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a b s t r a c t

Highly efficient, robust and mesoporous sulfated zirconia, SZ catalysts were prepared by co-precipitation and

incipient-wetness routes with sufficient and in-excess acid. The study investigated the effect of pH, precur-

sor type, and concentration, on SZ and compared their acidity and performance with ytterbium-doped SZ

toward transesterification. N2 sorption, elemental analysis, XRD, and ammonia temperature-programmed

desorption (NH3-TPD) revealed the properties of the catalytic materials. The specific surface area increases

independently of the presence of Ti up to 60.33 m2/g, with increasing pH while pore size of the tetrago-

nal crystallites decreases from 37.04 to 6.83 nm. Soaking the material in sufficient 0.5-M H2SO4 produced

37.04 nm SBET in contrast to 21.21 nm from soaking in excess. Double sulfation ensured sulfate incorporation

while moderate precursor amounts enhanced activity of the materials. Interestingly, despite low specific sur-

face area, which was due to short aging period, large mesoporosity, high amount, and dispersion of active

sites on Yb-doped SZ, SZr-Ti-Yb-500-4/s ensured remarkable activity. The catalyst converted ca. 99% of used

frying oil containing ca. 48 wt. % FFA. Consequently, this highlights the prospect of producing biodiesel at

lower cost especially with current dwindling price of crude oil.

© 2015 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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. Introduction

The potency of public concern in the 21st century forces decision

akers to enact policies not primarily based on science and tech-

ology. Concerns such as environmental impacts and socioeconom-

cal challenges help to shape public opinion toward new demands

hich require novel catalytic solutions [1,2]. Inherent with these new

hallenges are the potentials for greater efficiency and sustainabil-

ty of such systems [3]. Moreover, the searches for newer solutions

ave led experts to explore in details, the attributes of different ma-

erials, systems and devices [4]. One key task is in achieving phase-

omogeneous solids with uniform morphological and chemical prop-

rties. This challenge is a fundamental prerequisite to any rational

atalyst design. Further, the current dwindling price of crude oil is

n indication that catalysis needs extensive experimentation to give

iofuel the needed competitive edge. Consequently, it is necessary to
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5319.

E-mail addresses: ymsani@siswa.um.edu.my (Y.M. Sani), adeniyipee@live.com (P.A.

laba), raji.aisha@gmail.com (A.O. Raji-Yahya), ashri@um.edu.my (W.M.A.W. Daud).

S

b

f

t

s

f

ttp://dx.doi.org/10.1016/j.jtice.2015.07.016

876-1070/© 2015 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All righ

Please cite this article as: Y.M. Sani et al., Acidity and catalytic perform

synthesized via different preparatory conditions for biodiesel producti

http://dx.doi.org/10.1016/j.jtice.2015.07.016
evise catalytic processes with ca. 100% yields. These will help to es-

ablish the potentials of catalysts as well as ensure the prominence

f biofuels such as biodiesel. Despite these challenges, last century

itnessed catalysis as the major backbone for most industrial pro-

esses such as petrochemistry (especially, petroleum catalytic refin-

ng) and bulk chemistry. Incidentally, the high activity of sulfated zir-

onia (SZ) attracted substantial attention for converting triglycerides

TGs) into biodiesel at moderate to high temperatures. SZ is the sub-

ect of numerous reports since its discovery in 1979 [5]. Considering

he numerous reports available in the open literature, it is plausible

o assert that SZ has attained a ‘state-of-the-art’ status. Further, most

eports considered SZ as superacids because of their catalytic activ-

ty in simultaneously esterifying free fatty acids (FFA) and transes-

erifying triglycerides (TG) from high-FFA containing feedstocks into

iodiesel.

However, despite numerous encouraging results, some aspects of

Z catalytic reactivity and physicochemical properties remain de-

atable. Some authors [6–8] argue that despite the presence of sul-

ate anions, the hydroxyl groups on the SZ surface are less acidic

han the bridged hydroxyls in zeolites. They further claimed that be-

ides Lewis sites, the surface of zirconia contains basic sites in the

orm of coordinated unsaturated oxygen atoms. They attributed this
ts reserved.
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rationale by viewing the interaction between zirconia and H2SO4

as acid–base reaction. Contrarily, proponents [9–11] to its acid-

ity provided evidences that showed super acidity of SZ contains

two types of acid sites. A strong acidic site (24 μmol) with up to

31.2 kcal/mol strength and a weaker site (52 μmol) having a strength

of 25.8 kcal/mol. The latter explains the claim by the opponents to the

acidity of SZ. This is because 25.8 kcal/mol is lower than 34 kcal/mol

and 41 kcal/mol that represent the acidity of HY and HZSM-5 respec-

tively. The latter acidity explains the observation reported by the op-

posing authors. However, these conflicting reports are not surpris-

ing because heterogeneity and site accessibility of solid acid catalysts

render direct measurement elusive. Moreover, acidity of SZ is sensi-

tive to preparatory conditions and preparation method employed [1].

Two decades ago, a detailed report by [12] evidenced the negligi-

ble effect that sulfation procedure has on the final SZ product. Despite

this and the extensive attention on the factors affecting the acidity of

SZ, there is no information from open literature regarding biodiesel

production over SZ doped with ytterbium. Consequently, the present

contribution aims to demonstrate the superior acidity and catalytic

activity of SZ doped with ytterbium over SZ catalysts prepared by

varying preparative procedures. To achieve this, the study evaluated

how slight changes during incipient wetness and co-precipitation

methods, and sulfate dispersion on SZ affect its acidity and perfor-

mance in biodiesel production. The report aims at providing insight

to the arduous task of making biodiesel economically competitive

via transesterifying UFO containing 48 wt. % FFA. It is instructive to

highlight the significance of employing UFO especially with current

dwindling price of crude oil. Rather than dump the waste material

into landfills, UFO simultaneously eliminates the food-for-fuel com-

petition [13] and reduces the cost of biodiesel production [14]. The

cooking process causes the vegetable oil, TGs, to breakdown to form,

DGs, MGs, and free fatty acids (FFAs).

2. Materials and method

Sigma-Aldrich supplied all the reagents for this study. To ensure

better comparative analyses, the study synthesized three different

batches of catalytic materials. These were: (a) catalysts prepared

via incipient method, (b) ytterbium doped catalysts, and (c) mate-

rials synthesized via co-precipitation. The required amount of ZrO2

(5 μm, 99%) was soaked in excess 0.5-M H2SO4 (≥ 98%) and stirred

for 120 min. Fritted glass filtered the resultant solution prior to drying

of the solid for 20 h in open-air inside a fume cupboard; and at 130 °C
for 16 h in an oven. Calcination was for 4 h at 500 °C. The acronym

SZr-T-t/x represents the synthesized materials. Where T denotes cal-

cination temperature, t signifies time, while x denotes sufficient soak-

ing(s), soaking in excess (e), or aging period (days). These preparatory

variables were varied (see Table 1) to elucidate their effects on acidity

and activity.

Further, homogeneous co-precipitation was the route employed

for synthesizing the second batch of catalytic materials. Aqueous
Table 1

Variable parameters employed for synthesizing mesoporous

sulfated zirconia.

Sample ID 0.5-M H2SO4 pH Aging (h)

SZr-500-4/e excess – 2

SZr-500-4/s sufficient – 2

SZr-500-1/e excess – 0.25

SZr-Ti-500-4/e excess – 0.25

SZr-Ti-500-4/s sufficient – 0.25

SZr-Ti-Yb-500-4/s 0.323 – 2

SZr-500-5/7 0.034 1.25 168

SZr-500-5/7R 0.039 2 168

SZr-500-5/14 0.071 5 336

SZr-500-5/10 0.038 4 240
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olutions of 1:2 wt. % of ZrOCl2.8H2O (≥ 99.5%) and TiO2

ReagentPlus®, ≥ 99%, 4.26 g/mL at 25 °C) were thoroughly mixed

ith urea. The mixture was heated at 95 °C under vigorous stirring

or 12 h. Repeated washing of the precipitate with distilled water af-

er filtering ensured negligible Cl– concentration. The solid was ini-

ially oven-dried for 12 h at 120 °C, and then stored in dry N2 atmo-

phere. Immersing 6 g of Zr–Ti composite in 0.5-M H2SO4 facilitated

ulfation, while water bath evaporated the excess moisture. The re-

ultant solid was oven-dried at 130 °C for 16 h and calcined at 500 °C
or 4 h. This sample was designated as SZr-Ti-500-4/e. To investigate

he effect that transition metal has on activity, Ytterbium (III) nitrate

entahydrate, Yb(NO3)3.5H2O (crystals and lumps; 99.9% trace met-

ls basis) was added to the third batch of catalysts. NH4OH (≥ 99.99%

race metals basis; 28% NH3 in H2O) was added to aqueous mixture

f Zr and Ti and stirred for 2 h. The resultant solid was oven-dried

t 110 °C for 24 h and ground into powder. A thorough mixing of the

amples with aqueous 0.5-M H2SO4 incorporated sulfate ions, while

eating at 110 °C for 12 h prior to calcination at 500 °C for 4 h en-

ured stability on the materials. The material was designated SZr-Ti-

b-500-4/s.

The third batch of catalytic materials was prepared according to

modified procedure previously documented by [15]. Distilled wa-

er and continuous stirring for 5 min, dissolved the required amount

f ZrOCl2.8H2O to 0.34-M concentration. Adding urea in drop-wise

anner to the required pH, precipitated the active species from the

olution. While adding 0.5 M (NH4)2SO4 produced a gel-like acidic

olution. This was aged for 1–14 days in closed polyethylene (PE) bot-

les at 90 °C. The solution underwent filtration after cooling to room

emperature, and subsequent washing with excess distilled water (6

imes, each with 200 mL). Calcination of the solid in air at 500 °C for

h followed drying in open-air for 20 h, and heating at 90 °C for 4 h

n a fume cupboard. These samples were designated as SZr-500-5/7.

o evaluate the effect of strong acid sites, a portion of SZr-500-4/7,

esignated SZr-500-4/7R underwent a re-sulfation procedure again.

fter drying, kneading, mixing with 0.5 M-H2SO4 for 2 h, filtering

hrough fritted glass, and drying at 130 °C for 16 h, the solids were

alcined at 500 °C for 4 h. The procedure was repeated for sample

Zr-500-5/14 except that required amount of ZrOCl2.8H2O was dis-

olved in distilled water before adding urea to a pH value of 5. Sim-

larly, the procedure was repeated for SZr/500-5/10 except required

mount of ZrO(NO3)2.xH2O was dissolved in 400 mL distilled water

efore adding urea to pH value of 3 and mixing with required amount

f Al(NO3).9H2O. Continuous stirring under 210 rpm at 50 °C for 2 h

ided homogeneity. Adding ammonia solution and stirring for 40 min

receded aging at room temperature for 10 days. Subsequently, after

ltering, drying in fume cupboard at 90 °C for 24 h, and calcining at

00 °C for 5 h, the catalysts were stored in airtight vials inside a desic-

ator. All catalysts and experimental runs were prepared in replicates

o ensure repeatability.

.1. Catalyst characterization

Analyzing isolated catalytic materials, precursors, or intermedi-

tes facilitates circumventing the high complexities of catalytic sys-

ems. It provides important information regarding the reaction mech-

nism and structure/activity relationships of the catalyst. Further, ex

itu approach also enables the researcher to work with simplified

ystems under predefined conditions. Consequently, surface mor-

hology and topology were analyzed with field emission scanning

lectron microscopy (FE-SEM) FEI QUANTATM 450 FEG type 2033/14

Czech Republic) unit with 30 kV accelerating voltage. An energy dis-

ersive X-ray spectrometer (EDX) from the same unit revealed the

urface elemental composition of the catalysts. XRD and BET anal-

ses elucidated the structural and textural properties of the cata-

ysts. Phillips X’pert diffractometer (The Netherlands) with CuKα ra-

iation (λ = 1.54056 Å) at a scanning speed of 0.05°s−1 within 2θ
ance of Yb-doped SO2−
4 /Zr in comparison with SO2−

4 /Zr catalysts
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Fig. 1. Preliminary optimization of reaction variables: (a) temperature, (b) time and, (c) methanol-to-oil molar ratio.
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ange of 5–70° at 40 mA and 40 kV analyzed the XRD patterns.

Micromeritics TriStar II (USA) with accelerated surface area poros-

ty (ASAP) 3020 at –196.15 °C was used to determine the specific sur-

ace area of the catalytic materials using liquid nitrogen. Degassing

he catalysts at 120 °C for 3 h under a vacuum eliminated any ph-

sisorbed volatiles and impurities. Rapid (scan speed 3 velocities,

.2–20 kHz) identification and quantification of the catalysts was per-

ormed with a Bruker Fourier transform infrared (FT-IR) Tensor 27

R (Germany). The apparatus has a spectral range of 7500–370 cm−1

ith more than 1 cm−1 apodized resolution and a standard KBr beam

plitter. Ammonia temperature programmed desorption (NH3-TPD)

y AutoChem 2920 (Micromeritics) evaluated the acidic profiles on

he catalysts. To ascertain the exact amount of gas consumed dur-

ng the experiment, the equipment was calibrated by 10% NH3 in

e before the analysis. After placing 0.10 g in a quartz U-tube, N2

ow (50 mL/min) at 110 °C for 1 h degassed the synthesized mate-

ial. After cooling to 60 °C, the samples were saturated with NH3 by

he (20 mL/min) flow of 10% NH3 in He for 40 min. N2 gas flowing

t 50 mL/min for 30 min over catalyst purged the physisorbed NH3.

aising the temperature from 60 to 700 °C with a ramp of 10 °C/min

nder N2, flowing at 50 mL/min revealed the TPD profile. TCD de-

ector revealed the amount of NH3 consumed which determines the

rønsted and Lewis acid sites in the catalyst.

.2. Production of fatty acid methyl esters

Heating the catalysts at 150 °C for 1 h before the reaction evac-

ates adsorbed water and other volatiles. With the aid of catalyst,

3.40 mL of used frying oil, UFO (866 g/mol) was esterified and
Please cite this article as: Y.M. Sani et al., Acidity and catalytic perform
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ransesterified simultaneously with methanol at 100–220 °C, while

he pressure varied according to the process temperature inside the

eactor. The reactors employed for conducting the reaction were a

00 mL autoclaves (250 °C, 100 bar) supplied by AmAr Equipment

vt., Ltd. (Mumbai). Constant stirring ensured contact between the

atalyst and the reaction mixture. A reflux condenser attached to the

utoclave maintained the temperature during the reaction. Prelim-

nary optimization (Fig. 1) showed that a 6:1 methanol-to-oil mo-

ar ratio and 2 wt. % catalyst loading are optimal reaction conditions.

owever, this study employed a molar ration of 5:1 because the dif-

erence in conversion was minimal. This minimizes the use of re-

ource, energy, and cost. Simple decanting and centrifugation recov-

red the FAME at the end of the 5 h reaction time.

The study employed GC–MS (Serial # CN10946045; Model 7890A;

S), and EN 14103:2003 (E) analytical method in determining methyl

ster contents with 100-mg neat mixture (Supelco® No. 18919) con-

aining 37 components (C4 to C24 FAMEs; 2–4% relative concen-

ration) as reference standard. This was dissolved in 99% heptane

t 0.01–0.10% (w/v) concentration. Then, 1 mL hexane placed in

ials with screw caps having PTFE-faced septa dissolves an accu-

ately weighed 10 mg sample, prior to the addition of 10 μL of

N KOH in methanol. After vortex for 30 s, and centrifugation,

μL of the supernatant was transferred into TSP micro vial. The

C analyzer has the following working conditions: DB 23 column

L = 0.30 mm × ID = 0.32 mm × 0.25 μm film thickness of 5%

iphenyl, 95% dimethyl polysiloxane) and methyl heptadecanoate,

17 (99% minimum purity; 14 min retention time) as the internal

tandard; 210 °C injection temperature and helium as carrier gas.

q. 1 facilitated the determination of the ester content (C), expressed
ance of Yb-doped SO2−
4 /Zr in comparison with SO2−

4 /Zr catalysts

on, Journal of the Taiwan Institute of Chemical Engineers (2015),

http://dx.doi.org/10.1016/j.jtice.2015.07.016


4 Y.M. Sani et al. / Journal of the Taiwan Institute of Chemical Engineers 000 (2015) 1–10

ARTICLE IN PRESS
JID: JTICE [m5G;August 3, 2015;12:7]

Fig. 2. (A) X-ray diffraction patterns for (a) SZr-Ti-Yb-500-4/s, (b) SZr-500/e, (c) SZr-500-4/s, (d) SZr-Ti-500-4/e and (e) SZr-Ti-500-4/s. (B) X-ray diffraction patterns for (a) SZr-

500-5/7, (b) SZr-500-5/14 and (c) SZr-500-5/10.

Table 2

Textural properties and acidity of synthesized sulfated zirconia.

Sample ID Surface area (m2/g) Pore vol. (cm3/g) Pore size (nm) Acidity (x 10−3 mmol/g)

SZr-500-4/e 5.30 ± 0.5 0.020 21.21 20 ± 0.02

SZr-500-4/s 3.43 ± 0.2 0.017 37.04 40 ± 0.02

SZr-500-1/e 3.84 ± 0.3 0.018 20.35 10 ± 0.01

SZr-Ti-500-4/e 8.12 ± 1.3 0.043 24.98 50 ± 0.03

SZr-Ti-500-4/s 8.33 ± 1.4 0.047 28.52 70 ± 0.03

SZr-Ti-Yb-500-4/s 60.33 ± 2.3 0.323 21.38 330 ± 0.05

SZr-500-5/7 7.69 ± 1.4 0.034 21.44 80 ± 0.03

SZr-500-5/7R 9.05 ± 1.3 0.039 20.27 40 ± 0.03

SZr-500-5/14 41.22 ± 1.9 0.071 6.83 280 ± 0.04

SZr-500-5/10 15.05 ± 1.7 0.038 9.65 70 ± 0.03
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as a mass fraction in percentage.

=
(∑A

)
− AE1

AE1

× CE1 × VE1

m
× 100% (1)

Where:

�A is the total peak area from the methyl ester in C14 to that in

C24:1;

AE1 is the peak area corresponding to methyl heptadecanoate;

CE1 is the concentration of the methyl heptadecanoate, in mg/mL;

VE1 is the volume of the methyl heptadecanoate, in mL;

m is the mass of the sample, in mg.

3. Results and discussion

3.1. X-ray diffraction analysis

The XRD diffractograms (Figs. 2a and b) of the synthesized SZ cata-

lysts revealed a tetragonal-monoclinic phase transition. The XRD pat-

terns also show the significant impact of calcination temperature and

precursor concentration on the crystal phase and crystallite size. Fur-

ther, tetragonal phase exhibited more prominent characteristic peak

areas than its monoclinic phase counterpart. In addition, the intensity

of the peaks reflected both adsorption and amount of phase in the

synthesized materials. Usually tetragonal phase transition occurs at

above 1170 °C. However, according to [16,17], SZ precipitation prepa-

ration method produces monoclinic-tetragonal phase transformation

of zirconia at lower temperature.

Therefore, the low temperature employed during synthesis in this

study facilitated the transition of monoclinic phase to tetragonal

phase which retards crystallization of zirconia support [18,19]. Fur-

thermore, the higher surface energy of the monoclinic phase com-

pared to that of tetragonal phase ensures the metastable tetragonal

phase transformation [17]. All the XRD patterns displayed presence of

monoclinic and tetragonal phases except SZr-Ti-Yb-500-4/s (Fig. 2b).
Please cite this article as: Y.M. Sani et al., Acidity and catalytic perform
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his is despite the variance in the preparatory methods and precur-

or types utilized. The amount and chemical composition of the latter

aterial was different from all other samples. This explains the dif-

erences observed from the crystallographic structures. Expectedly,

he tetragonal phase (111) reflection at 2θ = 31.02 XRD patterns of

he SZ broadens with higher pH. However, the (111) reflection of the

onoclinic phase at 2θ = 28.18° especially for the sample prepared at

igher pH indicated unstable tetragonal phase because probably the

rystallite size were not small enough [20].

Conversely, SZ prepared at higher pH exhibited lower monoclinic

hases. Further, SZr-Ti-Yb-500-4/s that was synthesized with re-

eated addition of ammonium hydroxide exhibited lower crystalline

tructures with major anatase titania. The sample however, displayed

imilar pore size distribution to SZr-500-4/s but with 20 fold higher

BET (Table 2). The two materials were both soaked for 2 h in suffi-

ient H2SO4. Consequently, the difference in sintering process, which

auses higher SBET (Table 1), confirmed the phase transformation ex-

ibited by the XRD pattern of SZr-Ti-Yb-500-4/s. Interestingly, the

aterials processed is sufficient, but under longer soaking period ex-

ibited higher acidity and pore diameter. For instance, entries 2 and

(Table 1) showed higher pore sizes and active site dispersion than

hose soaked in excess. This informed the preparation of SZr-Ti-Yb-

00-4/s, which despite its lower width/height SZ peak ratio and crys-

allite size exhibited the highest SBET and acidity. Similarly, the sam-

le in entry 9, displayed higher SBET and acidity than the one in entry

0 ( Table 1). Therefore, it is plausible to assert that higher SO2−
4 con-

entration in SZr-Ti-Yb-500-4/s, facilitated the retardation of tetrago-

al phase transforming into monoclinic phase.

It is also evident from the peak intensities that reflectance of ad-

orption and amount of phase in the mixture of SZr-Ti-Yb-500-4/s

ere lower than for the other materials. SZr-Ti-500-4/e, SZr-Ti-500-

/s and SZr-500-5/7 displayed zirconia predominantly in monoclinic

hase with little tetragonal phase with respect to intensity. The mon-

clinic phase had highest intensity at 2θ = 28.16° (61.21%) while that

f the tetragonal is at 2θ = 50.09° (13.27%). In contrast, SZr-500-4/e,
ance of Yb-doped SO2−
4 /Zr in comparison with SO2−

4 /Zr catalysts
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Fig. 3. N2 adsorption–desorption isotherms of mesoporous SZ synthesized from different conditions.
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Zr-500-4/s, SZr-500-5/14 and SZr-500-5/10 exhibited zirconia pre-

ominantly in tetragonal phase with little monoclinic phase with re-

pect to intensity. The tetragonal phase has the highest intensity at

θ = 30.19° (81.74%) while that of the monoclinic was at 2θ = 28.17°
64.43%). Figs. (2a and b) also highlight the effect that slight modifica-

ion in catalyst preparatory conditions has on the morphology of the

aterial. These morphological changes could be favorable or detri-

ental to the catalytic activity of the catalysts. Such alterations af-

ected the domain sizes and lattice strains (i.e., the contribution from

rystalline sizes and strains) displayed by the peaks. The peaks also

evealed the concentrations of active metal in the different modified

atalysts. The intensity of monoclinic phase ZrO2 (Baddeleyite) ap-

eared in XRD patterns of all the materials except SZr-Ti-Yb-500-4/s.

his evidenced the better selectivity and activity performances influ-

nced by the high SBET, which reflects small crystallite size. However,

onoclinic phase was more prominent on SZr-500-4/10 than for oth-

rs (Fig. 2a) though with minimal effect.

.2. BET analysis

Table 2 presents the textural properties and acidity of the meso-

orous SZ catalysts. The difference in chemical composition of the

atalytic materials plausibly explains the significant variations in tex-

ural and catalytic activities. Thus, for instance, the SBET of SZr-500-

/10 was 15.0543 m2/g while SZr-500-5/7 had 7.6917 SBET value.

owever, the pore size distribution (2 < dp < 50 nm) of all the syn-

hesized catalysts revealed mesoporous structure which permits the

G molecule access to the active sites within the materials (Table 2,

ig. 3).

Figs. 3a and b show nitrogen sorption isotherms of the SZ obtained

fter calcination in air at 500 °C. The isotherms followed the type III

f the IUPAC classification with pores in the range of 1.5–100 nm.

his indicates the mesoporous nature of the synthesized materials,

hich are typical of nonporous materials with weak fluid-wall at-

ractive forces. The slopes show increased adsorbate uptake at higher

ressures as the gas fills the pores, while inflection point occurs typ-

cally near completion of the first monolayer. Expectedly, the voids

etween the zirconia nanocrystals showed a H2 type hysteresis loop

efitting of inkbottle pores. The isotherms of SZr-500-5/7, SZr-500-

/7R, SZr-500-5/10, and SZr-500-5/14 shifted to higher adsorbed vol-

mes with increasing aging and pH. This indicated increase in specific
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urface area, SBET of the materials (Table 2). For instance, the SBET for

he materials aged for 7, 10, and 14 days produced 9, 15, and 41 m2/g,

espectively. This corroborated the report by Cassiers et al. [21] that

arge specific surface area needs higher post-treatment of ca. pH 12.

Intriguingly, the study obtained inverse correlations from the pore

ize distributions (Figs. 4a and b) which shifted to smaller diame-

ers with increasing aging and pH (Table 2). Materials aged for 7 days

pH 1.25) produced about 21 nm, against 7 nm for materials aged for

4 days (pH 5). Interestingly, impregnating 5 wt. % titanium into the

irconium hydroxide had a pronounced effect on the SBET of the SZ.

owever, this modification had negligible effect on the pore size dis-

ribution of the calcined materials (Table 2; Fig. 4a, and b). Similar

hifts were observed in the pore size distributions and the isotherms

rom both Ti-free materials and those impregnated with titania.

To further evaluate the effect of incorporating transition-metal on

he structural and acidic properties on activity of SZ, 1.5 wt. % ytter-

ium (III) nitrate hydrate was used in preparing SZr-Ti-Yb-500-4/s.

he corresponding material exhibited the highest SBET of 60 m2/g

nd a high pore size distribution (21 nm) comparable to the other

aterials (Fig. 5). Further, this SZ exhibited the highest acidity of

3 × 10–2 mmol/g. These observations suggest that longer aging pe-

iod of the precipitating agent within aggregates of nanocrystals in

he interparticle voids leads to higher SBET and lower crystal size. The

ore system of the resulting material was significantly higher than

he samples without Yb; whereas at relative pressures < 0.8, the ni-

rogen sorption isotherm remained similar (Figs. 3 to 5). The higher

orption capacity of SZ doped with Yb at higher relative pressures

onfirmed the existence of mesopores with a broad size distribu-

ion. Similarly, this is evident from the pore size distribution (Fig. 5)

hich instead of the expected 3–8 nm, revealed a broad distribution

f mesopores of 3–60 nm. The authors attributed this observation to

olumes between the interparticle voids and nanocrystal aggregates.

onsequently, Yb incorporation narrows the pore size distribution

ecause of even crystal size distribution and even Zr aggregate size

Fig. 5). An earlier study by Cassiers et al. [21] showed the effect that

caffolding DDA support has on mesoscale of zirconia.

.3. Ammonia temperature-programmed desorption

Impregnating zirconium with Ti and Yb as described above aimed

t synthesizing catalytically active materials. The acid strength of
ance of Yb-doped SO2−
4 /Zr in comparison with SO2−

4 /Zr catalysts

on, Journal of the Taiwan Institute of Chemical Engineers (2015),
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the SZ was experimentally investigated by temperature-programmed

ammonia desorption (NH3-TPD). Fig. 6 shows representative NH3-

PD profiles of some of the SZ calcined at 500 °C. A low-temperature

desorption peak with a maximum around 400 °C was detected. Ex-

cept for SZr-Ti-Yb-500-4/s, the NH3-TPD thermograms revealed flat

and broad NH3 desorption peaks. This indicates the presence of

strong acid sites distribution on the synthesized catalysts. The shapes

of the NH3-TPD profiles were consistent with those reported for

comparable mesoporous zirconium titanium oxide nanospheres re-

ported by [22–24]. All synthesized materials except SZr-Ti-Yb-500-

4/s, exhibited predominantly weak Lewis acids property [25,26] be-

cause Brønsted sites are desorbed at temperatures higher than 400 °C
[27,28]. These authors assigned broad peaks at temperatures below

600 °C as a conglomerate of overlapping component peaks. The peaks

may include ammonia desorption from bound strong Lewis acid sites,

NH + ions decomposition and those released from weak Lewis acid
4
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ites. The latter desorption may also include coordinately unsatu-

ated titanium and zirconium ions. We assigned the low-temperature

esorption of the bulk titanium oxide to the weak support inter-

ction, which corroborated the report by [29]. However, SZr-Ti-Yb-

00-4/s generated strong Lewis and Brønsted acidity from its sul-

ate groups (Fig. 6). Evidently, this material possessed more acid sites

han the other materials because of its available protons for donation.

able 2 presents the strength of the acid sites calculated from the am-

onia thermodesorption curves.

A notable increase in the number of acid sites was observed in the

r–Ti mixed oxide catalysts compared to SZ without titania. This is

espite the shorter aging period of the former (15 min) against the

atter (120 min). These observations are in complete accordance with

revious reports [30] that mixed oxides generate more acid sites than

ingle oxides. One of two mechanisms premised this hypothesis: (a)

irconium atoms substituting some of the titanium atoms or (b) large

ispersion effect on the surface of the mixed oxide by the ZrO2 or

iO2. To investigate the activity of the surface acid sites on the SZ

urther, see discussion on the catalytic results section. Simultaneous

sterification of FFA and transesterification of TG validated the acid

atalytic activity of the synthesized SZ. Fig. 7a illustrates the surface

icrostructure of SZr-500-4/e as studied using FESEM, showing solid

articles of uniform dimensions homogeneously processed from
ance of Yb-doped SO2−
4 /Zr in comparison with SO2−

4 /Zr catalysts

on, Journal of the Taiwan Institute of Chemical Engineers (2015),

http://dx.doi.org/10.1016/j.jtice.2015.07.016


Y.M. Sani et al. / Journal of the Taiwan Institute of Chemical Engineers 000 (2015) 1–10 7

ARTICLE IN PRESS
JID: JTICE [m5G;August 3, 2015;12:7]

Fig. 7. (a) Results of the surface microstructural analysis of the SZr-500-4/e via FE-SEM

and (b) surface elemental composition of the SZr-500-4/e determined via EDX analysis.

Fig. 8. (a) Results of the surface microstructural analysis of the SZr-500-4/s via SEM

and (b) surficial elemental composition of the SZr-500-4/s via EDX analysis.

Fig. 9. (a) Results of the surface microstructural analysis of the SZr-500-1/e (15 min)

via SEM and (b) surficial elemental composition of the SZr-500-1/e (15 min) via EDX

analysis.

Fig. 10. (a) Results of the surface microstructural analysis of the SZr-Ti-500/e (15 min)

via SEM and (b) surficial elemental composition of the SZr-Ti-500/e via EDX analysis.
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Fig. 11. (a) Results of the surface microstructural analysis of the SZr-Ti-500-4/s

(15 min) via SEM and (b) surficial elemental composition of the SZr-Ti-500-4/s via EDX

analysis.

Fig. 12. (a) Results of the surface microstructural analysis of the SZr-Ti-Yb-500-4/s via

SEM and (b) surficial elemental composition of the SZr-Ti-Yb-500-4/s via EDX analysis.

Fig. 13. (a) Results of the surface microstructural analysis of the SZr-500-5/7 via SEM

and (b) surficial elemental composition of the SZr-500-5/7 via EDX analysis.

Fig. 14. (a) Results of the surface microstructural analysis of the SZr-500-5/7R via SEM

and (b) surficial elemental composition of the SZr-500-5/7R via EDX analysis.

Fig. 15. (a) Results of the surface microstructural analysis of the SZr-500-5/10 via SEM

and (b) surficial elemental composition of the SZr-500-5/10 via EDX analysis.
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ifferent constituents. The EDX analysis of the surface elemental

omposition revealed the presence of zirconium (99.63 wt. %) and

ulfur (0.16 wt. %) (Fig. 7b).

Similarly, Fig. 8(a) presents the surface microstructure (size and

hape of topographic features) of sulfonated SZr-500-4/s catalyst

tudied using FE-SEM. The surface morphology has been homoge-

eously processed into solid particles. The surficial elemental compo-

ition by EDX analysis (Fig. 8b) also revealed the presence of 98.14 wt.

zirconium and 0.10 wt. % sulfur. The surficial appearance of SZr-500-

/e revealed a lesser dispersion of surface elements than SZr-500-4/s.

nterestingly, the acid site density of the latter was also higher than

hat of the former. However, the catalyst calcined for 1 h (SZr-500-

/e) revealed a similar surficial micrograph (Fig. 9).

Fig. 10(a) presents the surface microstructure (size and shape of

opographic features) of SZr-Ti-500/e catalyst. Calcination incorpo-

ated and stabilized the titanium oxide into crystal lattices of zir-

onium oxide structure. Fig. 10(b) presents a cross-sectional surfi-

ial composition and distribution of elements on SZr-Ti-500/e via

DX analysis. However, the micrograph of the catalyst prepared with

ufficient acid revealed a more dispersed surficial metal elements

Fig. 11a). Expectedly, micrograph representing SZr-Ti-Yb-500-4/s

Fig. 12a) displayed a somewhat amorphous phase.

As expected, the differences between the micrographs of SZr-500-

/7 (Fig. 13a) and SZr-500-5/7R (Fig. 14a) were hardly noticeable. In-

riguingly however, the surficial structures of SZr-500-4/14 and that

f SZr-500-5/10 (Fig. 15a) were markedly dissimilar.
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. Acid activity of mesoporous SZ catalysts

It is also instructive to note that impregnating sulfate onto zir-

onium oxide produces acidic solid catalysts. The high conversions

isplayed by the synthesized materials reflect the role of this incor-

oration. This is despite the moderate SBET values of the synthesized

atalytic materials (Table 2). The study attributed acidity of the SZ

o the SO2−
4 ions on surface acid sites of the materials. This further

ffirmed the presence of sulfate active sites within the surface struc-

ure of the catalysts as reported by [31]. However, it is instructive to

ote that zirconia support provided the essential acid site [32]. It is

herefore plausible to assert that acidity of materials synthesized in

his study have direct correlation to surface hydroxyl groups. Soaking

or the same period (15 min) in excess 0.5-M H2SO4 led to a decrease

n acidity from (70 to 50) x 10–3 mmol/g and average pore diameter

rom about 29 to 25 nm.
ance of Yb-doped SO2−
4 /Zr in comparison with SO2−

4 /Zr catalysts

on, Journal of the Taiwan Institute of Chemical Engineers (2015),
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Fig. 16. Different mesoporous SZ catalysts employed at 200 °C for 5 h (1 = unsulfated Zr; 2 = SZr-500-4/e; 3 = SZr-500-4/s; 4 = SZr-500-1/e; 5 = SZr-Ti-500-4/e; 6 = SZr-Ti-500-4/s;

7 = SZr-Ti-Yb-500-4/s; 8 = SZr-500-5/7; 9 = SZr-500-5/7R, 10 = Zr-500-5/14, 11 = SZr-500-5/10).

Fig. 17. Performance of regenerated SZ catalysts employed at 200 °C for 5 h (1 = unsulfated Zr; 2 = SZr-500-4/e; 3 = SZr-500-4/s; 4 = SZr-500-1/e; 5 = SZr-Ti/500-4/e; 6 = SZr-Ti-

500-4/s; 7 = SZr-Ti-Yb-500-4/s; 8 = SZr-500-5/7; 9 = SZr-500-5/7R, 10 = Zr-500-5/14, 11 = SZr-500-5/10).
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However, the SBET remained essentially unaffected at 8.33 m2/g

for sample (SZr-Ti-500-4/e) prepared in excess acid and 8.12 m2/g for

SZr-Ti-500-4/s synthesized in sufficient 0.5-M H2SO4. Similarly, both

materials exhibited negligible change in pore volumes (Table 2). Ex-

pectedly, a TG molecule requires a critical diameter or the smallest

access cylinder of 2–4 nm [33,34]. Srilatha et al. [35] reported se-

vere internal diffusion resistance. However, Lopez et al. [36] obtained

57% conversion from SZ with SBET of 134.4 ± 5.3 m2/g. Premised on

the underlying difficulty of TG molecules to access inner pores of the

catalysts, it is plausible to assert that amount, and dispersion of ac-

tive sites that is reflective of acidity is responsible for transesterifi-

cation activity reported in this study. Furthermore, variation in tita-

nium loading by an order of magnitude did not have significant effect

on the acid site density. These findings agreed with those reported

by Viinikainen et al. [32]. Incidentally, SBET increases with aging pe-

riod (Table 2, Fig. 3). This ensures consequent stabilization and high

dispersion of the nano-particles into tetragonal phase. Hence, the ob-

served lower sintering and coking from the catalysts despite their low

specific surface area.

Though all the samples exhibited good performances when evalu-

ated for transesterification of used frying oil (Fig. 16), SZr-Ti-Yb-500-
Please cite this article as: Y.M. Sani et al., Acidity and catalytic perform
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/s displayed higher activity compared to the others. For instance,

Zr-Ti-Yb-500-4/s, SZr-500-5/14, SZr-500-5/10, and SZr-500-5/7 gave

yield of 91%, 85%, 77%, and 76%, respectively. We ascribed this to

ts superior acidity (Fig. 6). Further, interaction between the tetrag-

nal phase of the zirconia support (facilitated by highly dispersed

anoparticles) and higher mesopores determines the acidity and ac-

ivity of the SZ. We ascribed the high acid-catalyzed activity of the

ther catalysts to a combination of acidity and the dominant presence

f tetragonal phase as shown by the XRD patterns. This indicates that

onoclinic phase does not favor transesterification of UFO as much

s tetragonal phase of the evaluated materials. This is in consonance

ith the report of Ramu et al. [37].

Interestingly, the presence of ytterbium facilitated higher specific

urface area and acidic sites on the catalysts. However, loading tita-

ium onto zirconia decreases the density of the surface acid sites.

hus, the activity of SZr-Ti-500-1/e, SZr-Ti-500-4/e, and SZr-Ti-500-

/s were comparatively lower than were obtainable from the other

atalysts. The difference in chemical composition of the catalytic ma-

erials plausibly explains the significant variations in textural and cat-

lytic activities. Incidentally, SZr-Ti-500-1/e displayed the lowest acid

ensity. Thus, for instance, the SBET of SZr-500-5/10 was 15.05 m2/g
ance of Yb-doped SO2−
4 /Zr in comparison with SO2−

4 /Zr catalysts

on, Journal of the Taiwan Institute of Chemical Engineers (2015),
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97.98% conversion) while SZr-500-1/e with 3.84 m2/g SBET value had

lower conversion of 85.55%. The catalysts were regenerated by de-

antation, methanol washing, drying, and calcining. Expectedly, com-

ared to the others the catalyst, SZr-Ti-Yb-500-4/s retained most of its

ctivity and displayed better performance after 5 recycles (Fig. 17).

vidently, Yb-doped SZ ensured the high stability, and good reusabil-

ty of the synthesized catalyst. This is despite the presence of Ti,

hich decreases the surface acid sites density. However, as the sur-

ace loses its sulfate ions after several cycles, deactivation sets in on

he materials.

Transforming feedstocks of low economic value into high yield

AMEs with increased desired product selectivity, and enhanced re-

ycling and reusability opportunities demonstrate the advantage of

olid acid catalysts. Incidentally, the strategy of doping SZ with Yb

roves economical. It employed moderate reaction conditions such

s relatively low catalyst loading, and a 5:1 alcohol-to-oil ratio to

onvert more than 99% high FFA feedstock. This is interesting when

ompared with other SZ solid acid catalysts employed under similar

ondition and feedstock. For instance, Park et al. [38] obtained 70%

onversion with WO3/ZrO2 (SBET = 40 m2/g; pore size = 11 nm). De-

pite the high SBET of 258 m2/g, Peng et al. [39], achieved 90% conver-

ion with SZr-Ti-Si. This was achieved with a 9:1 methanol-to-oil mo-

ar ratio at 200 °C for 4 h and a catalyst loading of 3 wt. %. Conversely,

t is noteworthy to mention the result by Feng et al. [40]. The authors

chieved 90% conversion cation exchange resin (SBET = 77 m2/g; pore

ize = 56 nm) under a low temperature of 64 °C from FFA-containing

eedstock. However, the study employed 20 wt. % catalyst after 4 h

nd 6:1 methanol-to-oil molar ratio.

. Conclusion

In summary, this study demonstrated a facile route for synthesiz-

ng efficient solid acid catalysts for transesterifying UFO. Doping SZ

ith ytterbium is a key feature of this synthesis strategy. The process

tabilizes the mesostructured channels and crystallographic phase,

nd produces high amount and good dispersion of the active sites that

nsures higher catalytic performance. The excellent results obtained

rom this study highlight the need for further research in this area.

ther significant findings include: (1) slight modification in catalyst

reparation condition yields different catalytic activity. Such modifi-

ations affected the domain size and lattice strain of the material. (2)

he observed low specific surface area was probably due to shorter

recipitating period. However, the encouraging conversions obtained

uggest that activity for transesterification does not depend solely on

extural property of the catalytic material. (3) Amount and dispersion

f active sites, which are reflective of acidity of SZ, play significant role

n facilitating higher conversion of TG into biodiesel. (4) The study

lso showed how to achieve a flexibility of properties from unlimited

umber of possible manipulations from one catalyst precursor. These

bservations highlight the possibility of improving on the reported

ormulations to facilitate higher intrinsic efficiency in biodiesel

roduction.
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