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The increasing CO, emissions and their direct impact on climate change due to the greenhouse effect
are environmental issues that must be solved as soon as possible. Metal-organic frameworks (MOFs) are
one class of crystalline adsorbent materials that are thought to have enormous potential in CO, capture
applications. In this research, the effect of changing the metal center between Zr(v), Ce(v), and Hf(v), and
the linker between BDC and PDC has been fully studied. Thus, the six UiO-66 isoreticular derivatives have
been synthesized and characterized by FTIR, PXRD, TGA, and N, adsorption. We also report the BET
surface area, CO, adsorption capacities, kinetics, and the adsorption isosteric heat (Qg) of the UiO-66
derivatives mentioned family. The CO, adsorption kinetics were evaluated using pseudo-first order,
pseudo-second order, Avrami's kinetic models, and the rate-limiting step with Boyd's film diffusion, inter-
particle diffusion, and intraparticle diffusion models. The isosteric heats of CO, adsorption using various
MOFs are in the range 20-65 kJ mol™* observing differences in adsorption capacities between 1.15 and
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framework metal ions. The isosteric heat of adsorption calculation in this report, which accounts for the
unexpectedly high heat released from Zr-UiO-66-PDC, is finally represented as an increase in the inter-

rsc.li/dalton action of CO, with the PDC linker and an increase in Qg with defects.
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1. Introduction

The increasing CO, concentration in the atmosphere and its
direct impact on climate change due to the greenhouse effect
is an environmental issue that needs to be solved as soon as
possible. The CO, storage technologies (which would decrease
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the atmospheric CO, concentration) have the risk of causing
other challenges like energy waste and cost." To store CO,
physisorption on high surface area compounds could be a
more efficient option, being less energetic than other pro-
cesses and the smaller amount of adsorbent needed, due to
the increased surface area of those materials.

Various CO, adsorbents® with large surface areas like acti-
vated carbon,”® zeolites,”® mesoporous silica,>® and mole-
cular sieves,'® have been investigated. Metal-organic frame-
works (MOFs) have recently been presented as a new viable
CO, adsorbent option.* These materials have porous crystal-
line structures composed by a metal cluster (or node) linked
with a polydentate organic compound (linker). MOFs have
many favorable functional characteristics for adsorption,
including a tunable structure with adaptable pore size, high
surface areas, and crystallinity, the possibility of adding func-
tional groups by post-synthetic modifications, and high
adsorption capacities, among others.""* These characteristics
are used for applications like catalysis, drug delivery, sensing,
and gas storage/separation."”

CO, adsorption has been explored for several different
MOFs, including CU-BTC, ZIF-8, BIO-MOF-1, MIL-101, UiO-66,
among others.*""'*'> Of our interest is UiO-66, which is a
MOF with an octahedral metal cluster with a molecular

This journal is © The Royal Society of Chemistry 2024
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formula MgO4(OH),, originally prepared with M = Zr(wv)."°
However, UiO-66 can also be synthesized using other metals,
such as Ce(wv), Hf(wv), and Th(wv), generating an isoreticular
metal cluster.’”” These metallic clusters are interconnected by
terephthalic acid linkers (BDC), creating a fcu topology.
Furthermore, the linker can be modified by adding functional
groups (FG)'® such as -NH,, -OH, -NO,, -Br, -OMe, -CHj,
-CO,H, -SO;H, —CF; to the aromatic ring by means of post-
synthetic modifications'®?° or using the functionalized BDC
linker in the synthetical procedure of Ui0-66-(FG)."**** Also,
the linker can be substituted with 2,5-pirydinedicarborxilic
acid (PDC) on the direct synthesis.** Isoreticular MOFs with
UiO-66 typology have three different pore sizes in the micro-
pore region, one octahedral pore (~11 A), a tetrahedral pore
(~8 A), and a window pore that connect both cavities (~6 A).
Those micropores allow the material to reach a surface area of
over 1200 m”* g~".>>?® Thus, UiO-66 and its isoreticular deriva-
tives exhibit a critical set of characteristics that allow for
ambient CO, adsorption. UiO-66 is the material with the most
appealing physicochemical features for CO, capture due to its
remarkable water resistance and great thermal, chemical,
mechanical, and pH stability."®**** Thus, industrial treat-
ments and atmospheric environment are not a challenge for
UiO-66.

It has been observed that the UiO-66 functionalization
enhances the adsorption capacities of the material,* particu-
UiO-66-NH, has shown theoretically'® and
experimentally'®?*272% one of the best results for CO, adsorp-
tion and selectivity. Also, the change of the metal center pro-
duces differences in the CO, adsorption capacities.”* ! To use
PDC linker is of particular interest due to the nitrogen free
electron pair presence, which would show a behavior than the
amino group in UiO-66-NH,. Therefore, the CO, adsorption
capabilities for UiO-66 with linkers (BDC and PDC) combined
with metal centers M = Zr(wv), Ce(wv), and Hf(iv) were investi-
gated in this report.

Although the adsorption of a maximum amount of CO, is
important, knowing the kinetics of the process and the study
of the CO, adsorption heat (isosteric heat) is also of great
importance to search applications such as CO, concentration.
Thus, the final goal would be to generate a mitigation method-
ology to obtain a sustainable process that improves the current
methods of CO, concentration.

In the herein report, it is fully studied and discusses the
effect of changing the metal center between Zr(wv), Ce(wv), and
Hf(wv), and the linker between BDC and PDC. Thus, the six
UiO-66 isoreticular derivatives have been synthesized and
characterized by FTIR, PXRD, TGA, and N, adsorption. We also
report the BET surface area, CO, adsorption capacities, kine-
tics, and the adsorption isosteric heat (Qg) of the UiO-66
derivatives mentioned family. The CO, adsorption kinetics
were evaluated using pseudo-first order, pseudo-second order,
Avrami’s kinetic models, and the rate-limiting step with Boyd’s
film diffusion, interparticle diffusion, and intraparticle
diffusion models. The isosteric heat of CO, adsorption was cal-
culated using the Clausius—-Clapeyron equation. Furthermore,

larly,
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DFT calculations over the whole family of derivatives were per-
formed to explain the observed experimental results.

2. Experimental

2.1. Materials

Ammonium cerium(wv) nitrate (98%, (NH,),Ce(NOs)s), 1,4-
benzene dicarboxylic acid (98%, H,BDC), 2,5-pyridine dicar-
boxylic acid (98%, H,PDC), Zirconium(wv) chloride (99%,
ZrCly), zirconyl(vi) chloride octahydrate (98%, ZrOCl,-8H,0),
hafnium(wv)  chloride (99%, HfCl,), n-butylamine
(CH3(CH,)3NH,, >99%), formic acid (96%, CH,0,), and
Sodium nitrate (NaNOj;, ACS reagent, >99.0%) were purchased
from Sigma-Aldrich. Acetic acid (CH3;COOH, 98.5-100.5%),
acetone (C3HgO, 99%), hydrochloric acid (HCI, 98%), sodium
hydroxide (NaOH, 99%), N,N-dimethylformamide (DMF,
99 wt%), ethanol (C,He0, 99.9%), methanol (CH;OH, 99.9%)
was supplied by Fine Chemical Co. Ltd and reagent alcohols
were purchased from Macron Chemicals. Carbon dioxide (CO,,
99.999%) was purchased from Indura.

2.2. Synthesis

All synthetic procedures were performed according to previous
literature reports. Zr and Hf-UiO-66 were synthesized following
the procedure reported by Farha et al.*' Ce-UiO-66 was synthe-
tized according to the procedure by Lammert et al.**> and Zr-,
Hf-, and Ce-UiO-66-PDC were prepared performing the Stock
et al. procedure.> See the ESIT for further information. All pro-
ducts were separated and washed by centrifugation at 8000
rpm for 10 min with the same reaction solvent (2 x 10 mL) and
then with ethanol (2 x 10 mL). Finally, they were dried under
vacuum at room temperature for three days, except for Hf-
UiO-66-PDC, which required over five days to dry.

2.3. Characterizations

The textural properties were obtained in a Micromeritics
Gemini VII instrument for volumetric nitrogen adsorption-de-
sorption isotherm of nitrogen at —196 °C, using 0.03 g of each
sample, which were degassed for 4 hours at 180 °C, under
vacuum using a micromeritics VacPrep instrument. The
surface area was determined using the Brunauer-Emmett-
Teller (BET) theory in the relative pressure range of 0.05 < P/P,
< 0.25.% Total pore volume was defined as the single-point
pore volume at P/P, = 0.99. Micropore volume was calculated
from the t¢plot equation, and pore size distribution was
obtained by applying the nonlinear density functional theory
(NLDFT) equation.>* ATR-FTIR spectroscopy was achieved on a
Shimadzu spectrum two equipment with an ATR accessory.
Each spectrum was obtained with 20 accumulations in a wave-
number range of 4000 to 500 cm™" with a 2 em™" resolution.
The powder X-ray diffraction (PXRD) patterns were registered
in a Bruker D2 Phaser diffractometer using a Cu Ka radiation
(§ = 1.541840 A) from a Cu X-ray tube, operated at 30 kV and
10 mA. TGA analysis was performed on a Mettler-Toledo TGA/
SDTAS851 instrument. In a typical analysis, 3 to 12 mg were
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weighed and transferred to an Al,O; sample holder. Then, by
flowing a mixture of 20 mL min™" of N,, the samples were
heated at a rate of 20 °C min™*, and data were collected within
a temperature range of 25 °C to 900 °C. Potentiometric titra-
tions for M-UiO-66 were performed according to the method
reported by Klet et al.>® In this method, 50 mg of each sample
was dispersed in approximately 60 mL of NaNO; 0.1 M and
allowed to equilibrate for 18 h. The solution’s pH was adjusted
to 3 using HCl 0.1 M, and then titrated with standardized
NaOH 0.1 M until a pH of 11.

2.4. CO, adsorption capacity and isosteric heat

All CO, adsorption isotherms were measured in a
Micromeritics Gemini VII instrument at 263, 273, and 283 K
until 100 kPa in a batch system. The points collected on the
adsorption measurement were fitted with the Freundlich-
Langmuir equation (eqn (1)),

a-(b-p)

L @

where 7 is the amount adsorbed in mmol g™, p is the absolute
pressure in kPa, a constant is the maximal loading in mmol
g7', b is the affinity constant in kPa™", and c is the heterogen-
eity exponent. The Langmuir isotherm is based on the model
of a monolayer on a solid and is often used to fit type I iso-
therms on microporous solids with complete pore filling, as it
is defined in Brunauer, Deming, Deming and Teller classifi-
cation (BDDT).***” With the Freundlich-Langmuir fit, the
Clausius-Clapeyron equation (eqn (2)) was used to calculate
the isosteric heat of adsorption as follows:

dp AHads
= = 2.1
dT T-AV (2.1)
_ gom(P) D
Qst(n) = —R-In <p1) o (2.2)

when the enthalpy of adsorption AH,q4s from the eqn (2.1) is a
function of the gas uptake (n) we can use Qs to refer to the
isosteric heat of adsorption. The eqn (2.2) takes this form
when three considerations are made: (i) ideal gas behavior of
the gas phase, (ii) a negligible molar volume of the liquid-like
adsorbed phase, and (iii) a constant value of the enthalpy of
adsorption in the measured temperature range, therefore an
interval of 20 K have been selected for these purposes, apply-
ing a large temperature range (A7 > 20 K) will introduce an
error no longer negligible.’® Note that as the pressure
increases, the approximations (i) and (ii) begin to induce error,
but at the pressure of 100 kPa (the maximum measured
pressure) those errors are still negligible.*® Further details can
be found in the ESI.}

2.5. Computational details

Due to the large size of extended network structures such as
MOFs, the simulations involve high computational cost. One
way to address the significant size issue of MOFs is by truncat-
ing a periodic structure to a smaller representative fragment

10488 | Dalton Trans., 2024, 53,10486-10498
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that accurately represents the structure of interest.>® The repre-
sentative fragment is named “cluster models”.*® This approach
has been widely discussed in the literature, with many pre-
vious studies. Those studies highlight that even though MOFs
are extended network structures, these structures often exhibit
highly localized electronic states. In the herein study, the
cluster model proposed is based on previous works,*™** which
consist of a node and ligands acting as linkers. Specifically,
the cluster model structure consists of the fragments
[MO,4(OH),(linker);(HCOO)g] (M = Zr(v), Ce(v), and Hf(w);
linker = BDC or PDC), see Fig. S1.f This model contains one
node [M¢O,(OH),]**", three complete linkers, seven truncated
linkers, and considers only a single defect or vacancy. The
simulations were conducted using the DFT method, which was
implemented in the ADF2023 software package.’” In these
systems, relativistic effects are necessary due to the presence of
heavy metals, which can significantly impact the materials’
chemical and physical properties. Accounting for relativistic
effects is essential for an accurate description of the electronic
structure and properties of the chemistry of these systems.*’
Therefore, in the herein simulations, the relativistic effects
were incorporated using the zeroth-order regular approxi-
mation approach (ZORA).*® Geometry optimizations were per-
formed at the meta-generalized gradient approximation (meta-
GGA) level of theory using the MO06-L exchange-correlation
energy functional.”” The standard Slater-type orbital basis set
plus two polarization functions (STO-TZ2P) was selected for all
calculations.”® The interactions between M-UiO-66 with
different linkers and CO, were examined using energy
decomposition analysis (EDA) based on the Morokuma-Ziegler
scheme.*®*® Furthermore, to accurately consider the use of
dispersion forces in EDA computations, Grimme’s D3 dis-
persion correction incorporated weak interactions between the
fragments.”* To conduct the EDA analysis, the ADF program
was employed, using the meta-hybrid TPSSH functional®*”? at
the TZ2P/ZORA level of theory, which is a better functional to
describe electronic structure and energies of systems. This
analysis breaks down the interaction energy (AEy,), as shown
in eqn (3).

AEInt = AEPauli + AEElec + AEOrb + AEDisp (3)

The repulsive interaction between the occupied orbitals of
both fragments is called AEp,y;; term.>* Thsecond term, AEge.,
accounts for the classic electrostatic interaction between the
two segments.*’ Interactions involving molecular orbitals
associated with charge transfer, polarization, and other factors
are included in the third term, AEq,.>> The dispersion contri-
bution are represented by the term AEp;,.>° Additionally, the
natural orbital of chemical valence (NOCV) approach proposed
by Mitoraj was employed to analyze the orbital contribution.’”
This scheme considers the formation of an interacting system
AB (with the wave function y,g) from its respective fragments.
In this scheme, the NOCV defines the charge-flow channels
decomposing the overall deformation density Ap. The NOCV
are expressed in this equation as adding the pairs of comp-

This journal is © The Royal Society of Chemistry 2024
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lementary eigenfunctions (w_;, w;) that correspond to the
eigenvalues v, and —v;. These eigenvalues have the same
absolute value but differ in sign:*®

Aoy (1) =r?( ZAPka —y i C(r )+Wk2(r)]
. (4)
= Z Api(r)
=1

The complementary pairs of NOCV define the charge-flow
channels between the molecular fragments. When considering
pairs of NOCVs (y_g, wi) with identical absolute eigenvalues |
V|, an outflow Apy, [outflow(i)] and inflow Apy, [inflow(7)] of
electron density can be determined within each Apyy(i). By
means of eqn (5), it is possible to examine these terms indivi-
dually, explicitly focusing on the processes of electron density
outflow and inflow from a specific fragment.>*>°

N/2

> [Apguew (i) + Apinpe (i)] (5)

k=1

Aporb (r) =

The interaction energies were adjusted using the counter-
poise approach due to the presence of the basis set superposi-
tion error (BSSE).*°

2.6. Adsorption kinetics

2.6.1. Apparent kinetic model. Pseudo-first order, pseudo-
second order, and Avrami’s kinetic model were applied to deter-
mine the CO, adsorption rate and check if the model changes
between the materials. Avrami’s kinetic is a fractional model for
particle nucleation and has recently been applied to describe
adsorption on solid materials.®’ Eqn (6)-(11) show the general
and integrated form of the three models.Pseudo-first order

dqt

a ki(ge — q:) (6)
g =ge (1—e ™) (7)
Pseudo-second order

d

R (8)
ksge2t

= 9
q: 1+ gokot (9)

Avrami’s model

d .
9 _ pimn(g. — g

gt = ge (1 _ ef(kAt)nA) (11)

where ¢, is the amount adsorbed (mmol g™') in time ¢, ¢, is
the amount adsorbed (mmol g™') at equilibrium (¢ = ), &,
pseudo-first-order kinetic constant (min™'), k; pseudo-first-
order kinetic constant (mmol g~ min™"), k, the Avrami kinetic
constant (min™"), n, is the Avrami exponent reflecting mecha-

(10)
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nism changes that may occur during adsorption and it also
represents the dimensionality of the growth of adsorption
sites: n, = 2 for one-dimensional growth, n, = 3 for two-dimen-
sional growth, and n, = 4 for three-dimensional growth.®>%
The points collected on the adsorption measurement were
fitted with the eqn (7), (9), and (11) in a nonlinear fit.

2.6.2. Rate-limiting kinetic model. Three diffusion models
were used to identify the rate-limiting stage for comprehend-
ing CO, adsorption. In solid porous materials, the adsorption
mechanism mainly includes five steps: (i) bulk diffusion: CO,
molecules transfer from the bulk phase to the outer surface of
the adsorbent; (ii) film diffusion: molecules pass through the
gas film around the solid adsorbents, (iii) interparticle
diffusion: molecules diffuse from one particle to another, (iv)
intraparticle diffusion: molecules diffuse in the pores of the
adsorbent (v) surface adsorption: molecules are adsorbed by
the active sites. Usually, steps (i) and (v) are faster for an
adsorption process, so the adsorption rate is controlled by one
of the other steps or a combination of them.®*

(a) Boyd’s film diffusion model. This model assumes that the
gas film surrounding the adsorbent is the main resistance to the
adsorption of the adsorbate. The model is expressed as follows:**

2.1
153w

n=1

(-n’By) (12)
where F is the fractional adsorption capacity at a given time (F
= ¢,/q.), B; is a mathematical function of F.For

F > 0.85,B, = —0.4977 — In(1 — F)

2
n2F
T
3

Eqn (12)-(14) can be used to determine whether the rate of
CO, adsorption occurs by film diffusion or an intraparticle
diffusion mechanism and to predict the mechanical steps
involved in the adsorption process. While the plot of B, versus ¢
indicates that intraparticle diffusion is the rate-limiting step if the
curve crosses the linear origin. However, film diffusion or a
chemical reaction also significantly impacts the adsorption rate if
the plot is nonlinear or does not pass through the origin.®>*+>

(b) Interparticle model. The model assumes that the inter-
particle diffusion model is the rate-limiting step; it assumes
that the shape of the adsorbent is equivalent to spheres and
the diffusivity is constant in spherical coordinate. The
expression gives the integrated formula:

Ll 2.2
q 6 1 a2 Dt
q—*l—g 2P\ T
¢ n=1 p

Eqn (15) can be used to obtain the diffusion time constant
to = DJry” (s™') and ¢,/g have already been explained. When
q:/qe > 70% eqn (15) can be simplified as:

(13)

For

(14)

F <0.85,B; = (ﬁ

(15)

q 6

1-—~—

n?m?D.t
€X _——
”2 p rp 2
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Then, if interparticle diffusion is the rate-limiting step, a
plot of In(1 — ¢,/q.) against ¢ should be linear with a slope —D./
r,” and the intercept In(6/z°). Otherwise, the adsorption is con-
trolled by other steps.®*%:%¢

(¢) Intraparticle model. Weber-Morris proposed the intra-
particle model based on the Fick’s second law.®” This model
can be used to identify consecutive stages of mass transfer
during the adsorption model. The adsorption capacity is linear
with the square root of time according to the expression:

g = kat'* +C (17)

where k;q is the intraparticle diffusion rate constant (mmol g™
min~"?), and C refers to the thickness of the boundary layer
(mmol g~).

According to this model, the plot g, versus ¢ '~ should give a
straight line if diffusion plays a role in the rate of adsorption,
and this line should pass through the origin if intraparticle
diffusion is the sole rate-controlling step. Multi-linearity can
be observed when different steps are involved in the adsorp-
tion mechanism, where the linear portion having the lowest
slope corresponds to the rate-controlling step.®*°*¢

1/2

3. Results and discussion

3.1. Structural and textural properties of MOFs

The FT-IR analysis presented in Fig. S2t indicates that the
main differences between the structures are related to the
bands located at 555, 660, and 740 cm™' for the M-UiO-66.
These bands correspond to the vibrations of the p;-OH, p;-O,
and M-OH bonds present in the SBU of each MOFs, except for
Ce-UiO-66 and Ce-UiO-66-PDC, where the p;-O bond is not
present.>*®® On the other hand, the Ce-O, Hf-O, and Zr-O
bonds in UiO-66 are assigned to the band observed in the
550-743 cm™ ' range. The C=C vibration mode of terephthalic
acid ligands was attributed to the vibrations at
1506-1589 cm™". The C-O stretching mode was assigned to
the strong bands at 1393 cm™', whereas the characteristic
band at 1664 cm ™" was attributable to the vibration mode of
C=0. On the other hand, MOFs synthesized with PDC
(M-Ui0-66-PDC) exhibit the C=C vibrational mode of the di-
substituted pyridine group with vibrations in the region
between 1400-1594 cm™'. Meanwhile, three weak signals were
observed between 1025 and 1200 cm™" associated with the C-
N bond, which is characteristic of pyridine.

The crystallinity of the synthesized MOFs was evaluated
using PXRD for all materials. It can be observed in Fig. S3a
and Table S1f that all MOFs are isoreticular and with a
fce structure. The two characteristic peaks at 5 degrees are
observed in all samples,'® where the first peak is more
intense than the second one. The only exception is Ce-
UiO-PDC which shows the same intensity for both peaks,
which could be due to the sample treatment issue as it was
challenging to work with this powder with large static (which
tends to stick over every surface). Those two initial peaks are
used as reference for all the forthcoming peaks. Thus, Zr and

10490 | Dalton Trans., 2024, 53,10486-10498
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Ce MOFs have the same peaks and intensity proportion with
no displacement. In case of the Hf MOFs there are some extra
peaks at 10 and 26 degrees when the linker is changed to
PDC. Table S11 shows that Hf-UiO-66-PDC has an 80.3% of
crystallinity, while the other MOFs have >95% of crystallinity,
probably the water content on the synthesis process affects
the crystals growth and morphology of this MOF. Those extra
peaks get displaced and decrease in intensity maintaining
similar percentage of crystallinity when the material is acti-
vated at 180 °C for 4 hours (see Fig. S3bt), suggesting the
re-accommodation of some collapsed unit cells in a minor
proportion.

Generally, changing the linker does not affect the crystalli-
nity or the structure, whereas changing the metal center pro-
duces small displacements on the crystal structure attributed
to the change of the metal radius.

The surface area was determined using the BET equation to
measure the available surface area of the synthesized
materials. All synthesized materials showed type I isotherms
according to BDDT classification (Fig. S41),%” except for Ce-
UiO-66-PDC and Hf-UiO-66-PDC, which showed hysteresis, a
type IV isotherm which is related to a contribution of meso-
porous behavior. It is possibly that the activation process gen-
erated some wide pores by collapsing some of the unit cells. In
case of Hf-UiO-66-PDC the entire structure collapse has been
reported.>® Nonetheless, according to what has been observed
in Fig. S3b,} it is postulated that the loss of crystallinity causes
the formation of some mesopores without a collapse of the
structure (see Fig. S51).

On both Zr(iv) MOFs large surface areas with no significant
difference can be seen, with respect to similar reports found in
the literature (Table $21).24%2%%7° A trend of surface area
decrease occurs with Ce(v) and Hf(v) MOFs. There is an
increase in the surface area when the MOF is more
defective.?>”" This described behavior correlates with Ce and
Hf synthesized with PDC linker having fewer defects than their
BDC analogs (see Table 1). While the decrease in the surface
area for these MOFs could be due to the formation of some
mesopores on Ce-UiO-66-PDC and Hf-UiO-66-PDC.

For the BDC MOFs, Zr and Hf have similar surface areas,
whereas Ce shows a decrease to 925 m> g™, In general, these
MOFs have identical surface areas near the previously
reported. The observed differences could be due to the defects
of our materials and the difference in atomic radius (Hf** = 71
pm < Zr*" = 72 pm < Ce*" = 87 nm). The radii trend Hf < Zr <
Ce can explain the generation of bulkier clusters for Ce(w),
reducing the pore volume and the surface area. Thus, the
surface areas measured correlate well with this trend. Thus,
there is a competition on the influence over the surface area
between the atomic radius and the defect sites in the structure.
Previous reports associate an increase ~200 m> g~' in the
surface area (Zr-UiO-66) with the loss of one missing linker.”*
In case of PDC-MOFs, the surface areas show dependence on
defects in the structures, where Zr-UiO-66-PDC is the most
defective of the PDC-MOFs, then Ce-UiO-66-PDC and finally
Hf-UiO-66-PDC (Table 1).

This journal is © The Royal Society of Chemistry 2024
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Table 1 Calculated number of defects, BET area, and micropore volume (V) of M-UiO-66 and M-UiO-66-PDC

Material Missing linker Molecular formula MW (g mol™) Sger (m* g™ Vo (em® g™
Zr-UiO-66 0.9¢ Z1r604(OH),(CgH404)5.15[(H,0)(OH)] 7 1584 1188 0.46
Zr-Ui0-66-PDC 1.9° Z160,(OH),4(PDC),4 4 1356 1083 0.42
Ce-UiO-66 1.9 Ces04(OH)4(CgH,404)4.15[(H,0)(OH)];. 1783 925 0.42
Ce-Ui0-66-PDC 1.3° Ces04(OH),(PDC), 5 1748 626 0.30
Hf-UiO-66 1.1¢ Hf30,(0H)4(CgH,40,)4.05[(H,0)(OH)],.1 2085 1196 0.42
Hf-Ui0-66-PDC 0.5° Hf04(OH),(PDC);5 5 2111 509 0.16

“Missing linker determined by potentiometric titration. ?Missing linker determined by thermogravimetric analysis. See ESI{ for further

information.

3.2. CO, adsorption capacity
CO, adsorption isotherms at 263, 273, and 283 K were
measured to estimate the adsorption capacities of the syn-
thesized MOFs, calculate the isosteric heat of adsorption, and
evaluate the influence of the metal center and the linker. All
measurements (Fig. 1) show, as predicted, that the amount
adsorbed decreases as the temperature increases due to the
diminution of interactions with a kinetic energy rise of the
gas. On Zr and Hf MOFs an increase in CO, uptake is observed
when the linker is changed to PDC, even though the surface
area of both compounds decreases from BDC to PDC. This
observation supports the importance of replacing one carbon
with a nitrogen atom in the aromatic linker, producing an
increase of the material with CO, attractive interactions. The
affinity of polar nitrogen with the quadrupolar moment of CO,
is probably the dominant interaction on the adsorption.
Another evidence of the interaction increase can be seen in the
isotherm shapes (Fig. 1). As observed in Fig. 1, all the herein
studied MOFs have better uptakes at low pressures (from 10 to
40 kPa) with PDC linker, while the isotherms behavior is
nearly linear with BDC linker for the CO, adsorptions at those
pressures. High uptakes at low pressures can be directly
related to an increase in intermolecular interactions.*®

The results show that the most suitable materials for CO,
adsorption are Ce MOFs and Zr-UiO-66-PDC with adsorptions
greater than 4 mmol g, Those three MOFs have a more signifi-
cant number of defects, Zr-UiO-66-PDC being the material with
the larger number of defects. As discussed, if the number of
defects turns larger the surface area gets also larger, creating
more sites to interact. Those interaction sites correspond for
example to ps3-OH. Also, the diversity in the structure (due to the
large defect number) favors the interaction with CO, as the
metallic center is more available to interact. On the other hand,
in the case of Hf MOFs another interesting situation is observed,
where there is better CO, adsorption on Hf-UiO-66-PDC, which
is less defective than Hf-UiO-66. Thus, the nitrogen of the aro-
matic cycle on PDC MOFs also increases CO, adsorption.
Finally, the effect of the metal center must also be considered
(not only absence of linker), which can be tricky to analyze due
to the large defect variety. In general, the CO, adsorption per-
formance trend by metal centers is Ce > Zr > Hf. As shown in
the FTIR characterizations, Ce MOFs do not possess the ;-0
group, whereas the p;-OH is more intense. This intensity differ-

This journal is © The Royal Society of Chemistry 2024

ence might be due to the water affinity of Cerium causing a fully
hydroxylated cluster. Thus, the positively p;-OH charged hydro-
gen site can interact with the negatively charged CO, oxygen, be-
havior that has been reported before.”® This behavior has shown
to increase the adsorption capacities of Ce MOFs.

Both Ce MOFs (BDC and PDC) adsorbed a high and similar
amount of CO,, but there was an unexpected decrease in the
maximum uptake when the linker is changed to PDC. Despite
this exception to the detected trend, it is observed that there is
an increase in intermolecular interactions when the linker is
changed, supported by isothermal shapes. Thus, the decrease
observed for Ce derivatives could be due to surface area and pore
size limitations as Ce MOFs have minor surface areas if com-
pared with their analogs, with an even larger diminution when
PDC is the linker. Fig. 2 shows the intrinsic adsorption of CO,
which is obtained from the quotient between the CO, adsorption
at 263 K and 95 kPa with the respective surface area and the
number of defects of the material. As observed the intrinsic
adsorption of Ce-UiO-66-PDC is greater than Ce-UiO-66, showing
that when surface area and defects are normalized the effect of
the PDC linker increase de adsorption capacities of Ce MOFs.

According to the intrinsic adsorption on Fig. 2, the CO,
adsorption capacities of Zr MOFs are the same, showing that
apparently the linker does not affect the adsorption capacities
of Zr MOFs. However, on PDC MOFs the intrinsic adsorption
trend is Hf > Ce > Zr, which suggest that raising the oxophili-
city character (which follows the same trend”®) of the metal
center in presence of the pyridine group there are also raising
of the electronic interaction of CO, over the metallic cluster of
the material and a shortening of the bond length between CO,
and 13-O according to the theoretical analysis discussed below.

3.3. Computational analysis

The optimized geometries of the ground state (S,) using the
cluster model matched the values predicted by previous
theoretical calculations for extended UiO-66 and UiO-66-PDC
structures and the experimentally reported data,”*”* indicating
a good description of the system. A list with selected intera-
tomic distances (see ESI{) can be found in Table S6.1 These
data show that the average [M-O (p3-OH)], [M-O (p5-O)], and
[M-O (COO7)] bond lengths show a good correlation with pre-
vious reports at the MO06-L/TZ2P/ZORA theoretical level for
M-UiO-66 and M-UiO-66-PDC. Based on these results, we pro-
ceeded with simulations of the interacting systems M-UiO-66
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Fig. 1 CO, adsorption isotherms at 263 K (black), 273 K (red) and 283 K (blue) of Zr-UiO-66 (a), Zr-UiO-66-PDC (b), Ce-UiO-66 (c), Ce-UiO-66-

PDC (d), Hf-UiO-66 (e) and Hf-UiO-66-PDC (f).
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Fig. 2 Intrinsic adsorption of M-UiO-66 (M = Zr(iv), Ce(v), Hf(v)) with
BDC linker or PDC linker.

and M-UiO-66-PDC and CO,, using a cluster model. In these
simulations, differences in weak and medium strength acid
sites were observed in M-UiO-66 with different linkers, corres-
ponding to M™" and p;-OH, created from the missing linkers.
Thus, in our cluster model, we considered a single defect as
well as a starting structure of the M-UiO-66 and M-UiO-66-
PDC/CO, where the CO, interacts with the defect site, see
Fig. S11.f The optimized structures of the M-UiO-66 and
M-UiO-66-PDC with CO, S, electronic states are displayed in
Table S7.1 In all systems, it is possible to observe that the geo-
metry of M-UiO-66 and M-UiO-66-PDC/CO, systems converged
to the CO, interacting mainly with the defect sites. For
M-UiO-66 and M-UiO-66-PDC/CO,, the CO, is in a position
closer to the metal center and M—p3-O-H of the defect site.
The calculated length between CO, and the metal center
(M---CO,) is in average 3.08 A for all systems. While the average
distance for -p;-OH---CO, for the M-UiO-66 and M-UiO-66-
PDC/CO, systems is 3.17 A and 3.20 A for the distance —Ha-
0O---CO,, see Table S8.f The EDA Analysis scheme and the
NOCYV approach were used to gain a deeper understanding of
the M-UiO-66 and M-UiO-66-PDC/CO,, interactions. These ana-
lyses provide insights into the nature and strength of the
different interaction types, such as electrostatic, polarization,
and dispersion forces. As shown in Table S9,T the interaction
energies suggest that the interaction between M-UiO-66 and
M-UiO-66-PDC with CO, does not exceed —8.46 kcal mol™?,
which indicates a predominance of long-range interactions.
These results show that the electrostatic component has the
most crucial role in stabilizing energy, with more than 40%
contribution in all systems. For M-UiO-66/CO, the orbital term
shows a slightly larger percentual contribution than the dis-
persive component of the total attractive energies. In contrast,
for M-UiO-66-PDC/CO, systems, the orbital term has a slightly
smaller percentual contribution than the dispersive term. The
role of the interaction between the oxygen lone pairs (of the
CO,) with the metal center or p;-O-H groups in these systems
could be significant if the electrostatic and orbital contri-

This journal is © The Royal Society of Chemistry 2024
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bution to the total stabilization energy are considered. This
assumption is confirmed with the NOCV deformation density
channels analysis, as discussed below. Thus, NOCV analysis
indicated that the main deformation density channel (Ap,) is
originated from the lone electron pair of CO, electron
donation (red color (outflow)) to the metal center (blue color
(charge accumulation)) in the defect sites of M-UiO-66 and
M-UiO-66-PDC. While other contributions to the deformation
density channels Ap, display a donor-acceptor interaction that
involves the (O---H) interaction from the oxygen atom CO,
molecule lone electron pair and the MOF -u3-OH hydrogen
atom, see Fig. S12 and S13.}

By means of DFT calculations it can be supported that the
Hf-UiO-66 has the larges CO, adsorption, due to the small
observed interaction energy, which supports the easy release of
the adsorbed gas.

3.4. Kinetics of gas phase CO, adsorption on MOFs

The effect of temperature on the CO, adsorption curves for Zr-
UiO-66 is illustrated in Fig. 3, which shows similar behavior as
all the herein studied MOFs (see Fig. S17t). As shown in this
figure, the CO, adsorption times and dynamic adsorption
capacities significantly decreased with increasing adsorption
temperature due to the exothermic nature of the adsorption
process.”””’® The adsorption curves have been fitted with
pseudo-first order, pseudo-second order and Avrami’s kinetic
models to see if the model varies between the materials or by
temperature effect. The fitting results are shown in Fig. S15-
S17,7 while the kinetic model parameters are shown in Tables
S$10 and S11.7 The Avrami’s fractional-order model fitted to all
experimental curves with values of R* > 0.99, being indepen-
dent of the analyzed MOF or analyzed temperatures, while
pseudo-first order and pseudo-second order overestimated or
underestimated the CO, uptake at different adsorption steps
(reaching R value of not greater than 0.98). Thus, Avrami’s
equation is considered the most accurate approach to describe
the CO, adsorption. This model has been previously used to
explain complex kinetic processes that involve more than one

25

Zr-UiO-66

N N N
o o o
1 1 1

Amount adsorbed (mmol/g)
o
o

o
=}

Time (min)

Fig. 3 Effect of temperature on curves of CO, adsorption onto
Zr-UiO-66 against time.
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In the Avrami’s equation (see Table S10t), the Ky can be
associated with the rate of adsorption, the n,y is associated
with changes on the mechanism of adsorption that may occur
and the dimensionality of the growth of adsorption sites, and
the g. is related with the amount of CO, adsorbed by the
material at the pressure of 95 kPa. The g. values for each
material show a similar value as the last point obtained in the
CO, adsorption isotherms, which indicates the good of fitness
of the equation, but does not give much information about the
maximum capacities of the materials because it has been seen
that CO, adsorption of MOFs can still increase at pressures
more than 40 bar.8#' As the Avrami’s exponent (1,,) accounts
for possible mechanism changes that may occur during the
adsorption process, which is the case of our materials with
values in the range of 2.8-4.5. Depending on the material, the
values vary with temperature up to a maximum adsorption
value at 273 or 283 K. For Zr-UiO-66-PDC, Ce-UiO-66 and Hf-
UiO-66-PDC the maximum value is reached at 273 K. In con-
trast, the rest of the MOFs show its maximum at 283 K. This
observation is consistent with the theoretical analysis, as the
CO, interacts were characterized to be located overactive sites
generated by the defects (missing linker). All MOFs have iden-
tical characteristics of crystal structure, mechanism, and rate
of adsorption, as shown by the adsorption rate constant’s
(Kay). This constant has no significant variation between the
material and temperatures and the Avrami’s exponents. At
273 K for Zr-UiO-66-PDC, the adsorption rate constant gener-
ates that the curve (Fig. S177) is slightly displaced towards the
263 K curve.

In order to elucidate the actual rate-controlling and the
mechanism of diffusion associated with the CO, adsorption
on the synthesized materials, film diffusion, interparticle
diffusion and intraparticle diffusion model have been ana-
lyzed. Thus, Fig. S187 shows the film diffusion plot of Boyds
parameter (B;) against time for each material under different
temperatures. The Boyd plot produces usually for diffusion
systems a straight line, whereas if the systems show as limiting
step the diffusion or chemical reaction, it shows a nonlinear
behavior or a linear behavior that does not pass through the
axis origin. In this case, all curves exhibited a nonlinear behav-
ior at the three analyzed temperatures. Therefore, we can
support the fact that film diffusion as one of the factors that
influence the CO, adsorption rate.

Interparticle diffusion is the rate-limiting step if the plot of
In(1 — ¢,/q.) against time is linear with a slope —D./r,,” and the
intercept In(6/7%). In Fig. S197 is shown the interparticle
diffusion plot for each material at different temperatures (the
corresponding calculated parameters are listed in Table S127).
At the analyzed temperatures, a nonlinear behavior plots are
observed for all materials. Besides, the intercepts are displaced
from the value In(6/7°). These two previously shown results dis-
regard the interparticle diffusion as the rate-limiting step.

Fig. S201 shows the intraparticle diffusion plot of g, versus
"2 for each material at different temperatures. As can be

as shown by the herein studied
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observed all curves exhibit multi-linearity, indicating that there
are different steps involved in the adsorption mechanism. It is
expected that intraparticle diffusion will be a limiting step due
to the abundant number micropores present in the materials.
Finally, the third linear segment, zone C, is attributed to the
final equilibrium step, where the materials are near saturation.

The above results show how the materials adjust to the
Avrami’s model, used to explain complex kinetic processes like
the recently analyzed, where the CO, adsorption rate is mainly
controlled by pore filling in the first stage of adsorption, and
then intraparticle diffusion resistance is the CO, adsorption
rate controlling until the adsorption reaches an equilibrium
close to saturation. These results are very close to the Yang
et al.®® ones, showing that probably most MOFs have complex
and similar adsorption mechanisms.

3.5. Isosteric heat of adsorption

The isosteric heat of adsorption is a measure of the energy
required for the adsorption of a gas over a surface. This value
was first calculated for MOFs using the Clausius-Clapeyron
equation in 2005 for [Mj(bpdc);bpy][dADMF-H,O (M = Zn or
Co),82 since then, the isosteric heat have been calculated for a
wide variety of materials.

For CO, adsorption, MOFs (such as Hf-UiO-66-F4;,*° Zr-
Ui0-67-BBS*" and Mg-MOF-74%) are capable of adsorbing this
gas in the range of 1.2 to 8.0 mmol g~" at pressures and temp-
erature near to 273 K and 1 bar (see Table S13} for further
information), while isosteric heats of adsorption are in the
range of 20 to 50 k] mol™. The herein studied MOFs are also
in this range of CO, adsorption and isosteric heat, except for
Zr-UiO-66-PDC, which has unexpectedly high released heat. It
is essential to calculate the isosteric heat to apply the materials
for its right applications, such as separation of gas
mixtures,'**>® gas storage,® adsorption cooling, heat pump,
and desalination.’®®” As all the mentioned applications
require favorable isosteric heat for their process.

Thus, the isosteric heat of CO, adsorption was calculated
(Fig. 4) to evaluate the different possibilities of applications of
the herein studied MOFs. It is important to mention that the
fit from eqn (1) fails at low pressures (see Fig. S9%), so the
modeled isosteric heat at lower gas uptakes show the largest
error. We thus attributed the low Qg for Hf-UiO-66-PDC to this
error.

Zr-UiO-66-PDC has an unusual large isosteric heat curve
compared to the other studied MOFs, indicating a stronger
surface affinity for the CO, molecule. Furthermore, a chemi-
sorption process has been discarded due to a negligible
adsorption difference after five adsorption/desorption cycles,
showing more than 97% of physisorption of CO, (see
Fig. $10%).

There is an increment in the released heat when the linker
is changed to PDC (Fig. 4 and S22%). In this sense, the change
on the nature in the linker induces an increase interaction
with the CO, molecule, as the pyridine linker possess an elec-
tron lone pair. Furthermore, an increment in the isosteric heat
has been reported when defects are more frequent.®® This cor-

This journal is © The Royal Society of Chemistry 2024
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(b) PDC linker. Filled symbols represent the amount adsorbed of each material at 283 K and open symbols represent the modeled Q.

relates with the fact that Zr-UiO-66-PDC has the largest
released heat and the most significant number of defects. A
similar situation is observed in the case of BDC MOFs, where
Ce-UiO-66 is the most defective MOF and has the largest
measured isosteric heat.

It can be observed that, at low uptakes, the isosteric heat
increases or decreases with the pore filling, depending on the
material. Zr and Hf-UiO-66 have decreasing isosteric heat with
increasing material loading. On the other hand, the remaining
MOFs increase their isosteric heat with increasing material
loading. The usual discussion focuses on the heterogeneity or
homogeneity of the studied materials, where heterogeneous
materials have few high-energy sites that become saturated at
the initial of the adsorption. Then, at high coverage, the
energy is mainly dispersed. While in homogeneous material,
the energy just increases with the adsorption due to the adsor-
bate-adsorbate repulsions.®**°' However, the herein reported
materials are isoreticular, thus the possess the same topology
and adsorption sites. Thus, there is no cause for Zr and Hf-
UiO-66 to have high energy sites, whereas the other studied
materials show another trend, thus the explanation for the
trends seems to follow another behavior. Pendleton et al.’>
introduced the assumption of the linear summation of three
distinct heats to give the isosteric heat of adsorption: conden-
sation heat due to fluid—fluid (g¢¢) interactions, non-specific
interaction heat due to fluid-solid (g¢_s) as dispersion forces,
and specific interaction heat due to fluid-high energy sites
(genps).”” Base on that proposed separation scheme for the
isosteric heat, the high energy sites are not present for the
herein studied MOFs. The remaining two interactions left
(condensation heat (grf) and non-specific interaction heat
(g¢-s)) are the ones contributing to the difference in the isos-
teric heats. On the gy ¢ heat it is expected that, at near to zero
pore filling, the gas molecules would be isolated on the adsor-
ber, and there would be no fluid—fluid interactions contribut-
ing to the overall isosteric heat. Thus, with increasing pore
filling, these interactions also increase its contribution to the

This journal is © The Royal Society of Chemistry 2024

heat to a value equivalent to the adsorptive latent heat of con-
densation. Otherwise, the g heat is the interaction of the
material with the gas, which gradually decreases with pore-
filling due to the occupation of the surface with the adsorptive
molecules. Applying those approximations to a slit-shaped
micropore, the gas molecules would be adsorbed on pores of
width like the fluid molecule’s kinetic diameter and sub-
sequently on slightly larger pores with decreased interaction
energy. As a result, gr¢ contributes an ascendent heat with
increasing pore filling, while g¢ ¢ contributes a descendent
curve to the overall isosteric heat.””

As previously mentioned, the calculated isosteric heat of
the herein studied materials for Zr and Hf-UiO-66 have the
grs heat as the predominant contribution, while the remain-
ing studied materials have the gr¢ heat predominating. In
case of the BDC MOFs, Ce-UiO-66 has a different trend than
Zr and Hf-UiO-66, which can be attributed to the number of
defects of Ce-UiO-66 which is almost twice of the Zr and Hf-
UiO-66 defects. The large number of present defects in case
of Ce-UiO-66 generates a difference on the adsorption sites
causing proximity between the adsorbed CO, molecules
which can be related to a larger gr ¢ heat contribution. In the
case of the PDC MOFs, they all have the same trend of g;¢
heat predominance (same as Ce-UiO-66), and the CO,
adsorption for these materials is better than their BDC
analogs, except for Ce-MOFs which shows significant CO,
adsorption for both materials. The high saturation levels of
Ce-UiO-66 and Ce-UiO-66-PDC with CO, could be the reason
for the dominance of gr¢ heat in the overall isosteric heat
for these materials. Likewise, Zr and Hf-UiO-66 have a distin-
guished distinctive contribution of g¢ ¢ heat because there is
a higher interaction between the surface of these materials
and the adsorbed gas molecules.

Finally, the three main parameters that influence the CO,
adsorption could be correlated, as shown in Fig. 5. As
observed, there is a clear dependency between the defects and/
or available surface area with the CO, adsorbed amount.
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Fig. 5 Correlation between the BET surface area, CO, adsorbed
amount, and defect sites.

3. Conclusions

In this study, six UiO-MOFs synthesized varying the metal
center between Zr(wv), Ce(wv), or Hf(iv) and the linker between
BDC or PDC showed some differences in the structural and tex-
tural properties. It is essential to highlight the absence of the
W3-O bond on Ce-UiO-66 and Ce-UiO-66-PDC the high crystalli-
nity of all synthesized MOFs, and the different surface areas of
the material, which generated significant changes in the
adsorption capacities, where the number of defects also played
a substantial role, together with the surface areas of the
materials, the intrinsic properties of the metal centers and the
linkers. The lone pair of the PDC nitrogen linker improved the
CO, adsorption capacities of the materials (not depending on
the metal center) due to the interaction with the quadrupolar
moment of the CO,. Ce-UiO-66-PDC showed a reduced CO,
adsorption compared with Ce-UiO-66, but this was attributed
to a surface area limitation and not a reduction adsorbent-
adsorbate interaction. Ce and Zr-UiO-66-PDC MOFs showed
the best CO, adsorption capacities with amounts greater than
4 mmol g'. The high capacities of adsorption were attributed
to the high number of defects and the surface area contribut-
ing together, and the Ce MOFs case attributed that the
absence of the ps-O bond and the increased amount of p;-OH
bonds created more favorable interactions with CO,.

By means of DFT calculations using the EDA-NOCV scheme
it was possible to study the nature of the MOF-CO, inter-
actions, showing that the CO, preferently interacts with the
defect sites, supporting the experimentally observed results.

The kinetics of adsorption studies showed an adjustment
to the Avrami’s fractional-order kinetic model independent of
the studied material or temperature. The Avrami’s model is

10496 | Dalton Trans., 2024, 53,10486-10498
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used to explain complex kinetic processes like the analyzed
applying the rate-limiting kinetic models of Boyd’s film
diffusion, interparticle and intraparticle, concluding that the
CO, adsorption rate on the synthesized MOFs is mainly con-
trolled by diffusion on the first stage. Then, intraparticle
diffusion resistance controls the CO, adsorption rate until the
adsorption reaches an equilibrium close to saturation.

Finally, the calculation of the isosteric heat of adsorption
confirmed an increment in the CO, interaction with the PDC
linker and it was observed an increment of the Qg with
defects, where both PDC linker and number of defects
explained the unexpectedly high released heat of Zr-UiO-66-
PDC.
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