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Environmentally benign dry-gel conversions of
Zr-based UiO metal–organic frameworks with
high yield and the possibility of solvent re-use†

Serkan Gökpinar, Tatyana Diment and Christoph Janiak *

Herein we report an alternative synthesis method for Zr-based UiO metal–organic frameworks (MOFs),

namely dry-gel conversion (DGC). It was possible to synthesize nano- to microsized UiO-66, UiO-66-

NH2 and UiO-67 with high crystallinity, high surface area and increased yield using only one-sixth or less

of the solvent volume compared to the solution synthesis on the same scale. Additionally, it is shown that

solvent re-use is possible over at least five synthesis runs making the DGC method an ecological and

extremely solvent-economical route to obtain Zr-based UiO-MOFs with reproducible results.

Introduction

Metal–organic frameworks (MOFs) are potentially porous
materials consisting of metal ions or metal clusters connected
by organic ligands1,2 and are actively investigated towards
various applications.3–6

Among the most intensively studied MOFs is the isoreticu-
lar UiO-series, especially UiO-66 (UiO = University in Oslo),7–9

which was first synthesized by Lillerud and co-workers.10

Zirconium(IV)-based UiO-MOFs have a {Zr6O4(OH)4}- or
{Zr6O4(OH)4(–CO2)12}-SBU which is 12 coordinated by the
linker molecules.10 UiO-66 has benzene-1,4-dicarboxylate
linkers (BDC), while UiO-67 contains biphenyl-4,4′-dicarboxy-
late (BPDC) linkers.10 The SBU is an octahedral cluster of six
edge-sharing ZrO8 square-antiprisms, which is connected to
12 neighboring SBUs in a face-centered cubic (fcc) packing
arrangement (see Fig. S1 in the ESI†). The properties of these
UiO-MOFs are interesting for gas storage,11 separation,12 water
sorption,8,13 sensing14 and catalysis.15

Much research is currently done to optimize the synthesis
techniques of MOFs also in an environmentally and economi-
cally advantageous way.16 Goals are to find synthesis routes to
decrease the reaction time, temperature or solvent consump-
tion and to avoid the use of HF or acidic fluoride solu-
tions.17,18 Ultrasound can be applied for rapid and low-temp-
erature syntheses, for example for MIL-53(Fe),19 HKUST-120

and MOF-5.21 Mechanochemical methods can be realized

without any solvent and are known, for example, for MIL-101
(Cr)22 and UiO-66.23 Alternatively, microwave heating-induced
synthesis can be used to obtain UiO-66.24 Advantages like fast
crystallization and phase selectivity can be achieved. A recent
alternative synthesis method for MOFs is dry-gel conversion
(DGC). In Fig. 1, the working principle of the DGC method is
illustrated. A small amount of solvent is placed at the bottom
of a Teflon container and the solid starting materials are placed
up in the head on a sieve or porous support.25 Consequently,
the physical separation of the solvent and reactant mixture is
achieved. From this separation results one of the big advantages
of DGC, namely after the reaction, the solvent can be recovered
largely uncontaminated and can be used for further reaction
runs. This possibility offers an easy solvent re-use and can be
interesting for industrial applications. The advantages of DGC
are strongly reduced consumption of the solvent with no pro-
duction of the mother liquor which needs to be disposed,26

high product yields,27,28 reduced reactor size and the possibility
of continuous production.25

Fig. 1 Schematic drawing of the reactor setup for DGC with starting
materials for the synthesis of UiOs.

†Electronic supplementary information (ESI) available: Synthesis and character-
ization details, TGA and defect calculations, PXRD patterns, pore size distri-
butions, SEM images and reproducibility data. See DOI: 10.1039/c7dt01717k
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For the synthesis of zeolites, steam-assisted DGC methods
are used very often,22,24 but so far there have been only a
few reports about the DGC synthesis of MOFs.29–31 Shi et al.
synthesized zeolitic imidazolate framework (ZIF) materials
(ZIF-8 and ZIF-67) through DGC by replacing dimethyl-
formamide (DMF) with water as the solvent.32 The DGC
synthesis of MIL-100(Fe) without adding hydrofluoric acid
(HF) to the reaction mixture was established by Ahmed et al.33

Kim et al. reported the DGC synthesis of MIL-101(Cr) using
water as the solvent and HF acid as an additive.34 Recently,
Tan et al. used DGC for the synthesis of magnetically respon-
sive HKUST-1/Fe3O4 composites.35

Experimental
Materials

All reagents were used as received. Terephthalic acid H2BDC,
biphenyl-4,4′-dicarboxylic acid, H2BPDC, ethanol and hydro-
chloric acid 37% (HCl) were purchased from Sigma Aldrich.
N,N′-Dimethylformamide (DMF) was obtained from Fischer
Chemicals. 2-Aminoterephthalic acid (NH2-H2BDC) and anhy-
drous ZrCl4 were purchased from Alfa Aesar. Benzoic acid (BA)
was purchased from Riedel de Haen. Alternatively, the use of
benzoic acid in technical grade is possible.

Instrumentation

Powder X-ray diffraction (PXRD) patterns were obtained at
ambient temperature on a Bruker D2 phaser (300 W, 30 kV,
10 mA) using Cu-Kα radiation (λ = 1.54182 Å) between 5° < 2Θ <
50° with a scanning rate of 0.0125° s−1. The diffractograms
were obtained on a flat “low background sample holder”, in
which at low angle the beam spot is strongly broadened so
that only a fraction of the reflected radiation reaches the detec-
tor, hence the low relative intensities measured at 2Θ < 7°. The
analyses of the diffractograms were carried out with “Match
3.11” software. Thermogravimetric analysis (TGA) was per-
formed with a Netzsch TG209 F3 Tarsus instrument. Samples
were placed in alumina pans and heated at a rate of 5 °C min−1

from 25 to 700 °C under a nitrogen atmosphere.
Nitrogen (purity 99.9990%) physisorption isotherms were
obtained on a Nova 4000e from Quantachrome at 77 K. Before
obtaining the isotherms, the products were transferred into
glass tubes capped with septa, which were weighed before.
These tubes were attached to the corresponding degassing
port of the sorption analyzer, degassed under vacuum at
120 °C for 3 h, weighed again and then transferred to the
analysis port of the sorption analyzer. BET surface areas were
calculated from the nitrogen adsorption isotherms in the p/p0
range of 0.005–0.05. Total pore volumes were calculated from
the nitrogen sorption isotherm at p/p0 = 0.95. DFT calculations
for the pore size distribution curves were carried out with the
native ‘NovaWin 11.03’ software using the ‘N2 at 77 K on
carbon, slit pore, NLDFT equilibrium’ model. SEM images
were recorded with a Jeol JSM-6510LV QSEM advanced electron

microscope with a LaB6 cathode at 5–20 keV. The microscope
was equipped with a Bruker Xflash 410 silicon drift detector.

DGC synthesis of UiOs

For UiO-66-BA, ZrCl4 (60 mg, 0.26 mmol), H2BDC (44 mg,
0.26 mmol) and benzoic acid (0.2 g, 1.64 mmol) were mixed,
ground and placed in a DGC sieve. A small amount (typically
2.5 mL) of DMF solvent was placed at the bottom of a 15 mL
Teflon container and benzoic acid (1.4 g, 11.46 mmol) was
added to the solvent. The DGC sieve was placed above the
solvent mixture and the Teflon container was capped. The
Teflon container was sealed in a stainless steel autoclave, and
allowed to react at 120 °C for 24 h in a preheated oven. After
cooling, the obtained as-synthesized product was left to soak
in DMF (2 × 5 mL) and ethanol (5 mL) for 3 d. The solution
was exchanged every 24 h. After 3 d of soaking, the solids were
centrifuged and dried under vacuum. In the case of HCl
modulation, only 0.5 mL of 37% aqueous HCl was added to
the solvent. For the synthesis of UiO-66-NH2, H2BDC was
replaced by NH2-H2BDC, and for UiO-67, H2BPDC was used.
More detailed information on the syntheses, workup pro-
cedure and characterization is given in the ESI (section S3†).

Results and discussion
Synthesis and characterisation

To the best of our knowledge, the synthesis of Zr-based
UiO-MOFs by the DGC method has not been reported so far.
Herein, we present a facile synthesis of UiO-MOFs using the
DGC method. In the present study, UiO-66, UiO-66-NH2 and
UiO-67 were synthesized from ZrCl4, H2BDC, NH2-H2BDC or
H2BPDC, respectively, with DMF and a modulator (BA or HCl).

The modulator BA was chosen for several reasons: BA
modulation delivers product advantages for UiOs which are
discussed by Atzori et al.36 They proved that monocarboxylic
acid modulation supports the formation of “missing-cluster
defects” whose charge and coordination deficiencies are com-
pensated for by modulator ligands.36 Important for DGC, BA
modulation delivered products with stable and thick consist-
ency. Also, BA in the solvent at the bottom of the container
has an important role. If we do not use a solvent–modulator
mixture a large part, if not all of the MOF product, is washed
into the solvent (section S3 in the ESI†). Hence, the solvent
cannot be re-used.

For batch sizes of 0.26 mmol of ZrCl4 starting material, the
DGC uses only 2.5 mL of DMF, while the standard solvo-
thermal solution synthesis requires up to 15 mL of DMF
solvent (see section S4 in the ESI†). Larger amounts of the
solvent are also used in the washing procedure of the UiO pro-
ducts from solution synthesis.37 In the case of benzoic acid
modulated UiO, 112.5 mL of MeOH were used, while the DGC
method used only 10 mL of DMF and 5 mL of EtOH for com-
parative yields of products. Both DGC and solution synthesis
yield nearly the same amount of UiO products (83 mg from
DGC and 80 mg from solution synthesis) for identical
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amounts of the starting material (0.26 mmol of ZrCl4) (see sec-
tions S3 and S4 in the ESI†). Several synthesis routes for
UiO-66 are listed by Hu and Zhao.38 A detailed comparison of
UiO-66 through DGC and solution synthesis is given in
Table S4 in the ESI.†

Fig. 2 shows the powder X-ray diffraction (PXRD) patterns of
the obtained UiO products which verify their crystallinity and
phase purity by positive matching with the simulated patterns.
The experimental PXRD patterns contain a broad peak in the
2θ range of ca. 5–7°. This peak is not seen in the simulation of
the UiO-66 phase, hence, it cannot be attributed to the UiO-66
phase. In the work of Shearer et al., this “broad peak” was
found in the 2θ range of 4–6° and assigned to reo nanoregions,
where the reo phase can be thought of as UiO-66 with one-
quarter of its clusters missing.9 The slight shift in the 2θ range
of this broad peak in the work of Shearer et al. may be due to
the fact that their PXRD samples were activated (i.e., desol-
vated) prior to the measurement, while our PXRD samples
were measured only after a short activation time of 2 h at
120 °C. In our PXRD patterns, the broad peak is most promi-
nent in the UiO-66-BA samples (see Fig. 2 and Fig. S6 and S8
in the ESI†).

Fig. 3 depicts the N2 adsorption–desorption isotherms of
the obtained UiO-MOFs with different modulators. The result-
ing BET surface areas and pore volumes are summarized in
Table 1. The BET surface areas of UiOs from DGC are highly
comparable to the results from the solution synthesis in the
literature. The BET surface area of UiO-66 depends on the
modulator such that HCl yielded a higher surface area than
BA. On the other hand, BA modulated approaches deliver

higher yields. The pore size distributions of selected UiOs are
compared in the ESI (Fig. S7†). All obtained results are repro-
ducible. Only weak fluctuations of the surface area and yield
are observed in the first synthesis runs for different batches.
This reproducibility of DGC for UiO-66-BA without the re-use
of the solvent is shown in the ESI (Fig. S9†).

Nanocrystals were obtained for MFI type ferrisilicate zeo-
lites through the DGC method.41 No such observation on
nanocrystals through DGC has yet been made for MOFs. Here
we note that the primary particle size of UiO-66-HCl from DGC
is between ∼90 and 200 nm as illustrated by scanning electron
microscopy images in Fig. 4. In comparison, Pullen et al.
obtained UiO-66 crystals with a particle size ranging from
∼200 to 500 nm through solution synthesis.37 The DGC
UiO-66-NH2-BA particles vary from 200 to 500 nm. The primary
particles of DGC UiO-67-HCl are around 500 nm, which are
smaller than expected. Nik et al. obtained 1 µm-sized UiO-67
particles.42 The selected SEM images are shown in Fig. 4.
Further images are illustrated in Fig. S8 in the ESI.†

Characterization of defects

In TGA, three weight losses are observed. Firstly, solvent resi-
dues are removed in a temperature interval between 25 and
100 °C. Secondly, the removal of monocarboxylate ligands (BA)

Fig. 2 PXRD patterns of simulated UiO-67, synthesized UiO-67-HCl,
simulated UiO-66, synthesized UiO-66-HCl, UiO-66-BA and UiO-66-
NH2-BA from DGC. ‘Benzoic acid’ and ‘HCl’ refer to the used modulator.
The simulated pattern of UiO-66 calculated from CSD-Refcode
RUBTAK02,39 and the simulated pattern of UiO-67 calculated from
WIZMAV03.40 For the four experimental PXRD patterns, we have also
collected the diffractograms down to 2θ = 2° without observing
additional peaks below 2θ = 5° (see Fig. S6 in the ESI†).

Fig. 3 N2 sorption isotherms of UiO-66-NH2-BA, UiO-66-BA, UiO-66-
HCl and UiO-67-HCl synthesized through DGC. Filled symbols, adsorp-
tion; empty symbols, desorption.

Table 1 Results of DGC synthesis of UiO-66, UiO-66-NH2 and UiO-67
with different modulators

MOF and
modulator

BET surface
area (m2 g−1)

BET surface
Lit.a (m2 g−1)

Pore volume
(cm3 g−1)

Yield
(mg)

UiO-66-BA 1242 1032 8–1450 40 0.550 83
UiO-66-HCl 1461 0.689 65
UiO-66-NH2-BA 1023 1200 (HCl)7 0.485 93
UiO-67-HCl 2369 2500 7 0.911 82

a Results from standard solution synthesis in the literature.
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and the dehydroxylation of the {Zr6O4(OH)4} SBUs occur.
9 Both

weight losses take place in a similar temperature range (ca.
180–300 °C),39 followed by framework decomposition above ca.
350–550 °C.39 Temperature ranges can be shifted depending
on the used linker. The analysis of the weight losses allows the
determination of linker defects as was shown by Shearer et al.9

The calculation of defects was carried out according to this
work.9 The quantitative analysis of TGA data obtained on UiO
MOFs was performed with the assumption that the residue in
each TGA experiment is pure ZrO2. Fig. 5 shows the TGA
results of the obtained UiO products, with the residual mass
set to 100%. A detailed determination of defects for selected
UiO samples is outlined in the ESI (section S2†). The results of
thermogravimetric analysis towards the number of defects are
summarized in Table 2. The number of defects per SBU varies
somewhat. The number of defects per SBU, that is per Zr6
formula unit was in the range of 1.4 to 1.9 which is in the
same range as the number of linker deficiencies reported by
Shearer et al. for trifluoroacetic and difluoroacetic acid
depending on the molar equivalents of the modulator used in
the synthesis.9

Solvent re-use

The spatial separation of solvent and reaction products in DGC
allows the solvent to be recovered largely uncontaminated.
Therefore, we also tested the solvent re-use for further reaction
runs. For the first run of the DGC synthesis of UiO-66, the
solvent DMF was mixed with the modulator BA and placed at

the bottom of the Teflon container. The precursor mixture of
ZrCl4, H2BDC and BA was placed on the porous support
(cf. Fig. 1). When run 1 was completed, the porous support
with the reaction products from the head of the container was
carefully removed without contaminating the solvent. For run
2, another support containing the freshly prepared precursor
mixture was placed in the Teflon container with the same
solvent mixture from run 1. This synthesis and workup pro-
cedure was repeated at 120 °C for 24 hours over five runs. The
results concerning the yield and BET surface area of the
UiO-66 products with the re-use of the same 2.5 mL DMF
solvent are shown in Fig. 6. BET surface areas vary between
1242 and 936 m2 g−1. We obtained the yields between 68 and
83 mg per run, while solution synthesis delivered a yield of
80 mg per run. In comparison with the reproducibility of the
first synthesis runs (cf. Fig. S9 in the ESI†), we observe that
upon solvent recycling the surface area and yield vary strongly.
Nonetheless, the surface area and yield remain in an accept-
able range. Notably, the surface area and yield do not only

Fig. 4 SEM image of UiO-66-HCl (a and b), UiO-66-NH2-BA (c and d)
and UiO-67-HCl (e and f). Scale bar is 0.5 μm for a, b and d; 5 µm for c;
2 µm for e; 1 µm for f.

Table 2 Determination of defects from TGA

Number of
defects per SBU
(x – cf. ESI)a

Molecular formula
Zr6O6+x(BDC)6−x

b

Exp. molecular
weight
(g mol−1)

UiO-66-HCl 1.6 Zr6O7.6(BDC)4.4 1397.48
UiO-66-BA 1.4 Zr6O7.4(BDC)4.6 1427.10
UiO-66-NH2-BA 1.6 Zr6O7.6(NH2-BDC)4.4 1463.81
UiO-67-HCl 1.9 Zr6O7.9(BPDC)4.1 1663.39

a The used experimental weights WExp.Plat and the mathematical calcu-
lations to derive at x are presented in the ESI (section S2). Values are
rounded to one decimal digit, taking into account the experimental
accuracy. b The determination of defects from TGA was performed
according to the seminal work of Shearer et al.9 where the molecular
formula and experimental molecular weight derived therefrom were
reported in the same way, that is, without modulator units in place of
the missing BDC linkers.

Fig. 5 TGA of UiO-66-NH2-BA, UiO-66-BA, UiO-66-HCl and UiO-67-
HCl synthesized through DGC (end weight normalized to 100%; the
used area for WExp.Plat is marked).
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decrease but also recover from run 3 to run 5. The solvent
re-use procedure over five runs was also successfully carried
out for the synthesis of UiO-66-NH2 (see section S9 in the
ESI†). More detailed information on the syntheses, workup
and characterization is given in the ESI.†

Conclusions

The dry-gel conversion (DGC) of the prototypical MOFs
UiO-66, UiO-66-NH2 and UiO-67 modulated with benzoic acid
(BA) or hydrochloric acid (HCl/H2O) was successful and highly
reproducible. BA modulated UiOs were obtained in high yields
and as highly stable dry gels; HCl modulated UiOs exhibited
higher surface areas than their BA-modulated counterparts.
Both modulators give rise to defects in the range of 1.4–1.9
defects per Zr6-SBU. DGC uses only one-sixth or less of the
solvent than the same scale solution synthesis. Additionally, it
was proven that a re-use of the solvent over at least five syn-
thesis runs is possible which reduces the needed DMF solvent
volume for the total amount of the product even further to
1/30 or less of the solution synthesis.
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