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ARTICLE INFO ABSTRACT
Keywords: This study reports the first investigation of the systematic introduction of defects in functionalized UiO-66
Heterogeneous catalysis structures and its effect on their catalytic activities. Indeed, fifteen UiO-66-based MOFs were synthesized and
Metal-organic framework used as catalysts in the esterification reaction of butyric acid in presence of butanol to produce the novel green
Structural defects biofuel additive, butyl butyrate. The samples included three different structures, Ui0-66, UiO-66(COOH),, and

Brgnsted acid

. e UiO-66(NH,), and five different modulation synthesis conditions for each structure yielding a total of fifteen
Biofuel additives

samples. The increase in the modulator acidity or concentration significantly increased the number of missing
linkers per cluster, surface area, and pore volume of the three structures. This leads to the increase in the
conversion to butyl butyrate to levels higher than those previously achieved with similar systems. The improved
conversion in each structure was attributed to the missing-linker defective sites which act as catalytic centers for
the activation of butyric acid. However, using organic linkers with uncoordinated Brgnsted acid sites boosted the
catalytic activity of UiO-66(COOH), to levels higher than both counterparts even for lower number of defects,
surface area, and pore size. The catalytic reaction was thus proved to be occurring utilizing both the defective
sites and the carboxylic functional groups as catalytic centers and a reaction mechanism is proposed based on
this assumption. Finally, the choice of the organic linker for the engineering of the MOFs' structure in catalytic
applications offers abundant possibilities especially if coupled with the systematic increase in defective sites to
overcome challenging diffusion limitations.
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1. Introduction

The excessive dependence on fossil fuels and its subsequent en-
vironmental and economic impact is driving the increased interest in
exploring new chemicals that could serve as biofuels or biofuel ad-
ditives [1-3]. Such chemicals include butyl butyrate, which have shown
fuel-like characteristics when blended with biodiesel, gasoline, and
even aviation kerosene [4,5]. Butyl butyrate is produced by the ester-
ification reaction of butyric acid and butanol, where both reactants can
be produced from biomass fermentation processes [6].

The esterification reaction for the production of butyl butyrate is
reversible, and its yield is as low as 45% in optimum reaction conditions
when operated without a catalyst [6]. For this reason, esterification
reactions have been always industrially operated in the presence of
catalysts, which were conventionally homogeneous acid catalysts such
as sulfuric acid [7-9]. However, despite the higher yields obtained
when using these liquid acid catalysts, but their corrosive nature, in-
ability to be recycled and recovered, and the environmental hazards
associated with their use, made those conventional systems undesirable
in the industry [10]. Alternatively, many solid acid catalysts have been
developed to overcome the limitations of the liquid catalysts, but new
challenges were encountered with the use of heterogeneous acid cata-
lysts such as selectivity, conversion, heterogeneity, design of the cata-
lyst structure, along with chemical and physical stability [11-15]. Thus
the development of a new type of catalyst that could bridge the gap
between homogeneous and heterogeneous catalysis was necessary to be
able to efficiently produce biofuel additives such as butyl butyrate at
large scale from esterification reactions [16].

Metal-organic frameworks (MOFs) have recently become very
popular in the field of porous and crystalline materials [17]. Their very
high surface areas, high porosity, and wide variety of active sites that
could be introduced to their structure made these novel materials very
interesting in diverse applications [18-21]. Such applications include
gas storage [22], gas separation [23], chemical sensing [24], water
purification [25], and catalysis [26].

The main reason behind the interest in MOFs catalysts is that it
could potentially combine the benefits of heterogeneous and homo-
geneous catalysis [27]. On one end, MOFs are easily separable from the
reaction medium and have maintained stability and activity when used
as catalysts in a wide range of reactions over many cycles [28]. On the
other end, MOFs benefit from significant surface areas and the ease by
which their structures could be designed for a specific application
[29,30]. In the case of using MOFs as catalysts in esterification reac-
tions, it is essential that MOFs be abundant in Brgnsted acid sites for the
efficient activation of the carboxylic acid and the subsequent reaction
with the alcohol. Interestingly, it had been shown that Brgnsted acid
groups could be introduced in the structure of the MOFs via the SBU,
the linker, the MOFs’ pores, or through the transformation of existing
Lewis acid sites on the SBU into Brgnsted acid sites via the adsorption of
water molecules [31,32]. Moreover, recent studies showed that the
presence of structural defects on the SBU created additional Lewis acid
sites that have proved to be beneficial to the catalytic properties of
MOFs [21,32]. Given the defects’ benefit of increasing the density of
active sites, many studies have developed methods to systematically
introduce defects into the MOFs structures [21]. Specifically, a lot of
research was focused on Zr-based MOFs, such as UiO-66 which is based
on ZrgO4(OH)4(CO,), 5 cluster, that has been proven to retain its rela-
tively high chemical and thermal stability even in the presence of a
significant number of structural defects [33,34].

A simple method for the systematic introduction of defects into the
MOFs structure is the “modulated synthesis”, which is becoming very
popular [21,33-38]. It is not until recently that the modulation synth-
esis was linked to the formation of structural defects in the MOFs
structure, which was proven to have a direct impact on the stability,
porosity, and, most importantly, the catalytic activity of MOFs
[21,34,35,39]. However, the functional groups that could be attached
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to the organic ligand could also offer extremely interesting options for
the control of the MOFs’ catalytic properties. This could be done by the
introduction of catalytic centers that offer locations for reactants ad-
sorption and activation, or that could be incorporated in dual activation
mechanism, or by increasing the affinity of the MOFs’ catalytic activity
towards a specific reactant [16]. In most of the recent reports, the main
focus is usually on the standard UiO-66 and the sole effect of the defects
in the cluster [29,33,35,39-42]. Furthermore, reports that focus on the
role of changing the functional group attached to the organic linker in
the MOF to enhance its properties rarely include the effect of the
structural defects, and their subsequent benefit from enhancing por-
osity to the increase in the density of active sites on the cluster
[21,43,44]. To the best of our knowledge, there haven’t been any re-
ports that present a detailed investigation on the effect of modulated
synthesis, or defects engineering, in functionalized UiO-66 MOFs. This
means that tuning the catalytic properties of these Zr-based MOFs by
the combined control of structural defects on the cluster and the
functional groups attached to the linker is still not investigated. This
inspired us to perform a systematic study in which 15 different UiO-66
and functionalized UiO-66 samples are synthesized based on different
modulation synthesis conditions. The main objective of the work was to
engineer the MOFs’ structural defects through modulated synthesis
combined with organic linker functionalization for enhanced produc-
tion of butyl butyrate. Additionally, the work aims to investigate the
relative effect of active sites of the linker and the cluster on the MOFs
properties, catalytic conversion, and reaction mechanism. For this
reason, 5 different samples of each of UiO-66, UiO-66(COOH),, and
UiO-66(NH,) were synthesized, where each sample differed from the
other by the concentration or the strength of the acid modulator used.
The synthesized structures were thoroughly characterized using powder
X-ray diffraction (PXRD), thermogravimetric analysis (TGA), N, sorp-
tion-desorption, and scanning electron microscopy (SEM). The studied
MOFs were then tested as catalysts for the production of butyl butyrate,
and the catalytic conversion was monitored using Gas Chromatography
(GC). To rationalize the results obtained following the esterification
reaction, the effect of the change in the different properties of the MOFs
on their catalytic activity and the conversion to butyl butyrate was
thoroughly discussed, including the effect of the number of defects,
particle size, surface area, internal mass transfer resistance, and many
more.

2. Experimental section
2.1. Materials and general synthesis procedures

All chemical reagents used for the synthesis of MOFs and their
testing in the esterification reaction were commercially supplied and
directly used without further purification. Details on the suppliers could
be found in the Supporting information file.

Fifteen different MOFs were synthesized using a similar synthesis
procedure. UiO-66 was synthesized by dissolving 344 mg of ZrCl4
(1.48 mmol) and 245 mg of terephthalic acid (1.48 mmol) in 40 mL of
DMF (516.74 mmol) and 0.1 mL of DI water (5.91 mmol). The appro-
priate type and amount of modulator was then added to the mixture
(Table S1), and the mixture was put in 100 mL reactive vial before
being placed in a sonicator. After complete homogenization of the
mixture components, the reactive vial was tightly closed and placed in a
preheated oven at 120 °C for 21 h. The same procedure was used to
synthesize UiO-66(COOH), and UiO-66(NH,) by respectively using
1,2,4,5-benzenetetracarboxylic acid and 2-aminoterephthalic acid as
the organic linker instead of the terephthalic acid used in the case of
UiO-66.

After 21 h, the reactive vial is removed from the oven and is left to
cool to room temperature. The content of the vial is then moved to a
falcon tube and the white precipitate, or pale yellow precipitate in case
of UiO-66(NH,), is collected by centrifugation. The obtained MOF is
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Scheme 1. Schematic representation of the synthesis conditions of all the tested MOF catalysts where eq. is mole equivalent with respect to ZrCly.

washed using fresh DMF for three consecutive times, followed by
washing with DCM for another three consecutive times. After com-
pleting the last wash, DCM is removed by centrifugation and the wa-
shed MOF is placed in a vacuum oven at 170 °C for thermal activation.
The characterization of the MOFs was all done after thermal activation.

For every given linker, the MOF was synthesized without using a
modulator, using 100 equivalents (5.56mL) and 200 equivalents
(11.13 mL) of formic acid, or using 100 (8.43 mL) and 200 equivalents
(16.87 mL) of acetic acid. This means that every MOF structure was
synthesized in 5 different modulation conditions, yielding the total 15
MOFs being studied. Details about the synthesis procedure are given in
Table S1 in the Supporting information file. The synthesis procedure
showing the 15 MOFs used in the study with their names, which will be
used throughout the paper for simplicity, and compositions are given in
Scheme 1.

2.2. Catalyst characterization

All synthesized samples were fully characterized using XRD, N,
sorption, SEM, and TGA. The details on MOFs’ characterization
methods are provided in the Supporting information. The synthesized
MOFs were characterized using powder X-ray diffraction (PXRD), and
the patterns were recorded with a Bruker D8 advance x-ray dif-
fractometer (Bruker AXS GmbH, Karlsruhe, Germany, working at 40 kV
and current 40 mA, 26 range: 2-50°, increment: 0.02°) using Cu Ka
radiation (k = 1.5418 A). Around 50 mg of activated MOF was placed
in a glass sample holder with a circular cavity in the middle to place the
sample in. a spatula was used to help spreading and flattening of the
sample. Afterwards the sample was fixed in place for the measurement.
For TGA analysis, a microbalance was used to weigh almost 5-10 mg of
the tested MOF which were placed in a platinum crucible. The crucible
was then put in the auto-sampler of the Netzsch TG 209 F1 Libra TGA
apparatus where the thermal stability of the sample was assessed under
air flow starting with a temperature of 30°C and up to 1000 °C at a
heating rate of 3K. min~'. The furnace was then allowed to cool back
to 30 °C before performing the analysis of the next sample in the auto-
sampler. For SEM imaging, an aluminium SEM specimen stub was
covered with a conductive carbon tape and a very small amount of the
required MOF sample was spread on it. Then the sample was coated
with a very thin layer of gold (almost 20 nm) before being placed in the
MIRA3 Tescan electron microscope for imaging. Prior to N, sorption
measurements, the H,O adsorbed onto the sample was removed using
vacuum and flow degassing simultaneously. First, vacuum degassing
was performed at 160 °C for 8 h, afterwards, degassing under a flow of

nitrogen was performed at 170 °C overnight in a BET cell. The cell was
then placed in the measurement unit of Micrometrics Gemini VII 2390p
surface area analyser, and the N, sorption was performed at 77 K.

2.3. Esterification reaction

All MOFs synthesized were used as catalysts in the esterification
reaction of butyric acid with butanol for butyl butyrate production. The
tested MOFs were put in a regular oven at 140 °C overnight prior to
their testing for dehydration. The catalyst loading used in all experi-
ments was 2% of the butyric acid initial weight, which is equivalent to
around 100 mg of MOF sample in each reaction. The esterification re-
actions were conducted in a 50 mL two-ways flask where 5 mL of the
butyric acid and 10 mL of the butanol were added as reported in pre-
vious studies [6]. The reaction medium was heated and stirred using a
magnetic heater/stirrer and a magnetic bar. The stirring speed was held
constant at 500 rpm throughout the study, and the temperature was
maintained at 110 °C. The reaction was done under reflux as the reac-
tion flasks were connected to water condensers that helped condense
the evaporated water produced back to the reaction medium. The re-
action was allowed to run for 24 h and 60 pL samples were taken every
2h for the first eight hours and after 24 h using an electronic micro-
pipette. The first sample was taken from the reaction medium when the
reaction temperature reached 110 °C. The collected samples were di-
rectly added to a 4 mL sampling vial containing 2 mL of n-heptane/
octanol solution of 10 mg/mL octanol concentration. The octanol was
used as an internal standard for Gas Chromatography (GC) measure-
ments. Any remaining solid MOF particles from the samples were then
filtered out using a 5mL syringe fitted with a 0.2 PTFE filter. The fil-
tered samples were then moved to GC vials that were placed in the
Thermo Scientific, Trace GC Ultra, Gas Chromatograph auto-sampler
for analysis. The GC was equipped with an FID detector and the com-
ponents of the collected samples were separated using a Teknokroma
capillary wax column (30m X 0.32mm X 0.25 um). After the end of
the reaction, the tested MOFs were separated using a centrifuge ma-
chine and were washed again using DMF and DCM following the same
procedure mentioned earlier. After activation of the MOFs in vacuum
oven at 170 °C, the collected powder is characterized again using XRD
to ensure that the MOF retained its crystallinity. Experiments were
repeated at least three times to ensure results are reproducible.
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Fig. 1. PXRD patterns of the synthesized MOF catalysts.
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3. Results and discussion
3.1. Structural characterization

3.1.1. Powder X-ray diffraction (PXRD)

The PXRD patterns of all 15 MOFs synthesized were recorded and
the results are shown in Fig. 1. As can be seen, Fig. 1 reveals well de-
fined narrow peaks that are in excellent agreement with patterns re-
ported in the literature, except for the one obtained for the UiO-
66(COOH), synthesized without a modulator (CB) sample. In fact, the
CB sample seems to have yielded an amorphous product. The obtained
product could be a type of amorphous MOFs, indicated aMOFs, which
are known for their short-range periodic repetition of their building
blocks [45]. This results in having broad humps rather than narrow
peaks in the PXRD pattern of aMOFs [46]. However, having amorphous
MOFs cannot be confirmed from the PXRD pattern, but the results ob-
tained in other characterization techniques for the CB sample will be
reported for further investigation. Additionally, the peaks obtained for
all Ui0-66(COOH), samples, shown in Fig. 1c, seem to be broader with
lower relative intensities, which reveal smaller crystal size of the re-
levant samples as will be further confirmed in the following section
when discussing SEM results.

3.1.2. Scanning Electron Microscopy (SEM)

In order to analyse the effect of changing the modulation synthesis
conditions and the linker type on the morphology and crystal size of the
samples, SEM images for the 15 MOFs samples synthesized were taken
and the obtained images are shown in Figs. 2 and S1. A qualitative
assessment of the obtained images reveals a clear trend for both UiO-66
and UiO-66(NH,) in terms of both morphology and crystal size.
Quantitative data on the crystal size of the different samples are given
in Table 1. The synthesis of both MOFs without the use of a modulator
resulted in the formation of very small inter-grown cubes (ca. 108 nm
for TB and 205nm for AB)[47], while adding a modulator in the
synthesis mixtures yielded much larger well-defined octahedrals [39].
The crystals obtained when FA was used instead of AA have smaller
size, while the increase in the modulator concentration lead to an in-
crease in the crystal size whether FA or AA was used. Additionally,
increasing the modulator concentration to 200 equivalents resulted in
more heterogeneous and poly-dispersed octahedral crystal sizes as
shown from the standard deviation reported in Table 1. This trend is
previously reported for UiO-66 samples in recent studies [39], and al-
though the functionalized structures have been reported to have defects
in previous studies [48,49], but we report for the first time this trend for
the functionalized structures in this systematic manner. The reason
behind the increase in the crystal size of the MOF with the addition of
the modulator could be attributed to the “competition” between the
modulator and the organic ligand to bind to the SBUs, which slows
down nucleation while promoting the growth of the crystal [39,47].
However, the crystals obtained for the UiO-66(COOH), samples reveal
much smaller crystals which seem to remain as inter-grown cubes for all
modulation synthesis conditions, while their particle size trend follows
the ones noted for UiO-66 and UiO-66(NH,). This could be attributed to
the relatively higher acidity of the linker used for the UiO-66(COOH),
synthesis, which boosts its competitiveness with respect to modulators
in the synthesis mixture thus allowing for faster nucleation [33]. Since
their small particles made it hard to estimate their particle size using
SEM, Scherrer equation was used to calculate an estimate of the average
particle size of C1AA, C2AA, C1FA, and C2FA [50]. Other MOFs’ par-
ticle sizes were also calculated using Scherrer equation to allow for a
better comparison of the results. As for CB sample, the determination of
the particle size was not possible from Scherrer equation since its PXRD
pattern reveals an amorphous material. Additionally, its SEM shows big
aggregations rather than separate particles which made it impossible to
estimate a particle size from SEM, and so the particle size for CB was
not reported, but it is expected to be smaller than its counterparts of the



A. Jrad, et al.

Chemical Engineering Journal 382 (2020) 122793

Ui0-66(NH):

AB

w

Fig. 2. SEM images at a 1 um scale for all the synthesized MOF catalysts.

UiO-66(COOH), samples.

3.1.3. N, sorption-desorption surface area analysis

The nitrogen sorption isotherms of all 15 samples were performed at
77 K and are shown in Fig. 3. The first thing to notice in the isotherms is
that all of them exhibit type I isotherms which is consistent with the
microporous nature of the MOFs. In addition, for any linker used, the
nitrogen uptake varies significantly when changing the modulator and
its concentration during the MOF synthesis. For all the MOFs being
tested, the nitrogen uptake increased when the modulator

concentration was increased. Moreover, the nitrogen uptake was higher
when the FA was used instead of AA for a given modulator con-
centration. This observation had been made before for UiO-66 where
the nitrogen uptake was reported to increase with the concentration
and strength of acid being used as a modulator [39]. With this trend
being also valid for functionalized UiO-66 samples, the use of mod-
ulators in the synthesis mixture of these samples shows the extent to
which the porosity of these samples could be tuned with the systematic
manipulation of the concentration and type of the modulator. This is
especially true when observing the significantly lower nitrogen uptake
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Table 1

Quantitative results of the characterization and testing of the studied MOF
catalysts. Particle size ? is estimated using SEM and Particle size  is calculated
using the Scherrer equation.

MOF  BET Pore Defects Particle Particle Conversion
surface volume number size® (nm) size® to butyl
area (em3/g)  per Zr (nm) butyrate
(m?/g) cluster

TB 1049 0.348 1.36 108 + 19 87 57.2

T1AA 1490 0.515 1.50 273 + 53 224 70.4

T2AA 1593 0.548 1.53 623 = 206 410 78.1

T1FA 1695 0.645 1.72 143 + 23 125 83.6

T2FA 1813 0.728 1.86 477 = 151 331 89.1

CB 51 0.014 0.88 - - 63.3

ClAA 268 0.047 1.38 - 9 77.4

C2AA 376 0.052 1.44 - 24 81.5

ClFA 517 0.105 1.9 - 7 88.2

C2FA 522 0.121 1.93 - 17 91.5

AB 1016 0.301 1.50 55 = 7 48 64.2

A1AA 1294 0.453 1.67 318 = 38 285 69.6

A2AA 1434 0.468 1.73 340 = 47 311 77.2

A1FA 1570 0.591 1.87 54 = 8 51 80.3

A2FA 1723 0.634 2.02 202 = 37 172 84.7

and porosity of samples synthesized without the use of a modulator (TB
and AB in Fig. 3). However, the CB sample exhibits negligible porosities
relative to its counterparts, which further demonstrates its amorphous
nature [45,46].

The Brunauer-Emmett-Teller (BET) surface areas and the pore vo-
lumes of the samples were quantitatively extracted from the nitrogen
isotherms and the results are given in Table 1. It could be easily noticed
how the introduction of modulators have significantly increased the
BET surface areas from 1049 m?/g for TB to 1813 m?/g for T2FA, which
is one of the highest surface areas obtained for a UiO-66 sample, and
from 51 m?/g for CB to 522 m?/g for C2FA, and from 1016 m?/g for AB
to 1723 m?/g for A2FA. Additionally, the pore volumes calculated from
the N, sorption-desorption isotherms show the same trend. However, it
could be noticed that the surface area for the MOFs synthesized with
200 equivalents of AA (pKa = 4.76) for all three functional groups
(T2AA, C2AA, and A2AA) are lower than those synthesized with only
100 equivalents of FA of pKa = 3.77 (T1FA, C1FA, and A1FA) as ela-
borated in Fig. 4. This stresses on the importance of the pKa of the
modulators used relative to their concentration, as using half the
quantity of FA relative to AA yielded comparable effects on the surface
area [39]. Moreover, the surface area reached using 200 equivalents of
FA in T2FA is similar to that obtained using only 40 equivalents of
trifluoroacetic Acid (TFA) of pKa of 0.23 as reported in a previous study
[39]. This confirms that the lower the pKa of the modulator used, the
less the amount required to increase its porosity and surface area to a
given level.

Another important result here is the change in the surface area of
the functionalized UiO-66 samples after the introduction of the active
sites onto their organic linkers. Fig. 4 shows the relatively lower surface
area of UiO-66(NH,) when compared to UiO-66 for all the modulation
conditions used. Additionally, UiO-66(COOH), is characterized by sig-
nificantly lower surface areas and pore sizes compared to the other two
counterparts. This shows that part of the porous network of the UiO-66
samples is blocked by the bulky functional groups that are covalently
bound to the linker, which causes this noticeable decrease in the surface
area.

3.1.4. Thermogravimetric Analysis (TGA)

In order to study the thermal stability of the MOFs and to determine
the number of missing linkers in the defected MOF structures, TGA
analysis on the MOF samples was performed and the results are shown
in Fig. 5. The obtained TGA curves display the change of the mass of the
15 samples with temperature starting from 30 °C and up to 1000 °C. The
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TGA curves are normalized so that the final weight loss is set to be
100%, which is represented by the horizontal black pointed curve,
WLgina. Moreover, WLPy, is the high end of the theoretical weight loss
expected from each structure as calculated in the Supporting
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information file and based on previous reports [39]. The lower end of
this weight loss is the black horizontal pointed line indicated as WL
The dashed colored curves represent the DTG curves (right axis), or the
first derivatives of the TGA curves, which are very helpful in de-
termining the phases where major weight losses have occurred.
Throughout the temperature range of the analysis, there are three main
weight losses that could be observed regardless the structure of the
MOF or the modulation synthesis conditions. The first weight loss oc-
curs between 35°C and 100 °C, where the water adsorbed onto the
structure of the MOF is volatilized. The second weight loss is usually
attributed to the removal of the monocarboxylate ligands, or to what is
known as the dehydroxylation of the zirconium clusters, and it extends
from 100 °C till T);k indicated in Fig. 5. Ty is the temperature after
which the weight loss is attributed to the combustion of the linker
[51-53]. The third major weight loss in the TGA curve is thus attributed
to the destruction of the framework by the combustion of the organic
linker. This weight loss is expressed by a clear sharp peak in the case of
UiO-66, but with an extra merged peak in the case of functionalized
frameworks. This merged peak was attributed to the combustion of the
functional groups being covalently bound to the organic linker of the
framework. The temperature after which the weight loss in the frame-
work is attributed to the combustion of the linker, Tj;,y, is approximated
as the temperature reached at the end of the DTG peak attributed to the
combustion of the linker [39]. T}k is taken to be 390 °C, 300 °C, and
305°C for UiO-66, UiO-66(COOH),, and UiO-66(NH,) respectively
[54-56]. It should be noted here that the TGA curve for the CB sample
follows the same trend of other UiO-66(COOH), samples, which is that
of the combustion of a framework composed of the same cluster/linker
combination, suggesting that it is an amorphous MOF [45].

Almost all of the studies that have focused on the presence of defects
in the MOFs’ structures have used TGA to quantitatively account for
these defects [39,54]. The theory behind this is as follows; if the the-
oretical weight loss plateau attributed to the linker based on the mo-
lecular weight of the structure is higher than the experimental one
calculated based on TGA, then this difference in weight loss is attrib-
uted to missing linkers in the framework that could quantitatively de-
scribe the number of defects in the structure [39]. The higher end of the
experimental weight loss plateau attributed to the linker combustion for
each MOF is the horizontal line passing through the intersection be-
tween the TGA curve and the vertical line Tj;,;, but these lines are not
represented on Fig. 5 to keep it clear.

Observing the TGA curves of all 15 MOFs, It is noticed that the
experimental weight loss attributed to the linker combustion is clearly
lower than the theoretical one. This means that all of the 15 structures
are linker-deficient and have structural defects. However, the
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interesting trend is that the weight loss due to the linker combustion is
lower when the concentration of the same modulator is increased.
Furthermore, this same weight loss is lower when 100 equivalents of FA
are used in the synthesis instead of 200 equivalents of AA. The struc-
tures are thus more defective when using FA even for lower con-
centrations as reported in previous studies for UiO-66 [39]. This is at-
tributed to the lower pKa of FA and this is the first time this trend is
investigated for the functionalized UiO-66 structures.

Following a method provided in literature [39], the number of
missing linkers for each of the 15 studied MOFs had been calculated,
and the results are given in Table 1. It could be clearly seen that the
number of linker deficiency significantly increases from 1.36 in TB to
1.86 in T2FA, and from 0.88 in CB to 1.93 in C2FA and from 1.50 in AB
to 2.02 in A2FA for UiO-66, UiO-66(COOH),, and UiO-66(NH,) re-
spectively. This trend of increasing number of missing linkers with the
increase in modulator concentration/acidity comes in line with reports
on the competitive role of the modulator which acts as a reacting agent
and replaces the linker in the MOF structure [21,57].Again, this in-
crease follows the same trend as that for surface area in BET, where the
addition of 100 equivalents of FA causes more structural defects than
the addition of 200 equivalents of AA.

3.2. MOFs testing in esterification reaction for butyl butyrate production

3.2.1. Conversion to butyl butyrate

Following their synthesis and full characterization, all MOFs had
been used as heterogeneous catalysts in the liquid phase esterification
reaction of butyric acid in presence of butanol for butyl butyrate pro-
duction. The reaction was allowed to occur for 24 h using 2 wt% of MOF
catalysts, while one reaction was performed using the same loading of
the homogeneous H,SO,4 acid catalyst. Samples were regularly taken
from the reaction medium and analysed using GC. The results showing
the evolution of the conversion to butyl butyrate over time are given in
Fig. 6, while Fig. 7 compares the conversion obtained after 24 h of re-
action using all different 15 MOF samples. It should first be noted that
the reaction of butyric acid and butanol yielded only butyl butyrate and
water at the end of the 24 h, and thus the selectivity to butyl butyrate
was 100%.

Fig. 7 indicates a clearly noticeable trend in the conversion to butyl
butyrate using all three different linkers in MOFs. The lowest conver-
sion is obtained using the catalysts synthesized without the use of a
modulator (TB, CB, and AB), then the conversion increases using the
catalysts synthesized in the presence of 100 equivalents of AA (T1AA,
C1AA, A1AA), 200 equivalents of AA (T2AA, C2AA, A2AA), 100
equivalents of FA (T1FA, C1FA, A1FA), and 200 equivalents of FA re-
spectively (T2FA, C2FA, A2FA). Moreover, the simple manipulation of
adding 200 equivalents of FA into the synthesis mixture of the used
MOF leads to an increase in conversion of about 32%, 28%, and 20% for
Ui0-66, Ui0-66(COOH), and UiO-66(NH,) respectively after 24 h of
reaction (Fig. 6). Furthermore, the conversion obtained using 2 wt%
loading of the MOFs synthesized using 200 equivalents of FA is con-
siderably higher than that obtained using 5wt% loading (250 mg) of
the same MOFs using only 80 equivalents of AA, as reported in our
previous study using the same reaction conditions [56]. This demon-
strates how by only optimizing the synthesis conditions of the same
MOF structure, the catalytic activity could be significantly enhanced,
and thus less MOFs’ loading would be needed to obtain higher con-
versions for the same reaction conditions. This trend of increased cat-
alytic activity for higher modulator concentration and lower modulator
pH is becoming more and more famous for the standard UiO-66, but it
is reported for the first time in this study for the functionalized struc-
tures that have been noted for their defects in previous studies [48,49].
As expected, H,SOj, still performed better especially at the beginning of
the reaction. This suggests that the reaction is not limiting the con-
version, and that mass transfer limitations could be affecting the per-
formance of MOFs as will be explained further later on. Furthermore, at
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catalyst.

the end of the reaction after 24 h, similar conversion to butyl butyrate
of 95% and 91% was achieved using H,SO4 and C2FA respectively.

In order to make sure that the stirring speed used of 500 RPM was
enough to overcome external mass transfer limitations, T2FA, C2FA,
and A2FA were used as catalysts in the esterification reaction at dif-
ferent stirring speeds of 200 RPM and 800 RPM. The results obtained
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Fig. 7. Conversion to butyl butyrate obtained after 24 h of reaction under 2 wt
% of the tested MOF catalysts.

were compared in Fig. S5 that shows no noticeable increase in the
conversion obtained at a stirring speed higher than 500 RPM. In fact,
the conversion seems to be lower at 200 RPM for all three MOFs, which
reveals an external mass transfer limitation at this stirring speed.
However, as the stirring speed increases to 500 RPM, the effect of the
external mass transfer starts to fade away as the conversion does not
continue to increase at a stirring speed of 800 RPM. This suggests that a
stirring speed of 500 RPM is sufficient for this application in order to
overcome external diffusion limitations.

Following their testing in the esterification reaction, the 15 MOF
catalysts were washed with DMF and DCM as detailed in the Supporting
information file, and their PXRD patterns were recorded. The results
shown in Fig. S2 show that the PXRD patterns of synthesized samples
remain the same after their use as catalysts, which reveals their stability
in the application they are used for. Additionally, to ensure that MOFs
catalytic activity and stability are retained over several usages, T2FA,
C2FA, and A2FA were recycled and reused in the esterification reaction
for 4 consecutive cycles. The conversion to butyl butyrate obtained in
each of the 4 cycles are indicated in Fig. 8. As can be seen, only neg-
ligible changes in the conversion to butyl butyrate could be noticed
which shows that the synthesized MOFs retain their catalytic activity.
Furthermore, the PXRD patterns and SEM images of the recycled MOFs
after their use in 4 consecutive reactions are shown in Figs. S3 and S4.
The sharp narrow peaks obtained in the PXRD patterns in Fig. S3 along
with the SEM images in Fig. S4 show the retained morphology of the
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Fig. 8. Conversion to butyl butyrate obtained using T2FA, C2FA, and A2FA for
4 consecutive esterification reactions.
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recycled MOFs and thus reveal their stability in the relevant application
of this study.

3.2.2. The effect of linker deficiency, surface area, and particle size on
conversion

Many parameters of the MOF structure change when the modulator
used and its concentration change, which is clearly reported in the re-
sults of the previously discussed MOFs characterization (Table 1). Thus,
the effect of the change of the modulation synthesis conditions on the
conversion to butyl butyrate should be discussed in light of the sub-
sequent change in MOFs’ characteristics and their effect on the reaction
mechanism. To this end, the change in the main parameters that could
have had an effect on the catalytic activity of the MOFs, are compared
to the subsequent change in the conversion to butyl butyrate in
Figs. 9-11, to evaluate the correlation between the obtained conver-
sions and the structural properties.

Fig. 9 shows the change in conversion to butyl butyrate compared to
the change in the number of missing linkers in the MOF catalysts. The
reason behind the interest in defects density in the framework is that
the non-functionalized and defect-free UiO-66 has theoretically no open
active sites, and UiO-66 samples synthesised with very low defects
number exhibits small catalytic activity [34]. When successfully used
for catalytic purposes, its catalytic activity was thus attributed to the
effect of missing-linker or missing-cluster defects, which both yield a
linker-deficient framework, that could unintentionally occur during

95
85 C2FA T2FA
1 C1FA
85 4
X 804 C2AA
g 754 C1AA
s 65 ]
O Pldce
60] —— vio-66
] —=— Ui0-66(COOH),
55 A B
—+— Ui0-66(NH>3)

L} ) T L] L} 1 T L] 1
0 200 400 600 800 1000 1200 1400 1600 1800
Surface area (m?/g)

Fig. 10. Correlation between the conversion and the surface area of the tested
MOF catalysts.
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synthesis [33]. Moreover, having a defective UiO-66 cluster means that
a number of the BDC linkers are removed from the [ZrgO4(OH),]1*2™"
cluster, leaving behind open Lewis acid sites on two adjacent Zr atoms
for every missing linker [16]. One of the ways this charge imbalance
could be compensated, in presence of water, is by the coordination of a
hydroxyl group to the Zr cluster [32,43]. The activity of the three MOFs
in the esterification reaction suggests that the active Lewis sites had
been converted into Brgnsted acid sites, which could happen through
reaction with water [16,32]. This means that an increase in the number
of defective sites offer additional catalytic centres [21,33,34], which
comes in accordance with the results obtained in Fig. 7. Additionally,
Figs. 9 and S6 show that the conversion changes in the same fashion for
all three organic linkers used as it increases when the number of
missing linkers increases. Furthermore, regardless the functional group
attached to the linker, all three MOF structures have the same Zr-
cluster, and having higher number of missing linkers will lead to more
open active sites on the SBU [16]. The obtained results show a con-
sistent correlation between the catalytic activity of the MOF catalyst
and the number of defects per cluster in this MOF structure. This had set
foundation to propose a mechanism in which the presence and increase
in the number of these defects plays a predominant role as catalytic
centres for reactants adsorption and activation in MOFs with different
functional groups on their organic ligands. In a recent study [58], a
detailed reaction mechanism was proposed based on this principle for a
hydrated UiO-66 cluster, where two water molecules would compen-
sate for a missing linker. One of these two water molecules was sug-
gested to be chemisorbed to form a Zr-OH group with a hydrogen on the
us-oxygen, and the other would be physiosorbed on the adjacent Zr. In
this case, the carboxylic acid would bind to a Zr atom by displacing the
physiosorbed water molecule and subsequently react with the alcohol
chemisorbed on the neighbouring Zr atom. The presence of water was
thus shown to help the formation of stable complexes between the two
reactants, namely carboxylic acid and alcohol, with the MOF cluster as
the catalyst [58]. The previously proposed mechanism seems to be
backed-up by the experimental data obtained as one of the ways the
reaction is taking place, and it could be concluded that this reaction
mechanism extends to include functionalized UiO-66 structures.

In addition, other parameters could have played a role in the in-
crease of the catalytic activities with the increase in modulator con-
centration and decrease in modulator pKa. Moreover, Fig. 10 shows the
change in the conversion to butyl butyrate compared to that of the BET
surface area for UiO-66, UiO-66(COOH),, and UiO-66(NH,) synthesized
in different modulation conditions. One of the most interesting traits in
MOFs in general, and specifically in catalysis, is their significantly large
surface areas. In heterogeneous catalysis, the activation of the reactants
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and the subsequent reactions in terms of bonds making and breaking
take place at the surface of the catalyst [16]. Thus, in theory, having a
catalyst with the same characteristics but with larger surface area
should increase its catalytic activity as it would have more catalytic
centres exposed to the reactants. The previously mentioned could have
also contributed to the trend obtained in Fig. 10, represented differently
in Fig. S7, where the higher the surface area for a given MOF structure,
the higher is the conversion to butyl butyrate. In addition, Fig. 11 shows
the change in the conversion along with that of the catalysts particle
size. At a first glance, no clear pattern could be noticed in the figure, but
taking into account the modulation synthesis condition, a few ob-
servations could be made. The trend could also be observed in a clearer
manner in Fig. S8. For all organic linkers, the MOFs synthesized in the
presence of modulators have bigger particle size than those synthesised
without one, but they also have higher catalytic activity. Moreover, the
increase in modulator concentration increases the particle size along
with the catalytic conversion. However, using FA yields smaller parti-
cles which have higher catalytic activity than their bigger counterparts
synthesized using AA as a modulator. This makes the evaluation of the
intra-molecular transport limitations challenging at this point, espe-
cially that the synthesis of two MOFs with similar properties but dif-
ferent particle sizes had been reported to be very difficult [16]. How-
ever, this stresses on the predominant role of active sites created by
defects which increase the catalytic activity of MOFs even for sig-
nificantly bigger particle sizes.

To conclude this section, it is important to categorize the discussed
variables in terms of their influence on the catalytic activity of the
MOFs. To start with, the particle size did not have a direct and clear
correlation with the conversion to butyl butyrate, which means that its
effect comes last compared to the other changes taking place in the
MOF structure. However, although both the number of defects and the
surface area of each MOF had an almost linear correlation with the
conversion, the number of defects is still considered to be the primary
factor affecting the conversion for each MOF structure. In fact, the in-
crease in the linker deficiency not only means an increase in the
abundance of active sites, but it also means making these sites more
accessible through offering a more open MOF structure. In other words,
the increase in the number of defects causes this noted increase in the
surface area, which makes the effect of the defects on the conversion
primary compared to that of the surface area since it directly influences
the structure of the MOF, causing the other changes to occur.

3.2.3. The effect of organic linker on conversion

The previous conclusions hold true if the results for each MOF are
observed separately. However, comparing the results for UiO-66, UiO-
66(COOH),, and UiO-66(NH,), new assumptions could be made ex-
plaining why the previous conclusions on the predominant role of the
defects do not seem to extend when the organic ligand used changes. In
fact, the functional groups covalently bind on the MOF structure offer
incredible opportunities for enhancing the catalytic properties of MOFs
as supported by the obtained results [16,43]. Following the same
structure as before, Figs. 9 and S6 will be discussed first. Comparing the
three curves in Fig. 9 together, the three MOFs structures yield similar
conversions for significantly different number of defects, such is the
case when comparing points C1AA, T2AA, and A2AA. Additionally,
comparing points of similar number of defects such as C2AA, T1AA, and
AB, the conversion obtained using the three different structures is
considerably different. Based on the above discussion, this means that
the dependence of the conversion on the number of defects cannot be
generalized when structures with different organic linkers are being
compared. The choice of the organic ligand thus seems to have a pro-
nounced effect on the catalytic activity of the MOFs when compared to
the effect of the defects density. Additionally, the trend in relative
catalytic activity for structures with different organic linkers seems to
be changing with the number of defects per cluster. Moreover, the UiO-
66(COOH), samples yield higher conversion than both counterparts for
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a number of missing linkers lower than that of around 1.78 per cluster,
despite its lower defects density. This higher catalytic activity was at-
tributed to the uncoordinated COOH groups bind to its linker, which
could act as important catalytic centres being strong Brgnsted acid sites.
These uncoordinated acid functional groups thus seem to act as ad-
sorption and activation centres for the butyric acid, which adds up to
the active sites caused by the missing linkers. Although the catalytic
activity of UiO-66 depends solely on the presence of the defects on the
cluster, this does not seem to be the case in UiO-66(COOH),. In such a
case, another reaction mechanism including the COOH group is as-
sumed to be responsible for this increase in conversion for the same
number of defects. The esterification reaction in this case could have
been initiated by the COOH group donating a proton to the butyric acid.
This would then be followed by an attack of the nucleophilic hydroxyl
group of the butanol yielding butyl butyrate with the subsequent re-
lease of a water molecule as shown in Fig. S9. Additionally, although
Fig. 10 shows that UiO-66(COOH), has considerably lower surface area
and porosity, Fig. 11 indicates that it also benefits from smaller particle
size. In fact, smaller catalyst particles have higher outer surface area
with active sites easier to access than those inside the porous network of
the MOFs. This highlights the importance of careful selection of the
modulator since using the FA resulted in smaller crystal size, higher
defects density, and higher surface area, which is very beneficial to the
catalytic activity of the MOFs being used.

However, this higher catalytic activity compared to UiO-66 changes
as the two curves cross around a defects density of 1.78 where the
catalytic activity of T2FA seems to be higher than that of C1FA even for
lower defects number. This change in trend could be explained by
taking into account the negative impact of having bulky functional
groups, indicated by the pore volume and surface area data in Table 1,
which could be blocking the way of reactants to active sites inside the
porous network of the framework. The structure of UiO-66 allows for
easier diffusion of the reactants to reach the additional active sites in-
side the pores, which significantly boosts its catalytic activity when the
defects density increases [43]. On the other hand, the COOH groups
attached to the linker of the cluster seems to be hindering the internal
diffusion which makes part of the additional active sites inaccessible to
reactants. Although the COOH groups could offer substituent catalytic
centres, the increase of the defects density above 1.78 linker per cluster
seems to have made UiO-66 more abundant in accessible active sites.
The synthesis of UiO-66 samples with higher number of defects is re-
quired to know whether this trend changes again as the porosity of UiO-
66(COOH),, further increases with the increased number of defects al-
lowing for more accessibility of internal active sites. Considering the
amino-functionalized UiO-66, a different kind of change in trend could
be noticed. Using the catalyst AB with defects number slightly higher
than TB yields considerably better conversion to butyl butyrate. This
suggests that having another AB sample with the same defects number
as that of TB could probably still yield higher conversion. The reason
behind this higher catalytic activity of UiO-66(NH,) for lower number
of defects was previously attributed to a dual acidic-basic activation
mechanism [43]. Moreover, the free NH, groups could increase the
nucleophilic character of the butanol oxygen, which drives its con-
densation with the butyric acid for butyl butyrate production [43]. This
highlights the role of having functional groups grafted to organic linker
with the ability of enhancing conversion by dual activation mechanism
[16]. However, as the number of defects increases, this trend seems to
be changing since the conversion using the standard UiO-66 becomes
significantly higher than that of UiO-66(NH,) even for higher defects
number of the latter. In fact, the increase in the conversion to butyl
butyrate as the number of defects increase in UiO-66 seems to be much
more pronounced than its functionalized counterparts. This could again
be due to having some of the active sites inside the porous network
inaccessible for the reactants to bind to due to the presence of the NH,
group which could be causing intramolecular transport limitations.
Such a claim is supported by the results shown in Figs. 6 and S5 where it

11

Chemical Engineering Journal 382 (2020) 122793

is concluded that it is not the slow reaction, nor the external mass
transfer that are limiting the conversion to butyl butyrate. In this case,
the benefit of having an acidic functional group attached to the linker is
that it becomes itself active catalytic centre that could compensate for
the inaccessible active sites.

4. Conclusion

This study investigates the catalytic activity of UiO-66-based sam-
ples using the coupled effect of functionalizing the organic linker and
systematically introducing defects onto the metal cluster. The catalysts
synthesis was optimized to enhance the production of butyl butyrate, a
novel biofuel additive. Five different samples of each of Ui0-66, UiO-
66(COOH),, and UiO-66(NH,) were synthesized using different mod-
ulation conditions and a systematic increase in the number of defects
was observed with increased acidity and concentration of modulators.
A direct correlation between the number of defects and the surface area
and pore size was observed, whereas the particle size trend seemed to
be different. The increase in the number of defects significantly in-
creased the conversion of the esterification reaction of butyric acid and
butanol to butyl butyrate. A conversion improvement from 57.2% to
89.1%, from 63.3% to 91.5%, and from 64.2% to 84.7% is observed
when adding 200 M equivalents of formic acid to the synthesis mixtures
of Ui0-66, UiO-66(COOH), and UiO-66(NH,) respectively.
Nonetheless, UiO-66(COOH), yielded the best conversion even for
lower number of defects, which suggests that the uncoordinated COOH
groups introduced to the linker were involved as active catalytic centres
along with the defective sites on the cluster. The trends in conversion
evolution with respect to the number of defects suggests though that
Ui0-66 could overcome the catalytic activity of both counterparts if its
defect number increased. This was attributed to the higher surface area
due to its open structure that allows for better internal diffusion of the
butyric acid than the functionalized structures. MOFs engineering that
was demonstrated in this study could thus be generalized to include
other organic linkers suitable for different applications. This approach
could be coupled with the systematic introduction of defects as a tool to
fine tune properties such as surface area, pore size, particle size and as
means to control the effect of diffusion limitations.
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