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Abstract: New modified acidic catalysts were prepared from the treatment of silica, titania and
silica prepared from hydrolyzed tetraethyl orthosilicate (TEOS) with sulfuric and phosphoric acid.
The sulfated and phosphated silica synthesized from TEOS were calcined at 450 and 650 ◦C. These
catalysts were characterized by X-ray diffraction (XRD), Fourier-transform infrared spectroscopy
(FTIR), transmission electron microscope (TEM), and scanning electron microscope (SEM). The surface
areas, total pore volume, and mean pore radius of the acidic catalysts were investigated, while the
pore size distribution was determined by the Barrett, Joyner and Halenda (BJH) method. The catalytic
activity of the sulfated and phosphated silica and/or titania were examined with the Pechmann
condensation reaction, in which different phenols reacted with ethyl acetoacetate as a neat reaction
to obtain the corresponding coumarin derivatives. The results indicated that the treatment of the
catalysts with sulfuric or phosphoric acid led to a decrease in the phases’ crystallinity to a certain
degree. The morphology and the structure of the acidified catalysts were examined and their particle
size was calculated. Furthermore, the amount of the used catalysts played a vital role in controlling
the formation of the products as well as their performance was manipulated by the number and
nature of the active acidic sites on their surfaces. The obtained results suggested that the highest
catalytic conversion of the reaction was attained at 20 wt % of the catalyst and no further increase
in the product yield was detected when the amount of catalyst exceeded this value. Meanwhile the
phenol molecules were a key feature in obtaining the final product.

Keywords: silica; titania; calcination process; surface modification; catalytic activity;
coumarin derivatives

1. Introduction

Acidic solid catalysts are considered to be an important class of heterogeneous catalysts,
particularly in the synthesis of pharmaceutical scaffolds [1]. Several advantages have been achieved
using acidic solid catalysts such as their nonhazardous nature, selectivity, requirement in catalytic
amounts and easier reaction conditions. Moreover, this class of catalysts can simply be retrieved and
recycled, which classify these reactions as some of the green synthetic methodologies [2]. Amongst the
abundant solid catalysts, sulfated metal oxides received more attention in recent years as potential
catalysts for numerous reactions [3]. In comparison to acidic liquid catalysts, solid catalysts were found
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to be less corrosive and environmentally friendly. Several factors can contribute to the performance of
the catalysts, like their chemical composition and structural features, which subsequently rule their
active sites and influence the accessibility of the molecules to their pore size [4].

Coumarin as a heterocyclic motif is a significant scaffold in both industrial and pharmaceutical
applications. Coumarin derivatives containing benzopyrones structure [5,6] are important
heterocyclic organic compounds used in different applications such as the food industry [7],
pharmaceuticals [8], as precursors for organic compounds [9], cosmetics [10], optical brighteners [11],
and anticoagulants [12,13]. Coumarins have also merged into various biological purposes such as
antibacterial [14] anticancer [15], antimicrobial [16], antioxidant [17–19] and antiinhibitor [20,21].

The synthesis of coumarin molecules has been established using different approaches such
as Pechmann condensation [22–25], Perkin reaction [26–28], Witting reaction [29–31], Claisen
rearrangement [32], Reformatsky reaction [33], Knoevenagel condensation [34–37], and flash vacuum
pyrolysis [38]. Among the mentioned methods, the Pechmann reaction remains one of the most
successful techniques to synthesize coumarin compounds. This methodology encompasses the
condensation of phenols with β-ketoesters in the presence of various acidic agents such as sulfuric
acid [22], aluminum chloride [39], phosphorus pentoxide [40], or trifluoroacetic acid [41]. The progress
of the reactions required plentiful amounts of these acidic catalysts, and they cannot be retrieved or
reused. For that matter, many researchers continue to aim their attention towards the development
of simple, cheap, retrieved and/or recyclable catalysts for synthesizing coumarins. For instance,
Sripathi and Logeeswari [42] used ultrasound in obtaining coumarin derivatives through the reaction
of phenyl acetyl chloride and salicylaldehyde. Meanwhile, Zareyee and Serehneh [43] employed
CMK-5 adapted by sulfonic acid as a catalyst to synthesize coumarin from substituted phenols
and ethylacetoacetate. Other reports explored successful attempts of using sulfonated magnetic
nanoparticles in forming coumarin derivatives [44,45]. Sulfonated mesoporous silica has also been
utilized to prepare 7-hydroxy-4-methyl coumarin [46]. The catalytic activity of zirconium, titanium
and tin metal phosphate and tungestate has been assessed for a Pechmann condensation reaction of
phenols and methyl acetoacetate [47]. Sulfated zirconia supported on silica (SiO2-SZ) and unsupported
sulfated zirconia (SZ) have been used as acidic solid catalysts for measuring the catalytic activity of
the esterification reaction between lauric acid and palmitic acid [48], while phosphated zirconia has
been employed as a catalyst for the condensation reaction of phenols and ethyl acetoacetate to achieve
coumarin derivatives [25]. Furthermore, microwave has been used to prepare coumarin derivatives in
the presence of sulfated zirconia, commercial sulfonic acid resin or amberlite-15 [25,49]. Silica gel has
also impregnated with sulfuric acid to work as acidic solid catalysts for isolating coumarin derivatives
under a solvent free solution [50].

Even though there are several studies addressing the catalytic performance of a variety of
heterogeneous solid catalysts in producing coumarin compounds via Pechmann condensation, most
of these methodologies suffer from some drawbacks such as long reaction time, swelling tendency,
low surface area, stability of the catalysts and their costs [51–57]. In order to overcome some of these
obstacles and as a continuation to our research in developing a new and efficient catalytic protocol
for the effective synthesis of coumarins, this report elucidates the synthesis of three new catalytic
systems of sulphated and phosphated nanoparticle of silica, titania and silica prepared from TEOS
catalysts. The catalytic activity of the prepared catalysts was investigated for the synthesis of coumarin
derivatives as neat reactions between phenols and ethyl acetoacetate. Our results demonstrated that
the performance of the catalysts was controlled by the number and nature of the active acidic sites on
their surface, whereas the employed phenol molecules have played a significant role in obtaining the
final product.
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2. Results and Discussion

2.1. Synthesis and X-ray Diffraction Patterns (XRD)

The synthesis of the sulfated and phosphated silica and titania catalysts was achieved via
the interaction of their suspension solution with the corresponding acidic media. However, the
third modified silica catalyst was initially synthesized through the heating of the acidic tetraethyl
orthosilicate (TEOS) solution to 100 ◦C for three days in the presence of cetyltrimethyl ammonium
bromide (CTAB). The obtained SiO2 gel was modified with the sulfate and phosphate moieties followed
by a calcination process at 450 and 650 ◦C.

X-ray diffraction was utilized to verify the success of the modification process of the three catalysts.
Figure 1 illustrates the XRD patterns of the silica, titania and synthesized silica catalysts, as well as
their sulfated and phosphated analogues. Inspection of these figures revealed the presence of the
SiO2, anatase TiO2 and SiO2 phases prepared from TEOS, respectively. The characteristic lines of these
phases and the intensities of their peaks are affected by the sulfate and phosphate groups.

The XRD diffraction peaks of the silica samples (SiO2, SiO2-S and SiO2-P) appeared as a broad
halo at 2θ = 22.9◦ due to the amorphous silica phase, Figure 1A. The absence of sharp peaks in the
X-ray diffractogram is attributed to the amorphous nature of these solid catalysts, while the existence
of the fine particles with a small crystallite size led to the formation of the poor crystalline SiO2 phase.
The particle sizes were calculated using Scherrer equation, which displayed values of 28.5, 23, and
26.7 nm, for SiO2, SiO2-S and SiO2-P, respectively. On the contrary, the XRD patterns of the titania
samples (TiO2, TiO2-S and TiO2-P) displayed diffraction peaks located at 2θ = 25.3◦, 37.8◦, 48.1◦, 53.9◦,
55.1◦, 62.7◦ and 75.1◦ that correspond to the crystalline anatase titania (TiO2) phase as a major phase,
JCPDS Card No: 21-1272 (JCPDS Catalogue), Figure 1B. While their particle sizes were found to be 395,
215 and 372 nm, for TiO2, TiO2-S and TiO2-P, respectively.

Figure 1C shows three broad diffraction peaks located at 2θ = 22.5◦ that correspond to the
amorphous nature of the silica phase that is produced from the TEOS-S with calcination at 650 ◦C
and the TEOS-P solid samples with calcination at 450 and 650 ◦C. In the meantime, the XRD pattern
of the TEOS-S solid samples that calcined at 450 ◦C exhibited diffraction peaks at 2θ = 20.5◦, 21.5◦,
26.4◦, 49.5◦, 59.4◦, and 67.2◦ which refers to its crystalline SiO2 phase. Calculation of the particle
size demonstrated values of 163, 22 nm and 20.3, 21 nm for TEOS-S and TEOS-P calcined at 450,
650 ◦C, respectively.
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Figure 1. X-ray diffraction patterns of (A) SiO2 and its treatment with sulfuric and phosphoric acid;
(B) TiO2 and its treatment with sulfuric and phosphoric acid; and (C) SiO2 obtained by hydrolysis of
TEOS treated with sulfuric and phosphoric acid calcined at 450 and 650 ◦C.

2.2. FTIR Spectra of Samples

The treatment of the catalytic samples with sulfuric or phosphoric acid resulted in a decrease
of the relative intensity of the diffraction lines of the SiO2 and TiO2 phases. This was supported
by measuring the peak’s height of the main diffraction lines and their particle size. The values of
the peak’s height and the particle size are given in Table 1. The obtained data indicated that the
modification of the target samples with sulfuric or phosphoric acid led to a changing in the peak’s
height of the main diffraction lines and a decrease in the crystallite size of the particles. This behavior
suggests that the presence of the sulfate or the phosphate linkage can alter the surface and the catalytic
properties of the solid catalysts.

Table 1. Surface areas, total pore volume and average pore radius of solid catalysts determined by
Brunauer–Emmett–Teller (BET) and Barrett, Joyner and Halenda (BJH) methods.

Sample SBET m2/g St m2/g St m2/g Vp BET cm3/g Vp BJH cm3/g rBET Å rBJH Å

SiO2 308.5 308.5 352.7 0.801 0.819 52.0 54.1
SiO2-S 244.6 344.6 468.8 0.636 0.741 52.0 37.0
SiO2-P 285.8 285.8 476 0.696 0.787 48.7 29.2
TiO2 10.4 10.4 12.2 0.031 0.031 59.4 4.3

TiO2-S 30.6 19.3 32.4 0.045 0.044 29.8 4.8
TiO2-P 36.4 22.5 38.6 0.052 0.048 26.5 4.1

TEOS-S-450 ◦C 20.8 20.8 50.7 0.102 0.116 98.3 19.6
TEOS-P-450 ◦C 50.3 50.3 103.5 0.118 0.144 46.8 11.1
TEOS-S-650 ◦C 20 20 35.7 0.061 0.068 133.7 18.6
TEOS-P-650 ◦C 767.4 441.3 890.8 0.664 0.696 34.6 34.9

Major chemical groups of the solid catalysts were identified by FTIR in the region of 4000–400
cm−1 and are shown in Figure S1, Supplementary Materials. The catalyst structure gives different
types of oxygen atoms that display IR bands between 1100 and 400 cm−1, and the location of these
peak depends on the arrangement of the oxygen atoms in the structure. For example, Figure S1A
indicates the spectra of SiO2 and its treatment with H2SO4 and H3PO4 acid. The bands within the
range 900–1050 cm−1 are assigned to the Si-OH. Therefore, the strong band at 1050 cm−1 is assigned
to the stretching vibration mode of Si-O-H. This peak is overlapped or partially overlapped with the
S-OH stretching vibration from the HSO4

− ion for the sulfated silica. The IR peak around 800 cm−1 is
attributed to the Si-O stretching vibration. A low peak observed near 576 cm−1 refers to the Si-O-Si
stretching mode, while the peak observed near 450 cm−1 refers to the Si-O-Si out of plan bending
mode, and the band located at 1620 cm−1 is assigned to the bending of water.
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The FTIR spectra of the titanium samples measured in the range of 4000–400 cm−1 are presented
in Figure S1B. The spectra of the TiO2 displayed bands at 1050 cm−1 which are assigned to the Ti-O
stretching vibration. TiO2 has bands presented in the range of 700–500 cm−1 due to the vibration of
TiO-TiO bond, while the sulfated titania showed a broad absorbance band at 565 cm−1 that revealed
the anatase form of TiO2 as confirmed by the XRD studies. Also, the peaks at 985–1120 cm−1 displayed
the stretching of the S=O band that supports the formation of sulphated TiO2. The phosphated titania
revealed no characteristic peaks in the range of 400–800 cm−1 that indicated the absence of the P-O-P
bond. Therefore, it is concluded that since the phosphorus is incorporated into the framework of
mesoporous TiO2 by forming Ti-O-P bonds, there is no PO4

3− or polyphosphoric acid attached to the
TiO2 surface. The spectra also exhibited a change in the intensity of the absorption peak due to the
adsorption of the phosphate or sulfate ions on the surface of the solid catalysts.

Figure S1C indicates the spectra of SiO2 prepared from hydrolyzed TEOS and its treatment
analogous with H2SO4 and H3PO4 acid. The bands around 802 cm−1 refer to the Si-O-Si symmetrical
mode, while the bands in the regions 1030–1095 cm−1 correspond to the Si-O-Si asymmetrical stretching
mode, which overlaps with the S-OH stretching vibration from the HSO4

−1 ion. The band located
at 470 cm−1 is assigned to the Si-O-Si bending mode. The peaks that appeared at 1190 cm−1 in the
sulfated silica Si-S spectra are attributed to the SO2 symmetrical stretching mode, while the peak
located at 1070 cm−1 belongs to the SO2 asymmetrical stretching mode. Finally, the band at 690 cm−1

is assigned to the -SO3H formed on the surface on the treatment with the corresponding acid.

2.3. SEM of Catalysts

Scanning electron microscope (SEM) was used to examine the microstructure character of the
solid catalysts. Figures 2 and 3 illustrate the morphology of the SiO2, TiO2 and the SiO2 obtained from
the hydrolyzed TEOS. Most of the solid samples varied in their grain sizes, whereas some samples
exhibited spherical shapes of different sizes. Also it can be seen that the treatment of the samples
with the required acid caused a morphological transformation from small spherical structures to large
particles. For instance, the size of the silica samples changed from 17.5 µm to 30 µm, while the size of
the titania samples changed from 1.2 µm to 10 µm, and the silica obtained from the TEOS ranged from
5.9 µm to 44 µm.
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phosphated titania.
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Figure 3. SEM microphotograph of silica prepared from TEOS treated with sulfuric and phosphoric
acid calcined at 450 and 650 ◦C.

2.4. TEM of Catalysts

Transmission electron microscopy was used to investigate the structure of the solid catalysts. The
TEM images of the silica and the titania samples were depicted in Figure 4, while Figure 5 displays
the images of the silica prepared from hydrolyzed TEOS with calcination at 450 and 650 ◦C. The
TEM images confirmed the well-shaped nanosized mesophase and the spherical structure of the silica
and titania catalysts. The particles of the silica are spherical with a diameter ranging from 17.5 to
30 nm, while titania particles displayed sizes ranging from 81.8 to 94.2 nm, and the silica obtained
from TEOS has particles with sizes between 9.4 and 43 nm. These values showed good agreement with
the previous data obtained from the Scherrer equation. The particle size was affected by the linkage
type as well as the calcination temperature. It was also noticed that the modification process with the
sulfated and phosphated groups led to partial aggregation of the catalysts’ particles, which allowed
the formation of larger clusters.
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Figure 5. Transmission electron micrographs of silica prepared from TEOS treated with sulfuric and
phosphoric acid and calcined at 450 and 650 ◦C.
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2.5. Surface Area Measurements of the Catalysts

Nitrogen adsorption–desorption isotherms of the three different catalysts are shown in
Figure 6A–C. The textural characters of the solid catalysts such as surface area, total pore volume and
pore size were measured and are provided in Table 1. These values were calculated using BET, BJH,
and t-methods.
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Figure 6. Nitrogen adsorption—desorption isotherm of different catalysts. Plot (A) silica, sulfated
silica, and phosphated silica; plot (B) titania, and sulfated titania; plot (C) silica prepared from TEOS
treated with sulfuric and phosphoric acid calcined at 450 and 650 ◦C.

In general, the treatment of the catalysts has manipulated their characteristics. For instance, the
specific surface area decreased when the samples were treated with sulfuric acid, and increased by
their treatment with phosphoric acid. The increase of the surface area is more pronounced for the
silica obtained from TEOS and was modified with phosphoric acid then calcined at 650 ◦C. It was
also observed that the specific surface area of the amorphous solid samples is higher than that of
the crystalline solids. Noticeably, a similar trend was perceived by comparing the surface area of
the samples calculated by different methods. Titania catalyst and its treatment with acids has a
lower surface area than the silica and the silica catalyst prepared from TEOS. The surface area of the
solid acid catalysts, calculated by diverse approaches follows the order silica > silica prepared from
TEOS > titania.

The total pore volume of the solid catalysts calculated by the different procedures is provided
in Table 1. According to the obtained data, the pore volume of the solid samples decreased on their
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treatment with the acid. In the meantime, Figure 7 illustrates the pore size distribution of the solid
catalyst determined using the BJH method, and the data is given in Table 1.
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Figure 7. Pore size distribution BJH curves of different catalysts: plot (A) silica, sulfated silica and
phosphated silica; plot (B) titania and sulfated titania; plot (C) silica prepared from TEOS treated with
sulfuric and phosphoric acid calcined at 450 and 650 ◦C.

2.6. Catalytic Activity of the Catalysts

The catalytic activity of the sulfated and phosphated silica (SiO2-S, SiO2-P), titania (TiO2-S, TiO2-P),
and silica prepared from hydrolyzed TEOS (SiO2-S-450 ◦C, SiO2-P-450 ◦C, SiO2-S-650 ◦C, SiO2-P-650
◦C) was measured through the Pechmann condensation reaction, Scheme 1. The conversion percentage
of the reaction between phenol derivatives and ethyl acetoacetate to produce the corresponding
coumarin derivatives was calculated. Meanwhile, the effect of the catalyst weight was studied from 10
to 25 wt % relative to the amount of the resorcinol in the condensation reaction, as indicated in Figure 8.
The effect of the reaction time on the catalytic activity of the solid catalysts was studied at 10 wt %
catalyst relative to the amount of the resorcinol in the condensation reaction, as indicated in Figure 9.
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Figure 8. Effect of weight catalysts on yield % of product for reaction of resorcinol and ethyl acetoacetate
at reaction time 4 h. Plot (A) sulfated and phosphate silica and titania; plot (B) silica prepared from
TEOS treated with sulfuric and phosphoric acid calcined at 450 and 650 ◦C.

The maximum yield of the product was obtained at the optimal amount of the catalyst 20 wt %,
where the amount of the catalyst is an important factor in determining the catalytic conversion of
the catalyst; the highest catalytic conversion was obtained at 20 wt % of the catalyst and no further
conversion was observed beyond this amount.

The increase of the amount of the catalysts led to an increase in their dispersion in the reaction
mixture, and subsequently, their active sites became more accessible to the reactant molecules; therefore,
the catalytic conversion increased and attained the maximum value. On the other hand, a further
increase in the amount of the catalyst resulted in the occurrence of the side chain reaction and decreased
the formation of the coumarin products.
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Figure 9. Plot of yield % of product versus reaction time for reaction of resorcinol and ethyl acetoacetate
using different catalysts, with amount 10 wt %. Plot (A) sulfated and phosphate silica and titania, plot
(B) silica prepared from TEOS treated with sulfuric and phosphoric acid calcined at 450 and 650 ◦C.

It is important to note that the conversion percentage of the reaction over the sulfated silica and
titania catalysts was discovered to be greater than their phosphated counterparts (SiO2-S >> SiO2-P,
TiO2-S >> TiO2-P). However, the conversion percentage of the reaction over the sulfated SiO2 prepared
from TEOS catalysts was found to be lower than its phosphated form with calcination at 450 ◦C
(TEOS-S-450 ◦C << TEOS-P-450 ◦C), while the sulfated SiO2 prepared from TEOS established a higher
conversion than its phosphate analogue at 650 ◦C (TEOS-S-650 ◦C >> TEOS-P-650 ◦C). The catalyst
weight percentage was kept constant at 20% during the reaction of pyrogallol, catechol, α-naphthol,
β-naphthol and phenol with ethyl acetoacetate, and the yield of product is reported in Table 2.

The number and nature of the active acidic sites on the surface of the catalysts play a critical
role in the conversion process. The yield of the product increases with the increase of the catalyst
amount where the number of active sites increases per gram of catalyst. Pechmann condensation
could be proceeded via various possible mechanisms; for instance, the reaction could be initiated with
the transesterification of phenol molecules with ethyl acetoacetate followed by the Michael addition
reaction and then rearomatization to form the coumarin scaffold. The catalyst can be regenerated
by a final dehydration [58]. Another proposed mechanism suggested that the metallic catalyst
chelates with the ketoesters, followed by Friedel Craft cyclization to form an unstable anti-aromatic
moiety which restores its aromaticity via the abstraction of a hydrogen atom. Transesterification
and condensation then occurs to isolate the required product [2]. The condensation reaction of
the substituted phenols with ethyl acetoacetate could also takes place through three steps: the
transesterification step, intramolecular hydroxyalkylation step and dehydration step. The percentage
of the catalytic conversion depends on the acidity of the catalyst’s surface and the number of active
sites [59–61].
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Table 2. (A) The catalytic conversion for the reaction of phenol derivatives (5 mM) and ethyl
acetoacetate (10 mM) over sulfated and phosphated silica and titania catalysts carried out at reaction
temperature 200 ◦C and reaction time 4 h to produce coumarin derivatives. (B) The catalytic
conversion for reaction of phenol derivatives (5 mM) and ethyl acetoacetate (10 mM) over sulfated and
phosphated TEOS catalysts carried out at reaction temperature 200 ◦C and reaction time 4 h to produce
coumarin derivatives.

(A)

Catalyst wt % of
Catalyst Phenol Type Yield % M.P ◦C of

Product
Theoritical

M.P ◦C [5,62]

- 0 Phenol derivatives NR *

SiO2-S 20 Resorcinol 100

186–187 185–187
SiO2-P 20 Resorcinol 72
TiO2-S 20 Resorcinol 93
TiO2-P 20 Resorcinol 20

SiO2-S 20 Pyrogallol 82

242–244 242–243
SiO2-P 20 Pyrogallol 51
TiO2-S 20 Pyrogallol 85
TiO2-P 20 Pyrogallol 59

SiO2-S 20 β-Naphthol 71

181–182 180–181
SiO2-P 20 β-Naphthol 63
TiO2-S 20 β-Naphthol 51
TiO2-P 20 β-Naphthol 44

SiO2-S 20 α-Naphthol 74

155–156 154–156
SiO2-P 20 α-Naphthol 40
TiO2-S 20 α-Naphthol 60
TiO2-P 20 α-Naphthol 47

SiO2-S 20 Catechol 47

193–195 -SiO2-P 20 Catechol 43
TiO2-S 20 Catechol 50
TiO2-P 20 Catechol 28

SiO2-S 20 Phenol 31

79–81 78–80
SiO2-P 20 Phenol 9
TiO2-S 20 Phenol 23
TiO2-P 20 Phenol 7

(B)

- 0 Phenol derivatives NR *

TEOS-S-450 ◦C 20 Resorcinol 26

186–187 185–187
TEOS-P-450 ◦C 20 Resorcinol 95
TEOS-S-650 ◦C 20 Resorcinol 100
TEOS-P-650 ◦C 20 Resorcinol 54

TEOS-S-450 ◦C 20 Pyrogallol 17

242–244 242–243
TEOS-P-450 ◦C 20 Pyrogallol 70
TEOS-S-650 ◦C 20 Pyrogallol 71
TEOS-P-650 ◦C 20 Pyrogallol 47

TEOS-S-450 ◦C 20 β-Naphthol 49

181–182 180–181
TEOS-P-450 ◦C 20 β-Naphthol 56
TEOS-S-650 ◦C 20 β-Naphthol 58
TEOS-P-650 ◦C 20 β-Naphthol 60

TEOS-S-450 ◦C 20 α-Naphthol 34

155–156 154–156
TEOS-P-450 ◦C 20 α-Naphthol 47
TEOS-S-650 ◦C 20 α-Naphthol 60
TEOS-P-650 ◦C 20 α-Naphthol 50

TEOS-S-450 ◦C 20 Catechol 22

193–195 -TEOS-P-450 ◦C 20 Catechol 48
TEOS-S-650 ◦C 20 Catechol 38
TEOS-P-650 ◦C 20 Catechol 36

TEOS-S-450 ◦C 20 Phenol 6

79–81 78–80
TEOS-P-450 ◦C 20 Phenol 7
TEOS-S-650 ◦C 20 Phenol 12
TEOS-P-650 ◦C 20 Phenol 10

* No reaction.
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During the synthesis of coumarin, it was observed that the presence of more than one hydroxyl
group on the phenol molecules increased the reactivity towards the ethyl acetoacetate and offered a
high percentage yield. On the contrary, the presence of α-naphthol, β-naphthol and phenol displayed
less reactivity towards the ethyl acetoacetate to form the required coumarin as a result of the absence
of any activating groups on the phenol ring. It is also important to note that this report explores the
first successful attempt to use catechol as a precursor to synthesize coumarin molecules. However,
catechol resulted in a low conversion percentage yield due to the presence of the ortho-hydroxyl group
which deactivates carbon-6, in addition to the high possibility of forming hydrogen bonding.

The catalytic conversion of the proposed catalysts is controlled by the strength of the acidic
sites and an increase in the surface area. Compared to previous reports [25,42–46,52–58], this study
also demonstrated that the surface area of the catalytic systems can be manipulated by the synthetic
methodology. As can be observed from the obtained data, the acidic SiO2 catalyst varies in the
surface area in comparison to the one prepared from TEOS and displays more activity towards the
Pechmann reaction. In addition, the calcination temperature of the SiO2 prepared from hydrolyzed
TEOS played a crucial role in its catalytic activity and, consequently, in the percentage yield of the
coumarin derivatives. One of the problems that was encountered during the progression of the reaction
was the adsorption of some of the reactant molecules on the surface of the catalysts, which changed
the color of the catalyst into brown and black shades and reduced the catalyst’s activity. In order to
recover the catalyst’s surface, the reaction was treated with ethanol, which helped in the removal of
the weakly adsorbed reactant molecules.

3. Experimental

3.1. Materials

Silica (SiO2), titania TiO2, H2SO4, H3PO4, tetraethyl orthosilicate (TEOS), cetyltrimethyl
ammonium bromide (CTAB), ethylacetoacetate, resorcinol, pyrogallol, phenol, α-Naphtol, β-naphthol,
catechol, were obtained from Sigma-Aldrich, Saint Louis, MO, USA. All chemicals used are of
analytical grade.

3.2. Catalysts Preparation

3.2.1. Sulfated Catalysts

Sulfated silica and/or titania were prepared by adding 20 mL of acetone containing 2 mL of
H2SO4 to a dispersion solution of 10 g SiO2 and/or 10 g of titania in 60 mL acetone, then stirring for
four hours at 30 ◦C. The paste was dried in the oven at 100 ◦C for 24 h to remove the solvent. The
dried solid was washed several times with water to get rid of the excess acid which was not adsorbed
on the surface.

3.2.2. Phosphated Catalysts

Phosphated silica and/or titania catalysts were prepared following the same methodology for the
sulfated catalysts using 2 mL of H3PO4 instead of sulfuric acid.

3.2.3. Sulfated and/or Phosphated TEOS

SiO2 gel formation was prepared by mixing 16.8 mL of TEOS to 300 mL of distilled water, 30 mL
HCl (2 M) and 30 mL of ethanol, then add a solution containing 1.8 g of CTAB. The gel ratio of
CTAB:HCl:H2O:TEOS was 2.5 mmol:6 mol:10 mol:0.02 mol. The mixture was stirred for 6 h at 60 ◦C,
and then transferred into closed vessel in an oven at 100 ◦C for three days. The solid product was
obtained by filtration and washed with water several times until become free of chloride ions, then
dried at 80 ◦C. Finally, the solid obtained was impregnated with 10 mL of H2SO4 and/or 10 mL of
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H3PO4 and stirred for 1 h. The sulphated TEOS and/or phosphated TEOS paste was dried in an oven
at 80 ◦C for 12 h to remove the solvent. The solid samples were calcined at 450 and 650 ◦C.

3.3. Catalyst Characterization

X-ray powder diffraction patterns (XRD) for the prepared catalyst samples was carried out on
Shimadzu X-ray diffractometer 6000 (Kyoto, Japan) with Cu-Kα radiation (λ = 1.5405 Å) in the 2θ
range 10–80◦ with a scanning rate of 2◦/min for phase and crystallinity. The average particle size of
the prepared catalysts was calculated from Scherrer equation [63], d = (Kλ)/(β1/2 cosθ), where d is the
mean diameter, λ is the wavelength (1.540060 Å), K is the Scherrer constant (0.89), β1/2 is full width
half maximum (FWHM) of the diffraction peaks of SiO2 and TiO2, and θ is the diffraction angle.

The morphology and the SEM pictures of solid catalysts were taken by the Scanning Electron
Microscope Super Scan SSX-550 Shimadzu (Kyoto, Japan). Transmutation electron microscope (TEM)
imaged of solid catalyst samples and the particle size of these solid were investigated by JEOL JEM
1400 Transmission Electron Microscope instrument worked at 120 kV (Akishima, Tokyo, Japan).
The measurement was conducted by dissolving the solid samples in methyl alcohol and put in
ultrasound radiation for 20 min, then take a drop from suspension onto the grids of coated carbon.
Surface area measurements of solid catalysts were investigated by nitrogen adsorption isotherms at
−196 ◦C using a NOVA 3200 apparatus, manufactured in Boynton Beach, FL, USA. The solid catalysts
were heated under vacuum (10−4 Torr) at 250 ◦C for 2 h. The specific surface area SBET of the samples
was calculated with the BET equation. Pore size distribution were calculated using Barrett, Joyner and
Halenda (BJH) method from the desorption branch of the isotherms.

3.4. Capacity of Catalyst Activity

To perform the catalyst activity, the coumarin synthesis was carried out in a 100 mL round bottom
flask containing a known weight percent of catalyst with respect to 5 mmol of phenols and 10 mmol
of ethyl acetoacetate under reflux at 200 ◦C for 4 h. The reaction mixture was left to cool at room
temperature, add a small amount of ethanol (3 mL), and pour it in a beaker containing 20 gm of crushed
ice. The resulting solution was filtered to separate the product and the catalyst, then the product was
dissolved in 60–70 mL hot ethanol. The catalyst was again separated from the ethanolic solution of the
product by filtration. The ethanolic solution was concentrated to precipitate the product, collected by
filtration and recrystallized from ethanol to give pure coumarin. The product was characterized by
thin layer chromatography (TLC) and the melting point measurement then the percentage yield was
calculated. The melting point of the coumarin product produced from the reaction of the resorcinol
with ethylacetoacetate was found to be between 186–187 ◦C, while the melting points of the other
products are given in Table 2. It is important to note that there is good agreement between the measured
melting point values and their theoretical counterparts [5,63].

4. Conclusions

Three different catalysts of SiO2, TiO2 and SiO2 prepared from TEOS were synthesized and their
surfaces were modified through their reactions with sulfuric and phosphoric acids. The new catalysts
were characterized using XRD diffraction which revealed that the phases of the silica catalysts are
affected by the presence of the sulfate and phosphate groups, while the XRD diffraction peaks of the
titania samples indicated the presence of the crystalline anatase titania phase as a major phase.

Among the obtained catalysts, phosphated silica prepared from TEOS and calcined at 650 ◦C had
the highest surface area compared to the other catalysts. On the contrary, titania catalysts displayed the
lowest surface area. The surface area of the acidified catalysts was calculated using different procedures.

Utilizing the new catalysts in the production of coumarin molecules, it was established that the
sulfated silica and titania catalysts succeeded in isolating the highest yield of the desired products
compared to their phosphated form (SiO2-S >> SiO2-P, TiO2-S >> TiO2-P). In contrast, the sulfated
silica prepared from TEOS at 450 ◦C showed lower catalytic activity than its phosphated counterpart
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(TEOS-S-450 ◦C << TEOS-P-450 ◦C), while the sulfated one at 650 ◦C illustrated higher catalytic activity
than its phosphate analogue (TEOS-S-650 ◦C >> TEOS-P-650 ◦C). Finally, the yield of coumarin product
depends on the amount of catalyst used where the catalytic conversion is determined by the number
and the strength of the acidic sites of the catalysts.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4344/8/1/36/s1,
Figure S1: FTIR spectra of: (A) SiO2 and treated with sulfuric acid SiO2-S and phosphoric acid SiO2-P, (B)
TiO2 and its treatment with sulfuric acid TiO2-S and phosphoric acid TiO2-P, and (C) silica prepared from TEOS
treated with sulfuric and phosphoric acid calcined at 450 and 650 ◦C.
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