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a  b  s  t  r  a  c  t

As  assessment  was  made  of  the  influence  of the  crystal  structure  on  the  activity  of SO4
2−–ZrO2 catalysts

for  the  acid-catalyzed  reactions  of sucrose  inversion  and  the esterification  of fatty  acids  with  glycerol.
Purely  monoclinic  or purely  tetragonal  SO4

2−–ZrO2 catalysts  were  synthesized  by  sulfation  with  1  M sul-
furic acid  of different  ZrO2 starting  materials  of  defined  crystal  phase.  The  final  catalysts  were  obtained
by  calcination  at  400 ◦C, a  relatively  mild  temperature  for this  kind  of materials.  Structural  and  morpho-
logical  characterization  tests  showed  that the crystal  phase  of  zirconia  had  an  influence  on  the  properties
of the  sulfated  zirconia  catalysts.  Monoclinic  and  tetragonal  catalysts  had different  acidities  and  also
different  levels  of activity  in  the reactions.  Better  results  in  the  sucrose  inversion  tests  were  obtained
using  tetragonal  phase  catalysts  while  monoclinic  phase  materials  were  better  catalysts  for  glycerol
cid catalysis
ucrose inversion
lycerol esterification

esterification.
The  catalysts  were  further  characterized  by  Fourier  transform  infrared  spectroscopy  (FT-IR),  X-ray

powder  diffraction  (XRD),  transmission  electron  microscope  (TEM),  X-ray  photoelectron  spectroscopy
(XPS)  and  nitrogen  physisorption.  The  acidity  was  measured  by amine  titration  using  Hammett  indicators
and  FT-IR  absorption  of adsorbed  pyridine.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Sulfated zirconia has been extensively used as a heterogeneous
atalyst in many organic reactions [1]. The results show that it is
n excellent material for catalyzing reactions that need of strongly
cidic active sites [2,3]. The most common synthesis of zirconium
ydroxide involves the precipitation from aqueous solutions of zir-
onium salts (ZrOCl2·8H2O [4], ZrCl4 [5], ZrO(NO3)·xH2O [6], etc.)
ith ammonium hydroxide [7,8]. Next the formed precipitate is

ried, sulfated with H2SO4 or (NH4)2SO4, and calcined [4–8]. The
ulfate ion produces a preferential stabilization of the tetrago-
al phase during calcination of the sulfated Zr hydroxide gel, the
rowth of the monoclinic phase being highly inhibited. This stabi-
ization of the tetragonal phase precludes a clear elucidation of the

elationship between the catalytic activity and the specific crys-
al phase of this kind of catalysts. One way to circumvent this
roblem is to work with catalysts synthesized by sulfation of crys-

∗ Corresponding author. Tel.: +57 8217027.
E-mail address: cdmiranda@unicauca.edu.co (C.D. Miranda M.).

ttp://dx.doi.org/10.1016/j.molcata.2014.12.015
381-1169/© 2014 Elsevier B.V. All rights reserved.
talline zirconia supports. Studies on these type of catalysts have
led some authors to propose that the tetragonal phase stabiliza-
tion is a consequence of the relation between crystal defects and
the metastable tetragonal phase [9]. Zirconia can be found in one of
three different crystalline forms: monoclinic (M), stable at tempera-
tures below 1100 ◦C; tetragonal (T), stable at temperatures between
1100–1900 ◦C; and cubic (C), stable at temperatures above 1900 ◦C.
The T and C structures can however be obtained and maintained as
a metastable structure at lower temperatures [10]. In the case of
sulfated zirconia catalysts the final crystal structure is a function of
the activation temperature [11], the sulfation process [12], and the
presence of dopants [13]. Generally speaking, catalysts crystallized
in the tetragonal phase usually display the higher catalytic activ-
ity [13–15]. However, sulfated zirconia catalysts with monoclinic
crystal phase also have catalytic activity and meaningful levels of
surface acidity [16]. In this sense, several authors believe that sul-
fated zirconia with “superacid” properties cannot be obtained by

sulfation of crystalline monoclinic zirconia and that it is necessary
to sulfate amorphous precursors, especially Zr hydroxide[17].

In this paper, we present results related to the preparation of
sulfated zirconia catalysts with monoclinic and tetragonal phase,

dx.doi.org/10.1016/j.molcata.2014.12.015
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molcata.2014.12.015&domain=pdf
mailto:cdmiranda@unicauca.edu.co
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heir physicochemical characterization and their use in two  reac-
ions of interest: the inversion of sucrose and the esterification
f glycerol. The synthesis of purely monoclinic or purely tetrag-
nal catalysts is performed by sulfation of crystalline supports. The
nal catalysts were obtained by calcination at 400 ◦C, a relatively
ild temperature for this kind of catalysts, that seemingly enabled

he stabilization of a high concentration of surface sulfates. The
btained catalysts had a lower acid strength than that reported
or classical sulfated zirconia catalysts obtained by impregnation of
he amorphous support. The lack of “superacid” properties and the
resence of “mild” acid sites permitted the catalysis of the proposed
eactions with good selectivity due to the absence of very strong
cid sites catalyzing oligomerization and cracking. The influence of
he crystal phase on the resulting physical and catalytic properties
s thus assessed and discussed.

. Experimental

.1. Catalysts preparation

.1.1. Tetragonal zirconium oxide
The synthesis of this material was performed following the

echnique of Rodríguez and Campo [18]. The precursors were zir-
onium oxychloride (ZrOCl2·8H2O, Merck 99%) and calcium acetate
Ca[CH3COO]2, Carlo Erba 99,9%). Two different solutions of the
alts were precipitated independently with ammonium hydroxide
NH4OH, Mallinckrodt 28%) at 60 ◦C. After aging for 24 h the result-
ng slurries were thoroughly mixed and then filtered. The filtered
el was then washed with a 0.01 M diethylamine solution and dried
t 80 ◦C for 48 h. The support was finally calcined at 600 ◦C for 1 h.

.1.2. Monoclinic zirconium oxide
The synthesis process was the same one used for the tetragonal

ample. Zirconium oxychloride was also used as precursor but no
alcium acetate was added and the precipitated gel was calcined at
00 ◦C.

.1.3. Sulfated zirconia catalysts
The method of immersion was used for sulfating the zirconia

upports. The samples were dipped (15 mL  g−1 of catalyst) [19] in a
 M H2SO4 solution for 30 min. The solution was stirred gently with

 magnetic bar and kept at 50 ◦C. The final solid was then filtered in
acuum and dried overnight at 100 ◦C in a stove. The material was
nally calcined at 400 ◦C in air (200 mL  min−1, 2 h).

.2. Characterization

The monoclinic and tetragonal zirconia unsulfated supports and
he sulfated catalysts were both characterized by Fourier trans-
orm infrared (FT-IR) spectroscopy in order to verify the effective
ulfation of zirconia by the appearance of the band in the range
f 990–1250 cm−1. This is a band characteristic of sulfate groups
ound to the zirconia oxide [20]. Spectra were collected using an
TIR Thermo Nicolet IR200 spectrometer in the 4000–400 cm−1

ange.
The samples were also studied by XRD in order to determine

heir crystallinity and crystal structure and to determine the influ-
nce of sulfation. They were ground to a powder and analyzed in a
ANalytical X’Pert Pro X-ray diffractometer using Cu-K� radiation
� = 1.5405 Å). The spanned range was 2� = 5–90◦ and the scan rate
as 2◦ min−1.
The morphology of sulfated zirconia was determined by
ransmission electronic microscopy (TEM) with a JEOL 1200 EX
lectronic microscopy operated at an accelerating voltage of 80 kV.
he samples were prepared by covering 100 mesh copper grids
talysis A: Chemical 398 (2015) 325–335

with 10 mg  of the zirconia powders (either sulfate doped or sulfate
free).

The surface chemical composition was  determined by X-ray
photoelectron spectroscopy (XPS) in a Surface Science Instruments
S-Probe (VG) equipment, using Al K� radiation (1486.6 eV).

The surface area of the samples was measured by nitrogen
physisorption at −196 ◦C in a Micromeritics Tristar 3000 equip-
ment. The specific surface area was determined from the isotherm
data by using the BET equation.

2.2.1. Acid strength measurements
The acid strength was determined by means of the Hammett

indicator method. Color tests were made by transferring 0.1 g of the
samples in powder form to a test tube and then adding three drops
a 0.1% solution of indicator dissolved in benzene. The samples were
first dried at 120 ◦C before carrying out the indicator tests. The color
test was performed immediately after taking the samples from the
stove.

The amount of acid sites on the samples was measured by the
amine titration method. A 0.1 N titrating solution was prepared by
weighing 1.0 mL  of n-butylamine in a 100 mL  volumetric flask and
making up the volume using dried benzene. The titrating proce-
dure was as follows: 0.2 g of the dried sample were transferred to
a 50 mL  screw cap Erlenmeyer flask. 9 mL  of dry benzene and 3 mL
of the indicator solution in benzene were added to the sample sus-
pension. Then the titrating solution was added from a 2 mL burette
to the sample so as to bracket the expected titer by the appropri-
ate number of millimoles of n-butylamine per gram of sample. The
titration was  then continued using smaller stepwise increases in
n-butylamine content until the end point.

The surface acidity of the solid catalyst was assessed by measur-
ing the infrared absorption of adsorbed pyridine in a Nicolet Nexus
FT-IR spectrometer. The samples were pressed into thin wafers
(10–20 mg  cm−2) and pretreated in an IR quartz cell under sec-
ondary vacuum (10−6 mbar) at 450 ◦C for 3 h (fresh sample). After
the pretreatment the samples were cooled down to 150 ◦C and
contacted with pyridine vapors (Peq = 2–3 mbar) for 10 min. Then
the pyridine excess was removed for 1 h under secondary vacuum
and the IR spectra were recorded. The values of concentration of
Brønsted and Lewis sites able to retain the pyridine at 150–450 ◦C
were determined by integrating the areas of the bands at 1541 and
1454 cm−1, respectively.

2.3. Catalytic studies

2.3.1. Sucrose inversion reaction
The reaction tests were performed in a batch reactor at 620 kPa

in nitrogen, 90 ◦C and 1000 rpm of stirring rate. In each test 50 mL
of a 0.01 M sucrose solution and 0.2 g of catalyst were put in the
reactor. A water:ethanol (50–50) solution was used as solvent. The
reaction time was 7 h for all tests.

The reaction products were analyzed by HPLC in a Hewlett
Packard 1100 liquid chromatograph equipped with a Phenomenex
column (150 m,  4.60 mm ID, 5 �m film thickness) and a UV–vis
detector. The mobile phase was  70:30 acetonitrile-water and was
pumped at 0.5 mL  min−1. Samples of 0.0025 �L were used. The
reactants and products were identified by comparison of the
experimental elution peaks with those produced by commercial
standards.

2.3.2. Glycerol esterification
The esterification reaction was  performed in a glass batch reac-
tor equipped with a condenser. The glycerol (1.0 g) and the fatty
acid (2.2 g) (molar ratio of glycerol to fatty acid equal to one) were
stirred at 800 rpm and heated on a hot plate at the required tem-
perature (100 ◦C generally). When the desired temperature was
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ig. 1. FT-IR spectra of the sulfate-free and sulfate-doped zirconia samples. (a) Mon

eached, the catalyst (0.16 g) was added to the reactor (zero reac-
ion time). After cooling down the reaction products (after about
5 min), ethanol (5 mL)  was added in order to make the products
olution more homogeneous and a sample was taken for analysis
y gas chromatography.

The products were analyzed by gas chromatography in a

himadzu GC-14A chromatograph equipped with a flame ioniza-
ion detector and a Restek RTX-5 (30 m,  0.32 mm ID, 0.25 �m
lm thickness) capillary column. Dodecane (99%, Acros Organ-

cs) was used as an internal standard and the chromatograms
c ZrO2, (b) Monoclinic ZrO2–SO4
2− , (c) Tetragonal ZrO2, (d) Tetragonal ZrO2–SO4

2− .

were processed in a Shimadzu CR-15A integrator connected on-
line.

3. Results and discussion

3.1. Sulfation method assessment
3.1.1. IR spectroscopy
A first assessment of the amount and kind of sulfate groups

(SO4
2−) in the final catalysts was  made by infrared spectroscopy.
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ig. 2. Bidentate bridging structure of surface sulfate ion bound to zirconium oxide
20].

ig. 1 shows the infrared spectra of the monoclinic ZrO2 sulfate-
ree sample (Fig. 1a) and of the same samples after being sulfated
Fig. 1b). Similarly Fig. 1c shows the infrared spectrum of the unsul-
ated tetragonal zirconia sample and Fig. 1d the spectrum of the
ulfated tetragonal zirconia catalyst.

The bands at 1000, 1063, 1149 and 1242 cm−1can only be
etected on the sulfate-doped samples. They are associated to
ibrations of the sulfate ion bound to surface Zr atoms indicating
n effective sulfation of the surface of zirconium oxide. Moreover,
he position of these bands suggests that the binding between Zr
nd sulfate is through a bidentate bridging ligand [20] (see Fig. 2).

.1.2. X-ray photoelectron spectroscopy

In order to know how the sulfate species enhances the surface

cidity of zirconia some samples were probed using X-ray photo-
lectron spectroscopy (XPS). Fig. 3 shows the XPS spectra of the
onoclinic samples. As shown in Fig. 3a for the unsulfated sample,

Fig. 3. XPS spectra of monoclinic zirc
talysis A: Chemical 398 (2015) 325–335

two states of oxygen are readily resolved by XPS with O 1s binding
energies at 530.0 and 530.5 eV.  The first one corresponds to Zr O
and the second one to oxygens of surface OH groups [21]. In the
case of the sulfated monoclinic sample, its XPS spectrum (Fig. 3b)
has a new signal at 534.1 eV, that is an indication of oxygen atoms
with a different chemical environment, such as the oxygens of the
sulfate groups SO4

2− [22].
Fig. 4 shows the XPS spectra of the tetragonal ZrO2 samples.

In the case of the unsulfated sample (Fig. 4a) the spectrum has
strong signals at 529.1 and 530.6 eV, similar to those found in the
spectrum of monoclinic zirconia. Also both monoclinic and tetrag-
onal zirconia had doublets at 182.0 and 184.5 eV, corresponding
to the binding energy of Zr 3d in the oxidation state IV [23]. The
spectrum of the sulfated tetragonal sample (Fig. 4b) has a new sig-
nal at 532.2 eV. As in the case of the monoclinic samples, this is
again attributed to the presence of oxygen atoms in sulfate groups.
The Zr region also has some differences in comparison to the same
spectrum zone of the unsulfated sample. According to Ardizzone
[23], these bands are characteristic of zirconia after being treated
with sulfuric acid (H2SO4), with components at 182.8 eV in Fig. 3b
(monoclinic sample) and 183.3–186 eV in Fig. 4b (tetragonal sam-
ple) corresponding to Zr (IV) linked to electron-attractive groups.
The spectra of both the monoclinic and tetragonal samples have a
wide range of values in the Zr 3d region, that according to literature
reports [24] would be typical of the IV oxidation state of Zr.

With respect to the presence of sulfur on the surface after the
sulfation process, there is a band that corresponds to the S 2p level.
In sulfated zirconia, either monoclinic or tetragonal, this band is
divided into two components at 169 and 170 eV. The difference

between both values is possible due to the protonation of sulfate:
species located around 169 eV would correspond to deprotonated
sulfated species whereas those located at around 170 eV would
be protonated sulfated species [24]. Mainly deprotonated sulfate

onia: (a) ZrO2, (b) ZrO2–SO4
−2.
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Fig. 4. XPS spectra of tetragonal zirconia: (a) ZrO2, (b) ZrO2–SO4
−2.

F
o

ig. 5. X-ray diffractograms. (a) Monoclinic unsulfated zirconia (M)  and (b) tetrag-
nal unsulfated zirconia (T).

Fig. 6. Influence of sulfation on the crystal structure of monoclinic ZrO2. (a) Sample

without sulfation, (b) sample after sulfation and calcination.
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Table 1
Specific surface area of the zirconia samples.

Sample SBET (m2/g)

Monoclinic
ZrO2 19.6
ZrO2–SO4

−2 1M 22.2
ZrO2–SO4

−2 6M 11.8

Tetragonal

Results on the strength and the amount of acid sites of the zir-
conia samples are given in Table 2. The limits of the H0 of the
samples were established by observing the color of the adsorbed
form of the Hammett indicators [29]. As it can be seen in Table 2

Table 2
Measurement of acid strength by means of Hammett indicators. Unsulfated and
sulfated (1 M) zirconia samples.

Indicator mmol H+/g catalyst

pka Monoclinic phase Tetragonal phase

ZrO2 1 M ZrO2 1 M

Neutral red +6.8 0.2 0.75 0.15 0.55
Methyl red +4.8 – 0.55 – 0.4
Thymol blue +1.6 – 0.22 – 0.15
ig. 7. X-ray diffraction patterns of tetragonal ZrO2. (a) Without sulfation, (b) after
ulfation with 1 M H2SO4 and calcination.

pecies can be seen in our results. This is agreement with the
bserved bridging bidentate complex detected in the IR analysis.

.2. Morphological and superficial effects of sulfation process

.2.1. X-day diffraction
Fig. 5 contains the X-ray diffractograms of the unsulfated zir-

onia samples. These diffractograms coincide with those published
or the monoclinic (PDF 37-1484) and tetragonal (PDF 88-1007)
irconia phases [25].

Fig. 6 shows the X-ray diffractograms of the monoclinic sample
efore and after sulfation. A comparison of the two  diffractograms

ndicates that there are practically no changes. This means that the
reatment of sulfation and subsequent calcination does not produce
ny change of the crystal structure.

The same stability of the crystal phase can be seen in the case of
he tetragonal phase. The results of Fig. 7 indicate that no changes in
he XRD peaks or the crystallinity of the tetragonal zirconia sample
ccur due to the sulfate promotion.

An inspection to the spatial coordination of Zr in the monoclinic
nd tetragonal zirconia phases (Fig. 8) reveals that Zr is surrounded
y 7 oxygen atoms in monoclinic zirconia and by 8 in tetragonal zir-
onia [26]. This difference would make the monoclinic phase more
menable to surface sulfation, because the Zr is less shielded by oxy-
en atoms and the incoming sulfate anion finds less electrostatic
epulsion from negative oxygen anions.

.2.2. Transmission electron microscopy
The monoclinic and tetragonal zirconia samples had different

orphological features too. Fig. 9 contains TEM micrographs of the
nsulfated monoclinic and tetragonal samples. Both have particles
f semispherical shape but they have different size. The mean diam-
ter of the monoclinic zirconia particles is about 30 nm while the
ean diameter of the tetragonal particles is about 200 nm.

Fig. 10 shows TEM micrographs of the zirconia samples after the
ulfation treatment. As anticipated by the XRD results, no changes
n the morphology can be detected. Both the monoclinic and zir-
onia samples retain their semispherical shape and their original
ize.
.2.3. Nitrogen adsorption results
Table 1 shows the results of nitrogen physical adsorption of

he zirconia samples. Both the tetragonal and monoclinic samples
ZrO2 8.6
ZrO2–SO4

−2 1 M 11.2
ZrO2–SO4

−2 6M 7.9

had small values of specific surface area, as measured by the BET
method.

Tetragonal zirconia had 8.6 m2 g−1 while monoclinic zirconia
had 19.6 m2 g−1. The small values of surface area are typical of
samples of zirconia without textural promoters subjected to cal-
cination. Sulfate promotion of amorphous zirconia gels results not
only in the stabilization of the tetragonal phase but also in a delay
of sintering and crystallization phenomena thus leading to samples
with high values of surface area, normally in excess of 100 m2 g−1

for samples calcined at 500–600 ◦C. Without sulfate the gel crys-
tallizes at normal temperatures and the heat treatment results in
a higher crystal growth. This is evident in the X-ray diffractograms
of the previous sections, that had well defined peaks with a high
height-to-width ratio.

The lower specific surface area of the tetragonal sample is most
probably a consequence of the higher calcination temperatures
employed for its synthesis. The monoclinic sample was  calcined
at 400 ◦C before sulfation and tetragonal zirconia at 600 ◦C. Both
samples were again calcined at 400 ◦C after sulfation.

The sulfation treatment had a different effect depending on the
concentration of the sulfuric acid solution. In the case of the 1 M
solution, a small increase in surface area is detected upon sulfation.
This could be the result of the acid etching of the surface that results
in the formation of grooves and notches. These surface irregularities
would increase the surface area [27]. A treatment with solutions of
higher concentration would result in dissolution of zirconia and
collapse of the pore structure. This would explain the results for
the samples treated with 6 M H2SO4, that displayed the smallest
area values. The existence of an optimum concentration of H2SO4
has previously been reported for the case of the sulfation of freshly
precipitated gels [28].

3.3. Surface acidity

3.3.1. Amine titration using Hammett indicators
4-Nitroaniline +1.1 – 0.2 – 0.1
Crystal violet +0.8 – 0.15 – 0.05
Bromocresol green −3.7 – – – –
Total – 0.2 1.87 0.15 1.25
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Fig. 8. Coordination of the Zr atom in different crystal phases of ZrO2. (a) Tetragonal, (b) monoclinic.

Fig. 9. TEM micrographs of the unsulfated tetragonal (a) and monoclinic, (b) samples.

Fig. 10. TEM micrographs of the sulfate promoted tetragonal (a) and monoclinic (b) samples.
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Table 3
Concentration and strength of acid sites (in �mol  g−1) as calculated from adsorption/desorption of pyridine followed by IR absorption spectroscopy. L = Lewis, B = Brønsted.

T (K) ZrO2

Monoclinic
ZrO2–SO4

−2

Monoclinic
1M

ZrO2

Tetragonal
ZrO2–SO4

−2

Tetragonal
1M

L B L B L B L B

423 71 – 51 5 9 – 11 23
4 1 – 4 13
– – – 1 7
– – – – 1
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Fig. 11. Species formed during pyridine adsorption. (a) Pyridinium ion (Brønsted
site), (b) coordinately bonded pyridine (Lewis site).
523  21 – 24 

623  2 – 7 

723  2 – 4 

he unsulfated zirconia samples had a similar value of acid strength,
0 ≤ +2.8, but a different amount of acid sites, 0.15 mmol  g−1 (T) and
.20 mmol  g−1 (M).  It could be argued that the difference in amount
f acid sites could be the result of the different surface area, that
as bigger for the monoclinic sample. In this sense the calculation

f the amount of acid sites per unit area yields 0.017 mmol  m−2 for
he tetragonal sample and 0.010 mmol  m−2. Therefore the surface
cidity per unit area is indeed higher for the tetragonal sample.

 similar reasoning can be made in the case of the sulfated sam-
les. The sulfated monoclinic sample has a higher acidity per unit
ass but a lower acidity per unit area (Monoclinic: 1.87 mmol g−1,

.084 mmol  m−2; Tetragonal: 1.25 mmol  g−1, 0.112 mmol  m−2).
The valid acidity comparison should be that one based on the

oncentration of acid sites per unit area (aS , in mmol  m−2) because
s directly related to chemical properties and independent of the
vailable surface area. As we saw aST was higher than aSM . aS should
e the result of the polarizing effect of the electronegative sul-
ate group. The method of sulfation used an excess of sulfating
gent (immersion method) and the calcination temperature was
he same for both samples, monoclinic and tetragonal. In this sense
he higher value of aST can be thought to be due to two different
ituations: (i) a greater stabilization of sulfate groups on the tetrag-
nal sample, leading to higher values of sulfate groups per unit area;
ii) similar values of the surface concentration of sulfate on both the

onoclinic and tetragonal samples; but a higher proportion of acid
ites per unit sulfate in the case of the tetragonal sample.

The data of acid strength distribution indicate that this is similar
or both sulfated catalysts. Most acid sites (>60%) had pKa values
qual or higher than 4.8 while the most acidic sites had pKa val-
es higher than −3.7. It can be seen that the strength of the most
cidic sites is smaller than that reported for samples of highly acidic
ulfated zirconia prepared in the standard way (sulfation of the
r(OH)4 gel in the amorphous state and calcination at 600–650 ◦C),
hat could have sites with pKa equal to −11.4 in the Hammett scale.

.3.2. FT-IR study of pyridine adsorption
The results of FT-IR absorption of adsorbed pyridine are pre-

ented in Fig. 11. From the obtained spectra, the types of sites
ffecting adsorption were classified as Lewis (L) or Brønsted (B). The
yridinium ion alone produced a band in the vicinity of 1542 cm−1

nd the appearance of this band in the spectrum was  taken as indi-
ation of Brønsted acidity. Pyridine coordinatively bonded on Lewis
ites generated a unique band at 1448 cm−1 where the pyridinium
on did not absorb. Pyridine itself gave a band at 1440 cm−1.

The IR spectra of samples before and after pyridine adsorp-
ion followed by evacuation at successively higher temperatures
150–450 ◦C) are shown in Fig. 12.

The concentrations of Brønsted and Lewis sites were estimated
rom the intensities of the bands at 1542 and 1448 cm−1 corre-
ponding to the pyridiniumion (Py-H+) and to pyridine coordinated

ver Lewis sites (Py-L), respectively. The resulting data is com-
iled in Table 3. The values obtained show differences between the
wo phases. In the case of the unsulfated catalysts none of them
ad Bronsted acid sites or its concentration was negligible. This
Fig. 12. FTIR spectra of pyridine adsorbed on tetragonal ZrO2–SO4
−2 and evacuated

at different temperatures: (a) 150 ◦C, (b) 250 ◦C, (c) 350 ◦C, (d) 450 ◦C.

was expected since extensive dehydroxylation (loss of surface OH
groups) would occur on the sulfate-free zirconia gels during cal-
cination. With respect to the Lewis sites, monoclinic zirconia had
almost 8 times the amount of Lewis sites of the tetragonal sample.
This could be related to the 7-fold bulk coordination of the Zr atom
in monoclinic zirconia (as compared to the 8-fold coordination of
Zr in tetragonal zirconia), that might lead to a higher concentration
of coordinately unsaturated cations on the surface of the particle.
The lower number of oxygen atoms in the sphere of coordination
of Zr in monoclinic zirconia could also lead to a higher electron
affinity of the Zr4+ cation. In this sense some of these Lewis sites on

the monoclinic unsulfated sample were of high acid strength and
could not be desorbed at the highest temperature, 450 ◦C. In the
case of the tetragonal zirconia sample, all Lewis sites had desorbed
pyridine at 350 ◦C.
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Fig. 13. Conversion of sucrose as a function of reaction time.Sucrose inversion reac-
tion  using monoclinic (dashed line) and tetragonal (continuous line) ZrO2–SO4

2−
C.D. Miranda M. et al. / Journal of Molecu

When we analyze the results of the sulfated samples some
oints seem clear: (i) Sulfation only slightly increases the amount of
ewis sites of the unsulfated surface; in this sense most Lewis sites
ust be those present on the surface before the sulfation treatment

nd their acid strength seems not be affected by sulfation (range of
hermal desorption practically not modified by sulfation). (ii) As
cidity is concerned the main role of the sulfate group is to gener-
te new Brønsted acid sites; in this sense this occurs to a greater
xtent in the case of the tetragonal sample. The Brønsted acid sites
enerated on the zirconia sample are more numerous and more
trong than those generated on the monoclinic sample. No pyridine
emains on the monoclinic sample at 350 ◦C while a non negligible
mount is retained on the tetragonal sample at 450 ◦C.

The mass concentration of 23 �mol  g−1 Brønsted on tetragonal
rO2/SO4

2− translates to about 0.6 sites per square nanometer if
he specific surface area of this material is considered. This is a rel-
tively high surface density of acid sites. This could be related to

 relatively high concentration of surface sulfates remaining after
alcination. It must be recalled that common ZrO2–SO4

2− catalysts
re calcined at 500–600 ◦C and at this temperature a great portion
f the original sulfates present in the freshly impregnated catalyst
re lost by thermal decomposition. In this sense the mild calcination
emperature employed in our case (400 ◦C) could have led to a rel-
tively high surface concentration of sulfate and related Brønsted
cid groups.

.4. Catalytic evaluation

There was a concern over the probable leaching of sulfate from
he catalyst during the reactions. A direct measurement of sulfate
n the solid was not done but some additional tests were per-
ormed to check the occurrence of sulfate leaching into the reaction

edia. The tests comprised measuring the concentration of sulfate
n the reaction media before and after the reactions by means of
he spectrophotometric method (EPA method 375.4). This test was
hosen because it involves the use of water and alcoholic solutions
s those used in the reactions. Though some catalysts fines were
ndeed formed after 7 h reaction time, the filtrated solution con-
ained no dissolved sulfate, at least in concentrations higher than
he detection limit of the method (1 mg  L−1).

.4.1. Inversion reaction
Fig. 13 shows that sulfated tetragonal zirconia was a better

atalyst than sulfated monoclinic zirconia for this reaction. At 6 h
eaction time the conversion with the tetragonal catalyst was 94%
hile with the monoclinic catalyst the maximum conversion was

5%. During the first 2 h of reaction the monoclinic catalyst was
oticeably more active but its activity then decreased and disap-
eared completely after 3 h, the conversion remaining constant
hereafter.

The activity results are more possible related to the acidity of the
atalysts since sucrose inversion is an acid-catalyzed reaction [30].
ore especifically the activity should be related to the Brønsted

cidity because for this reaction Brønsted acid sites are more impor-
ant than the Lewis ones [31]. However, there is no good correlation
etween the higher surface concentration of acid sites of the tetrag-
nal sample and the lower initial activity of this catalyst.

According to Gehlawat [32], invert sugar is traditionally pro-
uced from sucrose using mineral acids like H2SO4 or HCl and that
his conventional method suffers from low conversion efficiency
65–70%), high ash content and undesirable products (7–8%). The
ame author reports that complete conversion in 30 min  reaction

ime can be got when reacting sucrose over strong cationic resin
eds. Mendes et al. [33] shows that 59% conversion can be got with
mberlite IR 120 resins in packed beds when using a contact time
f about 9 min  and 70 ◦C temperature. These reported reaction rate
catalysts. Reaction step conditions: 50 mL  of a 0.01 M sucrose solution, 0.2 g of cat-
alyst; 620 kPa in nitrogen, 90 ◦C, 1000 rpm of stirring rate and 7 h. A water:ethanol
(50–50) solution was used as solvent.

values correspond to 5–6 times the rate observed for the sulfated
zirconia catalyst for similar reaction conditions.

3.4.2. Glycerol esterification
Glycerol esterification with fatty acids can be catalyzed by basic

and acid catalysts, homogeneous or heterogeneous. Solid acids have
lately attracted much interest for this reaction because of the envi-
ronmental concern associated to mineral strong acids, like H2SO4,
and because of the convenience for the separation of products and
catalyst. Homogeneous acids also have selectivity problems and
usually yield a mixture of mono-, di- and triglycerides, when in
most cases only the monoglyceride is the desired product. Con-
cerning the use of solid acid catalysts, Abro et al. [34] reacted oleic
acid and glycerol using cationic resin catalysts and obtained a selec-
tivity to mono-oleyl glyceride of 90% at a conversion of 50% over the
gel resin Amberlyst 31. Machado et al. [35] used zeolitic molecular
sieves as catalysts for the synthesis of glycerol monolaurate and
reported that the best results were obtained by using zeolite Beta
as catalyst, and monolaurate yields of 20% with selectivities higher
than 65% were achieved. Wang et al. [36] esterified free fatty acids in
biodiesel with glycerol, using SO4

2−–ZrO2–Al2O3 as catalyst. They
achieved a stable conversion of 98.4% at 200 ◦C, a glycerol:fatty acid
molar ratio of 1.4 and a reaction time of 4 h.

Fig. 14 shows the results of glycerol esterification using mon-
oclinic and tetragonal sulfated zirconia catalysts. It can be seen
that the activity of the monoclinic catalysts is many times higher
than that of the tetragonal catalysts. Practically, total conversion
is obtained at 4 h of reaction time when the monoclinic sulfated
zirconia catalyst is used. At the same reaction time the conversion
achieved with the tetragonal sulfated zirconia catalyst is about 30%
only.

One possible explanation of the higher activity of the mono-
clinic sample is its greater concentration of surface Lewis acid sites.
Considering the amount of sites measured by pyridine adsorption
and FTIR absorption after evacuation at 423 K, monoclinic sulfated
zirconia has 51 �mol  g−1 of Lewis acid sites and 5 �mol  g−1 of

Brønsted acid sites. This yields a Brønsted/Lewis acid ratio of 0.098.
Tetragonal sulfated zirconia has 11 �mol  g−1 of Lewis acid sites and
23 �mol  g−1 of Brønsted acid sites thus having a Brønsted/Lewis
ratio of 2.09. While the evidence of the role of Lewis acid sites in
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Fig. 14. Results of the glycerol esterification reaction as catalyzed by ZrO2–SO4
2−

catalysts, monoclinic (dashed line) and tetragonal phase (continuous line). Molar
ratio of glycerol to fatty acid equal to one; 0.16 g of catalyst; stirred at 800 rpm;
temperature: 100 ◦C.Time of reaction: 4 h.

Table 4
Catalytic activity of sulfated zirconia catalysts in the reaction of glycerol esterifi-
cation with lauric acid. Molar ratio of glycerol to fatty acid equal to one; 0.16 g of
catalyst; stirred at 800 rpm; temperature: 100 ◦C. Time of reaction: 4 h.

Catalyst moles of lauric acid
h×mmol H+/gcatalyst

ZrO2–SO4
2− Monoclinic 4.5 × 10−2
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[21] M.  Cattania, S. Ardizzone, C. Bianchi, S. Carella, Colloid Surf. Physicochem. Eng.

Aspect 76 (1993) 233–240.
[22] S. Ardizzone, C. Bianchi, E. Grassi, Colloids Surf. 135 (1998) 41–51.
ZrO2–SO4
2− Tetragonal 2.0 × 10−2

lycerol esterification seems to be scarce, some authors claim that
ater tolerant SnCl2 having only Lewis acid sites could catalyze

he formation of glycerol acetates with great yield (Goncalves et al.
37]).

If active sites on monoclinic sulfated zirconia are responsible
or the catalytic activity then it must be considered that the water
n the reaction medium can be a poison of the activity. It is well
nown that acid catalysts for esterification of fatty acids are deac-
ivated during the reaction because of the formation of water (Yan
t al. [38]). Water hydrates surface proton and decreases its surface
trength and can also transform Lewis sites into Brønsted ones. In
his sense the deactivation seen for the monoclinic catalyst during
he inverse sucrose reaction, could be a consequence of the pres-
nce of water in the medium. No deactivation was however seen
n the case of the reaction of glycerol transesterification. In this
ase the water formed as a product of the esterification could have
scaped from the reaction medium, since the reaction temperature
as 100 ◦C and the reactor was an open glass flask Table 4.

A comparison of the results on both reactions indicates that
ctivity was higher for monoclinic zirconia in esterification of glyc-
rol and higher for tetragonal zirconia in sucrose inversion. Both
re acid-catalyzed reactions and both catalysts had surfaces with
cid sites of similar strength. The total acidity (per unit mass) was
igher for monoclinic zirconia while the surface density of acid sites
in mmol  m−2) was higher for tetragonal zirconia. Sulfated mono-
linic zirconia had mainly Lewis acid sites while tetragonal zirconia
ainly Brønsted ones. In this sense the results could be related to

lycerol esterification being catalyzed mainly by isolated sites of
ny kind (thus being more favored on monoclinic zirconia that had

ore acid sites) and sucrose inversion being catalyzed mainly by

rønsted acid sites.
[
[

talysis A: Chemical 398 (2015) 325–335

4. Conclusions

Monoclinic and tetragonal sulfated zirconia catalysts with only
one crystal phase were synthesized by means of the sulfation of
crystalline supports previously obtained by controlled precipita-
tion and calcination. The use of crystalline samples yielded final
catalysts with low specific surface area that however showed good
activity in the reaction tests. Compared to ion exchange resin cat-
alysts sulfated zirconia catalysts had a similar reaction rate in the
reaction of glycerol esterification and a lower one (1/5–1/6) in the
reaction of sucrose inversion.

FTIR characterization indicated that both monoclinic and tetrag-
onal catalysts had surface sulfate groups with a bridge structure.
Sulfate addition greatly increased the acidity and also promoted the
appearance of Brønsted acid sites, in comparison to the base unsul-
fated supports that only had a moderate concentration of Lewis
sites.

On a mass basis the monoclinic sulfated zirconia catalyst had a
higher amount of acid sites, as measured either by pyridine adsorp-
tion or by the Hammett indicator method.

The catalysts were used in the reaction of sucrose inversion and
glycerol esterification with lauric acid. The initial reaction rate was
higher on the monoclinic catalyst in both reactions, but the activity
was decreased after a few hours in the case of the sucrose inversion
reaction. The activity of the tetragonal catalyst was  stable in both
reactions and total conversion of sucrose was  obtained after a few
hours reaction time.

The activity of the monoclinic catalysts seems to be mainly
related to the presence of Lewis acid sites. Deactivation by water
could be the reason for the activity drop in the case of the sucrose
reaction. Continuous water evaporation at the reaction conditions
could be responsible for the stable performance of this catalyst in
the case of the esterification reaction.
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