
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Se

pt
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 1

/1
0/

20
26

 2
:0

3:
35

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Optimizing volum
aDepartment of Chemistry and Biochemi

Delaware 19716, USA
bDepartment of Chemistry, Indiana Univer

E-mail: edbloch@iu.edu

† Electronic supplementary informa
https://doi.org/10.1039/d3ra03668e

Cite this: RSC Adv., 2023, 13, 26892

Received 31st May 2023
Accepted 8th August 2023

DOI: 10.1039/d3ra03668e

rsc.li/rsc-advances

26892 | RSC Adv., 2023, 13, 26892–
etric surface area of UiO-66 and
its functionalized analogs through compression†

Andrew Kuznickia and Eric D. Bloch *ab

Metal–organic frameworks (MOFs) have garnered significant attention as gas storage materials due to their

exceptional surface areas and customizable pore chemistry. For applications in the storage of small

molecules for vehicular transportation, achieving high volumetric capacities is crucial. In this study, we

demonstrate the compression of UiO-66 and a series of its functionalized analogs at elevated pressures,

resulting in the formation of robust pellets with significantly increased volumetric surface areas. The

optimal compression pressure is found to be contingent on the specific nature of the functional group

attached to the organic linker in the MOF material.
Over the past 25 years, metal–organic frameworks (MOFs) have
undergone extensive investigation for a wide range of applica-
tions.1 These studies have encompassed areas including gas
storage, separations, catalysis, and sensing, leading to diverse
and targeted research.2 Demonstrating the potential impact of
these materials, recent efforts have shied towards practical
considerations. For instance, researchers have moved from
merely exploring new reactivity proles to conducting cycling
and poisoning studies for MOF catalysts.3 In the context of gas
storage, current research has focused on scaling up materials
beyond lab-scale solvothermal reactions.4 Moreover, for real-
world storage applications, emphasis has shied towards the
usability of promising MOFs.5 In contrast to fundamental
academic studies, large-scale implementation of adsorbent
materials requires processable forms, such as pellets,6 extru-
dates,7 or monoliths.8 These efforts reect a growing interest in
the practical applicability of MOFs and their potential impact
on various industries.

Monoliths or extrudates are highly appealing since the
synthesis of materials and their subsequent processing into
shapes are typically accomplished within the same synthesis
steps.9 Solvothermal syntheses may afford dense monoliths and
solvent-free mechanochemistry may afford high-surface area
pellets.10,11 The former, however, is not translatable to all
materials while the latter oen affords non-ideal materials with
lower surface areas and/or crystallinities.12 Post-synthetic
compression may offer advantages here as low-density bulk
powders can be transformed into dense, processable pellets via
stry, University of Delaware, Newark,
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the application of mechanical force.13,14 In terms of gas storage
applications, this densication is important for realizing higher
volumetric storage capacities.15 In reality, most gas storage
capacities reported for MOFs are based on crystallographic
densities although the actual bulk densities of samples are only
a fraction of them.16

Unfortunately, many MOFs are not compatible with
compression and/or pelletization as the metal–ligand bonds
that comprise these hybrid materials break down at moderate
pressures.17 Beyond this, systematic studies correlating struc-
tural factors with MOF stability are lacking. The work reported
here is aimed at broadening the understanding of optimal
compression for a functionalized family of MOFs, UiO-66
(Fig. 1). We ultimately investigate the effects of ligand
Fig. 1 A portion of the structure of UiO-66 where yellow, red, and
gray spheres represent zirconium, oxygen, and carbon atoms,
respectively. Hydrogen atoms have been omitted for clarity. UiO-66-
NH2 features disordered 2-position functionalization of terephthalic
acid with –NH2. These groups have also been omitted.
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functionalization on maximum volumetric surface area for
a series of amide-functionalized MOFs.

Unfunctionalized UiO-66 was targeted as the starting point
for this work given its moderate surface area and its well know
thermal,18 chemical,19 and hydrolytic stabilities.20 Although
defect-free material has a Langmuir surface area just over 1000
m2 g−1, when using mineral or organic acids to modulate the
particle size of the material, ligand or cluster-defective samples
can be isolated;21 these specic materials have signicantly
increased gravimetric surface areas. Indeed an HCl modulated
synthesis affords a sample, upon appropriate solvent exchange
and activation, with a Langmuir surface area of 1385 m2 g−1, as
determined using nitrogen adsorption at 77 K. Given the low
bulk density of this free-owing powder, it has a volumetric
surface area of just 320 m2 mL−1. We expected mechanical
compression of the sample to afford signicantly increased
volumetric surface areas. Indeed, compression of an activated
powder to just 0.15 GPa affords material with a volumetric
surface area of 622 m2 g−1, nearly double the free powder.
Although mechanical compression and pelletization does serve
to densify the material, it does so at the expense of gravimetric
surface area, which slightly decreases at this pressure to 1171
m2 g−1. In order to determine the optimal compression pres-
sure, we further prepared pellets by compressing different
powder samples to 0.40, 0.65, and 1.01 GPa. At pressures above
0.40 GPa, we observe signicant losses in gravimetric surface
area. This is in contrast to previous reports of UiO-66 pelleti-
zation where it was found that at compression pressures up to
0.665 GPa afforded amaterial with only slightly diminished BET
surface area as compared to the bulk powder (1707 vs. 1737 m2

g−1),22 although the previous report utilized a different pelleti-
zation geometry and starting surface area, and thus defect level,
sample. The surface area decrease we observed is in line with
those previously reported for UiO-66-NH2 where pelletization
pressures of 0.127 or 0.164 GPa resulted in surface area losses of
26%.23,24 It is important to note that the losses in gravimetric
surface area are offset by increasing density and samples with
gravimetric surface areas under 500 m2 g−1 display volumetric
surface areas in excess of 675 m2 mL−1 (Table 1). We found an
optimal compression pressure of 0.40 GPa afforded a material
with a gravimetric surface area of 1278 m2 g−1 and a volumetric
surface area of 965 m2 g−1, more than 3× greater than the
starting value.

In order to attenuate some of the deleterious effects of
compression on UiO-66 samples, we turned to functionalized
ligands, as these have previously been shown to be a viable
Table 1 Compression and surface area data for UiO-66

GPa PSIG Mg
Gravimetric
SA (m2 g−1)

Density (g
mL−1)

Volumetric SA
(m2 mL−1)

0 0 0 1385 0.23 320
0.15 21 732 0.3 1171 0.53 622
0.40 57 952 0.8 1278 0.76 965
0.65 94 171 1.3 478 1.42 679
1.01 159 367 2.2 499 1.40 699

© 2023 The Author(s). Published by the Royal Society of Chemistry
handle for tuning the properties of many MOFs,25 UiO-66 in
particular. A number of functionalized UiO-66 analogs have
been reported, and the attached functional groups have
included aryl, alkyl, and halide substituents, among others.26,27

To more systematically probe the effects of ligand functionali-
zation, we turned to amide functionalization as it is a straight-
forward route to attaching increment length to the ligand side
chains.28 Here, the reaction of 2-aminoterephthalic acid with
acyl chlorides affords amide-functionalized ligands in nearly
quantitative yield. For the work performed here we utilized
acetyl, 3,5,5-hexanoyl, and lauroyl chloride to give ligands with
2, 6, and 12 carbon atoms, respectively, on their side chains.
With the addition of 2-amino terephthalic acid, this gave us four
additional ligands to survey in this compression study (Fig. 2).
Similar to the synthesis of UiO-66, reaction of ZrCl4 with organic
linker in DMF at elevated temperature affords functionalized
MOF in nearly quantitative yield. Here too, addition of acid to
the synthesis increases particle size with minimal changes in
crystallinity. Surface area analyses on activated samples result
in the expected trends with increased ligand bulk affording
material with decreases surface area. The MOFs display BET
surface areas ranging from 700–1600 m2 g−1 that follow the
trend NH2 > acetyl > hexanoyl > lauroyl. Volumetric surface
areas follow a similar trend with the acetyl giving the lowest
surface area framework. It is of note that functionalized MOFs
have a smaller range of volumetric surface areas with measured
values from 225–525 m2 mL−1.

Similar to parent UiO-66, all four samples displayed varying
levels of compatibility with compression (Fig. 3). UiO-66-NH2

had a gradual drop in gravimetric surface area with increasing
pressures where its Langmuir surface area dropped from∼1600
m2 g−1 to 450 m2 g−1 at just over 1 GPa of compression. This
material had a maximum volumetric surface area of 825 m2

mL−1 at a compression pressure of 0.40 GPa. As a result of the
relatively high density of the material, compression only served
to increase volumetric surface area by ∼300 m2 mL−1.
Compression proved valuable for both UiO-66-acetyl and UiO-
66-hexanoyl as their pelletized samples have higher surface
Fig. 2 Functionalized terephthalic acid ligands used in this study
where acetal (top right), hexanoyl (top left) and lauroyl (bottom left) are
appended on 2-aminotherephtahlc acid (bottom right) via straight-
forward acylation chemistry.
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Fig. 3 Gravimetric (top) and volumetric (bottom) for UiO-66 (black) as
compared to –NH2 (blue), acetyl (green), 3,5,5-trimethylhexanoyl
(red), and lauroyl-amide (purple) functionalized framework.
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areas than pure powder. Similar to UiO-66 and UiO-66-NH2, the
acetyl functionalized material has a maximum volumetric
surface area aer compression with 0.40 GPa. The hexanoyl
material, however, has an optimized volumetric surface area
aer compression to just 0.15 GPa. The acetyl-functionalized
MOF shows a marked decrease in volumetric surface area
when compressed to higher pressures while the hexanoyl MOF
actually displays a modest drop at 0.40 GPa and an increase at
0.65 GPa before becoming nonporous aer compression at
1 GPa. The volumetric surface area of the lauroyl-functionalized
MOF was not increased with compression. This material dis-
played the highest surface area as a powder and became
completely nonporous to N2 at a compression pressure of just
0.65 GPa. This is not entirely unexpected as the bulky functional
groups on the ligand occupy signicant pore space and render
the pores inaccessible at even modest compression pressures.
We generally found that higher compression pressures afforded
more robust pellets.

The gravimetric and volumetric surface areas of samples
under equilibrium conditions are important considerations for
the performance of adsorptive materials. However, adsorption
kinetics and cyclability are also important, particularly if MOFs
are to be employed on an industrial setting. The inherently
increased cost of the materials require longer lifetimes and/or
rapid adsorption/desorption kinetics. In order to more fully
26894 | RSC Adv., 2023, 13, 26892–26895
quantify these, we utilized thermogravimetric analysis where an
activated sample of powder or pellet was heated under an N2

ow to elevated temperature to fully desolvate the MOF. We
then cooled the samples to subject them to CO2/N2 cycling
experiments. This facile and rapid test can interrogate both
adsorption kinetics and provides some information about
cyclability. As expected, the pelletized sample of UiO-66 has
lower gravimetric CO2 uptake, there are no notable differences
in adsorption kinetics or desorption kinetics (Fig. S8†) which is
expected given the relatively high retention of surface area.
Importantly, the pelletized sample also shows no loss in
adsorption capacity aer over 100 cycles. Visual inspection of
the sample aer the cycling experiment reveals it maintains its
pelletized form, conrming the sample is also mechanically
robust upon cycling.

The foregoing results demonstrate the importance of ligand
functionalization on the compressibility of a specic family of
MOFs (UiO-66). Although the unfunctionalized MOF had the
highest volumetric surface area, a result of its high gravimetric
surface area, ligand functionalization imparts additional
mechanical stability to a subset of samples at higher compres-
sion pressures. There is also an important correlation between
mechanical stability and compression pressure where denser
samples have higher stability. Our work here suggests that
although functional groups decrease both volumetric and
gravimetric surface areas, their presence can be leveraged to
maximize mechanical stability while modulating surface areas
losses.
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