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A water-based synthetic route to the metal-
organic framework UiO-66 starting from PET-
derived terephthalate esters

*ab

Pietro Agola® and Marco Taddei

The benchmark Zr-terephthalate MOF UiO-66 is typically prepared by solvothermal synthesis in N,N-
dimethylformamide (DMF), one of the few solvents able to dissolve terephthalic acid. The use of DMF is
one of the major drawbacks for the transfer of UiO-66 to large-scale applications, since DMF is an
expensive and toxic organic solvent. In this work, we propose a water-based route to synthesise UiO-66
using either dimethyl terephthalate or bis(2-hydroxyethyl) terephthalate, which can be obtained from
chemical recycling of waste polyethylene terephthalate, as a source of the linker. Hydrochloric acid and
acetic acid were used as modulators during the synthesis to control the kinetics of ester hydrolysis and
MOF crystallisation, aiming to avoid the collateral precipitation of terephthalic acid. A chemometric
design of experiments was employed to optimise the reaction parameters, showing that 15 molar
equivalents of hydrochloric acid enable hydrolysis without inhibiting crystallisation, while acetic acid
controls which phase is obtained, favouring the desired face centred cubic topology at 15 molar
equivalents. The optimised conditions afford UiO-66 with high crystallinity and porosity in just 2 hours at
90 °C. A crucial role in the process is played by the monoester, which is more soluble than both the
diester and the diacid in the reaction environment and can be involved in the formation of secondary
building units. We also developed a DMF-free workup protocol based on the use of ethanol/
dimethylsulfoxide mixtures and water. A 50-fold scale up (500 mL) was demonstrated using a round
bottom flask, producing UiO-66 with properties comparable to the product of the small-scale synthesis
and with a space-time yield >200 kg m~> d~%.

Metal-organic frameworks (MOFs) are a class of porous and crystalline materials that hold promise for a range of industrial applications, such as gas and vapour
separation/storage, catalysis and sensors. For MOFs to be deployed in practical applications, it is necessary to make them commercially available at competitive
costs, while ensuring the environmental sustainability of their production process. The UN sustainable development goal 12 (Ensure sustainable consumption
and production patterns) dictates that the choice of metal, organic linker and solvents be made with care. Here, we focus on the benchmark Zr'"-terephthalate

MOF UiO-66, which combines a non-toxic metal with a widely available and biodegradable organic linker, but is usually synthesised in N,N-dimethylformamide
(DMF), a flammable, toxic and teratogenic solvent whose use has been recently restricted by the European Union. We propose a water-based route to synthesise
UiO-66 in just 2 hours at 90 °C using the terephthalate esters dimethyl terephthalate and bis(2-hydroxyethyl) terephthalate, which can be obtained from the
methanolysis or glycolysis of waste PET, as a source of the linker. We also developed a workup protocol that replaces DMF with a mixture of the less toxic solvents
dimethylsulfoxide and ethanol and demonstrated the scalability of the proposed synthetic approach.

Introduction

expensive or toxic raw materials and that can be synthesised on
a large scale with sustainable routes.*® Terephthalic acid
(H,BDC) is a precursor for the preparation of the ubiquitous

Almost three decades after the field had its inception, metal-
organic frameworks (MOFs) are transitioning from academia to
industry."* For MOFs to be deployed in practical applications, it
is necessary to make them commercially available at competi-
tive costs, focusing on MOFs that are not based on exotic,
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polyethylene terephthalate (PET) polymer.® As such, it is a bulk
chemical, largely available and cost-effective, and there is strong
interest in MOFs based on terephthalate as the organic linker,
such as MIL-53 (AI"™- or Cr™-based),”® MIL-88 (Fe'"-based),*
MIL-125 (Ti"-based),’* MIL-101 (Cr"™-based),”> MOF-5 (Zn"-
based),® MIL-140 (Zr"-based)" and UiO-66 (Zr"-based).*®
Among terephthalate-based MOFs, UiO-66, discovered in
2008, has rapidly become one of the most studied MOFs, owing
to its high thermal, chemical and mechanical stability.">*” The
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stability of UiO-66 is attributed to the strong Zr-carboxylate
bonds and to the highly connected structure displaying a face
centred cubic (fcu) topology based on twelve connected ZrO,(-
OH),(R-COO0);, secondary building units (SBUs). UiO-66 is typi-
cally prepared by solvothermal synthesis in N,N-
dimethylformamide (DMF), a solvent also involved in the puri-
fication of the product.”*®* This is necessary because of the
limited solubility of the organic linker (H,BDC) in both water and
the most common organic solvents. The use of DMF is one of the
major drawbacks for the transfer of UiO-66 to applications since
DMF is flammable, toxic and teratogenic, besides being an
expensive chemical.”*** The European Commission has recently
proposed to restrict the industrial use and placement of DMF on
the market because of its toxicity.*® It is reasonable to suppose
that, in the future, DMF will be subjected to more restrictions,
and this would make DMF-based solvothermal synthesis unat-
tractive from both an economic and an industrial perspective. To
overcome the issues correlated with the use of DMF, it is neces-
sary to develop alternative synthetic approaches.

Water is the ideal reaction medium because it is cheap, non-
toxic, and available almost everywhere. Being very attractive
from an economic and industrial perspective, several studies
have focused on using water as solvent for the synthesis of UiO-
66 based on functionalised analogues of H,BDC, which display
higher solubility than bare H,BDC.**° Reinsch et al. reported
the water-based synthesis of UiO-66 starting from Zr(SO,),-
-4H,0 as the metal precursor and using H,BDC-NH,, H,BDC-
(COOH), and H,BDC-F, as the organic linkers. When H,BDC-
NH, and H,BDC-(COOH), were employed, sulfate was retained
in the coordination sphere of Zr, yielding MOFs with an eight-
connected body centred cubic (bcu) topology instead of the
common twelve-connected fcu topology. Hu et al. reported the
water-based synthesis of UiO-66 using different organic
precursor, like H,BDC, H,BDC-NH,, H,BDC-(OH),, H,BDC-
(COOH),, H,BDC-(OCH,CH,),, H,BDC-F,, and H,BDC-
(COOH),.* The reactions were conducted in a mixture of acetic
acid and water at reflux for 24 h. A reassessment of the powder
X-ray diffraction (PXRD) patterns suggests that only H,BDC-
NH,, H,BDC-(OH), and H,BDC-F, gave the desired UiO-66 with
fcu topology and high crystallinity, while H,BDC, H,BDC-
(COOH),, H,BDC-(OCH,CHj3), and H,BDC-(COOH), gave low
crystallinity products, whose patterns resemble those of
hexagonal close packed (hcp) UiO-66, having a different chem-
ical composition and crystal structure.>”*® Dai et al. described
the synthesis of crystalline UiO-66-COOH and UiO-66-NH, from
the respective organic ligands H,BDC-COOH and H,BDC-NH,.*¢
Reactions were conducted in water at room temperature for
times ranging between 12 and 72 h, in the presence of a high
content of formic acid as a crystallisation modulator and, in the
case of UiO-66-NH,, ethanol was used as a co-solvent.

Despite the possibility to use mild conditions and bypass the
low solubility of H,BDC, functionalised H,BDC derivatives are
less convenient compared to H,BDC from an industrial stand-
point because of their higher cost. Therefore, several efforts
have been made to develop DMF-free syntheses of UiO-66.
Morelli-Venturi et al. screened over 40 alternative solvents,
usually considered to be green, identifying y-valerolactone,
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propylene carbonate, Steposol, 1-(2-hydroxyehtyl)-1-
pyrrolidone, ¢-amylmethyl ether and 1,3-propanediol as the
most promising ones.”® Dai et al. reported a room temperature
ethanol-based synthesis of highly defective and nanocrystalline
UiO-66, starting from acetate-capped ZrsO4(OH),(CH3-COO)sq(-
H,0),Cl; clusters and using comparatively small amounts of
acetic acid and water to control the crystallisation process.*
Very recently, Srikantamurthy et al. developed a water-based
synthesis of UiO-66 that involves the in situ formation of Zr-
0,4(OH),(CH3-COO0);, clusters by combining ZrOCl,-8H,0 and
acetic acid, followed by the addition of a solution of Na,BDC
and reaction at 65 °C for 24 h, obtaining UiO-66 with a yield of
89% and a moderate Brunauer-Emmett-Teller (BET) surface
area of 760 m”> g~ ".3* The authors of this work improved upon
a concept previously published by Giri and co-workers, which
afforded UiO-66 in low yield and with a low BET surface area.*?

Commercially, the ideal reagent should contain the tere-
phthalate moiety and be largely available and cheap. In prin-
ciple, PET satisfies both these requirements. In the literature
there are different examples of one-pot UiO-66 synthesis from
PET in water, where the idea is to exploit the presence of water
to hydrolyse PET and generate H,BDC in situ. Conceptually,
a synthesis in water that is also a way to upcycle PET itself is very
interesting, but there are some issues related to the extreme
reaction conditions. Waribam et al. reported the synthesis of
UiO-66 from PET in water under microwave-assisted heating for
30 min at 200 °C in the presence of high concentrations of HCI
(3 M, corresponding to 30 molar equivalents with respect to Zr)
and acetic acid (4.35 M, corresponding to 43.5 molar equiva-
lents with respect to Zr).** High temperature and high HCI
content are necessary to overcome the chemical inertia of PET
towards the hydrolysis reaction, while a high acetic acid content
is necessary to slow down the crystallisation rate and produce
crystalline samples at such high temperatures. There are other
studies that focused on direct upcycling of PET through
synthesis of UiO-66 using different systems.**** For example,
Serre and co-workers reported a synthesis of UiO-66 from PET
under solvothermal conditions, working with a mixture of
acetone and formic acid at 160 °C, obtaining a highly crystalline
hep UiO-66. Despite the possibility of obtaining both the fcu
and hcp UiO-66 phases from PET, synthetic processes such as
the ones reported in these studies are not suitable for industrial
applications and there is the need for optimising such extreme
and prohibitive reaction conditions.

In this work, we propose a water-based route to synthesise
UiO-66 through the reaction shown in Scheme 1. The tere-
phthalate esters DMT and bis(2-hydroxyethyl) terephthalate
(BHET), derived from the chemical recycling of PET via meth-
anolysis and glycolysis, respectively,* were used as sources of
H,BDC, avoiding the use of DMF in both the synthesis and the
purification stage.

Experimental section

Chemicals

DMT (=99%), ZrOCl,-8H,0 (=99.5%), ZrCl, (98%), AA
(=99.8%), HCI (37% in water), H,BDC (=97.5%), formic acid

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(>98%), methanol (=99.8%), monomethyl terephthalate
(=96.5), BHET (=94.5%), DMF (=99%), deuterium oxide D,0O
(=99%), triethylamine (TEA) (=99%), and acetone (=99.5%)
were purchased from Sigma-Aldrich. Sodium hydroxide (NaOH)
pellets, fumaric acid (=99%), dimethyl sulfoxide (=99.8%) and
ethanol absolute anhydrous (=99.9%) were purchased from
Carlo Erba. All reagents were used as received.

Analytical procedures

Powder X-ray diffraction (PXRD). PXRD patterns were
collected in the 5-30 °26 range with a Rigaku MiniFlex 600 C
diffractometer working in Bragg-Brentano geometry and
equipped with a D/teX detector, using Cu Ko radiation (1.54056
A). The X-ray tube was operated at a voltage of 40 kv and
a current of 15 mA. Variable temperature PXRD (VT-PXRD)
patterns were collected with an Anton Paar BTS-500 chamber.
The calculated patterns for fcu and hep UiO-66 were simulated
from refcodes RUBTAKO3 and KINGUM, respectively. The reo
phase was instead generated by starting from refcode WIYFU]J,
replacing Hf with Zr.

"H nuclear magnetic resonance (NMR) analysis. Quantitative
"H NMR analysis of the obtained solid was performed on a Jeol
JNM-ECZ400S instrument equipped with a Royal Broadband
probe. Chemical shifts are reported in parts per million (ppm).
To be subjected to "H NMR analysis, samples needed to be di-
gested. About 20 mg of sample was heated at 120 °C for three
hours to remove traces of solvents and then digested for 24
hours in 1.0 mL of 1.0 M NaOH and 0.10 M fumaric acid (added
as an internal standard) in D,O. The NMR tubes were then
loaded with the solution, which was filtered through cotton
wool to avoid the presence of solid particles in dispersion. The
spectra were collected with 4 scans and a recycle delay of 25 s.

Gas adsorption analysis. N, adsorption isotherms at 77 K
were measured on a 3P micro 300 instrument (3P Instruments).
The samples (about 70-130 mg) were kept overnight in an oven
at 100 °C, and then activated for six hours under dynamic
vacuum at 150 °C prior to analysis. BET surface areas were
calculated in the 0.006-0.09 P/P, range, where all the criteria
defined by Gomez-Gualdron et al.’” were fulfilled.

Scanning electron microscopy (SEM). SEM micrographs
were collected with a JEOL 7800F FEG SEM instrument with an
acceleration voltage of 10 kV. The powders were deposited on
carbon sticky tape on an aluminum support and sputtered with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Proposed one-pot synthetic route of UiO-66 starting from a terephthalate diester (R = —CH3z or —CH,CH,OH).

platinum with a Leica EM ACE600 sputterer, using an ultimate
vacuum =2 x 10 ® mbar.

Thermogravimetric analysis (TGA). TGA was performed in
air with a TA Instrument Thermo balance model Q5000IR using
2-4 mg of sample, with a heating rate of 5 °C min~ ' up to 700 °
C.

Small scale synthesis

1 mmol of ZrOCl, - 8H,0 (322 mg) was introduced in a vial (or in
a Q-Tube® when the adopted temperature was higher than the
normal boiling point of the solvent) and dissolved in an amount
of distilled water or methanol sufficient to reach a total volume
of 10 mL, followed by the addition of 1 mmol of the organic
reagent (DMT, BHET, MMT or H,BDC), and the chosen amount
of AA and HCI. After that, a magnetic stir bar was added and the
vial containing the mixture was put on a hot plate, stirred at
300 rpm and heated at a fixed temperature for different reaction
times. The workup of the product was carried out in different
ways, as detailed in the manuscript.

Large scale synthesis

400 mL of distilled water was added into a 1 L three necked
round bottom flask and heated at a temperature of 90 °C.
Heating was provided by a heating mantle and the temperature
was monitored with a thermometer fitted in one of the necks.
Once the desired temperature was reached, 0.05 mol (12.7 g) of
ground BHET, 0.05 mol (16.1 g) of ZrOCl,-8H,0, 40 mL of AA
and 62.5 mL of 37% HCI were added to the reaction mixture.
Agitation of the heterogeneous mixture was maintained by an
overhead mechanical stirrer positioned in the central neck of
the flask; furthermore, a condenser was put in the other lateral
neck. The solid product was recovered by centrifugation at
5900 rpm and washed at a temperature of 70 °C under vigorous
stirring two times with 250 mL of DMSO/EtOH (2 : 8 v/v) for 60
minutes and two times with 250 mL of water for 60 minutes,
and once with 250 mL of EtOH. The solid was dried at 90 °C for
two days in an oven. 8.64 g of desolvated product was recovered
(Yield: 65%, based on Zr)

Synthesis of non defective_UiO-66 and defective_UiO-66

1 mmol of ZrCl, (233 mg) was introduced in a vial and dissolved
in 20 mL (non defective_UiO-66) or 16.2 mL (defective_UiO-66)
of DMF, followed by the addition of 1 mmol of H,BDC (166 mg),
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and, in the case of the synthesis of defective_UiO-66, 100 mmol
of formic acid (4.6 g). After that, a magnetic stir bar was added
and the vial containing the mixture was put on a hot plate,
stirred at 300 rpm and heated at 120 °C for 16 h. The products
were recovered by centrifugation and separated from the reac-
tion mixture. Then, they were washed two times with 10 mL of
DMF for 60 minutes, two times with 10 mL of water for 60
minutes and once with 10 mL of acetone for 60 minutes.

Results and discussion
Synthetic approach

As depicted in Scheme 1, our goal is to have a one-pot reaction,
where H,BDC is generated in situ by a controlled hydrolysis
reaction of the respective diester. In this way, it is possible to
bypass the low solubility of H,BDC in the reaction medium,
ensuring that it reacts with zirconium oxo-clusters as soon as it
forms. Under optimal conditions, this avoids the accumulation
of H,BDC because it is removed from the equilibrium hydro-
lysis reaction and used to build the MOF as soon as it forms,
thus favouring the hydrolysis reaction itself. A strong inorganic
Bronsted acid, like HCI, is needed to catalyse the hydrolysis
reaction on one hand, and on the other hand it acts a proton-
ation modulator, slowing down crystallisation by maintaining
the organic ligand in its protonated form.*® To further control
the crystallisation process, acetic acid (AA) was chosen as
a coordination modulator, able to compete with H,BDC for
coordination to the metal, because it is commercially available
and a green substance.*®* Furthermore, AA displays a high
affinity towards both DMT and BHET, so it could also play a role
in regulating their solubility in the reaction medium. ZrOCl,-
-8H,0 was chosen as the Zr" source because of its lower
hygroscopic character compared to the other commonly used
precursor, i.e., ZrCly.

The outcome of the syntheses was evaluated both qualita-
tively and quantitatively. From a quality standpoint, phase
identity, purity and crystallinity of the product were used as
indicators. Here, the term “crystallinity” refers to crystallite size,
which can be estimated based on the full width at half
maximum (FWHM) of selected Bragg reflections in the PXRD
pattern, provided that the same instrumental setup is employed
for the analysis: the lower the FWHM, the larger the crystallite
size.” To have a quantitative assessment of the syntheses, we
used reaction mass efficiency (RME), defined as follows:

MMOF

RME= ——M—
Mz + Myinker

where myor is the mass of the desolvated MOF obtained after
workup, and mz, and myi,.er are the masses of ZrOCl, - 8H,0 and
the terephthalate precursor (H,BDC, DMT or BHET) used for
the reaction, respectively. The choice of RME as a metric was
driven by the fact that more than one crystalline phase (fcu or
hep), each with a specific stoichiometry, could be obtained, and
that defects could be present in the framework, creating further
uncertainty about the actual chemical composition of the
product. RME, being a purely mass-based parameter, is agnostic
to the chemical composition, but allows normalisation of the
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reaction yield, making it a better indicator than the bare mass of
the product for comparison purposes in the context of reaction
optimisation.**

Preliminary synthetic screening

We performed a preliminary screening to identify the most
important reaction parameters, starting from DMT as the
precursor to H,BDC. 1 mmol of both ZrOCl,-8H,0 and DMT
was employed, in a total volume of 10 mL. The stoichiometric
ratio between metal and diester was kept fixed throughout the
work to ensure the highest possible atom economy. Samples
were purified with a DMF-free workup protocol based on
washings with a 0.1 M solution of triethylamine (TEA) in
methanol (MeOH), followed by further washing with MeOH and
acetone (further details on the optimisation of the workup
protocol are provided later in the manuscript). The parameters
chosen for the screening were temperature (between 80 and 130
°C), time (between 5 and 24 h), and quantity of AA [between 10
and 20 molar equivalents (eq.)] and HCl (between 10 and 20 eq.)
(Table S1 and Fig. S1-S4). Because of its low polarity, DMT is not
soluble in water, so the syntheses were conducted in a hetero-
geneous mixture under vigorous stirring.

This preliminary screening suggested that a temperature of
90 °C is sufficient to afford an RME as high as 40% of the hcp
phase [compared to a maximum theoretical value of 47%, if hcp
UiO-66 of formula Zr;,04(OH);4(BDC)y is assumed as the only
product] in 24 h (sample P2, Table S1). Such a temperature is
desirable, as it allows work at atmospheric pressure in common
laboratory glassware. A hypothesis is that 90 °C is the optimal
temperature where the kinetics of DMT hydrolysis and MOF
crystallisation are best balanced. Moving away from this
optimal temperature could mean favouring one reaction, while
inhibiting the other, thus reducing the amount of product.
Another important observation is that the amount of AA
appears to regulate which crystalline phase is obtained: hep is
favored when 10 eq. of AA is used (samples P1, P2, P3 and P8,
Table S1), whereas fcu (with additional reflections associated
with defective domains with reo topology)** dominates when 20
eq. of AA is used (samples P5, P6, P7 and P9, Table S1). The
amount of HCI seems to have an impact primarily on the RME:
the larger the amount, the lower the RME. While larger amounts
of HCI are likely to accelerate the kinetics of DMT hydrolysis,
there is a negative effect on the crystallisation kinetics because
the deprotonation of H,BDC is inhibited.

Mechanistic hypothesis

Two possible pathways can lead to the formation of UiO-66
starting from DMT, as illustrated in Scheme 2. The first step
of the reaction is the hydrolysis of the diester to the monoester
through an equilibrium reaction. According to the literature,
the monoester appears to be more soluble than the diester and
BDC in most of the solvents.*> Once the monoester is formed,
two pathways can be hypothesised for the formation of the
MOF. In pathway (1), the second hydrolysis is more kinetically
favoured than the coordination of the carboxylic group of the
monoester to Zr, and the monoester is completely hydrolysed to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Proposed pathways for the formation of UiO-66 starting
from DMT.

H,BDC, which then coordinates to Zr to produce an extended
framework. In this mechanism, the diester simply acts as
a reservoir of H,BDC, which reacts as soon as it is formed. This
allows, by optimising the reaction conditions, to avoid the
accumulation and precipitation of H,BDC from the reaction
environment. In pathway (2), the coordination of the carboxylic
group of the monoester with Zr is more kinetically favoured
than the second hydrolysis and this coordination leads to the
formation of soluble SBUs, followed by the second hydrolysis
and expansion of the framework, with no formation of free
H,BDC.

To verify these hypotheses, H,BDC was used as the organic
precursor for the synthesis of UiO-66 in either water or MeOH as
solvents. While no MOF was formed under any of the tested
conditions in water (Table S2), the methanolic medium did
afford fcu UiO-66, although with relatively low crystallinity
(Table S3 and Fig. S5). These results suggest that the formation
of the MOF proceeds either when starting from DMT under
reaction conditions that allow hydrolysis, or when starting from
H,BDC and using reaction conditions that allow partial esteri-
fication. For further confirmation, a synthesis starting from the
monoester, mono methyl terephthalate (MMT), was performed.
The same reaction conditions used for DMT were employed to
isolate the effect of the different organic precursor as a variable
(Table S4 and Fig. S6), obtaining similar results.

Based on the evidence in our hands, it appears that the
formation of the monoester from DMT is the key step for the
formation of the MOF, and it is reasonable to hypothesise that it
is the monoester, rather than H,BDC itself, that coordinates to
Zr in the first place, acting as a promoter for the formation of
SBUs in solution. The growth of the MOF takes place following
the hydrolysis of the second ester group. This hypothesis is
consistent with some studies about the kinetics of both
hydrolysis of DMT and esterification of H,BDC, according to
which the formation of monoester is more kinetically favoured

© 2025 The Author(s). Published by the Royal Society of Chemistry
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compared to both the formation of diester (in the case of the
esterification of H,BDC) and the formation of H,BDC (in the
case of hydrolysis of DMT).***

Design of experiments

To optimise the synthesis of UiO-66, a chemometric design of
experiments study was initially attempted starting from DMT.
Because of problems correlated with the physical consistency of
this diester (see the SI for more details), the reproducibility of
the syntheses in terms of RME was limited, thus affecting the
reliability of the results of the design of experiments. Therefore,
we tested BHET as an alternative precursor. BHET has recently
been demonstrated to be a suitable precursor for the solvent-
free synthesis of UiO-66 performed by grinding BHET and the
Zr" source together and heating the mixture at 130 °C for 12 h.*
The suitability of BHET for our synthetic protocol was ascer-
tained by performing syntheses under the same conditions
previously used for DMT, obtaining analogous results (Table S5
and Fig. S7, S8). Unlike DMT, BHET has a physical consistency
that allows it to be finely ground and was hence chosen as
a reagent for the chemometric study.

A second-order model based on full factorial design, known
as central composite design, was employed (see the ESI for
details on the model). In these experiments, the temperature
was fixed at 90 °C, the amounts of ZrOCl,-8H,0 and BHET were
fixed at 1 mmol, and the total volume was fixed at 10 mL. The
independent variables to optimise were the amount of AA, the
amount of HCI and the reaction time. AA and HCI were varied
between 5 and 25 eq., with a central value of 15 eq., whereas
time was varied between 5 and 26 h, with a central value of 16 h.
The dependent variable to optimise was RME. The same workup
protocol used in the preliminary experiments starting from
DMT was used. Table 1 reports the full results of the 15 exper-
iments performed and Table S6 reports the statistical signifi-
cance of the calculated regression coefficients. Fig. 1 shows the
response surface for RME depending on the amounts of AA and
HCI at a fixed time of 16 hours.

In the surface displayed in Fig. 1, RME varies between 11 and
43%, and a non-monotonous trend is observed. It is evident that
RME is inversely proportional to the concentration of AA. This
agrees with the role of AA as a crystallisation inhibitor.
Furthermore, it must be observed that, unlike the organic linker
H,BDC, AA is highly soluble in the reaction medium, which
shifts the effective AA/H,BDC ratio in solution towards AA.
Regarding HCI, a quasi-parabolic trend is observed. First, it can
be observed that its effect is less significant compared to that of
AA. Second, it seems to have a positive effect on RME until
a certain value is reached, and after that it tends to reduce it.
This suggests that there is an optimal HCI content where both
hydrolysis and reactive crystallisation are favoured, which
agrees with the fact that HCI has a double effect on the overall
process, favouring the hydrolysis on one hand and inhibiting
the crystallisation on the other hand. No appreciable synergic
effects are observed between AA and HCI. To maximise RME, it
is therefore convenient to use an intermediate quantity of HCI,
and theoretically a low AA content. However, it must be taken
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Table1 Results of the design of experiments study. Reaction conditions: total volume 10 mL, ZrOCl,-8H,0: BHET 1: 1, 90 °C. Workup protocol:
10 mL 0.1 M TEA in MeOH, 60 min x 2; 10 mL MeOH, 60 min x 2; 10 mL acetone, 60 min x 1

Independent dimensionless

variables Independent variables Y
Sample X, X X3 AA (eq) HCI (eq) t (h) RME* (%) Phase
P19 -1 1 -1 5 25 5 38 fcu
P20 1 -1 1 25 5 26 21 fcu + hep + H,BDC
P21 1 -1 -1 25 5 5 21 fcu
P22 1 1 1 25 25 26 16 H,BDC + fcu
P23 1 1 -1 25 25 5 11 H,BDC
P24 -1 -1 -1 5 5 5 36 hep
P25 -1 1 1 5 25 26 25 fcu + H,BDC
P26 -1 -1 1 5 5 26 34 hcep
P27 -1 0 0 5 15 16 42 hep
P28 0 -1 15 5 16 34 fcu
P29 0 0 -1 15 15 5 43 fcu
P30 0 1 0 15 25 16 30 fcu
P31 0 0 1 15 15 26 43 fcu
P32 1 0 0 25 15 16 21 fcu + H,BDC
P33 0 0 0 15 15 16 42 fcu

“ Maximum RME obtainable starting from BHET and assuming an ideal defect free product with fcu topology of formula ZrsO,(OH),(BDC)s = 48%;
maximum RME obtainable starting from BHET and assuming a product with hcp topology of formula Zr;,04(OH);4(BDC)y = 42%.

into account that both AA and HCI also appear to regulate the
selection of the crystalline phase obtained (Fig. 2, see Table S7
and Fig. S11-S15 for a univariate analysis of the effect of AA and
Table S8 and Fig. S16-S20 for univariate analysis of the effect of

Dimensionless

variable 4 4 1

AA (eq) 5 15 25

HCl (eq) 5 15 25

Time=0 (16 h)

43
40
35
30
25
20

Fig. 1 Response surface for RME as a function of the amounts of AA
and HCl at a fixed time of 16 hours.

RSC Sustainability

HCI). Overall, the optimal conditions to obtain the highest RME
of the hep phase are 5 eq. AA and 15 eq. HCI (sample P27 in
Table 1, RME = 42%), whereas the fcu phase is obtained with 15
eqg. AA and 15 eq. HCI (samples P29, P31, and P33 in Table 1,
RME = 42-43%) (Fig. 3).

Reaction time does not appear to have a strong influence on
RME and a plateau is observed in the response surfaces ob-
tained by keeping the amounts of either AA or HCI fixed (Fig. S9
and S$10), suggesting that the reaction reaches complete
conversion in less than 5 h. Time does not seem to have
a significant influence on phase selection either, even though
accumulation of H,BDC appears to consistently take place at
longer times (Table S9). To further investigate the effect of

AA (eq)
5 15 25
5 hcp fcu fcu
HCI fcu +
(eq) 15 hcp fcu H,BDC
25 fcu fcu |H,BDC

Fig. 2 Summary of crystalline phases obtained with different combi-
nations of AA and HCL.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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fcu UiO-66 —— P33 hcp UiO-66 —— P27
= 5 AA
8
=
2 hcp UiO-66
[0} A
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15 AA
“ A fou UiO-66
5 1I0 1|5 2I0 2I5 3|O
26 (°)

Fig. 3 PXRD patterns of P33 (red, 5 eq. AA, 15 eq. HC|, 16 h) and P27
(green, 15 eq. AA, 15 eqg. HCL, 16 h). The calculated patterns for fcu UiO-
66 (black, refcode RUBTAKO3) and hcp UiO-66 (blue, refcode
KINGUM) are also reported for comparison.

reaction time, the optimal reaction conditions involving 15 eq.
AA and 15 eq. HCI for both product yield and quality were
chosen (Table S10). To separate the contribution of the workup
step from the RME, a workup protocol involving DMF washing
was adopted for these experiments, so as to completely remove
the unreacted H,BDC. It was observed that most of the reaction
takes place between one and two hours, and a plateau is reached
after two hours. The PXRD pattern of the product obtained after
two hours is practically identical to that of the product obtained
after five hours (Fig. S21). It is noteworthy that the RME dropped
from 43% in P29 (Table 1, corresponding to 90% yield based on
Zr assuming defect-free fcu UiO-66) to 34% in P38 (Table S10,
corresponding to 74% yield based on Zr assuming defect-free
fcu UiO-66), both synthesised under the same conditions, sug-
gesting that P29 might contain impurities that were not fully
removed with the workup involving washing with 0.1 M TEA in
MeOH used for the design of experiments study, a matter
addressed in the next section.

Optimisation of the workup protocol

Having developed a DMF-free synthetic approach, we were also
interested in the possibility of avoiding the use of DMF during
the workup step. At this stage, the main difficulty consists in
removing unreacted H,BDC, derived from the hydrolysis of the
diester, which has appreciable solubility only in DMF or in di-
methylsulfoxide (DMSO). The other components, unreacted
metal salt and diester, as well as AA and HC], are easy to remove
with polar solvents like water, alcohols or acetone. P38 (Table
S10), washed with DMF (workup 1 in Table 2), was used as
a reference sample where possible traces of unreacted H,BDC
can be excluded. Quantitative "H-NMR of P38 digested under
alkaline conditions (Fig. S22) revealed that no organic species
other than BDC?™ are present in the sample, suggesting that
defects can only be compensated by hydroxide/water

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 RME and wt% of the organic linker for samples obtained with
the same synthetic conditions but different workup protocols

Sample Workup protocol RME (%) BDC?>™ ¢ (wt%)
P38 1° 34 50
P29 2°¢ 43 60
P39 34 35 46

“ BDC*~ wt% in a defect-free MOF of ideal formula ZrsO4(OH),4(BDC)s =
59%. © 10 mL DMF soaking x 2, 10 mL MeOH soaking x 2, 10 mL
acetone. Soaking time: 90 minutes. © 10 mL 0.1 M TEA in MeOH x 2,
10 mL MeOH X 2, 10 mL acetone x 1. Soaking time: 60 minutes.
?'5 mL DMSO/EtOH (2:8 v/v) x 2, 5 mL water x 2, 5 mL ethanol x 1.
Filtered with Por 5.

couples.**® The proposed chemical formula for P38 is ZrsO,(-
OH)4(BDC),4 65(OH/H,0), 64, which suggests the presence of
a large number of defects.

In an effort to develop a DMF-free workup protocol, we
initially tried to exploit the acidic nature of H,BDC by removing
it using a base. Due to the susceptibility of the MOF to hydro-
lysis in the presence of hydroxide ions,**** we chose to work
with a 0.1 M solution of TEA in MeOH (workup 2 in Table 2).
Although the PXRD pattern of P29, prepared under the same
conditions as P38, did not display the presence of H,BDC as
a segregated phase, 'H-NMR analysis (Fig. S23) revealed the
presence of an excess of H,BDC compared to the baseline rep-
resented by sample P38, suggesting that 3.75 H,BDC molecules
per Zr, cluster were trapped within the pores of the MOF. A new
workup protocol was therefore developed, based on the use of
DMSO, a high-boiling point (Tpoiiing = 189 °C), polar aprotic
solvent that displays high affinity for H,BDC: 100 g of DMSO
solubilises 19 g of H,BDC at room temperature, versus 6.7 g of
H,BDC solubilised in 100 g of DMF.”" In addition to this, DMSO
is not toxic, since it displays a lower median lethal dose than
ethanol (EtOH); this, together with its low volatility, makes it
a relatively safe chemical compound. The main issue with its
application as a solvent for workup is related to its high viscosity
(1.99 mPa s at 25 °C),*> which makes it difficult to remove from
porous samples. Thus, we sought to exploit the high solubility
of H,BDC in DMSO, while blending it with EtOH (viscosity of
1.074 mPa s at 25 °C)** as a co-solvent. The optimal protocol for
a synthesis performed on the 1 mmol scale involves filtering the
solid and washing twice with 5 mL of a 20:80 DMSO/EtOH
mixture, twice with 5 mL of water, and finally washing with
5 mL of EtOH (workup 3 in Table 2 and Fig. S24). Under these
conditions, similar results, in terms of RME and wt% of BDC>™,
to those of workup 1 were obtained.

Characterisation

Having optimised both the synthesis and the workup protocol,
P39 was further characterised by N, adsorption analysis at
—196 °C, scanning electron microscopy (SEM), thermogravi-
metric analysis (TGA) and variable temperature PXRD (VT-
PXRD). For the sake of comparison, two samples, named
defective_UiO-66 and non defective_UiO-66, were synthesised
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Fig. 4 N, adsorption isotherms (77 K) of P38 (red), P39 (green), non
defective_UiO-66 (black) and defective_UiO-66 (blue).

following a classic literature procedure, involving DMF in both
synthesis and workup.*

The N, isotherms of P38 and P39 exhibit a type I shape,
which is consistent with the presence of micropores (Fig. 4).
Non defective_UiO-66 displays the lowest surface area (1048 m>
g~', Fig. S25), whereas defective_UiO-66 displays the highest
surface area (1694 m> g~ ', Fig. S26) due to the presence of
defects generated by formate (2.16 per cluster). Workup
protocol 3 is very efficient in terms of removal of unreacted
H,BDC and residual DMSO, and this allows the pores to be
completely freed, leading to a higher surface area (1520 m* g~ *,
Fig. S27) than that obtained with workup protocol 1 (sample
P38, 1312 m?> g~ ', Fig. $28). Such high surface areas confirm
that both P38 and P39 contain defects, as previously suggested
by quantitative NMR analysis, and that P39 is in fact slightly
more defective than P38.

SEM micrographs of P39 (Fig. S29) reveal aggregated crys-
tallites with ill-defined morphology and size well below 1 pm, as
opposed to the octahedral crystallites with sizes of hundreds
of nm displayed by defective_UiO-66 (Fig. S30). The TG curve of
P39 (Fig. 5a) displays a first mass loss of 33.9% in the 30-100 °C
range, associated with desorption of water from the pores.
Between 100 and 200 °C, another 3.8% loss of mass can be
observed, which can be attributed to the removal of water
coordinated to zirconium at defective sites. Between 200 and
450 °C, there is a gradual loss of mass, likely due to the
progressive dehydroxylation of the zirconium clusters. Then, at
450 °C there is a final mass loss due to the thermal decompo-
sition of the organic part of the framework that leads to the
formation of ZrO, (the cumulated loss between 200 °C and 700 °
C is 29.1%). By normalising the mass to the molar mass of the
ZrO, residue (Fig. 5b), a comparison can be made with the ex-
pected mass of the desolvated and dehydroxylated MOF with
formula ZrgO, 45(BDC), 55 (molar mass = 1411 g mol ') as
derived from 'H-NMR, showing good agreement. Using the
formula ZrgO4(OH),(BDC)4.55(OH/H,0),.00°2.1EtOH, the yield
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Fig.5 TG curve of P39 (black) and the respective derivative curve (red)

(a); TG curve of P39 with mass normalised to ZrO, and the expected

normalised mass for the desolvated and dehydroxylated MOF (b); VT-
PXRD patterns of P39 from 40 to 400 °C (c).

of P39 is 75%, based on Zr. VI-PXRD (Fig. 5c) suggests that the
framework of P39 starts losing long range order above 200 °C
and is fully collapsed at 400 °C. In comparison, defective_UiO-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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66 fully retains its crystallinity until 300 °C, before collapsing
above this temperature (Fig. S31). The different stabilities of the
two defective MOFs can be ascribed to the larger amount of
defects found in P39 and to different types of defect compen-
sating species: water/hydroxide groups in P39 and formate
groups in defective_UiO-66.

Synthesis scale up

A 50-fold synthesis scale-up (total volume of 500 mL) was per-
formed under the same reaction conditions and with a similar
workup protocol (same washing steps, but the solid was
centrifuged instead of filtered because of the lack of a suitable
filter for this scale) for sample P39 (sample P39_LS) using
a round-bottom flask equipped with an overhead stirrer and
a reflux condenser. 8.64 g of product were recovered from the
large-scale synthesis, corresponding to an RME of 30% (slightly
reduced from 35% in the small scale synthesis, most likely
because of the slightly different workup procedure), to a yield of
65% based on Zr and to a space-time yield of 208 kg (m™> d ™)
(calculated assuming 1 d = 24 h). The quality of P39_LS is
comparable to that of P39, based on PXRD, 1H-NMR, N,
adsorption analysis, TGA and VT-PXRD (Fig. S32-S36).

Conclusions

We developed a water-based method for the synthesis of UiO-66
from two commercially available terephthalate diesters, DMT
and BHET, derived from the chemical depolymerisation of PET.
The reaction was optimised with multivariate analysis, which
allowed identification of optimal reaction conditions, in terms
of the amount of acetic acid and hydrochloric acid and time, to
maximise the MOF's yield and crystallinity, and to obtain either
the hep or fcu UiO-66 phases, depending on the amounts of
acetic acid and hydrochloric acid in the reaction medium. The
process uses mild reaction conditions (90 °C, 2 h) and does not
involve DMF neither in the synthesis nor in the workup phase,
making it sustainable from both the economic and the envi-
ronmental standpoints. The process also proved to be prom-
ising when scaled 50-fold, giving a product having high
crystallinity and purity, with comparable properties to those of
the sample traditionally synthesised in DMF.
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