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a b s t r a c t

Mesoporous solid acid catalysts with partially hydrophobic moieties, [Cr3O(BDC–SO3H)3�x(BDC–
SO3NH3Bu)x]n, were prepared from [Cr3O(BDC–SO3H)3]n (MIL-101(Cr)–SO3H) and BuNH2 for the first time
and then characterized by the Brunauer–Emmet–Teller (BET) technique, powder X-ray diffraction, field
emission electron microscopy, Fourier transform infrared spectroscopy, and thermal and elemental anal-
yses. The nitrogen adsorption–desorption study showed that the specific surface area and total pore vol-
ume of MIL-101(Cr)–SO3H decreased after the reaction with butylamine and formation of [Cr3O(BDC–
SO3H)3�x(BDC–SO3NH3Bu)x]n. The prepared materials were used as catalysts to investigate the impact
of hydrophobic moieties in esterification yields of phthalic anhydride with several alcohols as a probe
reaction. The presence of butylamine as a hydrophobic group on MIL-101(Cr)–SO3H increases the ester-
ification yield significantly for hydrophilic alcohols under solvent-free conditions. Moreover, results
showed that [Cr3O(BDC–SO3H)3�x(BDC–SO3NH3Bu)x]n can be recovered and reused for several consecu-
tive reactions without significant loss in catalyst activity.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Metal–organic frameworks (MOFs) are porous coordination
networks composed of a combination of metal ions and organic
ligands. Due to their unique properties, including high surface area,
easy adjustment of cavity size, and functionalized structure tai-
lored to the type of need [1–3], MOFs have become one of the lead-
ing nanostructured materials for a variety of fields such as
adsorption [4], gas storage and separation [5,6], drug delivery [7],
sensor [8], and heterogeneous catalysis [9–12]. MIL-101(Cr) among
the reported MOFs due to its large pore volume, high surface area,
and high thermal and chemical stability has been employed exten-
sively as a catalyst in the chemical reactions in comparison to other
MOFs under catalytic circumstances.

Esterification reaction is one of the potential applications of
MOF solid acids [13], but the hydrophilic nature of most MOFs pre-
vents a high yield of esterification reactions. The presence of water
in the esterification reaction as an inevitable byproduct can signif-
icantly affect the reaction efficiency. Hence, the development of
heterogeneous catalysts with large and well-ordered pores to min-
imize diffusion restrictions, acidic sites for catalysis reaction and
hydrophobic surfaces to overcome water effects is necessary. For
various applications, a number of studies have been focused on dif-
ferent strategies to increase the hydrophobicity and stability of the
solid catalysts [14,15], including MOFs [16,17], by introducing dif-
ferent hydrophobic moieties.

In the esterification reactions, the use of acid catalysts [18,19]
has grown more than neutral [20–24] and alkaline catalysts [25–
33]. Among the acid catalysts used in esterification and transester-
ification for the production of a wide variety of esters and biofuel,
sulfuric acid [34], titanate [35,36], ionic liquids [37–42], and many
solid acids [43–47] can be mentioned. However, most of these cat-
alysts have several drawbacks, such as high cost, deactivation, pro-
longed reaction time, water adsorption by the catalyst, isolation
problems, low stability, and low levels of acid sites. More impor-
tantly, an esterification reaction is an equilibrium process in which
water is produced as a byproduct, and reaction reach a plateau in
low yield. The Dean–Stark trap is used to solve this problem, but
this system cannot be used for light and hydrophilic alcohols. In
addition, the esterification efficiency of acidic alcohols, such as flu-
orinated alcohols, is particularly low, which makes the production
of their esters expensive. Therefore, the introduction of acidic cat-
alysts that simultaneously have hydrophobic properties seems to
be a logical solution to overcome this problem. In this context,
introducing catalysts without the issues mentioned above appears
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to be necessary. Therefore, MOF solid acids containing hydrophobic
moieties are targeted herein as heterogeneous catalysts for the
transformation of phthalic anhydride into a related ester.

In this study, our objective was to introduce a dual-functional-
ized MIL-101(Cr) with –SO3H and hydrophobic moieties, for the
first time as a potent solid acid catalyst to improve yields of ester-
ification reactions by the repulsion of the produced water from the
reaction cage, and also to be able to recover and reuse catalyst.
Concomitantly, the impact of surface hydrophobicity of the cata-
lyst on the esterification yield of phthalic anhydride as a probe
reaction was investigated. In addition, to examine the effect of
alcohol type on the reaction yield in the presence and absence of
hydrophobic moieties, several alcohols were used for esterification,
and also a new ester of phthalic anhydride was introduced.
2. Experimental

2.1. Materials and instrumentation

All chemicals and solvents were purchased from Merck Chemi-
cal Company (Darmstadt, Germany), Sigma-Aldrich Chemical Com-
pany (Dorset, UK), TCI Chemicals and used without purification.
Merck precoated silica-gel 60 F254 plates were used to perform
thin-layer chromatography (TLC), and compounds were visualized
with 254 nm ultraviolet light. Column chromatography was car-
ried out on silica gel 60 (0.063–0.200 mm). Infrared spectra were
recorded on a Bomem MB-Series FTIR spectrometer. 1H, 13C, and
19F NMR data were collected on a Bruker AVANCE 300 MHz spec-
trometer utilizing CDCl3 as solvent and tetramethylsilane as inter-
nal standard. Mass spectrometry was performed with an Agilent
5975C VL MSD (ion source: EI, 70 eV). A STOE diffractometer
equipped with Cu Ka radiation (k = 0.15418 nm) was used to
record powder X-ray diffraction (XRD) patterns. Thermogravimet-
ric analysis (TGA) was performed using a Bahr STA-503 instrument
at a heating rate of 10 �C min�1 under a flow of air. The SEMmicro-
graphs were taken using a field emission scanning electron micro-
scope (MIRA3 TESCAN). Surface area and texture properties of the
prepared catalyst were determined by N2 physisorption technique
on a Belsorp-miniII porosimeter. The CHN elemental analysis was
accomplished using a Perkin-Elmer 2400 CHN analyzer.
2.2. Preparation of MIL-101(Cr) and MIL-101(Cr)–SO3H ([Cr3O(BDC–
SO3H)3]n)

To a well grinded mixture of Cr(NO3)3�9H2O (2.0 g, 5 mmol) and
1,4-benzenedicarboxylic acid (BDC) (0.83 g, 5 mmol), 20 mL of
water was added, and the resulting mixture was sonicated for sev-
eral minutes. Subsequently, the suspension was transferred to a
Teflon-lined stainless-steel autoclave, and the autoclave was
heated at 220 �C in an oven for 24 h. After cooling the autoclave
to ambient temperature, MOF-101(Cr) was isolated by centrifuga-
tion, washed with methanol and acetone, and then was immersed
in DMF overnight at 70 �C. The product was then rewashed with
methanol and acetone and dried at 75 �C [48]. Synthesis and purity
of MIL-101(Cr) were confirmed by FTIR spectroscopy and powder
X-ray diffraction. MIL-101(Cr)–SO3H, was prepared according to
the reported procedure, with somemodifications [49]. For this pur-
pose, a mixture of CrO3 (1.25 g, 12.50 mmol), monosodium 2-sul-
foterephthalic acid (3.35 g, 12.50 mmol), and 12 M hydrochloric
acid (0.91 g, 25 mmol) was dissolved into 50 mL of deionized water
and stirred for a few minutes at ambient temperature. The result-
ing mixture was then transferred to a Teflon-lined stainless-steel
autoclave, and the autoclave was heated in an oven at 180 �C for
six days. After separating the green solid product by centrifugation,
it was washed three times with distilled water and methanol. The
product was dried at 50 �C overnight. Anal. Calc. (Found) for [Cr3O
(BDC–SO3H)3]n�25H2O: C, 20.47 (19.80); H, 4.80 (4.40). The acidity
of MIL-101(Cr)–SO3H was measured according to the earlier report
[49]. In a typical procedure, 0.50 g of MIL-101(Cr)–SO3H was
immersed in a saturated aqueous solution of NaCl and stirred at
room temperature for 12 h. Subsequently, the filtrate was titrated
with a 0.1 M NaOH solution.

2.3. Preparation of [Cr3O(BDC–SO3H)3�x(BDC–SO3NH3Bu)x]n

For the synthesis of [Cr3O(BDC–SO3H)3�x(BDC–SO3NH3Bu)x]n,
100 mg of MIL-101(Cr)–SO3H was placed in a Schlenk tube and
evacuated for 2 h at ambient temperature. Then, the tube was
flushed with dry nitrogen, and solutions containing 0.03, 0.06,
and 0.09 mmol of butylamine in dry THF were added (Fig. 1). The
mixture was then stirred at ambient temperature under a nitrogen
atmosphere for 24 h. The product was collected by centrifugation
and washed two times with 2 mL of dry THF for 15 min each time,
three-times with 2 mL of dry methanol for 15 min each time, and
one time for 12 h. Finally, the product was washed four times with
2 mL of deionized water for 15 min each time, and one time for
12 h, and then was dried at 50 �C overnight [50]. Anal. Calc.
(Found) for [Cr3O(BDC–SO3H)2.7(BDC–SO3NH3Bu)0.3]n.14H2O (10%
BuNH2): C, 24.57 (25.11); H, 3.95 (3.64); N, 0.34 (0.35); for [Cr3O
(BDC–SO3H)2.4(BDC–SO3NH3Bu)0.6]n�11H2O (20% BuNH2): C, 26.43
(26.79); H, 3.83 (3.19); N, 0.70 (0.71); and for [Cr3O(BDC–SO3-
H)2.1(BDC–SO3NH3Bu)0.9]n�9H2O (30% BuNH2): C, 27.96 (27.78); H,
3.82 (3.43); N, 1.06 (0.96).

2.4. General procedure for catalytic reaction

In a typical catalytic test, 4 mmol of phthalic anhydride and
20 mmol of alcohol were loaded to a flask equipped with a con-
denser, and then 60 mg of MIL-101(Cr)–SO3H or [Cr3O(BDC–SO3-
H)2.4(BDC–SO3NH3Bu)0.6]n (20% BuNH2) was added as the
catalyst. The reaction was refluxed for 5 h, and then the mixture
was cooled to room temperature and the catalyst was separated
from the reaction mass by filtration, and 100 mL of 20% aqueous
solution of sodium carbonate was added. The reaction mass was
extracted by CH2Cl2 (50 mL � 2) and the organic layer dried by
sodium sulfate [34]. The crude product was purified by column
chromatography using ethyl acetate/n-hexane (1:15, v:v) as an
eluent, the desired compound was collected, and the yield was
obtained by the weight of the product.

To evaluate the recyclability of the catalysts, the heterogeneous
[Cr3O(BDC–SO3H)2.4(BDC–SO3NH3Bu)0.6]n (20% BuNH2) was iso-
lated by centrifugation, washed with CH2Cl2, dried at 50 �C, and
used in a subsequent cycle.

2.5. Characterization

Di-ethyl phthalate: FTIR (KBr, cm�1): 3073, 2980, 1721, 1654,
1219. 1H NMR (300 MHz, CDCl3) d (ppm): 1.18 (t, 6H, 2(CH3)),
4.20 (q, 4H, 2(–OCH2)), 7.33 (m, 2H, 2 (Ar–H)), 7.55 (m, 2H, 2
(Ar–H)). Di-trifluoroethyl phthalate: FTIR (KBr, cm�1): 3012, 2970,
1721, 1581, 1442, 1365, 1280, 1122, 1070, 910, 740 (Fig. S1, Sup-
plementary Information, SI). Anal. Calc. for C12H8F6O4 (Found): C,
43.63 (43.90); H, 2.44 (2.56). MS (EI): m/z (%) = 330 (4) [M+], 316
(6), 298 (10), 279 (3), 256 (8), 239 (3), 203 (7), 185 (61), 149
(27), 112 (27), 97 (26), 83 (37), 71 (60), 57 (100), 43 (83) (Fig. S2,
SI). 1H NMR (300.00 MHz, CDCl3) d (ppm): 4.38 (q, 4H, 2
(–OCH2)), 7.54 (m, 2H, 2 (Ar–H)), 7.74 (m, 2H, 2 (Ar–H)) (Fig. S3,
SI). 13C NMR (75.43 MHz, CDCl3): 167.6 (C@O), 132.2, 130.9,
128.8 (Ar), 61.6 (–CF3), 14.1 (–CH2) (Fig. S4, SI). 19F NMR
(282.23 MHz, CDCl3): �73.53 (t, 6F, –CF3) (Fig. S5, SI). Di-1-butyl
phthalate: FTIR (KBr, cm�1): 3060, 2952, 2860, 1725, 1634, 1215.



Fig. 1. Preparation of water-tolerant [Cr3O(BDC–SO3H)3�x(BDC–SO3NH3Bu)x]n for phthalic anhydride esterification.
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1H NMR (300.00 MHz, CDCl3) d (ppm): 0.92 (t, 6H, 2(CH3)), 1.41 (m,
4H, 2 (–CH2)), 1.68 (m, 4H, 2 (–CH2)), 4.27 (t, 4H, 2 (–OCH2)), 7.48
(m, 2H, 2 (Ar–H)), 7.67 (m, 2H, 2 (Ar–H)). Di-1-hexyl phthalate: FTIR
(KBr, cm�1): 3062, 2930, 2858, 1726, 1603, 1286. 1H NMR
(300.00 MHz, CDCl3) d (ppm): 0.90 (t, 6H, 2(CH3)), 1.36 (m, 12H,
6 (–CH2)), 1.73 (m, 4H, 2 (–CH2)), 4.30 (t, 4H, 2(–OCH2)), 7.52 (m,
2H, 2 (Ar–H)), 7.72 (m, 2H, 2 (Ar–H)).
Fig. 3. FTIR spectra of the MIL-101(Cr) (a), MIL-101(Cr)–SO3H (b), and [Cr3O(BDC–
SO3H)2.4(BDCSO3NH3Bu)0.6]n (20% BuNH2) (c).
3. Results and discussion

3.1. Characterization of catalysts

MIL-101(Cr)–SO3H was synthesized according to the earlier
report using CrO3 and monosodium 2-sulfoterephthalic acid during
a hydrothermal reaction and used as an acid catalyst in the ester-
ification of phthalic anhydride. The synthesis of MIL-101(Cr)–SO3H
was confirmed by the powder X-ray diffraction pattern. The X-ray
diffraction pattern of MIL-101(Cr), MIL-101(Cr)–SO3H, and [Cr3O
(BDC–SO3H)2.4(BDC–SO3NH3Bu)0.6]n (20% BuNH2), and the X-ray
diffraction pattern of MIL-101(Cr) that simulated from the single-
crystal structure, are compiled in Fig. 2. XRD patterns of the pre-
pared materials are in accordance with the XRD pattern of MIL-
101(Cr) that simulated from single-crystal structure data, and con-
firmed the framework structure remained intact by introducing
acid groups and alkylamine on the linker of MIL-101(Cr).

Fig. 3 shows the FTIR spectra of MIL-101(Cr), MIL-101(Cr)–SO3H
and [Cr3O(BDC–SO3H)2.4(BDC–SO3NH3Bu)0.6]n (20% BuNH2). The
appearance of new bands at 617, 1020, 1081, 1169, and
1230 cm�1 in the spectrum of MIL-101(Cr)–SO3H (Fig. 3b) in com-
parison with the spectrum of MIL-101(Cr) (Fig. 3a), which is asso-
ciated with the stretching vibration of CAS, the stretching
vibration of SAO, the in-plane skeletal vibration of the benzene
ring with a sulfonic substituent, the symmetric stretching vibration
mode of O@S@O, and the stretching vibration of theASO3H groups,
Fig. 2. Powder XRD patterns of (a) simulated MIL-101(Cr), (b) MIL-101(Cr), (c) MIL-
101(Cr)–SO3H, and (d) [Cr3O(BDC–SO3H)2.4(BDC–SO3NH3Bu)0.6]n (20% BuNH2).
respectively [51–53], shows the successful substitution of ASO3H
groups on the linker of MIL-101(Cr). Synthesis of [Cr3O(BDC–SO3-
H)2.4(BDC–SO3NH3Bu)0.6]n (20% BuNH2) was confirmed by FTIR
spectroscopy in addition to CHN analysis. The bands that appeared
at 2920 and 2853 cm�1 in the spectrum of [Cr3O(BDC–SO3H)2.4
(BDC–SO3NH3Bu)0.6]n (20% BuNH2) (Fig. 3c) are associated with
the aliphatic CAH group and confirmed the formation of it
successfully.

Adsorption–desorption (N2) isotherms of MIL-101(Cr)–SO3H
and [Cr3O(BDC–SO3H)2.4(BDC–SO3NH3Bu)0.6]n (20% BuNH2) that
were obtained at 77 K are shown in Fig. 4. The BET specific surface
area and the total pore volume of MIL-101(Cr)–SO3H were calcu-
Fig. 4. N2 adsorption–desorption isotherms of (a) MIL-101(Cr)–SO3H, and (b) [Cr3O
(BDCSO3H)2.4(BDCSO3NH3Bu)0.6]n (20% Bu-NH2).



Fig. 6. Water tolerance investigation of MIL-101(Cr)–SO3H (top) and [Cr3O(BDC–
SO3H)3�x(BDC–SO3NH3Bu)x]n (bottom) by FTIR spectroscopy. Before (a and c), and
after (b and d) 24 h in the vicinity of the water vapor.
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lated to be 1167 m2 g�1 and 0.568 cm3 g�1, respectively. As shown
in Fig. 4, after the reaction of butylamine with MIL-101(Cr)–SO3H
and the formation of [Cr3O(BDC–SO3H)2.4(BDC–SO3NH3Bu)0.6]n
(20% BuNH2), the surface area and total pore volume of the sul-
fonated MIL-101 decreased to 649 m2 g�1 and 0.317 cm3 g�1,
respectively [50]. This shows that the butylamines reacted to the
MOF, and the resulting quaternary amines occupied some pores
of MIL-101(Cr) and consequently decreased the surface area to
some extent. The similarity of the adsorption–desorption profile
of MIL-101(Cr)–SO3H and [Cr3O(BDC–SO3H)2.4(BDC–SO3NH3-
Bu)0.6]n (20% BuNH2) shows that although pore volume decreased
from 0.568 to 0.317 cm3 g�1, the IV mesoporous type structure of
MIL-101(Cr)–SO3H remained intact after introducing butylamine
in spite of the deformation of octahedron morphology to some
extent.

To investigate the hydrophobic nature of [Cr3O(BDC–SO3H)3�x

(BDC–SO3NH3Bu)x]n in comparison with MIL-101(Cr)–SO3H, the
water of both compounds was removed under vacuum at 120 �C,
the compounds were exposed to water vapor, and thermogravi-
metric analysis (TGA) was carried out (Fig. 5). The first mass loss
at about 107 �C in the thermogram of MIL-101(Cr)–SO3H (Fig. 5a)
is related to the release of water, and the second mass loss in the
temperature range of about 350–475 �C is associated with the
decomposition and combustion of the 2-sulfoterephthalate ligand
of MIL-101(Cr)–SO3H [54]. Notably, compared to the sulfonated
MOF, [Cr3O(BDC–SO3H)3�x(BDC–SO3NH3Bu)x]n loses its water at a
lower temperature (90 �C) (Fig. 5b) due to the hydrophobic nature
of butylamine groups. Furthermore, a higher mass loss that occurs
during decomposition and combustion of [Cr3O(BDC–SO3H)3�x

(BDC–SO3NH3Bu)x]n is evidence for the presence of butylamine
groups on MIL-101(Cr)–SO3H. Thermal analysis of [Cr3O(BDC–SO3-
H)3�x(BDC–SO3NH3Bu)x]n is in accordance with the results of the
elemental analysis that showed the containing BuNH2 moiety.

Interestingly, after the water of [Cr3O(BDC–SO3H)3�x(BDC–SO3-
NH3Bu)x]n and MIL-101(Cr)–SO3H was removed under vacuum and
the compounds exposed to the water vapor in the same condition,
according to the TGA the former showed 12 wt.% water, while the
latter showed 25 wt.% water. Therefore, it can be concluded that
the butyl substituted derivative of MOF is relatively hydrophobic
in comparison to the one without the butyl group, which accom-
modated a smaller amount of water. Furthermore, to confirm the
hydrophobicity of [Cr3O(BDC–SO3H)3�x(BDC–SO3NH3Bu)x]n, the
infrared spectrum of the samples that was used for TGA was
recorded (one mg sample and 50 mg potassium bromide). As
Fig. 6 shows, the IR spectrum of [Cr3O(BDC–SO3H)3�x(BDC–SO3-
NH3Bu)x]n did not change notably before or after being in the prox-
imity of water; but in contrary, the intensity of the hydroxyl
groups stretching band of MIL-101(Cr)–SO3H was enhanced by
25%.
Fig. 5. Thermogravimetric analysis of (a) MIL-101(Cr)–SO3H and (b), [Cr3O(BDC–
SO3H)3�x (BDCSO3NH3Bu)x]n after evacuation and exposed to water vapour for 24 h.
The results of the FESEM analysis of MIL-101(Cr)–SO3H showed
MOF with –SO3H retained octahedron geometry (Fig. 7a) [53], but
after the anchoring of the butylamine groups, the morphology
changed to a granular form to some extent (Fig. 7b).

The Bronsted acidity of [Cr3O(BDC–SO3H)3]n, [Cr3O(BDC–
SO3H)2.4(BDC)0.6]n, and [Cr3O(BDC–SO3H)2.4(BDC–SO3NH3Bu)0.6]n
(20% BuNH2) was calculated to be 1.45, 1.15, and 1.10 mmol/g by
acid-base titration, respectively [53]. A drop in the number of
acidic groups in the functionalized MOF in comparison with the
initial MOF confirmed the presence of butylamine groups on
MIL-101(Cr)–SO3H.

3.2. Investigating the effect of various factors on the progression of
phthalic anhydride esterification reaction

To study the impact of various constructing species of the cata-
lyst on phthalic anhydride esterification, the esterification reaction
was carried out in the presence of p-xylene-2-sulfonic acid, MIL-
101(Cr), MIL-101(Cr)–SO3H, and [Cr3O(BDC–SO3H)3�x(BDC–SO3-
NH3Bu)x]n, and the results are illustrated in Table 1. Apparently,
p-xylene-2-sulfonic acid, as a heterogeneous catalyst (entry 2 in
Table 1) for the esterification of phthalic anhydride, showed a
lower yield than MIL-101(Cr)–SO3H (entry 4) due to the very low
surface area in comparison to MIL-101(Cr)–SO3H. Minor changes
in the reaction yield in the absence of a catalyst (entry 1) to
MIL-101(Cr) (entry 3) indicate that MOF Lewis acidic sites are
not affected by this reaction. Also, a significant increase in the
esterification yield (entry 7, 97%) with use of [Cr3O(BDC–SO3H)2.4
(BDC–SO3NH3Bu)0.6]n (20% BuNH2) as catalyst compared to
[Cr3O(BDC–SO3H)2.4(BDC)0.6]n (entry 5, 55%) shows that the
hydrophobic groups on the MOF play an important role in the
esterification process of hydrophilic alcohols. Esterification reac-
tions were also carried out at various times in the presence of a dif-
ferent amount of MIL-101(Cr)–SO3H to find optimum reaction
conditions for attaining the highest yield. The results showed that
optimum time and amount of catalyst for reaching the highest
yields are 5 h, and 60 mg, respectively, at reflux temperature. Nota-
bly, by increasing the mole ratio of ethanol to phthalic anhydride,
the yield of reaction only increased to a small extent.

Since the formation of water in an esterification reaction slows
down the process and equilibrium shifts to the starting materials,
the removal of water that is generated during the process from
the reaction medium is essential to advance the reaction. The use
of acid catalysts that simultaneously have both acidic and
hydrophobic moiety on their surface is a novel approach to over-
come time-consuming and low-yield difficulties [14,15]. An acid
catalyst with a hydrophobic moiety can have a synergistic effect
on an esterification reaction. Such dual characteristics of a catalyst



Fig. 7. The SEM images of MIL-101(Cr)–SO3H (a), and [Cr3O(BDC–SO3H)2.4(BDC–SO3NH3Bu)0.6]n (20% Bu-NH2) (b).

Table 1
The effect of hydrophobic moiety on Cr(III)–MOF–SO3H in esterification of ethanol.

Entry Catalyst Yielda (%)

1 Blank 12.0
2 P-Xylene-2-sulfonic acid

(Heterogeneous catalyst)
40.0

3 MIL-101(Cr) 27.5
4 [Cr3O(BDC–SO3H)3]n 70.0
5 [Cr3O(BDC–SO3H)2.4(BDC)0.6]n 55.0
6 Cr3O(BDC–SO3H)2.7(BDC–SO3NH3Bu)0.3]n (10% BuNH2) 80.4
7 [Cr3O(BDC–SO3H)2.4(BDC–SO3NH3Bu)0.6]n (20% BuNH2) 97.0
8 [Cr3O(BDC–SO3H)2.1

(BDC–SO3NH3Bu)0.9]n (30% BuNH2)
80.0

Reaction conditions: phthalic anhydride (4 mmol), ethanol (20 mmol), catalyst
(60 mg), reaction temperature: reflux, time: 5 h.

a Isolated yield.

Table 2
Effect of hydrophobic group of catalyst on the esterification yields of phthalic
anhydride with various alcohols in presence of [Cr3O(BDC–SO3H)2.4(BDC–SO3NH3-
Bu)0.6]n (20% BuNH2) (A) and MIL-101(Cr)–SO3H (B).

Entry Alcohol Catalyst Yielda (%)

1 CH3CH2OH A 97.0
2 CH3CH2OH B 70.0
3 CF3CH2OHb A 60.2
4 CF3CH2OH B 40.3
5 CH3CH2CH2CH2OH A 98.0
6 CH3CH2CH2CH2OH B 92.0
7 CH3CH2CH2CH2CH2CH2OH A 72.5
8 CH3CH2CH2CH2CH2CH2OH B 68.7

Reaction conditions: phthalic anhydride (4 mmol) and alcohol (20 mmol), catalyst
(60 mg), reaction temperature: reflux, time: 5 h.

a Isolated yield.
b The ester prepared from alcohol in entry 3 is reported for the first time.
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will presumably accelerate the reaction and improve the yield by
acting as an acid catalyst and simultaneously discharging the gen-
erated water from the reaction cage. In this context, during a post-
synthesis process, the surface of MIL-101(Cr)–SO3H was modified
with hydrophobic butylamine groups.

To confirm the role of hydrophobic groups in the esterification
reaction, the esterification of phthalic anhydride with ethanol
was carried out for 5 h, and then several microliters of water was
added to the reaction mixture. Interestingly, the results showed
that the esterification yield remained intact (97%), which indicates
the repletion and tolerance of water in the process due to the pres-
ence of hydrophobic groups in [Cr3O(BDC–SO3H)2.4(BDC–SO3NH3-
Bu)0.6]n (20% BuNH2). In contrast, by the addition of several
microliters of water to the same reaction mixture, with [Cr3O
(BDC–SO3H)2.4(BDC)0.6]n as the catalyst without a hydrophobic
group, the yield of the reaction dropped from 55% to 35%, which
shows that the equilibrium shifted to the reactants due to the
absence of a hydrophobic group in the catalyst.

Influences of the hydrophobic groups on the efficiency of the
esterification process are demonstrated in Table 1. As shown, the
effect of the hydrophobic moiety in a catalyst on the esterification
of hydrophilic alcohols, such as ethanol, which adsorb a large
amount of water, is noteworthy. Furthermore, there is a steady
increase in the yield of esterification of ethanol by increasing the
number of hydrophobic groups up to 20% (entry 7); however, in
the case of further increase, the yield dropped to 80.0% (Table 1,
entry 8), which is probably due to less accessibility of reactants
to acidic sites as the result of steric hindrance.

To investigate the effect of alcohol type on the reaction yield,
several alcohols were used in the esterification of phthalic anhy-
dride, and also a new derivative of phthalic anhydride (entry 3 in
Table 2) was reported. Esterification yields for the various alcohols
are listed in Table 2. The observed trend in the yields of products in
the presence of different alcohols represents a nucleophilic mech-
anism for the process [55]. Therefore, in the esterification of phtha-
lic anhydride with a trifluoroethanol containing electron
withdrawing substituent (entry 3), a lower efficiency was observed
as expected. Apparently, two factors, steric and hydrophobic
obstruction compete with each other; consequently, in esterifica-
tion of long-chain alcohol (entry 7), spatial inhibition decreases
the reaction efficiency.

The catalytic performance of MIL-101(Cr)–SO3H and [Cr3O
(BDC–SO3H)2.4(BDC–SO3NH3Bu)0.6]n (20% BuNH2) as solid acid cat-
alysts in the esterification of phthalic anhydride with ethanol is
compared with several other homogeneous and heterogeneous
catalysts reported for the same reaction, and the results are listed
in Table 3. In the present work, the catalyst with the hydrophobic
group, [Cr3O(BDC–SO3H)2.4(BDC–SO3NH3Bu)0.6]n (20% BuNH2), in
addition to having a better catalytic performance than other
reported catalysts, also has the advantage of decreasing reaction
time and amount of catalyst, which makes the process economi-
cally beneficial.
3.3. Catalyst recycling

One of the major issues in the use of a catalyst is the recovery
and recycling of catalysts. In this regard, the potential for recovery
and recycling of the catalyst was evaluated. In this context, after



Fig. 8. Powder XRD patterns of the fresh [Cr3O(BDC–SO3H)2.4(BDC–SO3NH3Bu)0.6]n
(20% BuNH2) (a), and recycled [Cr3O(BDC–SO3H)2.4(BDC–SO3NH3Bu)0.6]n (20%
BuNH2) (b).

Fig. 9. Recycling of [Cr3O(BDC–SO3H)2.4(BDC–SO3NH3Bu)0.6]n (20% BuNH2) in the
synthesis of diethylphthalate.

Table 3
Comparison of MIL-101(Cr)–SO3H and [Cr3O(BDC–SO3H)2.4(BDC–SO3NH3Bu)0.6]n (20% BuNH2) catalytic efficiency with other catalysts reported for esterification of phthalic
anhydride with ethanol.

Entry Catalyst Amount of catalyst (g) PhA/EtOHa T (�C) Time (h) Yield (%) Ref.

1 HFDAILb 0.05 1:5 125 24 50 [37]
2 Sulfonated graphene 0.15 1:excess 120 3 93 [56]
3 Ac 0.06 1:5 78 5 97 This work
4 Bd 0.06 1:5 78 5 70 This work

a Mole ratio of phthalic anhydride to ethanol.
b Hydroxyl functionalized diacidic ionic liquid.
c [Cr3O(BDC–SO3H)2.4(BDC–SO3NH3Bu)0.6]n (20% BuNH2) (A).
d MIL-101(Cr)–SO3H (B).
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completion of the reaction, the catalyst was separated by centrifu-
gation, washed with dichloromethane, dried at 50 �C, and then
used in the next reaction. The results showed that the recovered
[Cr3O(BDC–SO3H)2.4(BDC–SO3NH3Bu)0.6]n (20% BuNH2), while
retaining its structures according to the XRD analysis (Fig. 8), could
catalyze the esterification reaction in several consecutive runs
without significant loss of activity (Fig. 9).
4. Conclusions

In summary, the incorporation of hydrophobic groups along
with acidic groups in mesoporous MIL-101(Cr), has a synergistic
effect on the esterification of phthalic anhydride with hydrophilic
and acidic alcohols. It has been demonstrated that mesoporous
MIL-101(Cr)–SO3H and [Cr3O(BDC–SO3H)2.4(BDC–SO3NH3Bu)0.6]n
(20% BuNH2) could act as potent and robust catalysts in the ester-
ification of phthalic anhydride. The effect of different parameters,
including the type of alcohol, amount of catalyst, time, tempera-
ture, the mole ratio of reactants, and the hydrophobic moiety in
solid acid on the reaction was investigated. Finally, it should be
mentioned that [Cr3O(BDC–SO3H)2.4(BDC–SO3NH3Bu)0.6]n can be
a valuable acid catalyst for increasing yields of other low-yield
organic transformation reactions that need an acid catalyst and
produce water as a side product.
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