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1. Introduction 

densification into tablets on textural and 
mechanical properties† 

J. Dhainaut,  ‡*a C. Avci-Camur,b J. Troyano,b A. Legrand,b J. Canivet,a 
I. Imaz,b D. Maspoch,bc H. Reinschd and D. Farrussenga 

 
Four different metal-organic framework powders (UiO-66, UiO-66-NH2, UiO-67, and HKUST-1) were  
shaped into tablets. The effect of the applied pressure on porous properties, mechanical resistance and  
tablet bulk density is reported. We observe a linear relationship between densification and tensile strength  
for all four studied MOFs, with the slope being MOF-dependent. We also report conditions for improving signif- 
icantly the volumetric uptake. Finally, we evaluated our tablets' stability over time in the presence of moisture. 

 

in catalysis.5  On the other hand, for gas storage, it is of ut- 
most importance to fill the storage tanks with the largest 

Less than 20 years after their discovery, commercial applica- 
tions of metal-organic frameworks (MOFs) have been recently  
announced.1  We have also acknowledged in the very last few  
years the development of pilot lines, either batch processes  
under  hydrothermal  conditions,2 or  continuous  flow  pro- 
cesses using water as solvent,3 and even solvent-free continu- 
ous processes.4 Thanks to the demonstration of these scalable  
pilot lines, the commercial applications of MOF will expand  
without any doubts. 

Typically, synthesis processes lead to the production of  
MOFs as loose powders. However and except in very rare  
cases, their applications require bodies with a specific shape  
such as tablets, extrudates, granulates, monoliths or coatings  
to cite only the most common forms. For example, in cataly- 
sis, one of the usual forms is tablets which are obtained by  
pressing powders. Such bodies shall present mechanical re- 
sistance to attrition and hydrostatic pressure, while preserv- 
ing as much as possible the original pore structure. Bazer- 
Bachi et al. reported the catalytic conversion of vegetable oil  
using ZIF-8 tablets which were as active as loose ZIF-8 pow- 
ders, paving the way for further application of shaped MOFs 
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amount of adsorbents. The void fraction within the adsor- 
bent bed is a critical factor to control in the design of an ad- 
sorbent  independently  of  its  composition  or  structure.6,7  
Therefore, MOFs should be pressed into solids of high den- 
sity such as tablets in order to maximize their volumetric  
uptake. 

Despite important efforts for the development of shaping  
processes suitable for MOFs, challenges linked to their intrin- 
sic fragility remain.8 Limitations can be listed into three cate- 
gories: (i) relatively low thermal stability with respect to ox- 
ides, impeding the use of classical shaping processes which  
are based on firing a binder-containing formulation after pel- 
letization;9 (ii) relatively low chemical stability in the pres- 
ence of solvents, including water, making extrusion processes  
not generalisable;10 and (iii) relatively low mechanical stabil- 
ity owing to their very high porosity and flexibility, leading to  
structural collapse when the applied pressure exceeds a given  
threshold.11 

When  taking  these  limitations  into  account,  mild  
pelletisation by compression appears to be a practical solu- 
tion for MOFs as it overcomes firing issues and the use of  
solvent while limiting the structural collapse. Two review arti- 
cles dealing with MOF densification have made a quite ex- 
haustive inventory in the field, which will not be discussed  
here.12  Nevertheless, it was concluded that tablets could be  
obtained by compressing binderless, pure MOF powders.13  
The use of binders such as alumina, silica, graphite, or poly- 
vinyl alcohol was also reported to reduce the structure degra- 
dation observed when even moderate strength is applied, but  
they also decrease the tablets' overall porosity proportionally. 

The optimisation of MOF densification consists of finding  
a compromise between a gain in mechanical stability of their 

 
 
 



 
 

 

 
body and a loss of their initial properties. Ideally, the struc- 
tural and textural properties of the MOF crystals should be  
preserved while the tablet density should be as high as possi- 
ble. For example, Nandasiri et al. proposed an optimal tablet  
density of about 0.5 g cm−3 for MOF-5 and MIL-101ĲCr) while  
maintaining their initial porosity.14  Similar binderless densi- 
fication of other MOFs among the most studied, namely ZIF- 
8,5 UiO-66,10  UiO-66-NH2,

11,15  and HKUST-1,5,16  has already  
been reported. However, the tablet density increase comes  
with lower textural properties. This is especially the case of  
HKUST-1,  which  already  collapses  at  modest  applied  
pressure. 

While those works pave the way for the further develop- 
ment of MOFs, parameters related to the shaping itself, such as 

the compression ramp speed and dwell time are rarely 

reported, although they can have tremendous importance for the 

final tablet properties. More surprisingly, very few me- 
chanical tests were made although the tablets were usually 

reported as robust. As a result, the lack of standardization in 

densification studies prevents comparing mechanical stabil- 
ity and textural properties from one MOF to another. In addi- 
tion, we may wonder whether conclusions of MOF structural 

stability drawn from densification data can be given when an all-

or-nothing compression type is applied. 
Herein, we report a systematic study based on quantitative  

descriptors for the densification of UiO-66, UiO-67, UiO-66- 
NH2 and HKUST-1 using a R&D tableting machine. We mea- 
sured the impact of the compression step on the textural  
properties (namely the specific surface area and the micro- 
pore volume), the bulk density and the mechanical resistance  
of the resulting tablets. In contrast to the general statement  
claiming  that  HKUST-1  can  hardly  be  densified,  we  show  
here that robust tablets of HKUST-1 can be obtained without  

significant degradation of its microporous structure. In addi- 
tion, we have investigated the use of a low content of ex- 
panded natural graphite (ENG) as a dried binder. Finally, we  
investigated the stability of our tablets after four months in  
the presence of moisture. 

2. Experimental section 

2.1. Synthesis of MOF powders 

UiO-66 was prepared based on a protocol proposed by Kim  
et al.17 A DMF solution with a molar composition of zirco- 
nium chloride : terephthalic acid : hydrochloric acid = 1 : 1 : 1  
was heated at 120 °C for 24 h under stirring. The solid prod- 
uct was recovered by filtration and washed twice with DMF.  
The remaining solvent entrapped inside the powder was ex- 
changed  first  with  ethanol  and  then  with  acetone,  using  
Soxhlet extraction. Finally, UiO-66 was activated under vac- 
uum at 150 °C for 12 h. 

UiO-67  was  prepared based on a  protocol  proposed  by  
Shearer et al.18 A DMF solution with a molar composition of  
zirconium   chloride : 4,4′-biphenyldicarboxylic   acid : water :  
benzoic acid = 1 : 1 : 1.3 : 5 was heated at 120 °C for 24 h un- 
der stirring. The solid product was recovered by centrifuga- 
 
 

 

 
 

tion and washed three times with DMF, three times with eth- 
anol,  and  three  times  with  acetone.  Finally,  UiO-67 was 

activated under vacuum at 60 °C for 12 h. 
UiO-66-NH2 was synthesized using a spray-drying continu- 

ous flow method.19 A precursor suspension of 0.22 M ZrOCl2  
·8H2O and 0.20 M 2-aminoterephthalic acid in a 24 mL mixture  
of water and acetic acid (1 : 1) was injected into a coil flow reac- 
tor at a feed rate of 2.4 mL min−1 and at a temperature of 90  
°C. The residence time inside the coil flow reactor was 63 s.  
The resulting pre-heated solution was then spray-dried in a  
Mini Spray Dryer B-290 (Büchi Labortechnik) at a flow rate of  
336 ml min−1 and an inlet air temperature of 150 °C, using a  
spray cap with a 0.5 mm-diameter hole, affording a yellow pow- 
der. This powder was then redispersed in ethanol and collected  
by centrifugation. The two-step washing process was repeated  
with acetone. The final product was dried for 12 h at 60 °C in  
air. This dried powder was finally activated under vacuum at  
200 °C for 6 h (temperature slope of 4 °C min−1). 

HKUST-1  was  prepared  using  the  spray-drying  technol- 
ogy.20 A solution  of  0.90  M  CuĲNO3)2·2.5H2O  and  0.60  M  
1,3,5-benzenetricarboxylic  acid  in 135  mL  of  a  mixture  of  
DMF, ethanol and water (1 : 1 : 1) was spray-dried in a Mini  
Spray Dryer B-290 (Büchi Labortechnik) at a feed rate of 4.5  
mL min−1, a flow rate of 336 ml min−1  and an inlet air tem- 
perature of 180 °C, using a spray cap with a 0.5 mm-diameter  
hole,  affording  a  blue  powder.  This  powder  was  then  
redispersed  in  ethanol  and  precipitated  by  centrifugation.  
The two-step washing process was repeated with acetone. The  
final product was dried for 12 h at 60 °C in air. This dried  
powder was finally activated under vacuum at 150 °C for 12 h  
(temperature slope of 4 °C min−1). 

 
 

2.2. Densification method and body characterization 

A Medel'Pharm STYL'ONE Evolution tableting instrument was  
used for the shaping purpose. Prior to compression, the pow- 
ders were deagglomerated by grinding. The die was then filled  
at constant volume with 150 mg (UiO-67), 200 mg (UiO-66) or  
300 mg (HKUST-1, UiO-66-NH2) of the MOF powder. A punch  
diameter of 1.128 cm was used, allowing a tableting surface of 
1.00 cm2. Asymmetric compression, where the penetration of  

the upper punch was fixed at 2 mm, was used. From the mo- 
ment the punches reached the powder filling height (h0), a  
compression time of about 4 s was applied to reach a specified  
thickness following a constant displacement rate. This dis- 
placement rate is thickness-dependent. Then the compression  
was held for 400 ms, before the punches went back to h0 within 
4 s. To avoid any residue on the internal die surface, some cel- 
lulose was pressed between two MOF tablets. 

After shaping, physical parameters of MOF tablets were  
measured using a Pharmatron SmartTest 50. These parame- 
ters include the weight, thickness, and diameter, allowing to  
calculate the tablet bulk density. The same apparatus was also  
used to evaluate the tensile strength, by pressing the side of  
the tablets at a constant 1 mm s−1  displacement rate until a  
first load drop was detected. Such pressed tablets were usually 

 
 
 



 
 

 

 
split into two halves. The degree of densification is reported  
here as a percentage of the crystal density which is in theory  
the highest density that can be achieved for a crystal. Simi- 
larly, we express the specific surface area (SSA) of the tablet as  
a percentage of the initial powder. The SSA is a relevant quan- 
titative indicator, as a loss of SSA after compression indicates  
a partial collapse of the porous structure. Alternatively, the  
micropore volume can be used equally as a quantitative de- 
scriptor of the degradation of the porous networks (see Table  
S1†). 

The main advantage in using these indicators is that they are 

non dimensional, bounded between 0 and 100% and hence can be 

used to compare MOFs regardless of their intrinsic properties. 

We also provide a novel descriptor called volumetric capacity 

(Vcap.), which shall be relevant especially for gas stor- 
age applications. The positive effect of the shaping method is 

characterized by a higher volumetric capacity as compared to that 

of the initial powder. Moreover, the higher this descriptor is, the 

better the tablets shall perform for gas storage applica- 
tions, until an optimum value is reached. 
 
2.3. Structure and porosity characterization 

Powder X-ray diffraction (PXRD) patterns were recorded on a  

Bruker D8 advance diffractometer using a CuKα radiation  

source  and  a  Lynx-Eye  detector.  Nitrogen  adsorption  iso- 

therms were measured at 77 K on a BELSORP-mini device  

from BEL Japan. The samples were outgassed at 150 °C over- 

night prior to measurement. Specific surface areas (SSAs) were  

determined using the BET method. The micropore volume  
(Vmicro.) was evaluated from the adsorbed volume of N2 at P/P0  

= 0.3. In order to calculate the bulk density of the tablets, dry  

masses were estimated from thermogravimetric (TG) analyses  

measured on a Mettler Toledo TGA-DSC1 using reconstituted  

air (Fig. S1 and Table S2†). Linker defects were also evaluated  

from TGA, assuming that the remaining weight at 800 °C cor- 

responds  to  the  metal  oxide,  namely  ZrO2  (UiO-)  or  CuO  

(HKUST-1). This allows to determine directly the theoretical  
weight of a dehydroxylated MOF structure Zr6O6Ĳlinker)6  and  
Cu3BTC2, which is compared to the experimental remaining  

weight after solvent loss and dehydroxylation (taking metal  

oxidation into account). The weight difference is thus attrib- 

uted to linker defects. This method doesn't take possible clus- 

ter defects into account. Powder bulk density, also called tap  

density,  was  determined  by  adding  a  known  mass  of  

deagglomerated MOF powder into a vial with a high height/di- 

ameter ratio. Then, the vial was repetitively hit on a hard sur- 

face until no more volume change could be observed - gener- 

ally  a  few  hundred  times-,  thus  allowing  to  measure  the  

packed bed dimensions. Scanning electron microscopy (SEM)  

was performed on a Hitachi S-4800. 

3. Results and discussion 

3.1. Influence of compression on MOF tablet properties 

The impact of the densification step on the final tablet prop- 
erties including density, SSA and tensile strength is presented 
 
 
 

 
 

in Fig. 1. First, we can see that the tap densities of MOF pow- 
ders are very low with respect to their corresponding crystal 

density: it is only 14% for UiO-66, and the highest value is 

obtained for HKUST-1 with a relative density of 40%. We can 

also note that while being isostructural to UiO-66, the UiO- 
66-NH2  tap density reaches 32% of its crystal density. Here, the 

difference between these two isostructural MOFs is partly due to 

the synthesis protocol. 
The MOF tablets were observed by SEM and the images  

are  presented  in  the  ESI.†  Small  and  rounded  crystals  of  
HKUST-1 (Fig. S2†) and UiO-66-NH2  (Fig. S3†) are observed.  
No large agglomerate usually produced by spray-drying can  
be  seen,19,20 meaning  that  grinding  was  successful  at  
deagglomerating. UiO-67 prepared by a solvothermal method  
leads to micrometric crystals with a bipyramidal shape (Fig.  
S4†). The latter is typical of the isostructural Zr-based series.  
While also being a part of this series, UiO-66 crystals are  
small and rounded (Fig. S5†). This is however in accordance  
with previous results.17 Moreover, the SEM images reveal that  
densification occurs more notably at the surface in contact  
with the punches. 

For all studied MOFs, compression can yield tablets with  
twice higher density than their corresponding powders, while  
preserving more than 70% of their initial SSA. For instance  
HKUST-1, which has a reputation of being fragile, was densi- 
fied to 75% of its crystal density while preserving 80% of its  
initial textural properties when pressed at 121 MPa. One may  
note that the densest random packing of spheres is about 64  
to 74% of their three-dimensional volume.21 Surprisingly, we  
achieved here comparable values while limiting the loss of  
textural properties. 

As expected, the higher the applied pressure, the higher the 

achieved densification. More interestingly, we observe a linear 

relationship between densification and tensile strength for all 

four studied MOFs below 80% relative density, with a slope 

being MOF-dependent. To the best of our knowledge, it is the 

first time that this behaviour is reported. 
Obviously the densification level or the tensile strength  

cannot be enhanced by an ever increasing applied pressure  
without  leading  to  porous  structure  collapse.  When  the  
highest density is sought, the loss of microporosity should be  
as reduced as possible; otherwise, it will affect the tablets' ul- 
timate performances. For UiO-66, no loss of SSA has been ob- 
served until 40% relative density which is the highest level  
we have investigated as the aim was to reach a mechanical re- 
sistance high enough for further production of grains. This  
does not imply that a higher level of densification cannot be  
obtained without damaging the porous structure. For other  
studied MOFs, a modest but somehow linear decrease can be  
observed with increasing densification. Again, the decreasing  
rate is MOF-dependent. 

Zr-based MOFs are known for their high mechanical and  
thermal stabilities owing to their 12-fold connected clusters  

in the three spatial directions.22,23  These stabilities can be  
compromised by the number of missing linkers per node - 
usually about 2;24,25 however, the addition of monocarboxylic 

 
 
 



 

 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.  1  Impact of the degree of compression on the textural properties (rhombus) and mechanical strength (triangle) for tablets of UiO-66, 

HKUST-1, UiO-67 and UiO-66-NH2. Applied pressures are indicated for each tablet, and the linear relationship tensile strength = fĲrelative density) is 

reported. For UiO-67, the tensile strength was not measured above 63 MPa as the structure collapsed. 
 
 

acids during the synthesis of UiO-66 proved to enhance its  
stability.26  UiO-66  and   UiO-67  powders   prepared   by  
solvothermal synthesis present 17% missing linkers per node  
(2 out of 12), which is comparable to the literature data.25,27  
Although UiO-67 possesses the same topology as UiO-66 and  
the same degree of defects, its mechanical stability under  
compression is relatively modest as the porous structure col- 
lapses between 63 and 82 MPa (SSA loss of about 80%). This  
is in line with prior studies.25,28  Here, we can safely assume  
that the reason for this collapsing is due to the very high den- 
sification degree already reached, beyond 90%, coupled with  
the very low flexibility of the framework.29 

In summary, when MOF powders are pressed into tablets,  
up to a two-fold bulk density can be achieved at the expense  
of slightly reduced textural properties. For the production of  
MOF solids for catalysis, one may press a tablet only to reach  
an industrially-relevant tensile strength above 0.1 MPa,30 thus  
limiting the impact of shaping on the gravimetric uptake. 

In the case of gas storage and without precluding neither  
a specific gas nor application conditions, we can foresee that  

the densification level which would offer the greatest micro- 
pore volume per unit of volume should perform better as- 
suming that the interaction is mainly van der Waals. We have  
calculated the volumetric capacity descriptor by multiplying  
the tablet microporous volume by their bulk density. This de- 
scriptor Vcap., presented in Table 1, is  expressed in cubic  
centimetre  of  pore  volume  per  cubic  centimetre  of  tablet 
 
 

 
 

(cm3/cm3). It can be pointed out that the micropore volume  
is  correlated  to  the  specific  surface  area  and  as  a  conse- 
quence, either one or the other can be used as descriptors  
(Fig. S6†). Detailed inputs for all tablets can be found in Ta- 
ble S2.† One may note that in most cases (HKUST-1, UiO-66,  
UiO-66-NH2), the “optimized” tablet is the one compressed at  
the  highest  pressure,  meaning  that  the  optimal  pressure  
might not have been reached here and the volumetric capac- 
ity could still be increased. This is especially the case of UiO- 
66,  which  is  likely  to  resist  compression  pressures  up  to 
2.500 MPa with 50% of the initial SSA maintained.10  Never- 
theless, a remarkable increase of tablet volumetric capacity can 

already be observed as compared to their powder coun- 
terparts, from 1.5 to 2.6-fold. For example, the volumetric ca- 
pacity of HKUST-1 can be increased from 0.24 to 0.36 cm3/ 

cm3. According to calculations made by Dailly et al.,7  such 

densified HKUST-1 tablets could result in an outperforming 

adsorbed natural gas (ANG) adsorbent. 
 
 

3.2. Comparison with literature data 

Our results were further compared to the state-of-the-art liter- 
ature in Fig. 2. For UiO-66 and UiO-66-NH2, we can see that the 

loss of SSA as a function of the applied pressure is well in line 

with the literature data.12,13 
However, important discrepancies are observed in the case  

of HKUST-1. Herein, up to 85% of the original SSA of the 
 
 
 



 
 
 
 
  

 
Table 1 Textural properties and resulting volumetric capacity of optimized MOF tablets 

Applied pressure SSA Vmicro. Crystal density Bulk density Tensile strength Vcap. 
MOF Form (MPa) (m2 g−1) (cm3 g−1) (g cm−3) (g cm−3) (MPa) (cm3/cm3) 

UiO-66 Powder — 1426 0.54 1.21 0.17 — 0.09 
Tablet 18 1459 0.54 0.43 0.40 0.23 

UiO-66-NH2 Powder — 839 0.34 1.26 0.41 — 0.14 
Tablet 164 625 0.25 0.93 4.18 0.23 

UiO-67 Powder — 2034 0.90 0.71 0.25 — 0.23 
Tablet 63 1549 0.70 0.62 2.22 0.43 

HKUST-1 Powder — 1288 0.49 1.20 0.48 — 0.24 
Tablet 121 1091 0.40 0.90 1.78 0.36 

 
 
powder was preserved at a moderate pressure of 120 MPa,  
while about 50% SSA loss was reported at lower pressures of 
10 and 70 MPa elsewhere.16 This could arise from several fac- 
tors: (1) we used a relatively slow rate of pressure increase,  
which could allow HKUST-1 crystals to rearrange during com- 
pression; (2) as shown in Fig. 3, the solvent presence within  
the framework  during compression  allows maintaining  its  
integrity, while in the literature, HKUST-1 powders are typi- 
cally activated prior to compression; and (3) the presence of  
defects within the MOF structure is likely to lower its resis- 
tance during compression. Here, assuming that there is no  

cluster defect, the HKUST-1 powder used only presents 10%  
linker defects as shown in Table S2.† The latter assumption  
can hardly be verified as it would require shaping exactly the  
same powders that were used elsewhere. One may note that  
in the literature, the mechanical resilience of zeolithic MOF  
single crystals was greatly improved using common solvents,  
namely ethanol and butanol.31 
 

3.3. Addition of expanded natural graphite as the binder for 

HKUST-1 powder 

Graphite is generally used as an additive for improving mate- 
rials' thermal conductivity.32  Graphite was also applied as a  
mineral binder with UiO-66.33 Herein, up to 2 wt% expanded  
natural graphite was mixed with the HKUST-1 powder prior  
to compression, and its impact on both the textural proper- 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2  SSA loss during compression observed in this work (black) and 

reported in the literature (white), using UiO-66 (triangle), UiO-66-NH2 

(round) and HKUST-1 (rhombus) powders.10,15,16 
 
 
 

 
 

ties and the tensile strength of the resulting tablet was inves- 
tigated and presented in Fig. 4. 

No measurable impact on the SSA could be observed at any 

of the applied pressure, while a minor enhancement of the 

tensile strength can be noted for 2 wt% ENG, almost in- 
dependent of the applied pressure. This latter observation is 

particularly interesting for shaping MOFs at low pressure, 

thus maximizing the textural properties while reaching ro- 
bustness high enough for applications. 

 
 

3.4. Overtime ageing of tablets in polyethylene bags 

After characterization, each tablet was sealed in a small poly- 
ethylene (PE) bag and left on a shelf under room conditions.  
It should be pointed out that PE bags are not impermeable.  
Indeed,  their  permeability  to  water  vapor  is 8.6 × 10−4  
cm3ĲSTP) cm−1  cmHg−1  per day.34  The packaging in PE bags  
thus limits but does not prevent the water vapor exchange.  
The  tablets  with  optimised  volumetric  capacity  were  then  
characterized again four months later in order to check their  

stability in the presence of moisture. The nitrogen adsorption  

isotherms of the different tablets are shown in Fig. 5 and  
their textural properties are summarized in Table 2. In the  
case of UiO-66 and UiO-66-NH2, only a slight decrease of SSA  
and micropore volume was observed (−9 to −11%), while the  
PXRD was unchanged as shown in Fig. S7.† 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 Nitrogen adsorption isotherms of the as-made HKUST-1 pow-  
der (black/top) and HKUST-1 tablets pressed at 62 MPa with the as- 
made powder (blue/middle) or with powder fully activated prior to 

compression (red/bottom). 
 
 
 



 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4  Impact of compression on SSA (according to initial powder)  
and tensile strength of pure HKUST-1 tablets (white) or HKUST-1 mixed  
with 1 wt% graphite (grey) and 2 wt% graphite (black). Circles represent  
the SSA (according to initial powder), and squares represent the tensile  
strength. 
 
 

In contrast, for UiO-67 tablets, 96% of their initial SSA was 

lost after 4 months. Notably, the PXRD patterns shown in 

Fig. S8† confirm a drastic loss of crystallinity. It was shown 

that UiO-67 is poorly stable under humid conditions.35 How- 
ever,  unlike  what  was  published  by  DeCoste  et  al.,35 no 

monoclinic zirconia diffraction peak could be observed; the 

degraded product can still be identified as pure UiO-67. This 

result  confirms  that  UiO-67 cannot  be  used  in  processes 

where even traces of water are present. 
The HKUST-1 stability over time was extensively studied as  

it is one of the best candidates for gas storage and chroma- 
tography stationary phase.36 Todaro et al. investigated the  
HKUST-1 decomposition process with air moisture.37  They  
concluded that Cu-O bond hydrolysis is driven by the accu- 
mulation of water molecules during exposure. This phenome- 
non is reversible for short exposure times, up to 20 days, fol- 
lowing  a  simple  vacuum  treatment.  For  longer  exposure 

 
 

Table 2 Textural properties and resulting volumetric capacity of opti-  
mized  MOF  tablets after  ageing  for four months  in  the  presence  of  
moisture 

MOF  SSA (m2 g−1)  Vmicro. (cm3 g−1) 

UiO-66  1295  0.49 
UiO-66-NH2  570  0.24 
UiO-67  55  0.02 
HKUST-1  580  0.23 

 
 

times, irreversible hydrolysis occurs, but up to 60% of the ini- 
tial SSA is still preserved after 6 months.37  Interestingly, our 

HKUST-1 tablets aged similarly, with 53% of their initial SSA 

retained after 4 months. We can deduce that irreversible hy- 
drolysis  also  occurred  after  tableting.  Therefore,  shaping 

MOF powders into dense tablets does not improve signifi- 
cantly their resistance toward air moisture. One can suppose 

that the formation of a dense crust of MOFs during tableting 

slows down the diffusion of moisture within the tablets at 

first, but does not prevent the degradation. 

 

Conclusions 

We present here a general methodology for comparing the  
impact of MOF powder compression on the textural and me- 
chanical  properties  using  non  dimensional  indicators.  By  
compression, the tablet bulk density can be increased by 1.8  
to 3.4-fold while the specific surface area decreased between 
0 and 30% for all MOFs studied here. We report here for the first 

time that the mechanical stability, deduced from tensile strength 

tests, is proportional to the bulk density. Both are MOF-

dependent. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5  Nitrogen adsorption isotherms measured for UiO-66 (top-left), UiO-66-NH2 (bottom-left), HKUST-1 (top-right) and UiO-67 (bottom-right): 

activated powders (rhombus), as-made tablets (square) and tablets aged for 4 months under standard room conditions (triangle).  
 
 
 



 
 

 

 
In contrast to all past densification studies carried out on 

HKUST-1,  we  demonstrated  that  robust  tablets  presenting 

only limited textural degradation can be obtained. We believe that 

it arises at least partly from our compression protocol, in 

which the compression rate and dwell time are thoroughly 

controlled. As a consequence, densification results obtained in 

an uncontrolled or poorly-controlled manner such as when using 

a manual press should be interpreted with care. More- 
over, as reported in the case of zeolithic MOF single crystals, the 

presence of solvent traces within the pores of HKUST-1 seems 

beneficial during compression. 
We underline here that depending on the final applica- 

tion, namely catalysis or gas storage, a different strategy can  
be used. For catalysis, a mild pressure, usually around 20  
MPa, seems enough to produce tough and highly porous tab- 
lets that can then be grinded and sieved. The use of graphite  
up to 2 wt% can also be beneficial as it lowers the pressure  
required to reach certain robustness, thus maximizing the  
retained textural properties. For gas storage, the maximum  
volumetric capacity was obtained at the highest applied pres- 
sure, except for UiO-67 which collapses at 82 MPa. However,  
only UiO-66 and UiO-66-NH2 proved to be stable overtime in  
the presence of moisture, making them highly attractive for  
further production and applications. 
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