
HAL Id: hal-01836059
https://hal.science/hal-01836059v1

Submitted on 27 Mar 2019

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Synthesis and Shaping Scale-up Study of Functionalized
UiO-66 MOF for Ammonia Air Purification Filters

Y. Khabzina, J. Dhainaut, M. Ahlhelm, H. Richter, H. Reinsch, N. Stock, D.
Farrusseng

To cite this version:
Y. Khabzina, J. Dhainaut, M. Ahlhelm, H. Richter, H. Reinsch, et al.. Synthesis and Shaping Scale-up
Study of Functionalized UiO-66 MOF for Ammonia Air Purification Filters. Industrial and engineering
chemistry research, 2018, 57 (24), pp.8200-8208. �10.1021/acs.iecr.8b00808�. �hal-01836059�

https://hal.science/hal-01836059v1
https://hal.archives-ouvertes.fr


Synthesis and shaping scale-up study of functionalized UiO-66 MOF 
for ammonia air purification filters 

Yoldes Khabzina(1), Jeremy Dhainaut(1), Mehdi Bessaa(1), Matthias Ahlhelm(2), Hans-Juergen Rich-
ter(2), Helge Reinsch(3,4), Norbert Stock(3), David Farrusseng(1)* 

(1)Université de Lyon 1, UMR CNRS 5256, Institut de recherches sur la catalyse et l'environnement, IRCELYON, 2 
Ave Albert Einstein, F-69626 Villeurbanne, France.  
(2)Fraunhofer-Institute for Ceramic Technologies and Systems (IKTS), Winterbergstrasse 28, 01277 Dresden, Ger-
many. 
(3)Institut für Anorganische Chemie, CAU Kiel, Max-Eyth-Straße 2, 24118 Kiel, Germany. 
(4)MOF Application Services, 25-27 rue Tronchet, 75008 Paris, France 
 

KEYWORDS. Ammonia adsorption, breakthrough measurements, UiO66-COOH  

 

ABSTRACT: We report herein the upscaled synthesis and shaping of UiO66-COOH for NH3 air purification. The synthesis 
of the zirconium-based MOF was carried out in a batch reactor in an aqueous suspension with a yield of 89% and a space-
time yield of 350 kg/day/m3. Neither toxic chemicals nor organic solvents were used, allowing this MOF to be employed in 
individual or collective air purification devices. Freeze-granulation and extrusion shaping techniques were investigated. 
The NH3 air purification performances of UiO66-COOH in bead, tablet and extrudate forms were compared to those of 
commercial carbon based materials (type K adsorbents from3M and Norit).  Testing conditions were chosen to reflect cur-
rent standards for ammonia concentration (600-1200 ppm) and velocity. In addition, the breakthrough measurements were 
carried out at three different relative humidity levels (0%, 40% and 70%). Pellets and extrudates of UiO66-COOH outper-
formed commercial benchmark adsorbents in all conditions, especially in dry conditions, for which the commercial adsor-
bents suffered impaired ammonia uptake and shortened service life. Extrudates of UiO66-COOH also withstood attrition 
after intensive shaking. 

INTRODUCTION  

Impregnated carbons are state-of-the-art adsorbents for 
ammonia air purification. They are commercialized in the 
form of type K cartridges for individual gas protection. 
They show poor aging characteristics, however, due to del-
eterious interactions of the mobile active phase with the 
carbon1. Various studies have investigated how MOFs per-
form for the air filtering of Toxic Industrial Chemicals 
(TIC), particularly NH31,2,3,4,5,6,7,8,9,10,11. For the latter, high 
ammonia adsorption capacities under both dry and humid 
conditions have been dynamically measured for UiO-66-
NH2, Ni-CPO-27, Fe-MIL-100 and HKUST-112. It was under-
lined that in addition to adsorption performances, the 
chemical and mechanical stabilities and cost issues should 
also be addressed12. Extra factors to carefully consider are 
process and user safety. Unfortunately, up to now, MOFs 
have usually been synthesized in organic solvents such as 
DMF, especially those being tested for TIC abate-
ment2,3,13,14,15,1,6,7,9. DMF is a toxic chemical considered to 
present a health hazard: it can cause various accidents and 
birth defects16, its inhalation results in liver damage, and it 

causes digestive disturbances in workers17. As a conse-
quence, DMF should not be used as the synthesis solvent 
for breathable air filtration devices even if extensive wash-
ing is carried out.  

Shaping the adsorbent with the appropriate particle size 
and density is a practical prerequisite. In an individual pro-
tection cartridge, the size of the adsorbent grains is gener-
ally between 12 and 20 mesh18 (corresponding to 1680 – 840 
µm). Smaller particles would result in an excessive pressure 
drop, i.e., breathing resistance, which cannot be accepted 
by the users5. For the same reason, the shaped adsorbent 
must not decompose into fine particles upon shaking or 
similar mechanical stress. Although it is acknowledged 
that shaping processes can often affect performances in 
comparison to the original powder, the effect of shaping on 
adsorption capacities is rarely reported1,12, especially re-
garding the volumetric adsorption capacity. Indeed, to the 
best of our knowledge, adsorption capacity is always re-
ported by unit of mass, yet volumetric capacity is a key cri-
terion because the cartridge volume is limited, especially 
for face mask filters. Unfortunately, both bulk and tapped 



 

densities of shaped MOFs are rarely reported, thereby pre-
venting the volumetric extrapolation of uptakes19,20. In ad-
dition, novel adsorbents are rarely benchmarked under rel-
evant conditions, rendering impossible any rational com-
parison with suitable commercial adsorbents for the appli-
cation in question. This is the case not only for service life-
time, i.e., breakthrough time, but also for aging and me-
chanical stability. 

 

Among MOF candidates that have shown high NH3 ad-
sorption capacities in dynamic and humid conditions, 
UiO-type MOFs are recognized to be exceptionally stable 
over a wide range of pH, humidity, temperature and pres-
sure conditions5,21,22. The UiO-66 class is based on 
Zr6O4(OH)4 octahedral nodes that form lattices in an ideal 
12-fold coordination with dicarboxylic linkers, resulting in 
a cubic close-packed unit cell structure. The high zirco-
nium charge and the elevated connectivity of the nodes ac-
count for exceptionally good chemical, thermal and me-
chanical resistance5,23. Following the suggestions of Kim et 
al.8, it was anticipated that functionalizing the UiO-66 with 
free carboxylic acid would facilitate NH3 adsorption by 
Brønsted-type acid-base interactions. Recently, Joshi et al. 
showed that solid UiO66-COOH made from 1,2,4-ben-
zenetricarboxylic acid in DMF performs equally well in dry 
and humid conditions for ammonia capture (2.2 mmol 
NH3/g)13.    

The “green” synthesis of MOFs, especially Al- and Zr-
MOFs in water, is now well documented and has been re-
cently reviewed24 with a focus on requirements discussed 
by industrial research groups for MOF synthesis upscal-
ing25. Beyond the benefit presented by non-toxic solvents 
for the specific case of breathable filters, water-based syn-
thesis would enable a substantial decrease in production 
costs26. That said, it is now well known that different syn-
thesis methods and work-up processes may yield different 
crystalline and porous structures, especially for UiO-66 
type MOFs, for which the nature and concentration of de-
fects are very process-sensitive27,28. It has been shown that 
water adsorption properties, hydrophilicity and total water 
capacities depend on defect concentration in UiO-6629,30,31. 
Hence, we can assume that NH3 adsorption performance 
in humid conditions may also depend on the nature and 
concentration of defects resulting from different synthesis 
processes, which provides an additional reason for this in-
vestigation.  

Here we present a benchmark study for the upscaled 
synthesis and shaping of UiO66-COOH that addresses key 
aspects for a potential industrialization, more specifically: 
(i) exclusive use of water for the synthesis, washing and 
shaping, (ii) use of non-explosive and non-corrosive start-
ing chemicals, (iii) development of scalable shaping tech-
niques and (iv) investigation of the mechanical and chem-
ical stability of the shaped MOF. We show that the perfor-
mances of the shaped UiO66-COOH are superior to those 
of commercial type K adsorbents for NH3 air purification 
in relevant dynamic conditions covering a wide range of 
humidity levels. This paper can be regarded as a prelimi-
nary step toward a technical-economic study of UiO66-

COOH as a type K air filter. The precise costs of large-scale 
production of a MOF and its shaping are beyond the scope 
of this study26. 

 

EXPERIMENTAL 

 

Two types of commercial type K adsorbents were used 
here as benchmarks: (1) granules of activated carbon of 12-
20 mesh18 commercialized by 3M and (2) Norit RZN1 extru-
dates of zinc salt-impregnated carbon. For breakthrough 
measurements, both materials were gently grinded and 
sieved to obtain a fraction between 425 µm and 600 µm. 

 

Small-scale synthesis of UiO66-COOH 

A 10 mmol quantity of zirconium (IV) sulfate and 11 
mmol of 1,2,4-benzenetricarboxylic acid were mixed to-
gether in 30 mL water. The synthesis was carried out under 
refluxing for 90 minutes. After that, the mixture was fil-
tered, washed three times with distilled water on the filter 
and dried in air at 120°C. After drying, 2.77 g of white pow-
der was obtained, representing a yield of 87 wt.%.  

 

Scaled-up synthesis of UiO66-COOH 

A 12 L double-wall batch reactor was used. The reactant 
dispersion was mixed using an anchor-shaped mechanical 
stirrer at 100 rpm. An 8 L volume of deionized water and 
1000 g (4.8 mol) of trimellitic acid from Sigma Aldrich were 
mixed together in a 12 L glass reactor. The initially white 
slurry became translucent above 70°C. The temperature in-
side the reactor reached 80°C after 2 h. At that moment, 
736 g of zirconium sulfate tetrahydrate from AlfaAeser (2 
mol) were added, and the mixture was kept under stirring 
for another 3 h while the temperature continued to in-
crease. After 3 h, the temperature within the reactor 
reached 91°C. The heating was then switched off, and cool-
ing was applied before the slurry was removed from the 
bottom of the reactor. The slurry was filtered on a Büchner-
type setup, and then washed with 10 L of deionized water 
in three steps. The resulting white powder was then dried 
in an oven for 24 h at 120°C under air flow (1°C/min heating 
and cooling ramps). After drying, 647 g of white powder 
was obtained, representing a yield of 89 wt.%. The space-
time yield was about 350 kg/day/m3. 

For breakthrough measurements, 1.5 g of powder was 
pressed to pellets under a pressure of 97 bar using a die of 
3 cm in diameter. A force of 5880 N was applied to the die 
and held for 1 minute. The resulting pellets were gently 
crushed and sieved in a particle size range between 425 µm 
and 600 µm.  

 

Characterization 

Powder X-ray diffraction (XRD) patterns of the solids 
were recorded on a Bruker (Siemens) D5005 diffractometer 
using Cu Kα radiation. Diffractograms were collected be-
tween 4 and 80° (2ϴ) with steps of 0.02° and 1 s per step. 
N2 isotherms at 77 K were measured by manometry using 



 

a BelMini device (BelJapan). Prior to measurement, the 
samples were activated under vacuum at 150°C overnight. 
The surface area and micropore volume were calculated 
using BET and t-plot methods, respectively. Particle size 
distribution analysis was conducted using a Microtrac 
S3500 laser granulometry apparatus. A very small amount 
of powder was dispersed in deionized water. In order to fa-
cilitate the desagglomeration, ultrasonic irradiation was 
applied for 30 s or 60 s. Thermogravimetric analysis (TGA) 
was carried out on a Mettler Toledo TGA-DSC1 apparatus 
using reconstituted air; in this case, UiO66-COOH powder 
was heated from 25°C to 800°C with a ramp of 5°C/min. 
Bulk densities of pellets, extrudates and beads of UiO66-
COOH were measured. It corresponds to the ratio of the 
pellet mass or (n) extrudates or beads (n=10) to volume of 
each pellet, (n) extrudates or beads. Extrudates are cylin-
ders with 3 mm length and 1.5 mm diameter. Beads are 
spheres of 3.76 mm in diameter. Pellets are disks of 3 cm in 
diameter and 3 mm in height.   

 

 

Shaping by freeze granulation 

Deionized water (74 vol.%) was mixed manually with a 
dispersant and binding agent (polyvinyl alcohol: 4 vol.% 
relative to the MOF). Subsequently, the MOF was added 
(22 vol.%). This mixture was then stirred manually again 
prior to being transferred into a centrifugal vacuum mixer 
(Thinky ARV310), where it was exposed to a high stirring 
rate (2000 rpm, mixing time 2 minutes, with ZrO2 mixing 
spheres) in order to disperse the particles and reduce ag-
glomeration. Afterward, the suspension was separated 
from the mixing spheres by being cast through a 130 µm 
sieve and then poured into a syringe. Under controlled 
pressure the suspension was next deposited dropwise into 
liquid nitrogen. Upon contact with the liquid N2 the drops 
of suspension instantaneously froze into spherical gran-
ules. These frozen beads were transferred to a freeze-dryer 
for sublimation of the solvent. As a result of this procedure, 
MOF beads were obtained; they averaged about 2.35 mm 
in diameter.  

For micro-breakthrough measurements, the beads were 
gently ground and sieved to obtain a particle size range be-
tween 425 µm and 600 µm.  

 

Shaping by extrusion 

The extrusion paste was prepared using the kneading 
chamber of a Brabender Plastograph measuring kneader. A 
60 g mass of MOF powder was placed inside the double–
blade kneading chamber, and then water and the binder 
system were added under a constant rotational speed of 50 
rpm. The mixing and plasticization process was performed 
for 30 min at room temperature. The prepared paste con-
tained 72.5 vol.% UiO66-COOH, 22 vol.% water and 5.5 
vol.% polysiloxane (silicon resin)-based binder. The extru-
sion was performed using laboratory piston extrusion 
equipment with a nozzle diameter of 1.5 mm. Lines of ap-
proximately 300 mm in length were extruded, dried at 

room temperature and then cut into small cylinders of 
about 1.5 mm length (hereafter referred to as extrudates). 

For micro-breakthrough measurements, the cylinders 
were gently ground and sieved to obtain a granulometry 
between 425 µm and 600 µm. 

Figure 1 shows the different shapes of UiO66-COOH and 
the commercial type K adsorbent. 

 
Figure 1. Photographs of beads obtained by freeze granulation 
(left), extrudates (center) and commercial type K adsorbent 
from 3M (right). 

Aging of UiO66-COOH 

To investigate the impact of aging on ammonia adsorp-
tion performance, a compacted pellet of UiO66-COOH 
was aged under the same conditions as those reported by 
Hindocha et al.12 at 80% RH for 7 days. Aged UiO66-COOH 
was tested under a flow of 1200 ppm NH3 and 40% RH.  

 

Attrition test of shaped UiO66-COOH 

Attrition tests were conducted to assess the percentage 
amount of fine particles that the respective shaped materi-
als can generate in the event of shaking or falling12. A 0.2 g 
mass of material was introduced into a cylinder of 3 cm in-
ternal diameter x 2.5 cm height containing an obstacle that 
the materials hit. This cylinder was made to turn on a clas-
sic tube roller (RSLAB-10) at a frequency of 60 rotations per 
minute (rpm) for 30 minutes. Afterward, the content was 
passed through a 425 µm sieve to recover fine particles. At-
trition percentage is calculated as follows: 
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�������	����
× 100  

Equation 1 

 

Micro-breakthrough measurements 

Assessment of NH3 filtering was carried out by micro-
breakthrough measurements similar to the methods re-
ported elsewhere12,7. The setup is presented in Figure 2.  
Humid conditions were generated by humidifying a con-
trolled flow of diluted N2 to obtain a stream of 100 mL/min 
with relative humidity of 40% or 70%. The concentration 
of NH3 and water at the outlet were monitored online by 
an infrared spectrometer (Nicolet iS10 FT-IR) equipped 
with an insulated 2-meter gas cell (of 200 mL volume) from 
Thermo Fisher Scientific. A makeup flow of 440 mL/min 
was applied in order to renew the cell volume every 27 s, 



 

thus increasing the time resolution by a factor of approxi-
mately three. The frequency of acquisition was set to one 
analysis per 50 s. 

The sieved powder (425-600 µm) was packed into a con-
stant volume of 0.15 cm3 inside a 7-mm internal diameter 
fritted glass tube, to a height of 4 mm. The sieved fraction 
size, column dimension and flow rate are of the same order 
as those previously reported by Hindocha et al12. The ad-
vantages of testing a sieved fraction are that (i) a relatively 
high flow rate can be used without a significant pressure 
drop, making it possible to discriminate between adsor-
bents with/without internal diffusion limitations1 and (ii) 
it enables the comparison of adsorbents that were origi-
nally of different shapes and bulk densities since column 
packing and pressure drop should be the same. 

Sorbents were first heated at 150°C for 30 minutes in 
flowing dry N2. Breakthrough measurements were carried 
out at 22°C under 0% (dry), 40% and 70% RH in separate 
measurements starting with fresh samples. The challenge 
concentration was fixed at 1200 ppm NH3 for 0% and 40% 
RH and at 600 ppm for 70% RH. For measurements under 
humid conditions, the sample was pre-equilibrated under 
humid stream flow at 40% or 70% RH. The water concen-
tration at the outlet of the column was monitored until the 
adsorbent was saturated, permitting the water uptake at 
equilibrium to be quantified. 

Micro-breakthrough graphs are plotted versus time in 
order to reflect the performance of the shaped materials for 
a given bed volume. The breakthrough time corresponds 
to the first time in minutes at which ammonia breaks 
through (concentration > 25 ppm) and is the relevant prac-
tical indicator for the performance of a shaped adsorbent 
because it defines the service life of the device. For com-
parison purposes with other studies, ammonia adsorption 
capacity is calculated by integrating under the break-
through curve, using the trapeze method. The calculation 
of ammonia adsorption capacity W in mg is as follows:  

� = (���� − �
�� + ����

2

����

���

(�� − ����)) ×
�� × � × 10��

��
		 

Equation 2 

The standard error is approximately 6%.  

Plots of outlet ammonia concentration and correspond-
ing uptake capacity expressed per unit of mass can be 
found in the SI. 
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Figure 2. Diagram of the micro-breakthrough test rig. 

 

RESULTS AND DISCUSSION  

 

After the washing step, the powder obtained by large-
scale synthesis was divided into four samples (Batch-1 to 
Batch-4) that were dried and characterized separately. 
Powder XRD, presented in Figure 3, shows highly crystal-
line samples that are very similar to those obtained from 
the small-batch synthesis. The patterns are also in excel-
lent agreement with the theoretical pattern simulated from 
the reported crystal structure32. Finally, the TGA profile 
(Fig. S6) is also very similar to the data reported by Ragon 
et al32. 

 
Figure 3. Powder X-ray diffractograms of the four samples 
from Batch-1 to -4 compared to the small-batch synthesis 
(black line) and to the theoretical reference (orange line). 

Laser granulometry was applied to evaluate the size of 
the primary particles. The particle size distribution is 
shown in Figure 4. The as-activated powder presents parti-
cle sizes between 0.9 and 10 µm. After deagglomeration by 
ultrasonic irradiation, 90% of the particle size distribution 
is between 0.4 and 1 µm. 

 



 

 

Figure 4. Particle size distribution of UiO-66-COOH (Batch-1) 
as-obtained (red), and after 30 s (green) and 60 s (pink) of ul-
trasonic irradiation. 

Nitrogen adsorption isotherms are reported in Figure 5. 
High specific surface area (710 m²/g) and micropore vol-
ume (0.28 cm3/g) were obtained for an upscaled UiO66-
COOH, in excellent agreement with Ragon et al32. While 
the compression is detrimental to the textural properties 
of the original UiO66-COOH powder, the specific surface 
areas of the extrudates and beads are about 418 m²/g and 
359 m²/g, respectively. We note, here, a decrease of about 
50% in both the specific surface area and the micropore 
volume after freeze granulation and extrusion. This may be 
due to the addition of the plasticizer, which prevents N2 
from reaching the pore at 77 K compared to the original 
powder, and/or to anhydride formation from adjacent link-
ers upon heating, which has a direct impact on N2 phy-
sisorption measurements32. We note a good correlation be-
tween water uptake at 40% relative humidity and the mi-
cropore volume measured by N2 physisorption (Table 1).  

The main difference between the shaped materials lies 
in their bulk density. While the compressed powder (tab-
let) presents a density of 0.62 cm3/g, the extrudate is much 
denser at 1.04 cm3/g, and the beads are much less dense at 
0.12 cm3/g. This contrast originates from the shaping tech-
niques, which allow dissimilar crystallite packing and thus 
a specific macroporosity in the grain, the most porous form 
being the beads obtained by freeze granulation. As a direct 
consequence, NH3 uptake values per unit of mass and vol-
ume strongly differ.  

 

Figure 5. Nitrogen adsorption isotherms of the shaped UiO-
66-COOH samples at 77 K. 

Table 1. Textural properties of shaped UiO66-COOH 

 Bulk 
density 
(g/cm3) 

Surface 
area § 

(m²/g) 

Mi-
cropore 
volume # 
(cm3/g) 

Water up-
take at 

RH=40% £ 
(cm3/g) 

Original 
powder 

n.a. 710 0.28 n.a. 

Compressed 
Pellet 

0.62 614 0.24 0.26 

Extrudates 1.04 418 0.15 0.19 

Beads 0.12 359 0.12 0.12 
§ from BET analysis of N2 physisorption at 77 K 
# from t-plot analysis of N2 physisorption at 77 K 
£ from micro-breakthrough measurements at 298 K 

 

Figure 6, Figure 7 and Figure 8 represent ammonia 
breakthrough curves of shaped UiO66-COOH and com-
mercial type K adsorbents under dry, wet conditions at 40 
and 70% RH, respectively. We can observe that the break-
through time and the profiles of the curves are relatively 
similar for the two benchmark adsorbents from 3M and 
Norit. We can also observe the same ranking of the adsor-
bents under dry and humid conditions. The UiO-COOH 
beads break first, followed by the AC reference materials, 
the compressed UiO-COOH and finally the extrudate. We 
notice that the shape of the breakthrough curves remains 
very similar regarding the rate at which the concentration 
increases when NH3 breaks through, except for the beads, 
for which the breakthrough profile is much steeper. In this 
study, the grain sizes are identical because the samples 
were sieved from 425 µm to 600 µm, so we can rule out any 
differences in external diffusion processes. We suggest that 
the difference in the breakthrough slope could be caused 
by for slow kinetics involving internal mass transfer limita-
tions, as already reported for compressed pellets of UiO66-
NH2

1. We suppose that minor internal diffusion limitations 
could occur, i.e., inside the porosity of the grains, with the 
exception of the beads, which have a very high internal po-
rosity.  

 
Figure 6. Comparison between ammonia breakthrough curves 
of commercial type K adsorbents as benchmark materials and 
shaped UiO66-COOH (1200 ppm NH3, 0% RH).   



 

 

Figure 7. Comparison between ammonia breakthrough curves 
of commercial type K adsorbents as benchmark materials and 
shaped UiO66-COOH (1200 ppm NH3, 40% RH).   

Performance indicators of shaped MOFs and benchmark 
materials are summarized in Table 2.  In practice, we could 
quantitatively rank the adsorbents by increasing break-
through time because the measurements are carried out on 
the same bed volume. We found a relatively good correla-
tion between the breakthrough time and the uptake capac-
ity per unit volume (see SI).  This linear correlation across 
the sample series arises from the similar wavefront profiles 
of the breakthrough curves. As a consequence, we prefer 
here to discuss the uptake values per unit volume rather 
than the breakthrough time values. The uptake values per 
unit mass can be calculated using the packed density val-
ues (see SI).  

Under dry conditions (0% RH), UiO66-COOH com-
pressed pellet and extrudates outperform by far the com-
mercial adsorbents, with double breakthrough time and a 
noteworthy ammonia adsorption capacity (Figure 6). The 
uptake for the UiO66-COOH beads is much lower because 
of their very low density. However when compared on a 
mass basis, the beads rank at the same level as the 3M ad-
sorbent.  

At 40% relative humidity, the breakthrough time and 
ammonia uptakes are enhanced for the commercial adsor-
bents. A beneficial effect of humidity on NH3 uptake in ac-
tivated carbon-based adsorbents has already been reported 
elsewhere33, while the mechanism of ammonia uptake in 
humid conditions has previously been found over a diverse 
set of adsorbents34. In contrast to the activated carbons, the 
performances in humid conditions remain almost un-
changed for the UiO-66-COOH compressed pellet and ex-
trudates. At higher relative humidity (70%) and at 600 ppm 
of NH3, the ammonia uptake for the UiO-66-COOH com-
pressed pellet is 31 mg/cm3 versus 26 for the 3M adsorbent, 
which is also reflected by a longer breakthrough time, 81 
min versus 75 min (c.f Figure 8).  

 
Figure 8. Comparison between ammonia breakthrough curves 
of commercial type K adsorbents as benchmark materials and 
compressed/sieved UiO66-COOH (600 ppm NH3, 70% RH).  

In all conditions tested, the UiO-66-COOH compressed 
pellet and extrudates outperform the commercial adsor-
bents in terms of capacity per unit volume and break-
through time. The outstanding performances of UiO-66-
COOH can be explained in part by the relatively high bulk 
density of the pellet and extrudates. In addition, even com-
paring the uptake by unit of mass, the UiO-66-COOH pel-
let and extrudates (55 and 53 mg/g, respectively) outper-
form the commercial Norit and 3M adsorbents (30 and 39 
mg/g, respectively).  

The ammonia uptake values in dry conditions obtained 
here are significantly higher than published data for UiO-
66-COOH powders13. Here, we found uptakes of 55 mg/g 
as opposed to 38 mg/g13, which is significantly lower. The 
differences in uptakes may originate from different surface 
chemistry and/or concentration defects resulting from the 
synthesis process35,36,37. While the upscaled synthesis is car-
ried out here in water using Zr sulfate as precursor, the ad-
sorbent in the literature13 was prepared in DMF starting 
with zirconium oxynitrate hydrate as precursor. We also 
note a major difference in the water uptake at 40% relative 
humidity, i.e., 0.26 cm3/g in this study compared to 0.04 
cm3/g for Joshi et al.13, while both solids exhibit almost the 
same micropore volumes of 0.24 cm3/g and 0.28 cm3/g, re-
spectively. This simultaneous difference in water uptake 
and near-sameness of micropore volume supports the as-
sumption that the synthesis in water may generate a higher 
concentration of surface hydroxyl groups, which are favor-
able for water and ammonia adsorption29,30,31.  

Regenerability of UiO66-COOH as compressed pellet 
was tested by reactivating the material at 150°C for 1 hour 
with a ramp of 10°C/min under 100 ml/min of N2. Then a 
second cycle of ammonia adsorption was carried out in dry 
and humid conditions (c.f. Figure S4 and S5). Break-
through curves for recycled compressed pellet reveal that 
UiO66-COOH can be regenerated at 70% and 77% in term 
of ammonia adsorption capacity in dry and humid condi-
tions, respectively. Assuming that physisorption is the only 
adsorption mechanism, we may assume that complete gen-
eration could be obtain by increasing regeneration temper-
ature or regeneration time at 150°C.Finally, the robustness 



 

of the shaped UiO-66-COOH has been verified. The stabil-
ity upon shaking was measured by an attrition test similar 
to that reported by Hindocha12 and that corresponds to a 
downscaled device from the D4058-96 (2011) ASTM norm.  
After shaking the beads, the extrudates or the pellets in a 
cylinder for 30 minutes at 60 rpm, the weight loss due to 
attrition is below 2 wt.% which is an excellent value, while 
for the Norit extrudates it is below 1 wt.%. 

Pellets of UiO-66-COOH were aged for 7 days at 80% RH 
as mentioned in Hindocha et al12. Breakthrough curves of 
initial and aged extrudates are compared in Figure 9 and 
corresponding performance indicators are included in Ta-
ble 1. We observe that the aged UiO-66-COOH breaks 
through 8 minutes earlier with very similar uptake (34 
mg/cm3 compared to 33 mg/cm3). At this stage we cannot 
provide insights explaining the modification of the curve, 
which would merit a detailed study beyond the scope of 
this paper. Nevertheless, we want to point out that even 

after aging, the UiO-66-COOH pellet always outperforms 
the two commercial benchmark adsorbents. 

 

 Figure 9. Comparison between ammonia breakthrough 
curves of fresh and aged compressed pellets of UiO66-
COOH (1200 ppm NH3, 40% RH). 

 

Table 2. Ammonia adsorption capacities and breakthrough times under dry and wet conditions.   

 
Packed bed den-
sity (425-600 µm) 

(g/cm3) 

Attrition 

(%) 

Ammonia adsorption amount 
(mg/cm3) 

Breakthrough time (min) 

   1200 ppm 600 ppm 1200 ppm 600 ppm 

0% RH 40% RH 70% RH 0% RH 40% RH 70% RH 

Compressed pellet   0.6 1.7 33 33 31 41 40 81 

Aged compressed pellet 0.6 -  34 -  32 - 

Extrudates 0.7 1.4 40 34 n.d 48 43 n.d 

Beads 0.4 0 14 16 n.d. 18 20 n.d. 

AC-3M 0.5 0 23 29 26 24 32 75 

AC-Norit RZN1 0.7 0.2 20 29 27 21 32 78 

CONCLUSION 

 

Metal-Organic Frameworks attract considerable interest 
in general and particularly for air purification. The indus-
trialization of an adsorbent is not a straightforward task, 
however, because the upscaled synthesis and shaping pro-
cess may alter the final performance of the original pow-
der. Herein we have presented a high-yield synthesis of 
UiO66-COOH by precipitation of a non-corrosive salt. In 
addition, the fast reaction and the easy recovery and wash-
ing should make this process feasible at the industrial 
scale. The particularly elevated ammonia uptake possibly 
arises from a higher surface hydrophilicity resulting from a 
higher hydroxyl surface concentration than that found 
with the original synthesis in DMF. 

 The high grain density achieved by extrusion and com-
pression in pellets makes UiO66-COOH a very efficient ad-
sorbent for NH3 air purification that outperforms commer-
cial benchmarks, especially in dry conditions, in which the 

ammonia uptake and service life of the commercial adsor-
bent are compromised. Mechanical stability and aging 
upon exposure to humidity were verified.  

Full-scale testing in a separation device is beyond the 
scope of this paper and will be published elsewhere. 
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