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ULFATED zirconia (SZ) and zinc supported sulfated

zirconia (Zn/SZz) catalysts were synthesized, characterized
and evaluated by coumarin synthesis reaction. The reaction was
carried by reacting resorcinol and ethyl acetoacetate with a
molar ratio 1:2 respectively. The investigated SZ and Zn/SZ
catalysts were prepared by the simple impregnation method
with an aqueous solution of H,SO, as a precipitating agent,
followed by drying in rotary and finally calcined at 600 °C for 3
hrs. The physicochemical properties of the investigated
catalysts were characterized by the X-ray diffraction (XRD),
scanning electron microscope (SEM), transmission electron
microscope (TEM) and potentiometric titration to characterize
the number and the strength of the acid sites. The 6%Zn/SZ
catalyst possessed the maximum catalytic activity as well the
number of acid sites. Increase of the tetragonal phase content in
ZrO, increases the catalytic activity.

Keywords:Sulfated zirconia, impregnation method, Coumarine
synthesis reaction and potentiometric titration.

In recent years, green and an environmental chemistry have attracted much
attention around the world; great and continuous efforts are focused on the design
and implementation of chemical technologies processes that achieve these goals.
Heterogeneous catalysts and especially solid acid catalysts exhibit a significant
role as a contributor in this field.

Zirconia has been prevalently studied due to its employment as a support;
however, strong active sites can be produced by modification of zirconia by
H,SO, treatment. The successive developments of this catalyst play a remarkable
role in the synthesis of chemicals like coumarins, organic esters, N, N
diphenylenediamines, etc. [1]. Zirconia exists in several crystalline forms such as
monoclinic, tetragonal and cubic [2-4]. SZ has high thermal stability, easy
preparation, less cost, high boiling point, and good corrosion resistant in acidic
and alkaline environment. In addition a very high activity, selectivity and
stability which making it an efficient catalyst for a number of industrially
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important reactions such as hydrocarbon isomerization, cyclization [5-7],
methanol synthesis [8], esterification [9], transesterification [10], reduction of
NOy [11,12], condensation [13-15] and acetylation [16].

Special attention has been given to the preparation, characterization, and
catalytic investigation of SZ which possesses more acid sites than other sulfated
metal oxides, so SZ is considered super acidic according to acidity
measurements, alkane transformation and isobutene conversion [17].

Based on the Hammett indicator test, SZ is reported to exhibit super acidity
with H,< -16 [17-19]. The catalytic and structural properties of the SZ depend on
a number of factors including preparation methods, precursor used, precursor
concentration, pH, sulfonating agent and calcination temperature [20]. The effect
of preparation conditions and calcination temperature on the structural phases,
textural characteristics, number and types of active acidic sites on the surface of
the sulfated zirconia were investigated using X-ray diffraction (XRD), scanning
electron microscope (SEM) and transmission electron microscope (TEM). It is
observed that the catalytic activity of unmodified SZ is often not strong enough
and for this reason a number of transition metals like (Fe, Mn, Co, Al, Zn, Ni,
Cr,.....etc.) have added to SZ resulting in catalysts with higher activity than
unmodified SZ [4, 21]. So in this work, the differences of catalytic behavior over
undoped SZ and Zn doped SZ have been studied with relation to crystalline
phase, acidity and Zn concentration.

Coumarins are the benzo-2-pyrone derivatives mainly found in plants of the
family of Rutaceae and Umbelliferae [13,21,22]. They are wused in
pharmaceuticals [23,24], insecticides [25], fluorescent [26] and dye lasers [27,
28]. Besides that coumarin play a significant role in various bioactivities like
antimicrobial [29], anticancer [30-32], inhibitory of HIV-1 [33], antioxidant [34]
and antiviral [35].

The extraction of coumarin from plants is mortal and takes up very much
time, moreover needs sophisticated technology [13, 15, 22]. Chemically,
coumarins can be synthesized by various methods such as the Pechmann
reaction, Knoevenagel condensation, Claisen rearrangement, Perkin, Witting,
Reformatsky and catalytic cyclization reactions [36,37]. However, acid catalyzed
Pechmann reaction is a simple and commonly used method for synthesizing
coumarins from activated phenols, mostly m-substituted phenols containing
electron donating substituent at m-position and B-keto-esters or an unsaturated
carboxylic acids [11, 13, 38].

Traditional Pechmann reaction was catalyzed in presence of concentrated
H,SO,4, HCI, and phosphorus pentoxide or trifluoroacetic acid but in these
methods a long reaction time and very high reaction temperatures are required.
Furthermore, these acids are corrosive, required in excess, difficult to separate
and create critical environmental problems due to getting rid of the post reaction
wastes [13-15, 21]. To overcome these defects heterogeneous catalysts exhibit a
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remarkable role in Pechmann condensation reactions [13-14], especially
nanocrystalline sulfated zirconia catalyst, which exhibits excellent performance
under solvent free conditions [39].

Our aim in this work is showing to what extent Zn can improve the catalytic
activity of sulfated zirconia, as well find a relation between calcination
temperature, acidity and catalytic activity.

Experimental
Materials
Zirconium nitrate Zr (NOj)4, Zinc nitrate Zn (NOs),.6H,0, Distilled water,
Sulfuric acid (H,SO,), Resorcinol (CgHeO,), Ethyl aceto acetate (CsH1003).

Catalyst preparation

SZ catalyst was prepared by using the simple impregnation method [11] as
follow: 17.5 gm of zirconium nitrate was dissolved in 400 ml distilled water
under stirring. Sulfuric acid with 2N concentration was added dropwise to
zirconium sol with vigorous and continuous stirring at room temperature, and
then white gel was formed. Subsequently, solvent was then removed and the
resultant white gel was dried in rotary at 90 °C. Finally, the dried powder
calcined at different calcination temperatures 400, 500, 600, and 800 °C for 3hrs
with a heating rate of 20 °C .min™.

4, 6, 8, 10, and 20%Zn/SZ was synthesized by dissolving appropriate
amounts of zinc nitrate each in 50 ml distilled water and then added dropwise to
the SZ white gel under continuous stirring. The mixture was stirred magnetically
for 2 hrs, and then it was dried in rotary at 90 °C. The synthesized samples were
calcined at 400, 500, 600, and 800 °C for 3hrs with a heating rate of 20 °C .min™.

Characterization
XRD analysis
The powder diffraction patterns were recorded on X-ray powder diffractometer
(XRD) PW 150 (Philips) using Ni filtered Cu Ko radiation (A= 1.540 A) at 40
kV, 30 mA and a scanning range 20 of 18-80". The percentage of zirconia
tetragonal phase was estimated with the following formula [40].

IT (260 = 30.15)
- — x 100
IT(260-30.15)+ (IMcze_za.15];!1\4(29_31.44])

% Tetragonal =

The crystallite size (nm) was calculated from the reflection of tetragonal
zirconia phase at 2hrs of 30.15, using the Scherrer relationship [41,42].
KA

D=———— —
B cos @

where k is the crystallite shape constant (=1), A is the radiation wavelength (A) ,
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B is the line breadth (radians) and © is the Bragg angle.

Microscopic studies

Transmission electron microscopy (TEM) images and particle size were
obtained using JEOL-JEM-2100 transmission electron microscope operating at
120 KV. TEM samples were prepared by dipping suspension of fine sample
powders onto a copper grid coated with a holey carbon foil and dried at ambient
temperature. While scanning electron microscopy (SEM) in which the catalysts
surface images of the nano catalysts samples were obtained using jeol-jsm-6510
LV scanning electron microscope. SEM was used to study the morphology and
the chemical composition of samples; the samples were prepared by placing a
very small quantity of the catalyst particles on a gold coated grid before SEM
analysis [43].

Potentiometric titration

The total acidity of the solid samples was measured by non-aqueous
potentiometric titration [44]. The activated catalyst (0.1 gm) was suspended in 10
mL acetonitrile. Then, the suspension was titrated with 0.01 N n-butyl amine
into acetonitrile. The electrode potential variation was measured with an Orion
420 digital model using a double junction electrode.

Catalytic reaction

The Pechmann condensation reaction was carried out under reflux conditions.
Mixture of resorcinol and ethyl acetoacetate was refluxed in the presence of
freshly calcined catalyst; the time of reflux and the amount of catalyst were
varied to optimize the yield of coumarin.

In a typical reaction, the mixture of resorcinol and ethyl acetoacetate were
taken in 1:2 molar ratio respectively in around flask and homogenized at 120 °C
[45,46]. Freshly calcined catalyst (0.1 gm) was added and refluxed for 2hrs and
then the content of the flask was poured onto crushed ice followed by scratching
until the solid product is formed. These conditions were selected based on
previous results [47,48].

The solid product was separated by filtration, dried and the organic compound
was extracted with the hot ethanol. The catalyst remains undissolved and was
separated by filtration. From alcoholic solution, 7-hydroxy-4-methyl coumarin
was recovered by evaporating the solvent on hot water bath.

The product was characterized by melting point and FTIR. The yield of 7-
hydroxy-4methylcoumarin was obtained as follows [49]:

obtained weight of product

Yield (wt%) = ( ) x 100

theoritical weight of product
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Results

XRD analysis

XRD patterns exhibit the influence of different Zn concentrations and
calcination temperatures on the crystal phase and crystallite size of SZ as shown
in Fig. 1 and 2. The peaks at 20 = 28° and 31° are characteristic to monoclinic
phase, while peak at 20 =30° refers to tetragonal phase which is catalytically the
more active phase [50]. From Fig. 1, it is observed that undoped SZ shows major
monoclinic phase in addition to tetragonal phase. SZ with 6% Zn concentration
gives more stability to tetragonal phase as result of decreasing in a lattice spacing
and a particle size of zirconia [51,52], and hence retard transformation from
metastable phase to monoclinic phase, since the smaller particle size the greater
surface energy contributing to tetragonal phase stability [53]. Therefore stability
of tetragonal phase might be related to introducing of phase stabilizers in the
surface (like sulfate group) or in the bulk (like cationic dopant) [11]. Here,
tetragonal phase stabilization caused by introducing of 6% Zn into SZ. However,
increasing Zn concentration more than 6%, the tetragonal phase decreased while
monoclinic phase increased. This behavior may be attributed to the large
concentration of Zn which increases randomness, then oxygen diffusion becomes
less favorable and the tetragonal phase becomes less stable [54].

Figure 2 shows 6% Zn/SZ catalyst calcined at 500,600 and 800 °C. As
revealed from Fig. 2, the catalyst is mainly amorphous at 500 °C, while the best
tetragonal phase is observed at 600 °C. Calcination at 800 °C shows a sharp
decrease in the tetragonal phase accompanied by increases in the particle size.
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Fig. 1. XRD of (a) SZ, (b) 6%Zn/SZ and (c) 10%Zn/SZ calcined at 600 °C.

Egypt. J. Chem. 60, No.2 (2016)



334 Sh. M. El-Dafrawy et al.

|
I ¢

L
w0 “|' H| H’ | l\l‘

] AT AR I WAL (el g

. W W TR LYRN T A ol

. —!f'.'w‘(..www'u\m”‘v.,m‘m"L‘H”W”w' A W”M* ".-\“.v"*‘ Vol ‘Mﬁ I "’f\‘ W/ ‘M'J"i""”’J m’”‘ff‘mk-"-“‘wﬂvl,
, b |
. L i ‘ b

\n A W\
, RTRI
If\\j' HJ‘M W 'w}‘ h'*‘«u, ﬂ M W fJ | ) Fl W

.\r‘ll\

Lin (Counts)

| LY
\ R B JJ.M L
1 o i [T— \ A i e A M
/1‘,%‘4‘#'."J"\-"'“u"«f‘um’jg'f\"‘\‘f" ul\vs\mw,, Tl ,ﬂ‘wl‘.l'..‘nk,‘,‘m* s !“ \f,ln"-.\ﬂl (LI ul h| W, W \,".'JW"‘.' \~\I v’\.’u‘.‘ ‘Llﬁ""\'“’\“fl,'\\

J'Jk‘ Wi e _ a
,MMMMWW" u/fw‘ww‘w’“f'\“' V\’v‘ﬁ Ihy V\f‘lfh“m'leW vﬂnﬂ"‘"fk"' wﬁ,ﬁ'ﬂf‘#‘ﬂ“‘"’”f"("J"’l‘I\'mnﬁ‘J"i"l"‘f”"’““""'l"n‘”"w*fw’kr"'m'uﬂ"‘ Nm"“fmmﬁﬁ’w

5 w £ ! % 50 0 n

2-Theta - Scale

Fig. 2. XRD of 6%2Zn/SZ calcined at (a) 500 °C, (b) 600 °C, and (c) 800 °C.

From crystallite size calculations, it is observed that the crystallite size of
undoped SZ decreases by addition of 6% Zn. The ionic radius of Zn** ion (0.74
A) is smaller than Zr*" ion (0.84 A). Thereby replacing relatively a bigger ion
Zr** with a smaller one Zn** decreases the lattice constants and changes the
crystallite size. Thus, it can be concluded that the lattice disorder that happens at
higher Zn concentration than 6% may be due to the ionic radius difference
between Zn?* and Zr*" ions. Tewari et al. reached a similar conclusion for Al-
doped ZnO [55].

Microscopic studies

TEM studies

TEM images reveal the variations of particles size of Zn/SZ with different Zn
concentrations calcined at 500-800°C as shown in Fig. 3. The 6%Zn/SZ-500°C is
amorphous, while 6%2Zn/SZ- 600 °C is crystalline with particle size in the range
of 8.82- 16.09 nm. By increasing calcination temperature to 800 °C, very large
particles (27.9 - 34 nm) with irregular and disordered shapes are observed by
coming particles close to each other.

Besides the effect of calcination temperature, Zn concentration affects also
the particle size. The particle size of SZ (7.9- 17.21 nm) decreases by increasing
Zn concentration up to 6% (8.82-16.09 nm). In addition, a lattice distortion takes
place by increasing Zn concentration up to 10%, which in turn leads to larger
particle sizes (6.44 - 21 nm).These results are in agreement with the XRD
analysis.
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Fig. 3. TEM images of (a) 6%Zn-SZ-500 °C, (b) SZ-600 °C, (c) 6%Zn/SZ-600 °C, (d)
6%62Zn/SZ-800 °C and (e) 10%Zn/SZ-600 °C.
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SEM studies

SEM images exhibit the surface structure of Sz with different Zn
concentrations calcined at 500-800 °C. As illustrated in Fig. 4a the 6%2Zn/SZ-
500°C shows large particles with low homogeneity. Increasing calcination
temperature up to 600 °C the particle size reduced with a better homogeneity.
When calcination temperature increased to 800°C, the particles become
disordered with more agglomerations.

Figure (4b), (4c) and (4e) show SZ with different Zn concentrations. The
6%2Zn/SZ catalyst reveals better homogeneity than SZ, while 10%2Zn/SZ shows a
growth in the particles size with agglomerations. This behavior may be attributed
to supersaturation effect whereas the surface coverage with particles increased by
increasing Zn concentration leading to particles adhesion and aggregate
consolidation by means of particles growth. It can be concluded that
supersaturation promotes the aggregations by generating a larger particles [56].

Acidity characteristics

Potentiometric titration with n-butyl amine in acetonitrile was used to
investigate the strength (E;) and the total number of acid sites for the investigated
catalysts [57,58]. Table 1 and Fig. 5 indicate that increasing Zn concentration
enhances the strength and total number of acid sites till 6% then decreased.
Beside Zn concentration, calcination temperature exhibited a noticeable effect on
the surface acidity measurements. Samples calcined at temperature from 400 °C
to 600 °C show a gradual increase in the strength and the number of acid sites.
This may be attributed to the increase of acidic sites by increase of
dehydroxylation degree with the increase of temperature up to 600 °C [16]. By
raising calcination temperature to 800 °C, a sharp decrease in the strength of acid
sites is observed as a result of sulfate species decomposition which leads to
decrease in the ratio of Bronsted sites, hence decreasing in acidity [5,6,11].

Catalytic activity

Role of calcination temperature

It is obvious that Pechmann condensation reaction to yield coumarin is
strongly dependent on calcination temperature, which affects crystalline
structure, acidic and surface characteristics. As observed from Fig. 6, calcination
temperature at 600 °C reveals the highest yield of coumarin. By increasing
calcination temperature to 800 °C coumarin yield decreases. This may be
attributed to decomposition of sulfate group producing sulfur that responsible for
the active sites of sulfated zirconia by retaining on the surface. The sulfur content
is inversely proportional to calcination temperature, so the activity of the catalyst
decreases by increasing calcination temperature to 800 °C. These results agree
with XRD, TEM, SEM and acidic studies.
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TABLE 1. Acidic properties of SZ and SZ catalysts of different Zn contents.

Catalvst Calcination E; (mv) Total number
y Temperature i of acid sites x 10%°
Y4 600 °C 169.8 1.25
4%Zn/SZ 600°C 320.0 2.52
400 °C 304.7 2.35
500 °C 341.4 2.77
6%2Zn/SZ 600 °C 382.4 3.01
800 °C 180.0 1.93
8%2Zn/SZ 600 °C 131.4 1.18
10%Zn/SZ 600 °C 122.7 0.87
20%Zn/SZ 600 °C 97.5 0.72
450 - — = SZ7
400 —e— 4°%Zn/SZ
8507 —A— 6%Zn/SZ
] —v— 8%Zn/SZ
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Fig. 5. Potentiometric titration curves of SZ with different Zn concentrations
calcined at 600-800 °C.

Role of Zn concentrations on SZ

Pechmann condensation reaction between resorcinol and ethyl acetoacetate
to yield coumarin- using SZ in absence and presence of different concentrations
of Zn is shown in Fig. 7. The 6%2Zn/SZ catalyst exhibits the maximum coumarin
yield then decreases by increasing Zn concentration above 6%. It can be
concluded that the 6%Zn/SZ catalyst is the most active one between the
investigated catalysts. This result is confirmed by the obtained results of XRD,
TEM, SEM and acidic studies. This catalyst possesses the highest content of the
tetragonal phase (Fig. 1), lowest particle size (8.82 -16.09 nm) (Fig.3c), the best
homogeneity (Fig. 4c) and the maximum number of acid sites (Fig. 5 and Table
1).
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Mechanism of 7-hydroxy-4-methyl coumarin

Zn/SZ was used as a solid acid catalyst for Pechmann condensation of ethyl
acetoacetate (EAA) and resorcinol to 7-hydroxy-4-methyl coumarin under
optimum conditions based on previous results in our lab [47,48]. As reported, not
only the activated group but also its position in phenol ring has an effective role
on the coumarin yield due to resonance and its effect on activation of aromatic
ring [13, 38]. As well, the catalytic activity depends on the phenolic substrates
activity; it is also depend on the structure of the catalyst used. The reactivity of
phenol differs from one catalyst to another as follow: The yield of coumarin by
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using phenol over solid acid catalyst k-10 was 65% while over sulfated zirconia
was zero [13]. Here, we obtained 70% coumarin over 6%Zn/SZ. This may be due
to the substrate is the resorcinol which is a highly activated phenol with hydroxyl
group at meta position.

As reported in literature, there were two possible mechanisms for the
Pechmann condensation reaction for synthesis of 7-hydroxy-4-methyl coumarin.
The first one depended on proton transfer to keto group of EAA from acid sites
of the catalyst by the interaction between EAA and the catalyst, and then an
intermediate and ethanol are produced due to nucleophilic attack by hydroxyl
group of resorcinol. The intermediate rapidly undergoes cyclization through
intramolecular condensation to yield 7-hydroxy-4-methyl coumarin [39]. The
second possible mechanism relied on electrophilic reaction of chemisorbed ethyl
acetoacetate on resorcinol in which chromone has yielded as aside product [13,
14, 39]. In this work, the reaction followed the first mechanism illustrated in
Scheme 1. because there was no chromone obtained over any of the investigated
catalysts.

O (8] O OH
uacJJ\/IJ\ocu,(ru34n- H,r.)\/l_\orﬂ,cus
= Ethvl 3 tat 2
“ vl acetoacetate b
o
Ecesrord
Catalyst HO OH
-EtOH
Resorcinol
HO. : O (0] HO. : O O
HO“; OJ
H CH; CHj
AN
:0 -H0
HO (4} 0
[
= =
CH;

7-Hydroxy-4-methyl coumarin

Scheme 1. Possible mechanism for the Pechmann condensation of resorcinol and
EAA using Zn/SZ catalyst under solvent free condition.
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Conclusion

Zn doped SZ was prepared by the simple impregnation method. The

6%2Zn/SZ catalyst calcined at 600 °C reveals the maximum yield of 7-hydroxy-4-
methyl coumarin under solvent free conditions. This result is correlated with
XRD, TEM, SEM and acidic studies. The 6%Zn/SZ-600°C possesses the
maximum tetragonal phase content and the maximum number of acid sites. The
coumarin did not accompanied by chromones as a side product. This confirms
that the mechanism of the reaction depends on proton transfer to keto group of
EAA from acid sites of the catalyst by the interaction between EAA and the
catalyst.
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