) B (1 —¢ = &)k
0z Bi/5S + 1

= (Cx - Cp,i)
(6)
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fraction occupied by the structured packing; D, the axial
dispersion; Cr the total concentration; u the gas velocity; a’ the
adsorbent particle specific area; K, the film mass transfer
coefficient; and Bi the Biot number.

Using the linear driving force (LDF) approximation to
express the macropore mass transfer, the mass balance in the
macropores is given by
¥ ot

ISDP'i Bi;

P, 2 ;
RP S + Bj;

dq, 0
(Ci—Cp,i)—p}a E+v

(7)

where R, is the particle radius, D,,; the macropore diffusivity, p,
the particle density, Bi; the Biot number of component i, g; the
concentration of component i in the adsorbed phase, and v, the
velocity of the adsorbent.

Similarly, by expressing the mass transfer rate in the solid
phase with a LDF model, the adsorbent loading profiles are
computed from the mass balance in the solid phase given by

dqt_

‘0z

15D .
—=(a" - q)
752 i i (8)

where D, ; is the micropore diftusivity, 15D,/ r> the adsorption
rate of component i in the micropores, and g the adsorbed
concentration of component i in equilibrium with the
corresponding local concentration in the macropore (Cp,i)‘
As previously mentioned, the adsorption equilibrium is
described using the extension of the Virial isotherm model
for multicomponent systems (eq 4).

dq,
ot
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Finally, the gas and the adsorbent temperatures (T and T)
are predicted by solving the energy balances in the gas phase
(eq 9) and the energy balance in the solid phase (eq 10),
respectively.

oT o (.0T oT oC
Coe = L% —uc e v erT Y &
R az( 6z) Wy T 2 ot
(1= 6 = Oh(T = T) - &(p _ 3. )
(e o _
c a f s Dh hx (9)
oT, 9T,
[(l—é'c—f)/zntips'i'fpkapk] E"_vsg
o(. oT
=, — |+ —-e—Eah(T-T
5az(pkaz) (1 = & - Oahy(T - T)
0q. 0q.
+(1—¢ - —AH[— + y—
(1-e f)ppZ[ 1=, vsaz}]
ac,.  aC,.
+(1—ec§)eRTsZ L T L
P ot oz (10)

In the previous equations, AH; represents the heat of
adsorption, hy the film heat transfer coefficient between the
gas and the solid, h;, the convective heat transfer coeflicient
between the gas and the wall, D;, the hydraulic diameter, T,
the temperature of the heat transfer surface, ¢, and ¢, the gas
specific heat capacities at constant volume and constant
pressure, respectively, 1 and A, the heat axial dispersion
coefficient of the gas and the packing, respectively, and R the
universal gas constant.

The spatial derivatives of the equations above were
discretized applying the centered finite difference method
with second-order approximation. The number of discretiza-
tion intervals was set to 400 for the adsorption and desorption
sections, 100 for the preheating section, and 300 for the
cooling section. As described in more details in a previous
work,””*® the gPROMS composite model approach™® was used
to connect the individual sections of the MBTSA in a single
flowsheet and solve simultaneously the corresponding model
equations, given the appropriate boundary conditions. The
dynamic simulations were performed until a steady state was
reached, and all results presented here refer to the steady state
solution.

Further details on the approach used for model implemen-
tation and the underlying model assumptions can be found
elsewhere,””*® while additional equations and main correla-
tions used for computing mass and heat transfer parameters are
reported in the Supporting Information.

Integration of Capture Process with Power Plant. The
application of the MBTSA capture process considered in the
present study refers to a natural gas combined cycle (NGCC)
power plant. The impact of the capture process on the power
cycle efficiency was investigated via process simulations. For
this purpose, a computational model of the NGCC
opportunely modified to accommodate the CO, capture unit
was used. The model, implemented in THERMOFLEX,"” was
developed in a previously published work®® with the purpose
of performing a detailed analysis of the energy use associated
with the various CO, capture auxiliaries, as well as allowing a
direct and consistent comparison with the benchmark amine-
based technology. The main characteristics of the reference
NGCC (without CO, capture) are given in Figure 2, together
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with the flue gas specifications used as input to the MBTSA
simulations. It should be noted that the composition of the flue
gas was simplified to a binary mixture of N, and CO, in order
to reduce the computational time of the moving-bed
simulations. Furthermore, due to the large amount of flue
gas to be treated, the use of two MBTSA units was assumed.
Figure 2 also presents a schematic layout of the simulated
NGCC, showing the components that have been added to the
reference NGCC to mimic the presence of the MBTSA.
Besides the extraction of steam needed for sorbent
regeneration (i.e,, in the desorption section of the moving
bed), the following components are included in the model: (i)
a water circuit to provide cooling to the cooling section of the
moving bed, (ii) a booster fan to overcome the pressure drops
occurring in the adsorption section, (iii) a drying unit to
dehydrate the flue gas upstream of the MBTSA, and (iv) an
intercooled CO, compressor. The details on how the results
from the MBTSA simulations were used as basis for the
integration, providing the necessary inputs to the power plant
simulations, is presented in ref 38.

B RESULTS AND DISCUSSION

Adsorbent Properties. We have prepared CPO-27-Ni in
an all-water synthesis at a 100 g scale yielding microcrystalline

Table 1. Physical Properties of CPO-27-Ni and Zeolite 13X
Spheres Used in This Study

CPO-27-Ni Zeolite 13X

Sphere diameter distribution (um) 500—700 500-900
Specific BET area (m?/g) 960 740
Micropore volume (mL/g)* 0.37 0.32
Mesopore volume (mL/g)b 0.00 0.09
Macropore volume (mL/g)" 0.52 0.28
Sphere density (g/mL) 0.739 0.924
Sphere porosity (%) 38 34

“From N, adsorption at 77 K using the t-plot method. *From Hg-
porosimetry accumulated Hg intrusion at 414 MPa. “Sphere density =
(specific crystal volume + mesopore and macropore volume)™'.
9Sphere porosity = mesopore and macropore volume X sphere
density.

powder (Figure S3). Further, the washed powder was shaped
by a spray-spheronization technique at productivities around
100 g/h yielding free-flowing well-shaped 300—700 pm
spheres. Comparisons of the physical parameters of the
CPO-27-Ni spheres with those of the reference Zeolite 13X
sample are given in Table 1. The surface area of the CPO-27-
Ni spheres is somewhat lower than that of the water washed
precursor CPO-27-Ni powder (1250 m*/g). The reduction in
BET area is somewhat larger than expected from the amount of
alginate in the spheres (15.0 wt % on dry basis). It should be
noted that extensive washing of the spheres in a continuous
flow of water over more than 20 h is needed to reach the BET
area noted in Table 1. The long washing time needed is most
likely because removal of unreacted precursors stemming both
from the MOF synthesis and from the shaping takes a longer
time for the beads due to the longer diffusion pathways
compared to the micron-sized CPO-27-Ni precursor crystalline
powder.

Figure 3 shows the SEM pictures of the CPO-27-Ni spheres
at different magnifications. The sphericity is not perfect but
reflects the droplet shape and gelation kinetics of the process.
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Figure 3. SEM pictures at increasing magnification of the CPO-27-Ni
spheres made for MBTSA application.

When we go closer into the sphere surface, we see clearly the
individual micron-sized CPO-27-Ni crystallites, but the
alginate network that keeps the MOF crystals together stays
invisible due to the high acceleration voltage used in the
analysis. The CPO-27-Ni crystals are densely packed into
aggregates with “ravines” (1—S5 um wide) between the
aggregates that might be voids of alginate-rich areas. The
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Figure S. CO, breakthrough profiles for different pellet sizes at 50 °C.
The x axis is normalized time to show the effect of particle size.

Hg-intrusion analysis shows two domains of filling (Figure S4
and SS, Supporting Information). First, a filling at around 100
pum is most probably filling of the voids between the spheres.
No filling is observed between 1 and 10 ym, indicating that the
“ravines” observed in the SEM pictures are not voids but more
probably cross-bonded alginat-rich areas with no porosity.
Lastly, there is filling due to the presence of macropores with
the average pore diameter around 120 nm, consistent with the
voids between the submicron-sized crystals observed by SEM.
Since the crystal size distribution is narrow, also the macropore
size distribution is quite narrow.

The Hg-intrusion curve for Zeolite 13X shows a similar
pattern: First, a filling of the voids between the spheres, then a
macropore filling at around 120 nm, but for this material there
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is also a small mesopore volume of around 0.09 mL/g at
around 4—5 nm pore diameter.

The porosities of the CPO-27-Ni and Zeolite 13X spheres
are 38% and 34%, respectively, based on mesopore and
macropore volumes of 0.52 and 0.37 mL/g, respectively, from
the Hg-porosimetry analysis. Sphere densities are estimated to
0.74 and 0.92 g/mL, respectively. The differences in sphere
densities reflect the difference in the crystallographic densities
of the precursor CPO-27-Ni and Zeolite 13X crystals, 1.2 and
1.404 g/mlL, respectively,"*’ and also that the macropore
volume of the spray-spheronized CPO-27-Ni adsorbent is
higher than that of the Zeolite 13X spheres. We believe the
extra porosity is a consequence of the spray method used and
that lower porosities might be achieved using other droplet-
forming methods and/or alginate types or contents. Minimiz-
ing the sphere mesoporosity and macroporosity is important to
further increase the volumetric CO, capacity of the adsorbent
and consequently reduce the size of the MBTSA process. The
crystalline densities should be regarded as the maximum
sphere densities achievable of the respective materials that

Table 3. Main Design Parameters and Operating Conditions
Used in Simulations of the MBTSA Process”

CPO-27-Ni  Zeolite 13X
Height of adsorption section (m) 35 1.5
Cross-sectional area in adsorption section (m?) 254.5 254.5
Column void fraction in adsorption section (—) 0.8 0.8
Cross-sectional area in other sections (m?) 78.5 78.5
Column void fraction in adsorption section (—) 0.6 0.6
Height of preheating section (m) 3.0 2.0
Height of desorption section (m) 6.0 9.0
Height of cooling section (m) 10 12
Adsorbent residence time/cycle time (min) 26 45
CO, extraction pressure (bar) 0.97 0.97
Amount of circulating sorbent (kg/s) 350 245
Regeneration temperature (°C) 132 207

“Values referred to a single MBTSA unit.

cannot be exceeded without partial destruction of the crystal
lattice.

The TG-DSC traces of CPO-27-Ni precursor powder and
CPO-27-Ni/alginate beads are indistinguishable (Figures S6
and S7). However, we know from previously published work
with MOF/alginate spheres that the alginate itself starts
decomposing at around 135 °C.*

Adsorption Equilibrium. The adsorption isotherms of
CO, and N, measured on the CPO-27-Ni spheres are shown
in Figure 4, while H,O isotherms are given in Figure S8 in the
Supporting Information. In Figure 4, the isotherms at 30 °C
are compared with the corresgponding Zeolite 13X isotherms
published in a previous work.*® Although the highest measured
CO, uptake (recorded at 100 kPa and 30 °C) of the MOF is
higher than on Zeolite 13X, the CO, capacity of CPO-27-Ni is
significantly lower when compared at low partial pressures
relevant for postcombustion capture applications where the
adsorption of CO, is typically carried out at low temperature
and low CO, partial pressure. Further the isotherm of CO, in
CPO-27-Ni is less steep than that of Zeolite 13X. On the other
hand, CPO-27-Ni adsorbs significantly less CO, than Zeolite

Table 2. Summary of Kinetics Experiments on CPO-27-Ni Spheres

Conditions

Spheres size (um) Carrier gas Dnotecatar (X107° m?/s)

300—-500 He 7.0
300—-500 N, 1.9
500—-700 He 7.0

Dinudsen (X107° m?/s) K kipe (s71) Tortuosity
2.2 301 441 3.3
2.2 293 2.66 34
2.2 500 1.56 2.8
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13X also at high temperature and close to atmospheric
pressure, ie., at desorption (regeneration) conditions in a
temperature swing capture process, which means that for a
given regeneration temperature a higher level of regeneration
can be achieved with the MOF. Figure 4 also shows the results
of the fitting with the Virial model obtained by simultaneous
nonlinear regression of the data in the whole temperature
range. The fitted parameters are reported in the Supporting
Information together with the corresponding values of the
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Zeolite 13X.>® The obtained heat of adsorption of CO, is
lower for CPO-27-Ni (37.4 kJ/mol) than for Zeolite 13X (44.8
kJ/mol), which is beneficial in terms of limiting the energy
requirement of the capture process. The estimated heat of
adsorption for the CPO-27-Ni spheres is close to previously
reported values of 38—39 kJ/mol for powder samples.””"'
Adsorption Kinetics. Figures 5 and 6 show the CO,
adsorption breakthrough trace and the temperature profiles
with different pellet sizes using helium as the carrier gas. The

https://dx.doi.org/10.1021/acs.iecr.9b06387
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CO, trace for the larger particles is more spread out than that
of the smaller particles indicating that the mass transfer is a
function of the particle size. This is consistent with earlier data
concluding that the adsorption of CO, in CPO-27-Ni is
governed by diffusion in the macropores.””*>

Using the desorption trace, a mass balance was performed to
obtain the adsorption isotherm up to 6 kPa as described by
Brandani et al.>* As helium gas is considered inert, the capacity
curve obtained is equivalent to a single component isotherm.
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The capacity value obtained at 6 kPa CO, pressure was 1
mmol/g. This is about 15% less than the “extrapolated” value
from single component isotherms from the volumetric
measurements as seen in Figure 7. This difference can be
attributed to the different regeneration conditions used in the
two experiments. The competitive isotherm of CO, in the
presence of nitrogen showed that at 50 °C, the nitrogen does
not affect the adsorption of CO,. This may not be the case at
low temperatures, where the competition could be stronger.
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In order to extract the kinetic parameters from the
breakthrough curves, a nonisothermal, nonisobaric 1D model
was then used to fit the experimental profiles.”> The model
equations are described in the Supporting Information. The
residual between the simulated and experimental adsorption
breakthrough profiles was minimized by fitting the isotherm
parameters, the LDF coefficient, and the heat transfer
coeflicient values.

In the first step, the helium experiment was analyzed. For
nonadsorbing helium, the affinity coefficient and heat of
adsorption values were taken as zero, and the LDF coefficient
was kept as 1000 s™'. The fitting of the breakthrough
experiments was carried out in MATLAB.* The results from
the modeling are shown in Figures S and 6 and summarized in
Table 2. In general, there is a good agreement between the
experimental and simulated profiles.

The ratio of the LDF coefficient values for the smaller and
larger pellets was found to be 2.8, which is slightly higher than
the ratio of the square of the average particle diameters (2.25).
With respect to the different carrier gas, the ratios of the
estimated LDF constants were similar to the ratio of the
respective macropore diffusivity values. In these experiments,
the total pressure was constant and hence, for the macropore
diffusivity is a combination of Knudsen and molecular
diffusivities and given by

Simulations of MBTSA for CO, Capture Using CPO-
27-Ni Spheres and Comparison with Zeolite 13X. As
basis for the design of the MBTSA with CPO-27-Ni, the
process developed in a previous work using Zeolite 13X was
taken as the initial configuration. A series of simulations was
then performed by iteratively adjusting certain design
parameters until desired process performances were achieved.
In this respect, a minimum of 95% CO, purity and 90% CO,
capture rate were set as targets. The list of design parameters
that were modified and their final values used in the
simulations presented here are reported in Table 3, together
with the corresponding values of the original parameters from
the zeolite case.

In terms of constraints to be taken into account when
adjusting the operating conditions, a major difference between
the zeolite and the MOF cases was on the choice of the
regeneration temperature; while no limitation was imposed in
the zeolite study, a temperature of 133 °C was set as the
maximum desorption temperature for the CPO-27-Ni case in
order to avoid potential degradation of the adsorbent. As
suggested by the isotherm plots in Figure 4, this means that the
adsorbent will still contain a significant amount of CO,
adsorbed (above 1 mol/kg) when leaving the desorption
section. In other words, only part of the captured CO, will be
recovered as a result of a temperature increase occurring within

Table 4. Main Simulation Results of MBTSA with CPO-27-Ni and Integration of Capture Process with NGCC Power Plant”

NGCC without
CO, capture

CO, purity (%)

CO, capture efficiency (%)

Heat input to capture unit (MWy,)
Specific heat input (Mj/kgCOZCapturcd)

NGCC emissions (tco,/h) 253
CO, captured (kg/h) -
NGCC specific emissions (kg/MWh) 316
NGCC gross power output (MW,;) 802
GT gross electric power output (MW,) 58§
ST gross electric power output (MW,;) 246
CO, capture auxiliaries (MW)

NGCC net electric efficiency (%) 63.1

“Comparison with Zeolite 13X study’®

NGCC with amine-based
process (MEA)
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NGCC with MBTSA, NGCC with MBTSA,

Zeolite 13X CPO-27-Ni
99.9 95.8 98.9
95.0 98.2 92.6
266 101 125
3.95 142 1.89
11.2 4.6 18.8
242 249 240
15 6 24
734 767 773
555 555 555
179 211 218
37.5 54.7 60.1
54.7 55.9 56.1

and capture with amine-based capture process.*®
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the desorption section. However, the remaining CO, can be
recovered by further purging the adsorbent while traversing the
subsequent cooling section. For this purpose, a small fraction
(approximately S wt %) of the CO,-free product gas from the
adsorption section is recirculated to the cooling section, where
it flows countercurrently to the adsorbent inducing further
desorption of CO,. The flow of recirculated gas through the
cooling section also serves to maintain the pressure inside the
column close to atmospheric pressure, as the cooling of the
adsorbent would otherwise promote adsorption of the
surrounding gas, and thus a decrease in pressure in the bulk
phase. As a result of this recirculation through the cooling
section, a small gas stream (approximately 7 wt % of the feed
gas) containing a certain amount of CO, will be released from
the top of the cooling section. As shown in Figure 2 (dashed
blue stream lines), the released gas is then recycled and mixed
with the flue gas feeding the adsorption section, with the
purpose of improving the recovery of CO,, by simultaneously
increasing the CO, partial pressure in the feed gas. For
simplicity, it is assumed that the recycled gas is cooled to the
feed gas temperature before mixing. A similar strategy was
adopted in the zeolite case, with the difference that the
resulting product gas from the cooling (shown in dashed black
line in Figure 2) section was directly mixed with the CO,
product obtained from the desorption section, rather than
being mixed with the feed gas.

The simulation results in terms of concentration and
temperature profiles along the height of each moving-bed
section are shown in Figure 8—11 and compared with the
profiles obtained using Zeolite 13X. One of the main
differences between the two cases concerns the shape of the
concentration profiles in the adsorption section. As CPO-27-
Ni presents a more spread profile, it was necessary to increase
the length of the adsorption to 3.5 m (versus the original 1.5 m
of the zeolite case), leading to higher pressure drops. The
reason for this is related to the difference in the CO,
adsorption isotherms of the two adsorbents at the feed gas
conditions, which are steeper in the zeolite. Another difference
that can be observed by looking at Figure 8 is the higher
amount of N, coadsorbing with CO, on CPO-27-Nj, as result
of the lower equilibrium selectivity of CPO-27-Ni compared to
Zeolite 13X. However, this does not affect the purity of the
CO, product (which is collected from the desorption section),
as the N, desorption occurs within the preheating section
(Figure 9). Here, the adsorbent undergoes a first increase in
temperature, which induces a shift in adsorption equilibrium:
Most of the adsorbed N, is released to the gas phase with the
accompanying gas being removed from the top, while
simultaneously, the CO, concentration in the gas phase
increases without a significant change in the adsorbed
concentration. In a similar way as for the gas recovered from
the cooling section, the gas released from the preheating
section is recycled to the feed gas (shown as dashed black line
in Figure 2), being approximately 1 wt % of the total flow rate.
The majority of CO, is then desorbed as a result of further
heating of the adsorbent occurring in the desorption section
(Figure 10). By setting a mild vacuum (0.97 bar) as evacuation
pressure, the released gas is collected at the bottom, where
high CO, purity is achieved. Lastly, adsorbent cooling is
carried out in the cooling section (Figure 11), where a small
stream of nearly pure N, recirculated from the adsorption
section is used as purge gas to further regenerate the adsorbent
from the remaining CO,. As previously mentioned, the fraction
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of recirculated gas was approximately 5% of the total CO,-free
gas leaving the adsorption section.

As shown in Figures 8—11 and reported in Table 3, the
advantage of the zeolite of having a shorter adsorption section
is offset by the need for longer cooling and desorption sections,
due to their higher regeneration temperature. In fact, with
respect to sorbent inventory, the process using zeolite is
outperformed by CPO-27-Ni: despite circulating a lower
amount of material in terms of kg/s, the total amount of
adsorbent required (i.e., the amount of adsorbent that is
processed in one cycle) is 43% higher due to the much longer
residence time of the zeolite.

Energetic Performance of Capture Process and
Results of Power Plant Integration. On the basis of the
results obtained with the MBTSA simulations, the amount of
thermal energy required for sorbent regeneration was
computed and used as input to the NGCC model simulations.
The results of the power plant integration are summarized in
Figure 12 and Table 4, together with a comparison with the
reference NGCC plant (without capture), the benchmark
amine-based process, and the reference moving-bed process
using zeolite.

Very similar performances are obtained for the two MBTSA
processes (Zeolite 13X and CPO-27-Ni) in terms of overall
power cycle efficiency, causing approximately a 7%-point
reduction in net electric efficiency, compared to an 8%-point
capture penalty of the amine-based process. As shown
graphically in Figure 12, one of the main differences between
the moving-bed and amine-based systems is the need for
drying the flue gas prior to the capture process when using
solid sorbents, with the energy penalty associated with the
drying process. Another factor playing in favor of the MEA
process is the slightly higher pressure at which CO, is
separated, which implies lower energy consumption by the
CO, compressor. On the other hand, the MBTSA processes
present a significantly lower heat demand for sorbent
regeneration and hence a lower power loss associated with
the steam extraction.

When comparing the zeolite-based process with the MOF-
based process, the higher energy penalty due to the pressure
drops in the CPO-27-Ni system is compensated by the lower
reduction in power output associated with steam bleeding. In
fact, despite requiring a slightly higher amount of energy for
sorbent regeneration (both in terms of total heat input and
specific heat per kg of CO, captured), CPO-27-Ni allows
extraction of steam at lower pressure, which is beneficial for the
steam cycle performance. Details on the steam extraction
conditions and flow rates can be found in the Supporting
Information.

B CONCLUSIONS

We have prepared CPO-27-Ni/alginate spheres suitable for use
in a moving-bed temperature-swing adsorption (MBTSA)
process for postcombustion CO, capture. The shaped spheres
maintain most of the CO, capacity of the CPO-27-Ni
precursor powder but have better flow characteristics needed
to avoid clogging in a MBTSA reactor. The MOF spheres have
been compared with Zeolite 13X spheres of similar size. The
two adsorbents have similar CO, capacities in mmol/g units,
but the CPO-27-Ni/alginate spheres have lower volumetric
CO, capacity due to the intrinsic lower crystallographic density
of CPO-27-Ni compared to Zeolite 13X and to the larger
macropore volume of the former because of the shaping
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method used. Despite this difference, simulation of the two
adsorbents in a MBTSA process for capturing CO, from an
NGCC power plant indicate that the CPO-27-Ni spheres have
lower energy requirements compared to Zeolite 13X, the main
reason being a lower temperature needed for regeneration.
Due to the high hydrophilicity of both adsorbents, a drying
step of the flue gas is needed before the CO, capture process.
Despite this extra process, the simulations show that the
MBTSA process utilizing either adsorbent perform slightly
better than a solvent-based MEA process in terms of energy
requirements.

Further improving the shaping process used for CPO-27-Nj,
especially minimizing the macropore volume of the spheres
and thus increasing their volumetric CO, uptake, will further
improve the performance of the MBTSA process. In particular,
this will reduce the process footprint which is one of the major
challenges with adsorbent-based processes.
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B ABBREVIATIONS

CCR2 = CC chemokine receptor 2

CCL2 = CC chemokine ligand 2

CCRS = CC chemokine receptor 5

TLC = thin layer chromatography

TG-DSC-MS = thermogravimetry and differential scanning
calorimetry coupled with mass spectroscopy

GT = gas turbine

ST = steam turbine

B NOMENCLATURE

A; = first Virial coefficient of component i, kg mol™'

a’ = specific area of adsorbent particle, m* m™>

B; = second Virial coefficient of component i, kg mol™*

Bi; = Biot number of component i

C; = third Virial coefficient of component i, kg mol™

C; = concentration of component i in bulk gas phase, mol
m3

Cp,i3= concentration of component i in the macropores, mol
m

¢, = molar specific heat of gas mixture at constant pressure, ]
mol 'K

¢,s = specific heat of solid phase, ] kg 'K™!

Cr = total gas concentration in bulk phase, mol m™

¢, = molar specific heat of gas mixture at constant volume, J
mol ™' K™

D, ; = micropores/crystals diffusivity of component i, m* s~
D,, = hydraulic diameter, m

Dioudsen = Knudsen diffusivity, m* s™*
D, ecro = diffusivity in macropores, m? s~
Dinolecalar = molecular diffusivity, m? s™*
D,; = macropore diffusivity of component i, m* s~
D, = axial dispersion coefficient, m* s™*
K, = equilibrium constant of component i, mol kg™" bar™'
K7 = equilibrium constant at infinite temperature, mol kg™!
bar™

h; = film heat transfer coefficient between the gas and the
particle, J s™' m™> K™!

hg e = film heat transfer coefficient between the gas and the
wall, J s7'm™2 K™

K,, = film mass transfer coefficient, m s™*

M1 = molecular weight of components 1, g mol™'

M2 = molecular weight of components 1, g mol™

P = pressure, Pa

P, = partial pressure of component i, bar

q; = adsorbed phase concentration of component i, mol kg™’
qf = adsorbed concentration of component i at equilibrium
with the gas, mol kg™

R = ideal gas constant, ] K" mol™'

r, = crystals/micropore radius, m

Tpore = Macropores radius, m

R, = particle radius, m

t = time, s

T = temperature of the gas phase, K

T}, = temperature of the wall, K

=

1

1

1

1]
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T, = temperature of the solid phase, K

u = superficial gas velocity, m s~

v, = velocity of the solid phase, m s™

z = axial coordinate in the moving bed, m
Y; = molar fraction of component i

B GREEK SYMBOLS

AH? = isosteric heat of adsorption of component i, ] mol™

€. = column void fraction

€, = particle porosity o

A = heat axial dispersion coeflicient, J m™ s K~

Ay = heat axial dispersion coefficient of structured packing, J
-1 -1 -1

m- s

£ = volumetric fraction of structured packing

p, = particle density, kg m™3

Ppi = density of structured packing, kg m™

6 = Lennard-Jones parameter (collision diameter), A

€ = dimensionless collision integral of binary diffusivity
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