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A B S T R A C T

Three isostructural zirconium-based metal organic frameworks (MOFs), UiO-66, UiO-66(COOH)2 and UiO-
66(NH2) were synthesized, fully characterized and efficiently used as active and recyclable catalysts for the
esterification reaction of butyric acid to produce a green fuel additive, butyl butyrate. The catalytic activities of
the used structures were comparable, and mostly better, than other heterogeneous acid catalyst reported in the
literature. Moreover, 90% conversion was achieved by employing the most acidic member, UiO-66(COOH)2,
which is close to the 95% conversion obtained by the conventional liquid catalyst H2SO4. Using the synthesized
MOFs, large variations in the conversion to butyl butyrate were obtained which was the base of a detailed
investigation on the origin of their catalytic activities. The analysis of the TGA results helped estimate the
number of structural defects in each studied MOF. Interestingly, it was concluded that, for the MOFs with
different organic linkers, the catalytic activity was not directly related to the number of defects. Further analysis
was done to investigate the alternative parameters that could be behind this difference in catalytic activity, and
the parameters included but were not limited to the surface area of the MOFs, their particle size, the linkers’
active sites, and their accessibility through effective mass transfer. Although a combination of these factors were
found to contribute to the superior catalytic activity of UiO-66(COOH)2, however, its exceptional conversion was
mainly attributed to the effect of the additional active acid functional groups grafted onto its organic linker,
along with its smaller particle size which allowed for better mass transfer and accessibility of the active site
Furthermore, two kinetic models were successfully developed and used to determine the different kinetic
parameters of the esterification reaction and to study their dependence on the different characteristics of the
MOFs. With this knowledge, catalytic activity of MOFs can be engineered from a laboratory prototype and
optimized by tuning the functional groups of the organic linkers to serve as effective catalysts for the production
of fine chemicals such as biofuels.

1. Introduction

The global energy demand is constantly growing, and it is mainly
met nowadays by petroleum derived fuels that make up approximately
75% of the energy mix [1]. However, considering the environmental
harms and economic limitations caused by the dependence on fossil
fuels, there is a global need to develop a more sustainable energy
system that meets the growing demand while reducing carbon emis-
sions [2]. Liquid biofuels, such as ethanol and biodiesel, are considered
a very promising alternative to fossil fuels in the transportation sector,
the reason behind this is that they benefit from properties that allow
them to operate similar to conventional fuels in combustion engines
[3].

Butyl butyrate is one of the most promising chemicals that benefits

from fuel-like properties that are better than those of well-known fossil
fuel substitutes [4,5]. In previous studies, butyl butyrate was proved to
be compatible with aviation kerosene and to have an octane rating
higher than the European Standard minimum of 95 [4]. Moreover, si-
milar performance of a heavy duty engine was noted when using pure
diesel and a diesel blend with up to 30% butyl butyrate in its for-
mulation [5]. Before being tested as a fuel additive, butyl butyrate was
also used as a flavouring agent in the food industry [6]. Butyl butyrate
can be produced by the esterification reaction of butyric acid in pre-
sence of butanol, and both reactants could be obtained from biomass by
fermentation processes [7]. As in all chemical reactions, catalysts come
at the heart of the process, as they allow the efficient making and
breaking of chemical bonds which is the base for the production of new
chemical compounds. Homogeneous acid catalysts were commonly
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used for esterification reactions [8], but those are known to be corro-
sive, environmentally hazardous, and hard to recover and recycle [9].
On the other hand, heterogeneous catalysts are easy to separate from
the reaction medium, while some have the ability to be recycled and
reused without significant losses in the reaction yield [10]. Many types
of these heterogeneous catalysts, such as, zeolites [11], metal oxides
[12], resins [13] and other heterogeneous acid catalysts have been used
for organic reactions. However, their use had one or more dis-
advantages regarding the conversion, selectivity, activity, hetero-
geneity, and catalyst disposal [14].

Recently, a new class of materials is being extensively investigated
in the catalysis field and it consists of the metal-organic frameworks
(MOFs) [15–18]. MOFs are novel porous inorganic-organic materials
that are mainly attractive because of their crystalline nature, very large
surface area [19], and the flexibility of their chemical and physical
properties that could be designed for a specific application [20]. MOFs
are constructed from metal-containing nodes (secondary building units
(SBU)) connected by organic linkers to form extended coordination
networks [21]. Linkers commonly used in the MOF structures are rigid
organic chelators such as the polycarboxylate ligands. A variety of
metals in their stable oxidation state are used as nodes for the pro-
duction of MOFs such as alkaline, alkaline earth, transition metal, and
rare earth elements [22]. MOFs are originally used for several appli-
cations like gas storage [23], purification [24,25], biomedicine [26,27]
and chemical sensing [28]. However, MOFs have been gaining a lot of
interest as heterogeneous catalysts in the last two decades since active
sites could be incorporated in their organic linkers, metal clusters, or as
guest molecules that could be encapsulated within their porous net-
works [29–32]. In other words, MOFs could be designed to have spe-
cific characteristics that boost their catalytic activity. In the special case
of esterification reactions, catalysts should have an acidic nature in
order to produce the ester efficiently [33]. Brønsted acidity could be
created in MOFs’ structure in four main routes [34]. The first way is via
eOH groups that are structurally ligated onto the SBUs of the frame-
work. The second way for creating Brønsted acidity in the MOF struc-
ture is via incorporation of organic linkers with covalently bound
Brønsted acid functional groups in the MOF networks. The third way is

via encapsulation of Brønsted acid molecules inside the pores of the
MOFs by post-synthetic treatments with organic and inorganic acids
[35]. Finally, MOFs which originally benefit from Lewis acid sites on
their SBUs could have these sites modified into Brønsted acid sites by
adsorption of water or alcohol molecules [34]. Moreover, many MOFs
benefit from additional Lewis acid sites on their clusters, which were
recently attributed to the presence of structural defects in the MOF
structure [36–38]. Zr-MOFs which are composed of Zr6O4(OH)4(CO2)12
cluster, were particularly interesting in catalysis because of the sig-
nificant number of defects that could be introduced in their structure
without compromising their chemical and thermal stability [38]. The-
oretically, there could be two types of defects in the framework, a
missing-linker defect and a missing-cluster defect [38,39]. When a
linker is missing in the structure, it leaves behind two adjacent metal
clusters with coordination vacancies [40]. These Lewis acid sites have
been noted as the main reason behind the catalytic activity of the UiO-
66 framework [38]. On the other hand, missing-cluster defects are
caused by the removal of the cluster and the set of twelve linkers co-
ordinated to it leaving one coordination vacancy on the adjacent clus-
ters [41]. The effect is thus the same as the case of the missing-linker
where active sites become available for coordination, adsorption, and
activation of reactants in a relevant chemical reaction.

The effect of MOFs’ active sites on the catalytic activity in ester-
ification reactions have been previously reported in literature
[40,42–44]. Up to this point, the activity of MOFs was in most cases
attributed to the effect and role of the metal cluster [30], and specifi-
cally to coordination vacancies caused by missing linker and/or cluster
defects in the framework [36,39,40,45]. Catalytic activity was also at-
tributed to post-synthetic modification of the MOF such as sulfation
[43,46] and the incorporation of polyoxometalates in the MOFs struc-
ture [47]. Although some reports focus on the role of the organic linker
in the activity of MOFs in esterification reactions [40,42,48], but these
reports mainly focus on the use of the amino-functionalized UiO-66,
UiO-66(NH2), which does not offer additional acid active sites to op-
timize the reaction conversion. To this end, the aim of this study is to
shed light on the importance of the proper choice of the organic linkers
for a specific application, and to provide a deeper understanding of

Fig. 1. Schematic presentation of the synthesis of UiO-66, UiO-66(COOH)2 and UiO-66(NH2).
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their role in order to optimize the design of MOF catalysts for efficient
production of valuable chemicals such as butyl butyrate. For this
reason, three isostructures of Zr-based MOFs (Fig. 1) incorporating
different organic linkers are synthesized using the same procedure,
characterised and used as catalysts in the esterification reaction of
butyric acid in presence of butanol to produce butyl butyrate. The effect
of the different properties of the synthesized MOFs such as the number
of defects, surface area, pore size and their acid active sites on their
catalytic activity is explored in light of the different functional groups
incorporated in the structure of the MOFs. Furthermore, the study in-
cluded the effects of the reaction time, catalyst loading, the recovery
and reusability of the MOFs on the conversion to butyl butyrate. Since
zeolites such as H-Beta and H-USY have been previously reported as
potential catalysts for other esterification reactions [11], they were thus
used in this study to compare their catalytic activity with that of the
synthesized MOFs. Finally, two kinetic models were developed and
used to estimate the kinetic parameters of the studied esterification
reaction and to assess their dependence on different reaction para-
meters.

2. Materials and methods

2.1. Materials

All reagents required for the study were purchased and used directly
without further purification. The zirconium chloride (ZrCl4, 98%), zir-
conium oxychloride (ZrOCl2.8H2O, 98%), terephthalic acid
(C6H4(CO2H)2, 99%), 1-octanol (C8H18O, 99%, pure), 1-butanol
(C4H10O, 99%, extra pure), n-butyric acid (C4H8O2, 99%, extra pure),
butyl butyrate (98%, Acros Organics), hydrochloric acid (HCl, for
analysis, 37% solution in water) and acetic acid (C2H4O2, 99%) were
obtained from Acros Organics. 2-aminoterephthalic acid (C8H7NO4,
99%), 1,2,4,5-benzenetetracarboxylic acid (C10H6O8, 96%) and sodium
hydroxide (NaOH, ACS reagent, ≥97%, pellets, Sigma Aldrich) were
obtained from Sigma Aldrich. N,N-dimethylformamide (DMF,
Analytical reagent grade), dichloromethane (DCM, Analytical reagent
grade), formic acid (CH2O2, 98–100%) and heptane (C7H16, HPLC
grade) were purchased from Fisher Scientific. The zeolites H-USY (BET
surface area: 660m2/g, SiO2/Al2O3=5.2M ratio) and H-Beta (BET
surface area: 620 m2/g, SiO2/Al2O3=300M ratio) were purchased
from Zeolyst International.

2.2. Synthesis of the catalysts

UiO-66 was synthesized under conditions similar to those reported
in the literature with a few modifications [41]. In brief, ZrCl4 (0.795 g,
3.411mmol) and terephthalic acid (0.566 g, 3.411mmol) were dis-
solved in 250mL of DMF by sonication at room temperature. 15mL of
acetic acid were added to the obtained mixture that was put in a 500mL
autoclavable reagent bottle and placed in a pre-heated oven at 120 °C
for 21 h. The obtained white precipitate was collected by centrifugation
and washed three times with around 50mL of DMF and then three
times with 50mL of DCM. In the first two washes in each solvent, MOFs
were allowed to settle for 3 h, whereas in the last wash, MOFs were
soaked in the fresh solvent overnight. UiO-66 was then dried in a va-
cuum oven at 140 °C overnight. The synthesis of UiO-66(COOH)2 and
UiO-66(NH2) was done in the same manner but by replacing the ter-
ephthalic acid with 1, 2, 4, 5-benzenetetracarboxylic acid (0.866 g,
3.411mmol) and 2-aminoterphthalic acid (0.617 g, 3.411mmol) as the
linker respectively.

2.3. Catalyst characterization

Powder x-ray diffraction (PXRD) patterns of the prepared MOFs
were recorded with a Bruker D8 advance x-ray diffractometer (Bruker
AXS GmbH, Karlsruhe, Germany, working at 40 kV and current 40mA,

2θ range: 6–50°, increment: 0.02°) using Cu Kα radiation
(k=1.5418 Ȧ). The thermal stability of the synthesised MOFs was as-
sessed using thermogravimetric analysis (TGA), which was performed
with a Netzsch TG 209 F1 Libra apparatus under a constant flow of N2

(20mL/min) and O2 (5mL/min) from 30 to 1000 °C at a heating rate of
3 Kmin−1. Scanning electron microscopy (SEM) imaging was per-
formed using a MIRA3 Tescan electron microscope after the samples
were coated with a thin layer (20 nm) of Gold. The textural properties
of the samples synthesised were determined by an autosorb iQ-
Microscope-XR (Quantachrome Instruments, Boynton Beach, FL, USA)
gas analyser using Nitrogen gas. The measurement of the nitrogen ad-
sorption-desorption isotherms was performed after degassing and acti-
vation of the samples in vacuum at 140 °C overnight.

2.4. Esterification reaction

Prior to their testing, catalysts were put in the vacuum oven over-
night at 140 °C for dehydration. The esterification reaction was carried
out in a 50mL round-bottom flask to which 10mL of butanol, 5 mL of
butyric acid and the appropriate catalyst loading were added. The
catalyst loading was changed between 1, 2 and 5wt% of the butyric
acid initial weight, which is equivalent to around 0.05, 0.1 and 0.25 g of
catalyst respectively. In the following sections the catalyst loading unit
will be abbreviated as wt%. The round bottom flask was connected to a
water condenser and heated to 110 °C using an oil bath placed on a
magnetic stirrer/heater, and the solution was mixed with a magnetic
bar. These experimental conditions were chosen based on related re-
ports in the literature [49]. The reaction was allowed to occur for 24 h
and samples of 60 μL were collected from the reaction medium at 0, 2,
4, 6, 8 and 24 h, using an electronic pipette. The time t= 0 h was the
time at which the temperature of the reaction medium reached 110 °C.
The samples were added to a 4mL vial containing 2mL of an n-hep-
tane/octanol solution where the concentration of the octanol was
known. The diluted solution was then placed in a 5mL syringe fitted
with a filter (0.2 μm PTFE filter) to remove catalyst particles. The fil-
tered samples were placed in GC vials for analysis which was done
using gas chromatography (Thermo Scientific, Trace GC Ultra, Gas
Chromatograph), equipped with an FID detector. The components of
the samples were separated on a Teknokroma capillary wax column
(30m×0.32mm×0.25 μm). Heterogeneity test was performed to
investigate on whether or not any active sites of the catalyst are
leaching inside the reaction medium. In this test, the reaction is allowed
to occur with the catalyst until a predetermined time, and the reaction
solution is then centrifuged to separate the catalyst. The reaction pro-
ceeds without the catalyst afterwards and samples are taken normally
for GC analysis. After the end of the reaction, the catalyst was separated
from the reaction medium by centrifugation, it was then washed again
with DMF and with DCM and dried under vacuum at 140 °C overnight
as described in Section 2.2 for further usages. XRD patterns were re-
corded for the recycled catalysts and compared with fresh ones to en-
sure their crystallinity is retained. Samples were taken normally for the
reactions where recycled MOFs were used. Every experiment was re-
peated at least three times to ensure results are reproducible.

2.5. Kinetic modelling

The esterification reaction of butyric acid (A) in presence of butanol
(B) to produce butyl butyrate (E) and water (W) is given in the reaction
below

+ ↔ +A B E W

A pseudo-homogeneous model was chosen to represent the reaction
kinetics as previously suggested in literature [50,51]. Furthermore,
since butanol is always in excess, the reaction was assumed to be zero
order with respect to it. The rate equation for this reaction could be thus
expressed as follows

A. Jrad et al. Applied Catalysis A, General 570 (2019) 31–41

33



− = = = −dC
dt

dC
dt

dC
dt

k C k C CA E W
A E w1 2 (1)

With

= = −C C C CE w A A0

=K k
keq

1

2

Where
CA, CE , and Cw are the concentrations of butyric acid, butyl butyrate,

and water respectively, and CA0 is the initial concentration of butyric
acid. k1 and k2 are the rate constants for the forward and reverse reac-
tions and Keq is the overall reaction equilibrium constant.

Two models were considered for this reaction. The first model is
based on the rate equation previously shown. Solving the differential
equation would result in an expression of the concentration of butyric
acid with respect to time as follows
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Keq at 110 °C was estimated using the following equation
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The kinetic parameters were estimated by minimizing the following
objective function

=
∑ −=F
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N

( )
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i
N

i mod i1 , ,exp
2

(4)

Where N is the total number of experimental points, Ci mod, is the con-
centration of component i calculated by the model and Ci,exp is the
concentration of component i obtained experimentally.

The rate constant of the forward reaction k1 for all experiments was

assumed to be linearly dependent on the catalyst loading. Thus it was
possible to estimate the equilibrium constant using the correlation

= +K yX z1 (5)

Where X is the catalyst loading as a percentage of the initial butyric
acid weight. y and z are constants estimated by fitting a straight line
into the plot of K1 vs X .

As for the second model, the reaction was assumed to be non-re-
versible since the temperature of the reacting solution was kept at
110 °C throughout the study. This would reduce the reaction rate to the
following form

− =d C
dt

kCA
A (6)

And so the concentration of the butyric acid as a function of time could
be expressed as

= −C C eA A
kt

0 (7)

Where k is the reaction rate constant of the irreversible reaction. For
this model, k was also estimated by minimizing the objective function
shown in Eq. (4).

3. Results and discussion

3.1. Catalyst characterization

The PXRD patterns of the synthesized UiO-66, UiO-66(COOH)2 and
UiO-66(NH2) are shown in Fig. S1 and reveal sharp narrow peaks which
are in complete accordance with the calculated pattern of UiO-66. This
reflects the crystallinity and purity of all prepared catalysts. The tex-
tural properties of the synthesized MOFs were determined by surface
area analysis and the N2 isotherms (Fig. S2) and the obtained results are
summarized in Table 1. The calculated BET surface areas and pore
volume of the three MOFs are in good agreement with the reported
values in the literature [39,41,52,53]. SEM images of different syn-
thesised MOFs are shown in Figs. S3 and 2 . The images show that the
samples are pure and display homogeneous octahedral shaped crystals,
with UiO-66(COOH)2 having smaller particle size leading to a less clear
shape of the crystal as expected by the broader peaks obtained in the
PXRD pattern. The average particle size was calculated based on SEM
images and the values are reported in Table 1. The results obtained in

Table 1
Textural properties of the synthesized MOFs.

Number of missing linkers (Average ± SD) Surface area (m2/g) Particle size (Average ± SD, nm) Pore volume (cc/g)

UiO-66 1.39 ± 0.05 1052 303 ± 75 0.327
UiO-66(COOH)2 1.32 ± 0.01 284 28 ± 7 0.115
UiO-66(NH2) 1.72 ± 0.04 801 93 ± 20 0.250

Fig. 2. SEM images of the studied MOFs (a) UiO-66 (b) UiO-66(COOH)2 (c) UiO-66(NH2).
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this section will be thoroughly discussed in Section 3.3.

3.2. Esterification for butyl butyrate production

The esterification reaction of butyric acid in presence of butanol for
butyl butyrate production was allowed to occur in a batch reactor for
24 h using different catalysts loadings. The tested catalysts were all
selective and thus no product other than butyl butyrate was detected.
The MOFs were also all active given the high conversion rates to butyl
butyrate when they were used as catalysts. The evolution of the con-
version to butyl butyrate with respect to time was monitored and the

results are shown in Fig. 3. The time t=0h was the time at which the
reaction temperature reached 110 °C. During the first 8 h of the reac-
tion, the conversion to butyl butyrate was relatively fast and reached
almost 65%, 60% and 45% using 5 wt% loading of UiO-66(COOH)2,
UiO-66 and UiO-66(NH2) respectively. As the reaction progressed in
time, the rate of conversion to butyl butyrate decreased regardless the
loading used, and the reaction was allowed to continue until it almost
reached equilibrium conversion after 24 h. This decrease in conversion
rate with time could be due to the fact that most of the reactants have
been consumed during the first few hours of the experiment, leading to
lower concentrations of reactants in the reaction medium and thus to
slower conversion rates. Another possible scenario for the decrease in
the reaction rate with time is the blockage of catalysts’ active sites by
the increasing quantity of reaction products, making adsorption sites
less accessible for the reactants. Moreover, the trend was the same for
the lower loadings of 1 wt% and 2wt% where UiO-66(COOH)2 yields
the highest conversion followed by UiO-66 and then UiO-66(NH2).
These results showing the higher catalytic activity of UiO-66(COOH)2
could indicate that the dangling carboxylic acid functional groups of
this MOF’s linker might have contributed to its superior performance.
However, further analysis in the following sections was done to in-
vestigate the actual reason behind this trend.

The effect of changing the catalyst loading of the three different
MOFs between 1, 2 and 5wt% of the butyric acid initial weight was also
studied and the results are shown in Fig. 3. For all three MOFs, an in-
crease in the catalyst loading from 1wt% to 5wt% caused an increase
in the conversion to butyl butyrate from 70 to 83%, 75 to 90% and 60
to 74% for UiO-66, UiO-66(COOH)2, and UiO-66(NH2) respectively.
This could be explained by the fact that increasing the catalyst loading
will result in an increase in the quantity of active acid sites in the re-
action medium. This would make access to those sites easier for the
reacting components and would thus promote a faster reaction between
the butyric acid and butanol to form butyl butyrate. Since higher con-
version was obtained using 5 wt% loading for all studied MOFs, this
catalyst loading will be used throughout the rest of the study.

Additionally, the heterogeneous nature of the catalysts and their
reusability were assessed. First, a heterogeneity test was performed for
all the used MOFs. The test consists of removing the catalyst from the
reaction medium at t=6h by centrifugation and allowing the reaction
to proceed with no catalyst under the same reaction conditions.
Samples were normally taken from the reaction medium before and
after catalyst removal and the results are depicted in Fig. 4. It is clearly
shown that no significant conversion was obtained after removing the
catalyst for all three cases reflecting a heterogeneous nature of the
catalysts. The slight increase in the conversion after the removal of the
catalyst could be attributed to the autocatalysis of the reaction by the
butyric acid as is the case in the blank experiment [40,42,49]. Second,
in order to test the possibility of the regeneration of the catalysts, MOFs
crystals were easily separated from the reaction medium by cen-
trifugation, washed again as explained previously and reused for three
more runs in the esterification reaction that was allowed to occur for
24 h in every run. Although the obtained conversion using the recycled
MOFs showed that they retained their catalytic activity, however, a
slight decrease in the conversion could still be noticed. This decrease in
conversion from cycle to cycle could be due to partial blockage of MOF
pores by the esterification reaction products (Fig. 5).

Furthermore, the same reaction was performed under the same
experimental conditions using different catalysts and no catalyst at all
(Fig. 6 and Table S2). In the case where the reaction was allowed to run
without catalyst, the conversion obtained could be attributed to the
butyric acid that can auto-catalyse the reaction up to a certain level
[40,42,49]. Additionally, the reaction was allowed to occur using 5 wt
% of the liquid acid catalyst H2SO4. As expected, H2SO4 performed
considerably better than the MOFs especially at the beginning of the
reaction, while stabilizing the conversion to butyl butyrate at a value of
95%, a value comparable to the 90% obtained using 5 wt% of the UiO-

Fig. 3. Conversion to butyl butyrate over 24 h in esterification reaction of bu-
tyric acid in presence of butanol using different catalysts. (a) UiO-66 (b) UiO-
66(COOH)2 (c) UiO-66(NH2).
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66(COOH)2 after 24 h of reaction. The superior catalytic activity of the
strong liquid acid catalyst is typical when compared with hetero-
geneous acid catalysts, however, given the negative impact of using
liquid acids in the reaction medium, it is mostly of interest to compare
the performance of the MOFs with other heterogeneous acid catalysts
used in the same experimental conditions. For this reason, two types of
zeolites were tested for the esterification reaction of butyric acid and
results are displayed in Fig. 6 (Table S2). The zeolites catalysts used
were 5wt% loading of the acidic H-USY and H-Beta. Interestingly, UiO-
66(COOH)2 performed better than the other heterogeneous catalysts
used. Moreover, H-USY yielded a conversion to butyl butyrate similar to

that of UiO-66, while the use of H-Beta lead to a result slightly better
than that obtained when using UiO-66(NH2). Additionally, a recent
study reported better activity of sulfonated char-based solid acid cata-
lysts with the best catalyst material leading to a conversion of 94.5%
under the same reaction conditions reported in this study [49], but this
result was counteracted by the disadvantage of excessive leaching of
sulfonic acid groups in the reaction and upon recycling, which con-
siderably reduced the activity of the catalysts in the second cycle [49].
Another study by the same research group reported the use of sulfo-
nated char-based heterogeneous acid catalysts for the production of
butyl butyrate, the best catalyst used showed less acid leaching in the
reaction medium and was thus used for several cycles without sig-
nificant losses in the reaction yield [54]. Only a few other studies on
this reaction exist, but the results were not reported as they were done
under different experimental conditions [55,56].

3.3. Effect of MOFs characteristics on catalytic activity

Following the previously obtained results, and in order to test the
role of the functional groups attached to the linker of the framework in
the previously tested MOFs, many characterization techniques have
been used. The aim was to investigate the parameters that mostly
governed the conversion rates and to understand where the linker
choice stands within these parameters when designing a MOF for a
given application. In recent years, the confusion behind the catalytic
activity of UiO-66 was addressed, and it was mostly attributed to de-
fects in the framework, or in other words coordination vacancies in the

Fig. 4. Effect of catalyst removal on the esterification reaction of butyric acid in
presence of butanol under 5 wt% loading of (a) UiO-66 (b) UiO-66(COOH)2 (c)
UiO-66(NH2).

Fig. 5. Reusability of synthesized catalysts under 5 wt% loading of the relevant
catalyst over 4 cycles and after 24 h of the esterification reaction.

Fig. 6. Evolution of conversion to butyl butyrate over 24 h in the esterification
reaction of butyric acid in presence of butanol using 5 wt% loading of different
acid catalysts activities of studied MOFs.
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cluster as discussed previously [36,37,45]. Therefore, it was of sig-
nificant interest to study the effect of those defects on the catalytic
activity of each studied Zr-MOF, and to check if there is a direct de-
pendence between the two. For this reason, thermogravimetric analysis
(TGA) of activated MOFs was used to estimate the number of missing
linkers in each studied structure. The method used for the calculation of
the number of missing linkers was reported in detail in a previous va-
luable study [39], and it is briefly described in the Supporting

information. The TGA curves presented in Fig. 7 are normalized in
order to calculate the number of missing linkers, and the minimum
weight attained by the sample, WLfinal, is taken to be 100%. WLPth
represents the theoretical weight loss plateau, Tlink is the temperature
after which the weight loss is attributed to the linker combustion, and
WLPexp represents the experimental weight loss plateau. Details about
how these plateaus were calculated are represented in the Supporting
information file.

Closely observing the three TGA curves, three weight loss phases
could be distinguished in each one of them with the help of the first
derivative of TGA curves, the DTG curves. The first weight loss ob-
served is in the range of 35–100 °C and it is attributed to the volatili-
zation of the adsorbed H2O. This weight loss is common between all
three MOFs in terms of temperature range. The second weight loss is
attributed to the dehydroxylation of the Zr cluster and to the removal of
the monocarboxylate ligands [45,57,58], and it is accompanied with a
peak of the DTG curve [39]. The temperature range for this phase is
relatively clear in the case of UiO-66 TGA curve and it extends from 100
to 350 °C [39]. As for the functionalized UiO-66 samples, the determi-
nation of the maximum temperature of this phase was harder as the
peak attributed to it was slightly merged with the one after it [52]. The
third phase is the destruction of the framework by the combustion of
the linker in the structure. This phase is expressed by a very clear peak
in the case of UiO-66. However, an extra peak is observed in this phase
in the case of functionalized linkers and it could be attributed to the
departure of the functional groups from the framework. This makes the
temperature range for this last phase different for each MOF. For UiO-
66, the weight loss attributed to the linker is the one that occurs above
the temperature Tlink, of 390ᵒ C, where the peak prior to the combustion
of the linker ends. Whereas for the functionalized linkers, the weight
loss attributed to the linker should include the temperature range of the
combustion of the functional groups. Therefore, considering the DTG
curves in Fig. 7, Tlink in UiO-66(COOH)2 and UiO-66(NH2) was ap-
proximately taken to be 300ᵒC and 305ᵒC respectively [59,60].

Many of the recent studies on defective MOFs have used TGA as a
useful tool to account for defects in the structure in a quantitative way
[39,59]. The basic theory behind this was the knowledge that the
weight loss plateau attributed to the combustion of the linker is in-
versely proportional to the number of missing linkers in the structure
[61,62]. In other words, the more missing linkers in the framework, the
less the percentage of the linker mass relative to the total mass of the
framework, and the smaller the relevant weight loss plateau. It should
be noted here that both types of defects, missing-linker and missing-
cluster, cause linker deficiencies in the framework, which means that
defects are accounted for in both cases [37,39]. However, it is not
possible to distinguish between the two types of defects using only TGA
[39], but this is not required for this discussion.

Fig. 7 shows the results of the TGA analysis. The gap between WLPth
and WLfinal and that between WLPexp and WLfinal indicate respectively
the theoretical and experimental weight losses attributed to the com-
bustion of the linker. It could be clearly seen that for all samples, the
experimentally measured weight loss is lower than the theoretical one
for the three different linkers. This means that all of the studied fra-
meworks are linker deficient, and that these defective sites could have
had an important role in the high conversion rates of the catalysts. This
is particularly true since the Lewis acid sites created by the defects on
the cluster could have been modified into Brønsted acid sites by the
adsorption of the alcohol, butanol in this case, or water molecules
produced as explained in the introduction [34]. Additionally, in pre-
vious studies it had been shown that defect-free structures have sig-
nificantly lower catalytic activity than defective ones, especially in the
case of chemical reactions activated by acid sites [36,39]. This indicates
that for a given linker and thus for a given MOF structure, the catalytic
activity was shown to have a direct relationship with the number of
defects [39]. However, in our systems, we can clearly see that the
number of defects was not the main parameter governing the

Fig. 7. TGA and DTG curves of studied MOFs structure. Black solid line, left axis
– TGA curve, Blue solid line, right axis – DTG curve. (a) UiO-66 (b) UiO-
66(COOH)2 (c) UiO-66(NH2). (- -) Lower black horizontal line represents the
lower end of the theoretical TGA weight loss plateau, WLfinal ( ) upper blue
horizontal line represents the upper end of the theoretical TGA weight-loss
plateau, WLPth ( ) middle green horizontal line represents the upper end of the
experimental TGA weight-loss plateau, WLPth ( ) vertical line represents the
temperature of the combustion of the linker, Tlink.(For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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conversion rate and catalytic activity. As shown in Table 1, UiO-66 had
almost 1.39 missing linkers out of 6, this value is slightly higher than
values noted in other reports with similar modulation synthesis pro-
cedure [39]. Although the same amount of modulators was used in the
synthesis procedure, functionalized UiO-66 had a different number of
missing linkers per cluster. UiO-66(NH2) showed 1.72 missing linkers
per cluster, while UiO-66(COOH)2 had 1.32.

To explain the obtained results, the catalytic reaction steps should
be taken into account, mainly the internal and external diffusion, and
the adsorption of reactants onto active sites. In a liquid-phase ester-
ification reaction, the acid would usually adsorb onto the active sites of
the surface of a solid catalyst, then react with the alcohol to yield the
relevant ester [63]. In order for this process to occur efficiently, the
reactants must first diffuse through the liquid film of the reaction so-
lution surrounding the catalyst particles to reach the catalyst external
solid surface [65]. When the external mass transfer resistance is high,
the reaction rate might be decreased [65]. To make sure this was not
the case in our reaction, three different stirring speeds were tested (200,
500, and 800 RPM) and 500 RPM was found to be adequate to over-
come the external mass transfer resistance (Fig. S5). As can be seen in
Fig. S5, the conversion to butyl butyrate for the stirring speeds of 500
and 800 RPM are almost identical while the conversion with lower
stirring speed of 200 RPM is significantly lower. These results demon-
strate that a stirring speed of 500 RPM was enough to eliminate ex-
ternal mass transfer resistance and to allow the reactants to reach the
external surface of the solid catalyst. However, although the reaction
does not show external mass transfer resistance, the obtained results
might indicate that the internal active sites within the porous network
of the MOFs were not equally accessible as the external ones for the
proper adsorption of butyric acid. Although the pore openings of UiO-
66 are expected to allow for proper diffusion of the butyric acid in the
framework’s cavities as explained in previous reports [40,66], this is
not necessarily the case for the functionalized frameworks, and this
drop in conversion when substituting UiO-66 with UiO-66(NH2) could
be due to the inaccessibility of the internal active sites. Moreover, de-
spite UiO-66(NH2) had the highest number of defects, it showed lower
catalytic activities than both counterparts. In a previous study on the
relative catalytic activity of UiO-66 and UiO-66(NH2) with linker de-
ficiencies of 13.2% and 8% respectively [40], a slightly better perfor-
mance of the amino-functionalized catalyst was observed. The reason
behind this higher activity of UiO-66(NH2) samples was attributed to a
dual basic-acidic activation mechanism. In such a mechanism, the
carboxylic acid would adsorb to the acid active sites of the MOF cluster,
while the basicity of the amino groups favours the increase in the nu-
cleophilic character of the oxygen atom in the alcohol by hydrogen
bonding, which promotes its condensation with the carboxylic acid
[40,42]. However, it is worth noting here that the amino group in the
UiO-66(NH2) have been proved incapable of catalysing the esterifica-
tion reaction by alcohol activation due to its low level of basicity [40].
Despite the previously suggested mechanism, and based on the reported
dependency between the pseudo-order kinetic rate constant and the
linker deficiency, it was predicted that after a certain number of missing
linkers, the density of Lewis acid sites caused by the defects will in-
crease to a point where the dual activation mechanism will no longer
have a significant effect, and the catalytic activity of UiO-66 will
overcome that of UiO-66(NH2) [40]. In our study, this result was con-
firmed given that deficiencies reached higher levels of around 23.2%
and 28.7% for UiO-66 and UiO-66(NH2) respectively. It would be ex-
pected that this significant linker deficiency in UiO-66(NH2) should
have increased its activity to levels higher than those for UiO-66, but
the incorporation of the NH2 groups in the framework yielded the op-
posite result, which indicates that their presence might have blocked
the way of the butyric acid to the cluster active acid sites in the porous
network, increasing thus the resistance to internal diffusion [40].
Moreover, with an increase in the number of Lewis acid sites, the ad-
sorption of the carboxylic acid could become harder in the case of UiO-

66(NH2) because of a crowding effect caused by the amino groups
which makes the active sites partially inaccessible [40]. As for the UiO-
66(COOH)2, the calculated missing linker ratio was of 1.32 missing
linkers out of 6. This value is comparable to that of UiO-66 but below
that for UiO-66(NH2). Despite the bulky structure of the UiO-
66(COOH)2 with two dangling carboxylic acid functional groups, which
might also block the way to active sites inside the pores, this MOF
showed the highest catalytic activity among the other two. This inter-
esting result shows that unlike the trend in recent reports in the lit-
erature [38,39,44,45], the catalytic activity of the MOFs was not di-
rectly dependent on the number of defects when different organic
linkers were used. This had shifted our attention to other characteristics
that might have had a higher influence on the relative catalytic

Other important factors to consider for the explanation of the ob-
tained results are the surface area and the particle size of the catalysts.
When looking at surface area values depicted in Table 1, the first thing
to notice is that despite the fact that UiO-66(COOH)2 has the lowest
surface area, when compared to UiO-66 and UiO-66(NH2), it still ex-
hibited superior catalytic performance compared with the aforemen-
tioned two MOFs., which means that the catalytic activity was not a
function of surface area for MOFs with different organic linkers. The-
oretically, the higher the surface area of a catalyst, the closer its per-
formance is to homogeneous catalysts, and thus the higher its efficiency
is for a given number of active sites per g of catalyst. This should be
correct in case the same catalyst with the same density of active sites
and with the same particle size is being tested. However, the MOFs used
in this study present different functional groups attached to their li-
gands along with a different particle size, and this could explain the
obtained results to some extent. Regarding the effect of the particle size,
the SEM images of the three MOFs (Figs. 2 and S3) clearly reveal the
octahedral shaped crystals for both the UiO-66 and UiO-66(NH2).
However, this shape was not clear for UiO-66(COOH)2 because of their
significantly smaller particle size, which was confirmed by the broader
peaks obtained in their PXRD (Fig. S1). This result comes in accordance
with the higher activity of UiO-66(COOH)2 since the smaller the par-
ticle size, the higher the fraction of the external surface area of the
catalyst, which thus increases the number of active sites readily ac-
cessible for the activation of the butyric acid reducing the negative
impact of internal diffusion resistance [40,66] and thus allowing for
better mass transfer [40,66]. Furthermore, having a catalyst with lower
surface area, lower pore volume, and smaller particle size but with
higher catalytic activity, such as the case of UiO-66(COOH)2, suggests
that the reaction could be mostly taking place at the outer surface of the
catalyst and not inside the porous network. This is especially true for
the functionalized structures, UiO-66(COOH)2 and UiO-66(NH2) that
offer lower pore volumes and bulkier functional groups that could be
increasing internal mass transfer resistance by blocking the way to the
porous network as explained previously.

The higher activity of UiO-66(COOH)2 when compared to UiO-66
could be explained by the fact that even in the absence of linker defi-
ciencies, the UiO-66(COOH)2 catalyst offers two uncoordinated active
acid sites per linker [52]. With 12 linkers being connected to the Zr
cluster, this makes UiO-66(COOH)2 catalyst abundant in active acid
sites even in the absence of missing linkers and cluster-coordination
vacancies. This is an advantage that UiO-66(COOH)2 has got over UiO-
66 that does not offer uncoordinated active sites in its defect-free form
[36,38]. This means that the activity of UiO-66 is highly dependent on
the structural defects [39,44]. As for UiO-66(NH2), the amino groups
seem to be promoting internal mass transfer resistance by blocking the
way to the internal acid sites without being active themselves, which
hinders the esterification by decreasing the rate of activation of butyric
acid.

It is worth noting here that synthesizing UiO-66 samples with a
smaller modulator concentration would decrease the particle size of the
sample, which has a positive impact on the diffusion, but it would also
decrease its defects density [37,39,45]. Furthermore, studies have
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shown that UiO-66 samples with lower number of structural defects
show lower catalytic activity even for significantly smaller particle sizes
[40,45]. Additionally, the use of MOFs with dangling acid sites, such as
the case is with UiO-66(COOH)2, but with lower steric bulk could in-
crease the surface area and the accessibility of active sites in the porous
framework, which could have a positive impact on its catalytic activity.
A good example could be the use of UiO-66(COOH) or UiO-66(OH)
[67,68].

Finally, the two kinetic models, developed in the previous section,
were tested to fit the experimental data obtained and to further in-
vestigate the effect of different variables on the reaction. Fig. 8 shows

the evolution of the concentration of butyric acid with respect to time
which is calculated by the two kinetic models for the esterification
reaction using UiO-66 and UiO-66(COOH)2 and for three different
catalyst loadings. The kinetic model results under UiO-66(NH2) are
included in the Supporting information Fig. S6. The results obtained
confirm that an increase in the catalyst loading is accompanied with an
increase in the conversion to butyl butyrate as reflected by both models.
It could also be observed in Table 2 that the rate constants increase with
the increase in catalyst loading indicating faster reaction of butyric acid
to produce butyl butyrate. The rate constants are also higher for UiO-
66(COOH)2 which confirms the relatively higher activity of this

Fig. 8. The evolution of the concentration of butyric acid with time for different catalysts’ types and loadings. (…) Reversible model ( ) Irreversible model (▪)
Experimental points.
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catalyst. Although both models show a good fit of the experimental
points, especially for the first few hours of the reaction, but the coef-
ficients of determination (R2) shown in Table 2 reveal that the non-
reversible model makes a better fit. The conversion however was mostly
somewhere between the two conversion rates suggested by the two
models. This was assumed to be due to the vaporization of water at the
reaction temperature of 110ᵒC which lowers its concentration in the
reacting solution, even if it is constantly being refluxed, which pushes
the equilibrium towards the forward reaction by constantly eliminating
part of the produced water.

4. Conclusions

In this research work, the activity of a new class of heterogeneous,
chemically and thermally stable catalysts was investigated. Zr-based
MOFs, UiO-66, UiO-66(COOH)2 and UiO-66(NH2), were shown to be
active, selective, and reusable as catalysts of the esterification reaction
of butyric acid to produce a gasoline and Diesel emerging bio-alter-
native/additive, butyl butyrate. For all catalysts used, an increase in the
catalyst loading lead to a better Butyl Butyrate yield. A 5 wt% loading
of UiO-66(COOH)2 lead to 90% conversion to butyl butyrate, a value
close to the conversion reached using the conventional homogeneous
acid catalyst H2SO4 (95%). Additionally, all catalysts were easily se-
parable from the reaction medium and they were recovered and suc-
cessfully used for other esterification reactions over three recovery
cycles without a significant loss in the catalytic activity. The abundance
and accessibility of active sites in the catalysts was critically related to
the organic ligand used in the structure of the framework. Catalysts
with uncoordinated active acid sites showed better catalytic activity
even for lower surface area and defects number. Additionally, although
external mass transfer resistance was shown to be overcome by efficient
mixing of the reaction solution, internal mass transfer limitations in the
functionalized UiO-66 samples seemed to block the way to internal
active sites inside the porous network of those structures. However, the
smaller particle size of UiO-66(COOH)2 helped boost the conversion by
increasing the external surface of the catalyst with readily accessible
active sites. Finally, we believe that further optimization of MOFs
structures by the selective choice of the organic linker to increase the
surface area and pore size, decrease the particle size, and generate more
defects on the cluster could be a very interesting approach to develop
the next generation of industrial catalysts for biofuels production.
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