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ABSTRACT

A novel solid acid nano-catalyst [Ti(9)®@] was synthesised and used for the simultaneous esterification
and transesterification of free fatty acidaused cooking oil (UCO) to produce biodiesel. The synthesised
nano-catalyst was fully characterised by different analytical techniques. The XPSalesulysconfirmed

that the bidentate sulphate coordinated to tl&mietal in the nano-catalyst product. Obtained d-spacing
values from the experimental data of XRD peaks and the SAED pattern of produced nano-catelyst agre
well with the d-spacing values from the JCPDS-ICDD card numbers 04-011-4951 for titanium sulphate
oxide or titanium oxysulfate crystal structures.This confirms the sulphate groups were within the crystalline
structure rather than on the surface of titania nano particles, which has not been previously reported. It h
been demonstrated 97.1% yield for the fatty acid methyl ester can be achieved usign the synthetsted catal
under a reaction time of 3 hrs, catalyst to UCO ration of 1.5wt% and methanol to UCO ratio of 9 at 75
reaction temperature. The nano-catalyst shoavgdod catalytic activity for théeedstock containing <6

wt% free fatty acid. Furthermore, the catalytic activity and re-usability of the 7)(5@or the
esterification/transesterification of UCO were investigated. XRD results confirmed that the ans@nt of
species in the solid acid nano-catalyst slowly decreased with re-use after 8 cycles under optimize
conditions, which is higher than the reusability of other functionalised titania reported in the literature .

Finally, the biodiesel prodcued from this process satisfied the ASTM and European Norm standards.
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1. INTRODUCTION

During pasttwenty years, scientists have been investigating alternatives to fossil fuels in to mee
global energy demandsnd reducecarbon emissions. Biodiesel has been widelyardedas a
suitabk resource because of its availabilfy}, renewability ], lower gas emissio [3], non-
toxicity , and its biodegradabilitﬂﬂ. Currently around 90% of biodieselpsoducedby the
transesterification process of triglycerides with low molecular weight alcohols using homsgenou
acid or base catalysts. However, the biodiesel industry faces some significant cha{lghogs;

cost of biodiesel feedstock (70 to 85% of the overall production costjiiarmbst of biodiesel

processingincluding separation, purification and neutralisation of by-products [6-9]. Témses

can beresolvedby using low-cost feedstockisut with catalysts highly tolerant to moisture and
Free Fatty Acids (FFA) in oibecause FFA and moisture content in cheap raw materials have an
adverse effect on catalyst activity.

Used Cooking Oil (€O) isregardedas the a promising feedstock for biodiesel production despite
containing a certain amount of water, a large amount of FFA and other imp[ If UCO
contains more than 1.0% of FFA and 0.5% of water, a homogenous based catalyst wbald not
prefered in the transesterification process because of soap formation (fatty acid salts), hydrolysi
of the product and decreasing the reactivity of the base c . One wayof reduang the
amount of FFA is to usehomogenous acidic catalyst for the pre-esterification of UCO; however,
using an acidic catalyst demands expensive equipment to avoid acid corrosion, whtalblinev
increases costs biodiesel productiorlj. Heterogeneous catalyst®wever, could be suitable

for biodiesel production from UCO due to their reusability, higher stability, high surface amea, no

toxicity and the simplicity of purification as reported by other researcli&2(. Numerous




studies have been conductedithe development of sulphated metal oxides for the simultaneous

esterification and transesterification proceSgCO toproducebiodiesel|R1-23]. Several synthetic

routes were applied for the preparation of heterogeneous d¢atadghiding sol-gel|24-27],

solventfree and hydrothermal method8}33]. Examples of heterogeneous catalysts

includeS02~/TiO2[30][34-37],, SO%~/TiO.-SiO; [38-41], SrO/SOZ‘-Zr02,SOi‘/Zr02 42-

, S02~/TiO2-ZrO; ﬁ and S027/SnQy \16 which were consideretbr a good catalytic
activity for the raw materials containing large amounts of FH#\odiesel production. Among these,
sulphated doped Tids a good example of a solid super-acidic catalyst which is also uses in th
petrochemical industry and petroleum refining pro and showed better performancess
compared to other sulphated metal oxidd#is is due to the acid strength of the Tgarticles
which further enhance with loadingof SO;~ groups on the surface of TiQ48]. Many recent
studies have reported that the super acidity of sulphated titanium dioxidestsatalyld be based

on Lewis acid and Bronsted acid sites, and the formation of Bronsted acid sites are possibly due to

the higher content of sulphate groups in the catﬂp 50]. The presence of Bronsted acid sites

in acid catalysts is significantly important for the catalytic actiﬂ. Some researchers
have reported that the addition of sulphate ions to metal oxides enhances therapéites,

catalytic activity, high selectivity, and causes less deactivation of the c 6]. However,

Shi and Liﬁ observed the deposition of carbon on the surface of sulphated melcaxalysts

is the main reason to poison the catalytic activity of sulphated titania.

Chen, et aI studied transesterification of cotton seed oil at’€30ith 12:1 methanol to oil ratio
for 8 hrs reaction time using 2wt% 802%~/TiO, catalyst to achieve 90% biodiesel. Furthermore,
Ropero-Vega et a investigated the effect ¢03~/TiO2 on the esterification of oleic acid with
ethanol. They found that the maximum conversion of oleic acid was 8&I#ft a 100% selectivity

of the catalyst on oleic acid to ester was reported’@ &flter 3hrs. Zhao and co—workﬁ[have

recently studied the catalytic activity of sulphated titanium ox$@g {/TiO2) with exposed (001)



and (101) facets for esterification of acetic acid and n-butanol. It wasedpbat the high surface
acidity of titanium dioxide 037 /TiOy) increased the yield of butyl acetate to about 92.2% in
esterification reaction and the selectivity of the catalyst mostly dependbd dagree of exposure

of reactive crystal facets. Yang et @O reported a novel strategy for the preparatio®0gf /TiO2-

SiOz nano-crystalline solid catalyst. The prepared nano-catalyst had a high suetacé 360rig
comparedo S03/TiO2 nano-catalyst. Nonetheless, the catalyst displayed low catalytic activity for
glycerine with acetic acid in toluene a2®C. Peng et al|38] reported a study on the use of
S0%~/TiO2-SiO; as a solid acid catalyst for the simultaneous esterification and transesterification of
low cost feedstocks with high FFA. They reported that under 9:1 methaoibinb@lar ratio, 6hrs
reaction time, 3% catalyst loading, and reaction temperature 8C20@ield of 92% can be
achieved. It was also reported that $i0g ~/TiO»-SiO; catalyst can be re-used up to 4 times without
reducing the catalytic activity. Recently, an inexpensive precursor was usedsynthesis of
S0%7/TiO2-SiO, catalyst by Shao and co-workﬁ[. They reported 88% vyield for biodiesel
production under 20:1 methanol t&€@ madarratio, 10wt% catalyst concentration and 3hrs reaction
time at 120C with constant stirring at 400rpm. Nurul Hajar e@ have recently use&D3~/TiO»-

SiO; catalyst for the transesterification of decanter cake produced from waste patmlmddiesel.

It was found that 12T reaction temperature, 1:15 oil to methanol ratio, 5hrs transesterification time,
and 13wt% catalyst loading a 91% yield was achieved.

The stability and catalytic activity of sulfated metal oxide catalysts strongly degemn the
synthetic routes, sulfate content and the position of sulfate group in the stoi¢heeatalyst. Few
researcher have recently reported the addition of rare earth element, such sandaCé?,

could enhance the catalytic stability of the sulphatec Ta©the simultaneous esterification and
transesterification of waste cooking ﬁ The application of such catalysts is preferable in
simultaneous esterification and transesterification reactions when using cheagatevals with

high FFA due to the high acidity of solid acid catalysts. The major drawback witkutbhated



metal oxide catalysts could be (i) relatively high temperature requiremeénisw(yield, (iii) long
reaction time and (iv) catalyst stability and reusab | The latter could be due to the fact that
the sulphate group is placed on the surface of the catalysts in majority ofrcaker the catalyst
prone to deactivation. The present work describes a novel method of preparing @iss{l super
acidic nano-catalyst, where the sulphate group is chemically bonded th¢hstructure of the
catalyst with potential high stability and reusability. Characterisation and afpghicof the
developed nano-catalyst for biodiesel production via simultaneous esterificatidn an
transesterification of used cooking oil (UCO) are investigated; because, so far, tltereperted
work and/or information available on the nano catalysts of titanium sulphate oxi@d&ioim oxide
sulfate [Ti(SQ)O] for biodiesel production. The chemical structure, catalytic stability, morphology
particle sizes and surface area for the catalyst are determined using Xreayidiff(XRD), Fourier
transform infrared (FT-IR) spectroscopy, X-ray photoelectron spectroscopy (XP&)sbdption-
desorption isotherms, scanning electron microscopy (SEM), transmission electron microscop
(TEM), and thermogravimetric analysis coupled with FT-IR (TGA-FTIR). The effectatalyst
loading, time and temperature of reaction, methanol to UCO ratio and Iésefadh the feedstock

on the biodiesel vyield as well as the catalyst activity and stability durimg t
esterification/transesterification are investigated. Additionally, the obtained biodiieselthe
catalytic transesterification processeanalysed in accordance to ASTM and EN standard methods
to determine characteristic fuel properties such as kinematic viscosity, cloud point, dssity,
point, fatty acid methyl ester (FAME) content, linoleic acid methyl ester (LAME) contengciohd

number.
2. EXPERIMENTAL

2.1 Materials

The sample of UCO provided by a restaurant in Leeds, UK, was used as aasheagierial. The

feedstock was pre-treated by filtration to remove impurities through filter papéeatet to 10T



to minimise the moisture in the esterification/transesterification process. The quimgsiacal
properties of pre-treated UCO, presented in Table S1 (supplementary infornvatianineasured
using EN and ASTM standard methods. Oleic acid and chlorosulfonic acid (for praparatio
catalyst) were obtained from Fluka Analytical. Titanium (IV) oxide (99.5%\urntethanol%99.9
purity), methyl heptadecanoate (=99.5 purity, internal standard for GC), FAME mix reference
standard (99.9 purity, GC), leptane (=99 purity, GC), acetone and n-hexane (99.5%, purity) were

purchased from Sigma-Aldrich (UK) and used without further purifications.

2.2 Methodology
2.2.1 Synthesis of Ti(SO4)O nano-catalyst

The titanium sulphate oxide or titanium oxysulphate nano-catalyst has been prapagd
following procedure: 17.16mmol of chlorosulfonic acid was added drop-wise aigjlags syring
at room temperature into a round-bottomed flask containing 5.0g of titanium (I&¢.okhe
resulting mixture was then heated on an automatic hotplate-magnetic st28f@ using agitation
rate of 500RPM, to prevent generation of hydrogen and chloride gases instheTi& flask
containing the produced gel solution was connected with a reflux condenser uswateapo
condensate the remaining reagent for 2 hours at the constant stirring rate. Theg g@siusirution
aged quiescently at room temperature for 2 hours and was then drieavienaat 110°C overnight.
The resultant catalyst was crushed and grinded by pestle mortar, and then thepgnivatkyd were
washed properly with 1:1 ratio of acetone to n-hexane in order to remove any ngmasniues on
the surface of the prepared catalyst. Finally, the obtained fine powder wais @meolven at 110°C
in order to remove any moisture on the surface of the catalyst, then chaealctesing different
analytical tools to determine the chemical structure, morphology, surface amaaltbxidative

stability and particle sizes.



2.2.2 Synthesisand analysis of biodiesel fuel

The simultaneous esterification and transesterification of UCO was performed in a gthss bat
reactor connected with an automatic temperature controller loop system (Ministatli2Gleilot
ONE Controller, UK) under constant agitation rate at 600RPM using a digitidameal stirrer
(Eurostar digital IKA) and a reflux condenser. Specified amounts of nano-catalysegiesl UCO
and methanol were charged into the batch reactor. The three-phase mixture was agitetatbend
to specified temperatures and times. The final reaction mixture was poured intoadirsg pannel
and allowed to cool down to ambient temperature. The crude methyl estemedmathe upper
layer, was separated by gravity from the glycerol layer and nano-catalyst irwtreldger. The
crude biodiesel layer was then separated from any remaining nano-catalyst and dlycarol
centrifuge at 9000RPM for 10 minutes.

The FAME content of the prepared biodiesel sample was quantified by Perkin Gbmnes gas
chromatography (580S, GC), equipped with a mass spectroscopy (560S, MS)dnstrihe
chromatographic separation was achieved on an Elite 5MS capillary column (30.0mrmx) 251
helium was used as a carrier gas at a constant flow rate of 1ml per minetaitih oven
temperature in the column was programmed & 60r Omin then ramped to 28D at 10C/min.
The temperature was held for 10min at ZD@hen increased to 270 at 10C/min. Finally, the
temperature was held for 5 minutes to remove any remaining traces of sasithle.rBiodiesel
sample was injected in splitless mode with a split ratio of 2:1. The tram&feemperature and the
injection temperature were kept at 260 GC-MS was operated in the 70eV electron ionization
mode with a collected scanning mass range of 50 to 600Da. The GC instrummeatilbrated using
a reference FAME mixture and the biodiesel sample was prepared by dis§2b0t§) mg in 5mL
of solution of internal standard with n-heptane using a shaker. 1.0mL of tleequteyolution of the
sample was transferred into 2.0ml of GC automatic sampler vial for injetbibmyed by the

instrument injecting automatilig 0.5ul of this solution into the GC instrument. Turbo MassTM



software was used for data processing and reporting. The method to calciyjatedinéage of total
FAMESs has been reported elsewh bnd the FAME composition result for obtained biodiesel

is presented in Table 1.

Table 1 Fatty acid methyl ester composition for obtained UCO biodiesel

FAME Form wt% content
Palmitic acid methyl ester  Cie:0 6.23
Stearic acid methyl ester Ciso 0.85
Oleic acid methyl ester Cisa 69.56
Linoleic acid methyl ester  Cis:2 20.41
Linolenic acid methyl ester Cis:3 2.18
Arachidic acid methyl ester Cxo.0 0.17
Gadoleic acid methyl ester Cozo:1 0.31
Erucic acid methyl ester Caia 0.16
Behenic acid methyl ester Coz2:0 0.12

The separated nano-catalyst was properly washed three times with 1:1 ragtbarfiohto n-hexane

in order to remove any remaining non-polar and polar compounds on its surface faitghaasd
methyl ester (FAME), glycerol, monoglycerides, diglycerides and triglycerides. Fitnalgatalyst

was treated in an oven for 3hrs at 1@ remove any moisture on the surface then the structure of
the nano-catalyst was re-confirmed using XRD before it was re-useceintodetermine the nano-

catalyst life time.
2.2.3 Characterization methods

2.2.3.1 Catalyst characterization

The XRD patterns of the nano-catalyst samples were obtained using Brukerdy8dKfraction

fitted with a LynxEye detector, using CuKa (1.54A) radiation source operating at 40kV and 40mA,



calibrated against a Si standard. Each sample was scanned from 20 angle ranging 10° to 70° with
step size 0.0495° at 35 seconds per step.

Fourier transform infrared (FT-IR) spectroscopy of original 2fiINP’s and synthestised Ti(9O
nano-catalyst were carried out at room temperature using a Nicolet iIS10 FTdfRos@ter
equipped with a deuterated triglycine sulfate (DTGS) KBr detector to investigate tm&cahe
vibrational modes in each catalyst sample. A minimum of 36 scans were perforthechaerage
signal of infrared with a resolution 4cmn the ranges of 400 cinto 4000cmt. The X-ray
photoelectron spectroscopy (XPS) was carried out using a KRATOS XSAM 800 fittedrwith a
energy analyser. The X-ray source employed wakKiK-ray source (hv1486eV) generated from
aluminium anode operating at the emission voltage 15keV and 5mA. The base preassurtdaevi
spectrometer during examination was 6.5¥lfar. The films of catalyst samples were prepared by
dissolving a few milligrams of each sample in chloroform and methanol (3:1rdagimg on the
silicon wafer surface. The surfaces were exposed to near infrared light to evép®salent to
make a thin film. All spectra were referenced by setting the hydrocarbornp€aksto 285eV to
compensate for residual charging effects. The Brun&memettTeller (BET) surface area analysis,
pore size and pore volume measurements were obtained according to tip@imutitrogen
adsorption-desorption method at 77.3K using Micromeritics TriStar 3000 surfaceeandlys
catalyst samples were degassed in a vacuum oven®at 4 hours under a vacuum of 10mmHg
in order to remove any moisture and/or absorbed gases on the surface of the catalgstmsam

to analysis. The Nadsorption isotherms were used to calculate the BET parameters for initial TiO
NPs and synthetized Ti(SX® nano-catalysts; however, the desorption isotherms were used to
calculate the average pore size and total pore volume for both samplethasBeyrett-Joyner-
Halenda (BJH) method.

The particle size, morphology and surface structure of the powder samplestwdied sising

SU8230 Hitachi scanning electron microscopy (SEM). The sample was prepared by auhdallg a



amount of powder into 2ml of methanol and keeping in ultrasonic bath for 10 minueedrdpnof

this suspension was then put on the SEM sample holder and placed in a zone&t&viiclorder

to remove any contaminants using of UV radiation and OzorePatscal for 10 minutes. The
Transmission electron microscopy (TEM) measurements were carried out on achEi Te20
FEG operated at 200kV and equipped with an energy dispersive X-ray spectr&o§pykford
INCA) to analyse the particle size, surface morphologies, location of the eteamehtlemental
compositions of the catalyst samples. The sample was prepared by suspending a smalbfamou
powder sample in acetone, followed by ultra-sonication for 10 minutes. Onefdhip suspension
was put on a carbon coated copper grid for TEM analysis.

The thermal decomposition of TiDPs and Ti(S@QO nano-catalyst was measured by Stanton
Redcroft thermogravimetric analysis (TGA-TGH 1000) connected via a transfer line tolatNic
iIS10 FT-IR spectrometer to confirm the decomposition of the catalyst via gasciood in
particular loss of S©molecules and absorbed surface species. The transfer line was kept at 170°(
and the interface cell oven was maintained at 220°C. (20+5) mg of sample was weighted in a 100ul
platinum crucible and placed in the TGA sample holder. The system was progrémmatdup the
catalyst samples from 25°C to 900°C at 10°C per minute under differege gases, nitrogen and
air separately at 30ml per minute with a constant flow rate. The system wéaeltherh 900°C for

10 minutes before being cooled to room temperature using water jacket oir¢ilddbo F32). The
FT-IR spectra were taken with a minimum 36 scans performed at the averagefsiginated with
4cnit a resolution ranging 400chto 4000cit and the time interval of 50 seconds between spectra.

The total data collection time was 90 minutes for each sample.

2.2.3.2 Biodiesdl characterization

Flash point of prepared biodiesel sample was measured by an auto rampugdtashgoint tester
(Setaflash series 3, England) equipped with a coolant block unit. At ambient temp@ratareof

biodiesel sample was manually injected into the sample cup via the filter anficéne instrument

10



was set on the expected flash point temperature for the biodiesel s@ngplemperature ramped at
1°C-2°C/min until the flash was captured. Moreover, the pycnometeric methodusebs to
determine the density of obtained biodiesel &C1%-urthermore, viscosity of prepared biodiesel
was measured on a Bohlin-Gemini 150 rotary rheometer (Malvern, UK). dmddiésel fuel was
placed and the data was analysed based on the Newtonian model from timepBaiplam to
determine the dynamic viscosity 40°C of the biodiesel sampEI[S]. Additionally, trace moisture
content in biodiesel was analysed by volumetric Karl Fischer titration (Mettler Fo2do
Germany). The acid values and percentage of FFA were measured according to taedstan
method . Finally, the cooling behavior of prepared biodiesel was examined ugtiaglo
microscopy (Olympus, Japan) equipped with a hot-stage (EHEIM professional 3, Getmany)
screen the crystal nucleation/growth in biodiesel sample during cooling. The $astpleated up

to 50°C at 28C/min and held at 3C for 5 minutes to dissolve any wax materials in the sample. The
system was then cooled down 48°C at 3C/min and then held at each specified temperature stage
for 5 minutes. Images were collected with a Pixelink camera (PL-AB&R&ada) at 15 seconds
intervals upon cooling. Linksys32 software was used for programming (heating aimd)caad

data processing.

3. RESULTSAND DISCUSSION
3.1 Catalyst characterization

3.1.1 Crystal structure

TiO2-NPs reacts with chlorosulfonic acid producing TigB®Dsolid super acidic nano-catalyst (main
product) and hydrochloric acid gas (by-product) as shown in proposed schemehighAt
temperature (12€), chlorosulfonic acid slowly generates sulphur trioxidesj@d hydrochloric
acid ga. The by-product (HCI) gas liberated from this reaction is a corrosivégias, industry
normally itis recoveed either by neutralizing the off-gas with a very low concentration of sodium

hydroxide as a basic scrubbing solution to produce sodium chloride sgldduting with water

11



ﬁ. The sulphur trioxide is a very aggressive electrophilic reagent that rapidtyg vttt TiO,-
NPs to form TiQ-sulfonic acid. In the presence of a reflux condenser for 2hrs, the foriGed T

sulfonic acid is slowly converted into the sulphated titanium oxide or oxysutet&at[Ti(SQ;)O].

M
¢H N
: —Q— Reflux at 120°C for 2hrs
TiO, + O_§_O Stirring at 500 RPM O\ /O +HCI
Cl O,,S\\O

Scheme 1: Preparation of Ti(9O nano-catalyst

The XRD patterns of base T#DIPs indexed using JCPDS-ICDD confirmed 81.6% of tetragonal
anatase phase (04-014-5762, Ji@nd 18.4% of tetragonal rutile phase (01-072-4815,)Tithe
major diffraction peaks of nano-TiQvere observed at 26 values of 25.30°, 36.95°, 37.80°, 38.56°,
48.03°, 53.89°, 55.06°, 62.11°, 62.69° and 68.76° assigned to the (101), (103)1(D2¥)200),
(105), (211), (213), (204) and (116) reflections for the anatase structure pfr@sPectively. The
rest of the diffraction peaks were observed at 20 values of 27.43°, 36.07°, 39.18°, 41.23°, 44.04°,
54.31°, 56.62°, 62.75°, 64.04°, 65.50° and 68.99° corresponded to the (110),(200), (111),
(210), (211), (220), (002), (310), (221), (301) and (112) planes for the rutileuséruaft TiQ,
respectively, as shown in figure 1.

In the case of the synthesised nano-catalyst (L}SQthe XRD patterns indexed using JCPDS-
ICDD in Figure 1 confirm that all diffraction peaks matched with titanium suépbxide or titanium
oxysulfate (Ti(SQO, 04-011-4951). It should be noted that most of the diffraction peaks wepe sha
peaks indicating the high crystallinity degree of the Ti{{®Mano-catalyst sample. However, there
are some broad peaks with low intensities at 36.80°, 45.43°, 51.89%retumably due to the
amorphous degree, which could be explained by the presence of sulphate group inside thé chemi

structure of prepared nano-catalyst.
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Figure 1: Powder XRD profiles for Tgk&and Ti(SQ)O nano-catalyst samples at room temperature.

The average particle sizes of bi@nd Ti(SQ)O nano-catalysts were calculated as 28nm and 45 nm,

respectively, using Debyseherrer’s method |66-68] (d=kA/BcosO), where k is a shape factor of the

particles, B is the full width at half maxima of the diffraction peaks (FWHM), A is a wavelength of

the CuKa radiation, and 0 is the incident angle of the X-rays.
3.1.2 Surface analysis
3.1.2.1 Fourier Transform infrared (FT-IR) spectr oscopy

The FT-IR spectrum of the prepared TiE® nano-catalyst shows five extra band vibrations than
the spectrum of TiI&@NPs, suggesting sulphate grosumcorporation into the structure of the BiO
molecules as shown in figure 2. The sharp band in TS@t 626.4m* and the broad band in

TiO, at 553crt were assigned to the vibration stretching o. Moreover, three extra

strong bands at 786.9cim15cm! and 1044.@mt in Ti(SQy)O nano-catalyst spectrum correspond

to S-O stretching vibrations in bidentate sulphate coordinated to then@tal E 71-73. The

strong band at 1216.9chreferred to S=O asymmetric stretching vibration whilst the other strong

13



band at 1132.9crhattributed to the S=0 symmetric stretching vibration. The band at 1698iicm

Ti(SO,)O and at 1637.8cthin TiO2 nano-catalyst correspond to H-O-H symmetric vibration of

absorbed water molecules on the surface of both cat ﬁﬁ . The vibration bands at 236@:&

1 and 2352.5cm in TiO2 and Ti(SQ)O nano-catalysts spectra, respectively, could correspond to
asymmetric stretching of GOnolecules in the air, contaminated the surface of both nano-catalysts
76]. The broad bands at 3045¢no 3400crt in both catalysts assign to the stretching vibration of

O-H functional group.

100

80

D)
O
S 604
=
e
(73]
S 40
=
S
20 — Ti(SO)0
—TiO,

4000 3500 3000 2500 2000 1500 1000 5
Wavenumbers (ci)
Figure 2: The FT-IR spectra of Ti@nd prepared Ti(SQO nano-catalyst samples at ambient
temperature. The black dots indicate the extra absorption bands for S=0O and S-O ipaitezipre
nano-catalyst.

3.1.2.2 X-ray photoelectron spectrum (XPS)

Figure 3 shows the high resolution XPS spectrum survey scan foadX i(SQ)O nano-catalysts.
In case of TiGQNPs the catalyst contains not only Ti (464eV) and O (530 eV) elements but also
some carbon observed at 285eV, presumably due to thedd@xmination. Whereas, in the case of

synthesised Ti(S£O catalyst, four significant peaks were observed at 167eV, 285eV, 457.35eV,

14



and 529.95eV, corresponding to S 2p, C 1s, Ti 2p and O 1s, respectively nthet A&7 eV is a

clear evidence of sulphate group in the synthesised nano-catalyst{J{SO
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Figure 3: XPS survey scan of Ti@nd Ti(SQ)O nano-catalyst samples showing the chemical

environments at 167eV for S 2p in the obtained nano-catalyst.

The spin-orbital splitting between Ti Zp(at 462.75eV) and Ti 2p (at 456.94eV) is 5.81eV, as
shown in figure S1¢supplementary information). This is most prominent implication that titanium
in the TiQ exists in a quadrivalent oxidation state*(¥in the anatase phase of the TiBigure Sla
(supplementary information) shows the deconvoluted O 1s peaks #NH& The spectra yielded
three Gaussian peaks. The first band located at 530.2eV with full width atebathom (FWHM)

of 1.177e¢V (AEBE) could be attributed to the Ti=O from TiO2. The second peak centered at binding
energy of 531.2eV could be related to the C=0 from absorbed G on the surface of the nano-
catalyst. The last peak detected at 532.52eV is assigned to the O-H of absaidtece from air on
the surface of the Ti&NPs by forming [-Ti(OH)-OFi-O-]. This agrees with the reported XPS in
the literature for TiQas listed in table S2 (supplementary information).

Based on the result presented in table S2 (supplementary information), & o#erbed that the

surface of TiQ was very active and contaminated with Gd HO from the ai. In the case
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of Ti(SOy)O , the O 1s spectra was fitted and resulted in two Gaussian components§figure
supplementary information). A broad peak located at 530.76eV correspondsatitickenkygen in
Ti=O and S=0, this could be due to the binding energy of the de-convoluted @kssfqeTi=0O
and S=0 falling in the same region which made it difficult to distinguish bettheerontribution
of both specie. The band detected at 531.72eV correlated to the two different oxygen species
and this must be due to the presence of Ti-O and S-O bonds. Moreover, the émedgygof the Ti
2pz2, as can be seen in figugld (Supplementary information), in Ti(S® nano-catalyst was
shifted by 2.01eV compared to the binding energy of the F2iBmano-sized Ti@ Furthermore,
the Ti 2pzpeak in Ti(SQ)O located at 458.7eV could be ascribed 8 dkidation stat. The
binding energy of S 2p was observed at 167eV which agrees with the repoitydvalrés for S-
O bonds in sulphate grou@. This elucidates that one of the oxygen atoms in the m@&do-
catalyst was replaced by sulphate group as in obtain nano-sized)O(&&2alyst.

The detailed comparison of the elemental compositions using TEM-EDS analysielatnek r
surface elemental composition using XPS analysis fos &d Ti(SQ)O nano-catalyst samples are
presented in table 2

Table 2 Compared atomic ratios for T¥@&nd Ti(SQ)O nano-catalysts using XPS and TEM-EDS

analyses
Bulk atomic ratio % determined by Surface atomic ratio% determined k
TEM-EDS analysis XPS analysis
O/Ti SITi O/Ti SITi
TiO2 1.55:1+0.005 2.35:1+0.008
Ti(SO4)O 4.45:1+0.006 0.74:1+0.002 4.80:1+0.005 1.00:1+0.078

The atomic ratio of O/Ti in TI@NPs measured by TEM-EDS was 1.55:1+0.005 whilst this ratio
was 2.35:1+0.008 by XPS. This could be due to the surface of the nano-catalystditaminated

with CO, and HO in air which is confirmed by FT-IR and presence éfrgbridized carbon in XPS
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survey scan spectrum at 285eV. The ratio of S/Ti and O/Ti in Fj3@ano-catalyst have also been
calculated from TEM-EDS and XPS analyses. According to both analyses the atonu€ &tifio

was around 1:1 and for O/Ti was 5:1. Based on this result, it can be conclutierthavas only one
oxygen in TiQ is replaced by sulphate group. This result is consistent with XRD analysis of

Ti(SO4)O.
3.1.2.3 Brunauer—Emmett-Teller (BET) surface area

In general, surface area plays a key role in effectively enhancing the aaftistiid acid catalysts
for esterification and transesterification processes as large surface argateacihe reactant
molecules access to the acid sites on the solid catalyst surface. The nitegpticadisotherms
were used to calculate the BET surface area for both samples whilst theidessotherms were
used to calculate the average pore size and total pore volume for both sasmgethe Barrett-
Joyner-Halenda (BJH) method. The detailed BET, average pore size and total poe afoluQG
and Ti(SQ)O nano-catalyst samples are summarised in Table 3. Basedserethdts, the loading
of sulphate groups on Tihas resulted in relatively lower BET surface area as compared to the
TiO2; this may be explained by the aggregation of the very small crystallites in sy@etheano-
catalyst with their low ordering and crystallinity (see figure 7a). It wasfalsad that the average
pore size and total pore volume of Ti(§O nano-catalyst increased compared to ;Ti@no-
particles. This might be due to the effect of sulphate group which is incorportietthenTiQ
structure and could perhaps account for the increase in the concentration of theaktliscixder

and reduction of surface area in the prepared nano-catalyst.
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Table 3 Summary of the properties of Ti@hd Ti(SQ)O nano-catalysts

BET surface

Type of catalyst

BJH mean

BJH total pore

area (M/g) pore size (nm  volume (cni/g)
TiO2 48.6398 12.8722 0.156571
Ti(SOs)O 44.4563 22.7347 0.312459

The nitrogen absorption-desorption isotherms of ;T&dd Ti(SQ)O nano-catalysts could be

classified as type IV with one hysteresis loops at a relative pressure range of @3 sidpirted in

figure 4. The experimental results clearly confirmed that both samples are mesoptradhs type

of hysteresis loops H1 according to the IUPAC classification withessed for unifoensipes due

to differences in absorption and desorp [In the case of Ti(SLO, nevertheless, the pore size

distribution is broader compared to Bi®IPs sample which is more preferable for minimizing

diffusion limitations for long alkyl chain hydrocarbons in FFA/triglyceride (ﬁ.[lt is also

believed that the prepared Ti(9O possesses some interesting characteristics such as mixed large

particles with very fine particles, large and accessible pore surfacesficapgcuseful for

photocatalysis.
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nano-catalysts.
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3.1.2.4 Morphology of the nano-sized catalysts

Figure 5 (a) and (b) shows the SEM images of.Ta@d Ti(SQ)O samples, respectively, at 100K
magnification. It can be seen that B#0Ps (Figure 5a) have relatively uniform size particles with
some agglomerates, whereas titanium sulphate oxide nano-catalyst (FigurasStompletely
different particle size distribution.

High resolution TEM (HRTEM) clearly confirmed the actual size of the particles, cogtatihic
phases and morphologies as depicted in Figure 6 (a) and (b) foaAdOri(SQ)O nano-catalyst
samples, respectively. It can be observed that the Tj(Baarticles aggregate to each other forming

a network, possibly due to the electrostatic attraction arBOATspecies.

Figure 5: SEM micrograph images of (a) ti&@hd (b) Ti(SQO nano-catalyst samples, in case of

Ti(SO4)O showing the presence of different size of particles.

500 nm
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Figure 6: TEM images of (a) T&&howing uniform size of particles having irregular morphology
and (b) Ti(S@O nano-catalyst showing the presence of mixed large particles with very fine

particles.

The number based particle size distributions of2Ta@d Ti(SQ)O nano-catalysts are presented as
histograms in figure S2 (supplementary informatiohhe synthesised Ti(SD were non-
uniformly distributed and with an average particle size diameter of ~25 nm (&88particles in
different TEM images). In contrast, the particles of ;FNOPs were less scattered with an average
particle size diameter of ~22.34 nm which is in agreement with the data fppiesult is also

noticeable from TEM images that most HRPs have tetragonal or hexagonal morphologies.

HRTEM image confirms polycrystalline Ti(particles as depicted in figure 7a. The visible lattice
fringes (figure 7a) with interplanar spacing of 3.518A correspond to (101) lakiicespof TiQ
according to JCPDS-ICDD file 04-014-5762. HRTEM image proves that prepared:)l(&&no-
catalyst contains a small fraction of polymorphous as depicted in figure7. #ls@Bund that these
results are in agreement with XRD result for TigED nano-catalyst (see figure 1). The lattice
fringes (figure 7c) with interplanar spacing of 3.078A correspond to (&8ite planes of Ti(SQO
(JCPDS-ICDD 04-011-4951). This was further confirmed by the selected area etbfftemtion
(SAED) pattern of the Ti®@NPs sample showing a set of diffused spot rings, as shown in figure
7(b), whilst the SAED pattern of Ti(S¥ nano-catalyst shows brightness and spotty rings are
shown in figure 7(d).

The details of studies of the d-spacing values calculated from SAED spotty rihgeeweported
d-spacing values for TiKand Ti(SQ)O in the JCPDS-ICDD card numbers 04-014-5762 (Anatase,
TiO2), 01-072-4815 (Rutile, Ti¢) and 04-011-4951 (Ti(S{PO) are presented in table S3
(supplementary information). It is noteworthy that the results of ICDD agree with ohgpatues
obtained from XRD and SAED in this investigation. These results further confirm thessfidc

synthesis of Ti(S@QO nano-catalyst using TEENPs and chlorosulfonic acid as a reagent.
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Figure 7: Images of HRTEM for (a) T¥@onfirmed the 101 lattice planes and (c) prepared

Ti(SO4)O confirmed the 301 lattice planes; whilst images of (b and d) showing the SAED patterns
for TiO2 and Ti(SQ)O, respectively.

TEM-EDS analysis of prepared Ti(2X nano-catalyst showed an extra strong peak on the EDS
graph at 2.15keV (Figure S3, supplementary information), correspondingstdpgher element. In
both TEM-EDS graphs, extra peaks of C and Cu were observed due to the carborcausted
TEM grids used during analysis of the samples as shown in f8fufeurthermore, the ratio of the
intensities of titanium signal to sulphur signal was around 1:1wt% at seveea¢difivhole captured
areas in TEM images for the synthesised T{{®0The presence of a large amount of sulphur spread
over the entire area of the prepared nano-catalyst has been further verified bgapitg analysis
(figure 3c, supplementary information). These findings provide direct evidence that sulphur,

titanium and oxygen are the main elements present in the prepared nano-cataysthiMe
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titanium and oxygen are the only elements present in the raw material nalystqd@iO-NPs),

except cu and c from TEM grids (see figure S8gplementary informatign

3.1.2.5 Stability analysis

TGA was carried out to identify the thermal and oxidation stability of the-natadyst samples
during heating from 25°C to 900°C. Figure 8 reveals the stability of T)(3@nd TiQ samples in
nitrogen (thermal) and air (oxidative). The TGA curve of Tig&Ddisplayed a small weight loss at
50°C to 200°C, indicating the desorption of water molecules from the surfé#oe vdno-catalyst

(see figure 8a). One can see that TY&Dsample has an almost negligible weight loss §HaGC
heating in both air and N\ourge gases. These results clearly indicate that the sulphate groups are
fairly stable in the structure of the prepared nano-catalyst. The results also slgywadnt weight

loss (about 47%) &@00°C to 800°C. In contrast, there is no further mass loss up to 900°C. This
might be due to the degradation of sulphate groups in the 4)i{(8@no-catalyst sample, as can be
described by the following equations:

Ti(SO4)O(s) #» TiO,(s) + SO5(g)

805(8) —L—50,(2) + 1/, Os(e)
100 === 10—
904 901 )
80- H,O loss (a) 804
1 Loss of SO molecules
704 X 704
17 | (7)) %08
% 60-_ % 60+ é 996
50 50- = 50l °
L ] >
404 404
30 304
4 Temperature’C
20__ —— Ti(SQ)O in air as purge gas 20 — TiO.in air as purge gas
104 —Ti(SO,)0 in N, as purge gas 104 2 purge g
] —TiQ, in N, as purge gas
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Figure 8: TGA profiles of (a) Ti(S@O and (b) TiQ nano-catalyst samples.
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On the other hand, the mass loss of the unmodified m&no-particle (see figure 8b) shows that
there was only one stage of weight loss from ambient temperature to 220G tde@esorption

of H-O molecules from the surface of Hi@ano-particles, evidence of which was observed also in
absorption peaks in FT-IR spectrum at 1690:1@nd 3400cm (see figure 2). It can be noticed
also that the stability of the nano-catalysts in nitrogen as a purge gd}y &md air as a purge gas

(oxidiser) show similar behaviour.

0.06 - —
— Ti(SO,)0 in air as purge gas
- SO, gas (+99.9% of purity)
0.054 €O, gas SQ, gas
8 0044
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Figure 9: 2D representation of FT-IR spectrum for evolved gaseous fromsJQ{SO

The 2D representation of output FT-IR spectrum for evolved gases from the TGA+k&IYRisfor
Ti(SO4)O are presented in figure 9. It can be observed that the main evolved gasésdrave
identified as S@loose, CQ-loose, and BD-loose through spectral interpretation and comparison
with database reference spectra for pure&d CQ. In Grand-Schmidt thermographs for Ti(§O
nano-catalyst, four regions with intense peaks are observed which are: (i) bands (2808em

1.3900cm?) and (1500cm-1700cmb) due to O-H vibration bands from H-O-H molecule that is
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always present when the sample is sensitive to moisture; (ii) peaks between 33380om'* and

at (2250crm-2400cmt) as well as at around (6002r720cm?) are related to O=C=0 vibration
bands contaminated G&om atmosphere; (iii) bands between (1083etcm?) and at region
(2460cmt-2052cmt) due to O=S=0 vibration bands from decomposition of the nano-catalyst; and
(iv) peaks showed at low wavenumber (400e680cm?) attributed to an intermolecular bond
bending vibrations which are usually not taken into account. It should alsatdx that there was
no hydrogen sulfide gas detected during the pyrolysis of this nano-catalystmaafthat there
was no sulfonic acid attached on the surface ob-N®s.

In the case of TI©ONPs, there were only G@nd HO species released at various time periods. The
amount of CQand SQ evolved species versus time of pi@hd Ti(SQ)O nano-catalysts in air and
N2 as purge gases during pyrolysis are shown in figjQr@ & b).

In both samples the wavenumber ranges (2150en2400cmt) and (1250cm to 1400cmt) were
chosen to process the chemigram profiles of G&eous and S@aseous in both nano-catalysts,
respectively. The analysis of GGhemigram profiles showed negligible amounts ot G&sesare
released from the pyrolysis of both nano-catalysts; whereas, the surface of)@if&Do-catalyst
seen possessed a higher value of contaminatedy@$es as compared to the surface ok N®s,
(see figurel0a). Meanwhile, the evolved S@aseous (as shown in figuk@b) in the decomposition

of Ti(SOs)O nano-catalyst started after 54 minutes of the pyrolysis process withdmgéntration
then the width of the peak increased with time up to the end of pyrolysis. fidseses further

confirms that sulphate group has been incorporated into the structurexéfiFgdor Ti(SQ)O.
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Figure10: Chemigram profiles of (a) Cdb) SQ species released from TA(M) Ti(SQ;)O nano-

catalyst samples

3.2 Catalytic performance

The FAME yield was investigated under different catalytic process parameters igciadthanol

to UCO mole ratio, reaction temperature, catalyst loading, and time of
esterification/transesterification, see figure 11, in order to establish the optimuimreaaditions

for the esterification/transesterification process of UCO to Dbiodiesel. The
esterification/transesterification of UCO with methanol using Ti§&as a solid acid catalyst is a
liquid-liquid-solid reaction (three phase system) at which the mass transiirnedetant molecules
between the UCO-methanol-catalyst phases is very slow. The conversimnn@taally found to

increase with reaction time due to an increase in the miscibility of the UCO into mﬁ@[
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Figure 11: The effects of (a) reaction time, (b) TigE® nanacatalyst loading to UCO, (c) mole

ratio of methanol to UCO, and (d) reaction temperature on the percentage of FAME yield.

The reaction time was varied between 30 to 540 minutes, while keeping othevnrgaotiess

parameters constant at 1.0 mass% of Tij&@atalyst loading to UCO, 6:1 molar ratio of methanol

to UCO, 653C reaction temperature, 600RPM agitation rate, 0.14% moisture content, and 2.034

mass% free fatty acid contents in feedstock. It can be noted that the increastiarh tene from

30 minutes to 3 hours led to the enhancement of FAME yield to 89% as shbigora 11(a). This

can be explained by the rate constants for mono-glycerides and di-glyceridesioorneeglycerol

and mono-glycerides being very low compared to triglyces)e\dditionally, a longer reaction

time (after 6 hours) resulted in slowly reduced production yield, possiblyoduereasing the

probability of pushing the reverse reaction. Similar results has been repofaydyzade

where a further increase in esterification reaction time resulted in a production yreldsgec

The optimum ratio of Ti(SQO catalyst loading was determined under the other fixed reaction

conditions, i.e. at 3hrs reaction time, 6:1 molar ratio of methanol to UCO ré&ction temperature,
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600RPM agitation rate, 0.14% moisture content, and 2.034 mass% free fdityrigare 11b)
depicts that 1.5% of Ti(SO was the optimum amount in achieving the highest production yield
of 92.5% under aforementioned reaction conditions This is due to fact thatsing ¢he catalyst
concentration in the system leads to an increase in the total number of activdsikegesults in
faster reaction rate to reach reaction equilibr.[

The stoichiometric ratio for transesterification reaction, theoretically, requires thres woio
methanol per mole of TG but esterification reaction requires one mawletbnol per mole of FFA.
However, the transesterification process experimentally requires an excess of matbatel o
push the equilibrium reaction forward direction of methyl esters as the transestenffmaitess is

a reverse reactio. Maximium conversion of triglycerides into FAME is ensured by the use of
excess methanol due to esterification/transesterification being a reversibientelaicjure 11(c)
shows the effect of various mole ratios of methanol to UCO under the other fixedrrgmotess

at 3hrs reaction time, 1.5 mass% Ti@BO catalyst loading to oil, 6& reaction temperature,
600RPM agitation rate, 0.14%moisture content, and 2.034 mass% FFA conteritghBse yield

of 94.3% was achieved at 9:1 mole ratio of methanol to UCO. It can be notech imatrease in
methanol to UCO from 1:1 to 3:1 resulted in a slight effect on the FAME yield, fuhifeer excess

of methanol from 4:1 to 9:1 increased the production yield up to the highest FAME yiel
Afterwards, there was a decline in the production yield with higher mole ragbsr than 12:1.
This can be explained by an additional amount of methanol helping to drivevérsible side of
reaction to re-form mono-glyceride with di-glyceride and the solubilih@by-product could also
be increased in the solution. In addition, water (by-product) is obtained dlierggterification of
FFAs in UCO feedstock lowers the activity of the catalyst.

The rate of esterification/transesterification reaction is highly affected by theoretmtiperature
according to Arrhenius’s equation. A higher temperature also reduces the viscosities of the oils,

thereby increasing the rate of the reaction. The esterification/transesterificatborrean occur at
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different temperatures depending on the fatty acid profiles of raw sample ditedype of catalyst.
The effect of temperature on the FAME yield using Ti8as a solid acid catalyst was examined
by varying the reaction temperatures fromfiQ%o 9CC while other process parameters were kept
constant at 3hrs reaction time, 1.5 mass% T4{S@atalyst loading, 9:1 molar ratio of methanol to
UCO, 600RPM agitation rate, 0.14%moisture content, and 2.034 mass% free fatgrdeit. It
was found that the yield consistently increased at higher reaction temperash@vasin Figure
11(d). This can be explained by the fact that esterification/transesterificataon eguilibrium
process and at 26 reaction temperature energy was not enough to break down the ester bond in th
TG molecules, whilst increase of the reaction temperatures’® iBfproves the FAME vyield by
27.4%. A further increase of reaction temperature significantly enhancedothecion yield by
66.3% possibly due to the fact that the reaction temperaturé@tggmerates more nucleophilic
sites in the system. Therefore with a temperature slightly higher than the boihbhgfpoethanol,
the nucleophilic attack on the carboxylic/carbonyl groups in FFA/TG are furticezased.
Moreover, the highest yield of FAME (97.1%) was produced & ,7&ue to the acceleration of the
mass transfer rate between the UCO-methanol-catalyst phases; higher temperasurthehelp
activation of carboxylic/carbonyl groups in FFA/TG by protonation and the mathacleophilic
attack on the carboxylic/carbonyl grou[ In this work the optimum reaction temperature was
found to be lower than previous work, most probably due to the high acidity o&talysts leading
to higher activity during the reaction. Further investigations on the kinetibgssakaction could be
carried out and reported in future publications.

The presence of FFA in the feedstock has a great influence on the poisonind atisotatalysts
due to the formation of water from the esterification pro@s@leic acid was added to virgin oil
to assess the effect of FFA on the catalytic activity of Ti&@s solid acid nano-catalyst. The
amount of FFA in oil was varied from 0.5 to 7% whilst the other parameterssefecenstant at

optimized conditions using 3.0hrs reaction time, 1.5 mass% 7)(5>@ano-catalyst loading, 9:1
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molar ratio of methanol to oil, 76 reaction temperature, 600RPM agitation rate, and 0.14%

moisture content.

Table 4: The effect of FFA in feedstock on the percentage of FAME yield

Oleic acid to oil, wt % 0.5% 1% 2% 3% 4% 5% 55% 6% 6.5% 7%

FAME yield % 97.1 97 97.1 97.01 96.14 95.69 93.42 91.37 75.39 64.5

Noticeable from table ,4here was a slight decrease of yield up to 6.0wt% FFAs in oil, then there
was a significant decrease after 6wt%, probabhje rapid esterification of oleic acid promotes the
reverse methanolysis reaction of FAME and glycerol which demotes the transestarificat
proces. For that reason the esterification/transesterification reaction could be carried out a
higher temperature and shorter time for raw materials containing high amount of FF#derimo
achieve maximum yield of FAM%I?I. The investigation of the effect of high temperature
on the yield of raw materials containing high FFA could the subject of future studies.

The reusability of Ti(S@QO solid acid nano-catalyst was also investigated to determine the nano-
catalyst life time as it can help reducing the production cost for industridges. It was found that

the Ti(SQ)O can be re-used up to 8 cycles with a slight drop in catalytic activityr@~ij) for the
esterification/transesterification reactions using the optimised parametric procesbigsn=of8hrs
reaction time, 1.5 mass% Ti(9Q loading , 9:1 molar ratio of methanol to UCO?Q@5eaction

temperature, 600RPM agitation rate, 0.14%moisture content, and 2.034 mass% FFA)contents
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Figure 12: The effect of reusability of Ti($0® nano-catalyst on the percentage of FAME vyield.

The results revealed that the FAME yield significantly decreased for 9 and 10yriEls19% and
24.16%, respectively (see Figure 12); this could be probably due to the ldafladive centres of
catalyst by triglyceride (TG)/product or catalyst Ieach. The powder XRD experiments
were carried out for the recycled nano-catalyst after each run in order togateethe catalytic
deactivation. The result showed that TigBDsolid acid nano-catalyst maintained its structure after
8 runs as shown in Figures 13 and 14. The XRD patterns of recycledy)li)(80m run 1 to run 7
shows that there was no lossSOf ~groups or formation of any new phases as shown in Figure 13
This is an indication of the stability of the sulfate group in T{{@hano-catalyst and durability for

the first 7 cycles in simultaneous esterification and transesterification of UCO into biodiesel
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Figure 13: The powder XRD patterns of re-used Ti{f®Mano-catalyst for run 1 to run 7.
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Figure 14: The powder XRD patterns of reused Ti{{©hano-catalyst from run 7 to run 10.
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Figure 14shows formation of diffraction peak at 26 value of 25.32° assigned to the (101) reflection

for the anatase structure of hi@nd increase of its intensity with continued re-use of the nano-
catalyst beyond 8 runs (9% and 34.7% of anatase phase after 9 and 10 runs, rg¥p&beve
decrease in acidity of Ti(SgID nano-catalyst loss 8D%~ species might affect the esterification of
FFA in UCO feedstock. In contrast, some researchers reported that leachidyy afpecies was
not the main cause for the decline in the catalytic activation of different atﬂﬁbnatalystl?l.
However; in this work catalyst has a different structure than the sulphated md&abaor XRD
results confirmed that the catalytic deactivation of prepared solid acid atalgst is caused by
leaching ofS03~ species (see Figure 14). The regeneration of the T)(3€blid acid nano-catalyst
and the performance of the regenerated nano-catalyst for simultaneous esterificdtion ar
transesterification of UCO would be the subject of future studies.

3.3 Biodiesd characterizations

The biodiesel produced in the esterification/transesterification processes froth WHS
characterized according to ASTM and EN standards. These results are summaiasdel In It can

be noted that the produced biodiesel is in the range of acceptable standard spesifithiodiesel.

Table 5 Properties of biodiesel produced from UCO over T\ S@ano-catalyst

Limits
Property Unit Synthesised biodiese
ASTM D6751 EN14214

Flash point °C 93 min 101 min 155
Kinematic viscosity mm?/s 1.9-6.0 3.5-5.0 4.58

FAME content % mass 96.5 min 97.1

Acid number mgKOH/g 0.8 max 0.5 max 0.32

Density at 18C Kg/m?® 860900 896.1
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Optical microscopy was carried out at different temperatures to detect the faysiads in the fuel.
Figure 15 illustrates the optical microscopy images for prepared biodiese) bset-stage
microscopy (HSM) at different temperatures. It can be observed that there weresctalbdiet
crystals during cooling the sample fronf6@do -6C. Formation of several tiny needle-like crystals

was observed below -9°C. The nucleation of these tiny needle-like crystalsiad atl-5°C whilst

the size of crystals increased during further by coolin@1eGC.

.
C -

Figure 15: HSM images of the prepared biodiesel at different temperatures

3.4 Discussions

The use of chlorosulfoniadd as a reagent for sulfonation of nano-sized titanium dioxide is a
promising direction for loading of sulphur species into titanium dioxide. Theneltaitanium

sulphate oxide or titanium oxysulfate nano-catalystahasique and different chemical structure
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than titanium dioxide (see figure 1) and those from published wodulphated metal oxid
ﬁ. This obvious change in the chemical structure makes the prepared)T(SO
nano-catalyst more stable compared to all reported sulphated metal cm[in previous
catalysis the sulphate species located on the surface of metal oxides whichtheakelecule
unstable. The stability of synthesised Ti(SED nano-catalyst is due to the formation of
polydentate sulphate species inside the structure of Wiich also leads to a higher tolerance to
high percentage of FFAs in raw material for biodiesel production. This imégthtie to the synergic
activation of polydentate sulphate species inside the structure ph@i@-particle resulting in an
increasef the Lewis and Brgnsteatid sites of the nano-cataly$he effect of different Ti@Qphases
(anatase, rutile and brookite) and differ&@ loadingson the nano-sized TiPtemplate on the
catalytic performance would be the subject of future studies in order to haver aibe¢tiestanding
about the influence of Lewis and Brgnssmid sites on the yield of FAME produced from
simultaneous esterification and transesterification of UCO. Furthermore, there wasamceVicht

the presence of absorbed carbon dioxide from atmosphere had an influence on the caitatytic act
of Ti(SO4)0 catalyst, but further investigations should be performed in the future studrder

to better understand the surface chemistry of this catalyst under different conditions. The amoul
of yield and optimised process conditions (e.g. catalyst loading, methanol to UCO molar ratio
reaction time, temperature, tolerance to FFA and catalyst reusability) besvesignificantly
improved using the catalyst synthesised in this work as compared to the reported sulpkalted m
oxides . Finally, the conditions for simultaneous esterification and transesterification
processes using previous solid acid catalysts compared to the current study are presented in Ta

6.
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Table 6 A comparison of reported optimum process condition for the biodiesel ppaduigitig

solid acid nano-catalyst

Current study| Wang et al[48] Chen et al[34]
Oil/fat feedstock UcoO UCoO Cottonseed oil
Methanol to oil ratio 9:1 10:1 12:1
Type of catalyst Ti(SO4)O S0Z~/TiO2/La*? S037/TiO2 | S0%37/ZrO;
Amount of catalyst% 1.5 5 2
Time, hr 3 1 8
Particle size, nm 25 Not reported Not reported
Surface area, fig 44.47 229 99.2 | 91.5
T,°C 75 110 230
FAME yield % 97.1 >90 90 | 80
Catalyst recycled 8 5 >4

4. CONCLUSIONS

A novel method has been used to impregnate sulphate group intdNPEOto synthesise titanium
sulphate oxide or titanium oxide sulfate [Ti(80] nano-catalyst, which can be used as a solid super
acidic heterogeneous catalyst for different applications due to its high activiyeduility. Different
analytical techniques have been employed to differentiate the prepared)Di(@Do-catalyst from
TiO2>-NPs, all confirming a 100% Ti(S4D phase. The synthesised nano catalyst and its
performance has not been reported in the literature. It was found that))(8é&n be used as a
novel solid acid nano-catalyst for biodiesel production from low quality hadpcfeedstock such

as UCO. The effect of operating process conditions such as reactiocaialgst loading, methanol

to UCO ratio, reaction temperature, %FFA, and re-usability/stability on the bibygiekewere
examined. It was found that under certain process parameters a FAME vyield of @&hlBe
achieved using Ti(S£O as a nano-catalyst. The heterogeneous nano-catalyst was found to be mos
effective for the feedstock containing FFA up to <6wt%. This result indicated that the novel solid

acid nano-catalyst can be used for simultaneous esterification and transasteriiof UCO to

biodiesel potentially reducing energy consumption in biodiesel production comparthertsolid
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acid catalysts. The nano-catalyst can be re-cycled and re-used up toreaghwithout deactivation
of the active sites, overall with superior functionality, significantly improvedga®conditions and
higher tolerance to FFA as compared to other reported metal oxide catalystorfsdigli the

produced biodiesel was analysed according to the ASTM and EN standards spekctfieations

are within acceptable biodiesel limits.
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