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Abstract

An increase in glycerol production is expected because of the increasing use of methyl esters (biodiesel). This
increase can enhance the importance of glycerol as a cheap raw material for producing value-added
products. Future scenarios for worldwide glycerol market will maostly he related to the supply and demand of
glycerol and its application in other industries are first reviewed. Esterification of lauric acid with glycerol to
selectively form monoglycerides (monolaurin and monopalmitin) was conducted using 12-tungstophosphoric
acid (HPW) supported SBA-15 and sulfated zirconia SBA as catalysts. Via direct synthesis method, highly
uniformed SBA-15 catalysts functionalized with 12-tungstophosphorus acid (HPW) were synthesized. Their
characteristics were investigated using BET surface analysis, NH3-TPD, FTIR, SEM, TEM, EDS and TGA.
Surface defects were found in SBA-15 catalysts with high HPW loading (30-40 wt. %). High loadings also
caused the deposition of HPW on the external surface and subject to oxidative decomposition to WO; that
affected their acidity. HPW in mesopores had better thermal stability. High lauric acid conversion (70 %) and
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monolaurin yield (50 %) were shown in 6 h at 160 °C by the catalyst with 20 wt. % HPW. Lower yield was
achieved at higher temperature. Its ordered mesoporosity evidently resulted in shape selectivity effect to
suppress by-products formation. Effects of reaction temperature (150-170 °C), reactant ratios (1:1-5:1) and
catalysts loadings (1-5 wt. %) were thoroughly elucidated. They were synthesized with HPW loadings of 10—
40 wt. % and characterized for surface characteristic, acidity profile, surface morphology and elemental
composition. A conversion of 95 % for lauric acid with monolaurin yield of 53 % were achieved while the
excellent activity was successfully correlated with the characteristics. Effects of different reaction parameters
including temperature (150-170 °C), reactant ratio (1:1-5:1) and catalyst loading (1-5 wt. %) were also
elucidated. High turnover number (1,123-4,262) and turnover frequency (3.1-11.8 min™') were demonstrated
by the catalysts. 40wt%-HPW/IM was the most suitable catalyst for this reaction. Optimization of lauric acid
conversion and monolaurin yield catalysed by highly uniformed SBA-15 catalysts post impregnated with 12-
tungstophosphorus acid (HPW) were elucidated via design of experiment (DoE): response surface
methodology (RSM). Significance effect of factors including reaction time (t), reactant ratio (R) and
temperature (T) were investigated, leading to development of response model monolaurin yield (R2),
respectively. Optimized monolaurin yield operating condition (50% yield at t=3.18 h, R=4.6 and T=1757TC)
were found using developed model that showed both high accuracy (98% confidence level, small standard
deviation and error) and repeatability (3 times). Comparison of optimized operating condition with other
literature reported results showed superior performance of developed catalyst with significant reduction in
reaction time needed for similar lauric acid conversion and monolaurin yield. The structural properties of the
prepared catalysts were characterized using different characterization techniques. Sulfated zirconia was
successfully incorporated with improved properties, such as larger mesopore surface area; the mesoporous
structure was preserved as well. The highest yield of 79.1% was obtained during reaction over SZSBA-15
catalyst with 16 wt.% zirconium oxychloride loading and 3 h of reflux time. About 83.4% selectivity toward
monolaurin was achieved at a high conversion of lauric acid (94.9 %), a lauric acid-to-glycerol molar ratio of
4.0, within 6 h, and at 160 °C. Product distribution was successfully elucidated. Multiple kinetic models
including simple power law model and mechanism based models were investigated for selective esterification
of glycerol with lauric acid using post impregnated 12-tungstophosphoric acid SBA-15. Rate equation for all
suggested models and mechanisms were derived and appropriate experimental works were performed. The
model best describe the studied reaction is found to be a combination of both nucleophilic substitution
mechanism with Langmuir-Hinshelwood kinetic model with high accuracy and reliability of the model
observed. The mechanism scheme describing the reaction from the bulk up to reactant molecular level and
the interaction between reactant molecules on catalyst surface was outlined. Activation energy (Ea) of the
studied reaction is found to be 35.62 kJ mol™ with the Arrhenius constant, A of 1141.2 L mol Jear ™' shows
40wt%-HPWI/IM to have relatively low activation energy compared with reported catalyst on the same or
reaction. .

Abstrak

Peningkatan dalam pengeluaran gliserol adalah dijangka kerana peningkatan penggunaan bahan api seperti
ester metil (biodiesel). Peningkatan ini boleh meningkatkan pengeluaran gliserol sebagai bahan mentah yang
murah untuk mengeluarkan produk nilai tambah. Senario masa depan untuk pasaran di seluruh dunia gliserol
kebanyakannya akan berkaitan dengan bekalan dan permintaan gliserol dan aplikasinya dalam industri lain.
Pengesteran selektif asid laurik dengan gliserol untuk membentuk monogliserida (monolaurin dan
monopalmitin) telah dijalankan menggunakan asid 12-tungstophosphoric (HPW) disokong SBA-15 dan
zirkonia tersulfat SBA sebagai pemangkin telah dikaji. Melalui kaedah sintesis langsung, pemangkin SBA-15
yang berstruktur sangat seragam yang difungsikan dengan asid 12-tungstophosphorus (HPW) telah
disintesis. Ciri-ciri mereka telah disiasat menggunakan analisis BET permukaan, NH5-TPD, FTIR, SEM, TEM,
EDS dan TGA. Kecacatan permukaan ditemui pada pemangkin SBA-15 dengan muatan HPW tinggi (30-40
wt.%). Beban yang tinggi juga menyebabkan pemendapan HPW pada permukaan luar dan membawa kepada
penguraian oksidatif kepada WO3; yang menjejaskan keasidan. HPW dalam mesoliang mempunyai kestabilan
haba yang lebih baik. Penukaran asid laurik yang tinggi (70%) dan hasil monolaurin yang baik (50%) telah
ditunjukkan dalam 6 jam pada 160 °C oleh pemangkin dengan 20 wt. % HPW. Hasil yang lebih rendah telah
dicapai pada suhu yang lebih tinggi. Mesoporositi mangkin ternyata mengakibatkan kesan kepemilihan
bentuk untuk pembentukan produk. Kesan suhu tindak balas (150-170 °C), nisbah bahan tindak balas (1: 1-5:
1) dan pemangkin beban (. 1-6% berat) telah berjaya diperincikan. Mangkin-mangkin telah disintesis dengan
beban HPW daripada 10-40 wt. % dan dicirikan bagi sifatnya permukaan, profil keasidan, permukaan
morfologi dan komposisi unsur. Penukaran 95% asid laurik dengan hasil monolaurin 53% telah dicapai
manakala aktiviti yang baik telah berjaya dihubungkaitkan dengan ciri-ciri mangkin. Kesan parameter tindak
balas berbeza termasuk suhu (150-170 °C), nisbah bahan tindak balas (1: 1-5: 1) dan muatan pemangkin (1-
5% berat) juga telah dijelaskan. Jumlah perolehan yang tinggi dan kekerapan perolehan telah ditunjukkan
oleh pemangkin. 40wt% -HPW/IM merupakan pemangkin yang paling sesuai untuk tindak balas ini.
Optimisasi penukaran asid laurik dan hasil monolaurin oleh pemangkin SBA-15 yang sangat beruniform yang
diimpregnasi dengan asid 12-tungstophosphorus (HPW) telah dijelaskan melalui reka bentuk eksperimen
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kaedah gerak balas permukaan (RSM). Kesan faktor termasuk masa tindak balas (t), nisbah bahan tindak
balas (R) dan suhu (T).telah disiasat, yang membawa kepada pembangunan hasil model sambutan
monolaurin optimum, masing-masing. Hasil optimum monolaurin (50% hasil pada t = 3.18 jam,R=46danT
= 175 °C) telah didapati menggunakan model yang menunjukkan kedua-dua ketepatan yang tinggi (98%
tahap keyakinan, sisihan piawai kecil dan kesilapan) dan kebolehulangan (3 kali). Perbandingan keadaan
operasi dioptimumkan dengan maklumat yang dilaporkan menunjukkan prestasi unggul pemangkin yang
dibangunkan dengan pengurangan ketara dalam masa tindak balas yang diperlukan untuk penukaran laurik
asid dan hasil monolaurin yang sama. Sifat-sifat struktur pemangkin yang disediakan telah dicirikan
menggunakan teknik-teknik pencirian yang berbeza. Sulfat zirkonia telah berjaya digabungkan dengan ciri-ciri
yang lebih baik, seperti kawasan permukaan mesoliang lebih besar dan juga struktur Mmesoporous yang
terpelihara. Hasil tertinggi 79.1% telah diperolehi semasa tindak balas menggunakan pemangkin SZSBA-15
dengan 16 wt. % muatan zirkonium oksiklorida dan masa refluk 3 jam. Kira-kira 83.4% kememilihan
monolaurin telah dicapai pada penukaran yang tinggi asid laurik (94.9%), nisbah molar asid laurik kepada-
gliserol sebanyak 4.0, dalam masa 6 jam, dan pada 160 °C. Distribusi produk juga telah berjaya dijelaskan.
Pelbagai model mudah termasuk model hukum kuasa dan model berasaskan mekanisme telah disiasat untuk
pengesteran terpilih gliserol dengan asid laurik menggunakan asid 12-tungstophosphorik SBA-15. Persamaan
kadar bagi semua model yang dicadangkan dan mekanisme diperoleh dan kerja-kerja eksperimen yang
sewajarnya telah dilaksanakan. Model terbaik bagi menggambarkan tindakbalas yang dikaji didapati adalah
gabungan kedua-dua mekanisme penggantian nukleofilik dengan model kinetik Langmuir-Hinshelwood
dengan ketepatan dan kebolehpercayaan model yang tinggi. Skim mekanisme yang menggambarkan
tindakbalas pukal sehingga bahan tindak balas peringkat molekul dan interaksi antara molekul bahan tindak
balas pada permukaan mangkin telah dicadangkan. Tenaga pen1gaktifan (Ea) tindak balas yang dikaji didapati
35.62 kJ mol’ dengan pekali Arrhenius A 1141,2 L mol ge’ h™" menunjukkan mangkin 40wt%-HPW/IM
mempunyai tenaga pengaktifan yang rendah berbanding dengan pemangkin dilaporkan bagi tindakbalas

Total Approved Budget : RM 211,000
Yearly Budget Distributed
Year1 . RM 90,000.00
Year2 : RM 58,100.00
Year3 : RM62,400.00

Total Expenditure : RM 210,974.92
Balance : RM 25.08

Percentage of Amount Spent (%) : 99.99
# Please attach final account statement (eStatement) to indicate the project expenditure

Equipment Purchased Under Vot 35000

No. Name of Equipment A;g‘x:)m Location Status
1 Diaphragm pump 6,975 Environmental Lab, | Still working

School of Chemical
Engineering USM (0:16)
2 Magnetic heating stirrer plate 5,940 Environmental Lab, | Still working
School of Chemical
Engineering USM (0.16)
3 pH meter Schott 3,570 Environmental Lab, | Broken. Writing
School of Chemical | Off

Engineering USM (0.16)
4 Memmert Oven 220C 3,250 Environmental Lab, | Still working
School of Chemical
Engineering USM (0.16)
# Please attach the Asset/Inventory Return Form (Borang Penyerahan Aset/Inventori) — Appendix 1
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based on the successful production of the desired product,
economical consideration, practicality of the approach
proposed, energy requirement, waste generation etc.

Achieved

To develop a reliable mathematical model to accurately
represent the reaction under various conditions for use in
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P

BORANG

A. BUTIR PENYELIDIK

1. NAMA PENYELIDIK :PROF DR AHMAD ZUHAIRI ABDULLAH
2. NO STAF :0424/14

3. PTJ :PP KEJURUTERAAN KIMIA

4. KOD PROJEK :1001/PJKIMIA/814181

5. TARIKH TAMAT PENYELIDIKAN :14 OGOS 2016

B. MAKLUMAT ASET / INVENTORI

BIL KETERANGAN ASET NO HARTA NO. SIRI HARGA (RM)

1 | Diapharagh Pump AK00007090 3376109 6975 | 4.15
2 | Magnetic Heating Stirrer Plate AKG0007091 07-359093 5,940 0-[¢
3 | pH Meter Schott AK00007092 13031305 3570 |Lupwg
4 | oven Memmert 220C AK00007130 B113.0034 3,250 61C

C. PERAKUAN PENYERAHAN
Saya dengan jni menyerahkan aset/ inventori seperti butiran B di atas kepada pihak Universiti:

.......................................................

PROFESORDRA ZUHAIRI ABDULLAH .
( Pusat Pengajian Kejuruteraan Kinia, ) Tarikh: o4 , ‘0\'2»0-\ !o

Universiti Sains Malaysia, Ka{npus Kejumtgraan,
D NPERAKBAN Y RIERINZRHR

Saya telah memeriksa dan menyemak setiap alatan dan didapati :

£l Lengkap

[] Rosak

[0 HIlaNg 2 NYALAKAN........cvoeeecveeeseesiecessesss s s ses s enssesseseeeseesessssssssssses s s s smses semons
[ LAIN-1ain : NYBLAKAN ... esirisne s eess s e es s s seessssseesssetsvesnsssassasnses

Diperakukap Oleh :

e

*Nota : Sesalinan borang yang telah lengkap perlulah dikemukakan kepada Unit Pengurusan
Harta, Jabatan Bendahari dan Pejabat RCMO untuk tujuan rekod.
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Materials and processes for energy: communicating current research and technological developments (A. Méndez-Vilas, Ed.)

Nickel functionalized mesostructured cellular foam (MCF) silica as a
catalyst for solventless deoxygenation of palmitic acid to produce
diesel-like hydrocarbons

Lilis Hermida'?, Ahmad Zuhairi Abdullah™ and Abdul Rahman Mohamed'

"' School of Chemical Engineering, Universiti Sains Malaysia, 14300 Nibong Tebal, Penang, Malaysia
? Department of Chemical Engineering, Universitas Lampung, Bandar Lampung 35145, Lampung, Indonesia
*E-mail: chzuhairi@ieng.usm.my *Tel: +604-594 1013

Mesostructured cellular foam (MCF) silicas synthesized at different conditions were incorporated with nickel to synthesize
nickel functionalized MCF catalysts. Morphologies of the MCF silicas and the catalysts were characterized using nitrogen
adsorption-desorption, scanning electron microscope (SEM) and energy dispersive X-ray (EDX). Activities of the catalysts
were evaluated based on solventless deoxygenation of palmitic acid for 6 h at 300 °C under inert atmosphere in a semi
batch reactor for production of n-pentadecane and 1-pentadecene as hydrocarbon fuels. Palmitic acid conversion of 86.4%
with n-pentadecane selectivity of 31.8 % and 1-pentadecene selectivity of 29.2 % was achieved by a catalyst using TEOS
amount of 9.2 ml and aging time of 3 days in the MCF syntheses. The highest activity of the catalyst was attributed to the
highest nickel content together with the smallest nickel particles dispersed in the catalyst.

Keywords: mesostructured cellular foam; silica; nickel incorporation; deoxygenation; palmitic acid; hydrocarbon fuels.

1. Introduction

Diesel fuel demand is predicted to grow from 24 million barrels per day in 2009 to 34 million barrels per day by 2030
as reported in OPEC World Oil Outlook [1]. Diesel fuel is derived from fossil fuel source which is non-renewable and
the amount is finite. Therefore, the increasing demand of diesel fuel leads to an important development of biomass-
based technologies to produce biofuels. Biomass, a renewable source, is biological material from living organisms such
as, trees, crops, animals, plants, co-product from industrial process and wastes from agriculture and industries [2].
Biomass supplies are not limited since trees, animals and crops are biologically reproducible and waste will always
exist.

Palm fatty acid distillate (PFAD) is a co-product of the physical refining of crude palm oil (CPQ) to produce
refined, bleached and deodorized (RBD) palm oil in which CPO is obtained from oil palm fruits through an oil mill, as
can be seen in Fig. 1. The RBD palm oil is usually used for production of vegetable oil and can also be used in the
manufacture of margarine, shortening, ice cream and condensed milk [3]. PFAD contains more than 90 % palmitic acid
[4]. So far, PFAD is mostly used as a raw material for laundry soap industries [4]. The use of PFAD as feedstock for
production of biofuels, as value-added products, has more advantages in terms of price and availability, especially in
Malaysia and Indonesia, as these countries are the world’s top-two largest CPO producers [4,5].

O1l Mill Physical Refining

BT Coa : 4 4 PEA
i [ (PO [ = RBDPamOil + PFAD

& s W, ¢

Oil palm fruits
Fig. 1 Palm fatty acid distillate (PFAD) as a co-product of physical refining process of CPO to RBD palm oil

Production of biofuels from various renewable feedstocks has been extensively studied for many years.
Transesterification of vegetable oil with methanol is commonly used for production of biodiesel which is a prominent
biofuel. Biodiesel contains fatty acid methyl esters (FAMEs) and is usually used in a mixture with diesel fuel [6]. Next-
generation biofuel could be diesel like-hydrocarbons produced by catalytic deoxygenation of fatty acids over metal
supported catalysts. The catalytic deoxygenation of fatty acids is a potential technology that generates linear
corresponding n-alkanes (parafins) and alkenes (olefins) through decarboxylation and decarbonilation [7], respectively,
as can be seen in Fig. 2. Meanwhile, CO, and CO are formed as gaseous products. The n-alkanes and alkenes are
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hydrocarbons that are similar to those found in diesel fuel derived from fossil fuel resources, for example n-heptadecane
and l-heptadecene from stearic acid deoxygenation, n-pentadecane and I-pentadecene from palmitic acid
deoxygenation, etc. [8]. As such, the diesel like-hydrocarbons can be directly used and fully compatible with existing
diesel engines without modification.

Decarboxylation: C_H, .,COO - CH, .. + CO, 1
Fatty acid n-alkane
Decarbonilation CH, .,COO > CH, + CO + H,0 2

Fatty acid Alkene

Fig. 2. Deoxygenation of fatty acid through decarboxylation and decarbonilation

Deoxygenation of steric acid and palmitic acid over several active metals such as Pd supported on various supports
(silica, activated carbon and mesoporous carbon Sibunit) have been successfully carried out at 300 °C [9.10]. Due to the
high price of Pd, researchers has also investigated several catalysts with different active sites (hydrotacites and nickel)
and different supports (MgO/A,O; and ALOs), as alternative catalysts [11-14]. A series of hydrotalcite catalysts with
different ratios of magnesium oxide to alumina (MgQ/Al,0;) have been investigated for deoxygenation of oleic acid at
300-400 °C. Subsequantly, deoxygenation of triolein over Ni supported on alumina (ALOs) catalysts has been studied
at 350 °C. However, the process generated various types of hydrocarbon fuels such as heptanes, octane, nonane and
heptadecane due to the occurrence of cracking reaction during the deoxygenation. Besides due to the application of
higher temperatures, this could be due to small pore diameters (below 20 A) of the alumina (Al;Os) based catalysts.
According to the literatures, the effective catalysts having mesopore sizes (20 — 500 A) are required for reactions
involving bulky molecules such as fatty acid to diminish diffusion limitation of reactants and products during the
reaction [15-17].

Mesostructured cellular foam (MCF) is a class of three-dimensional (3D) hydrothermally robust materials with ultra-
large pore size (up to 500 A) [18]. Owing to their larger pore sizes, MCF materials have advantages in terms of better
diffusion of reactants and products. However, there has been limited information about the utilization of MCF silica as
supports for loading of catalytically active component. Therefore, in the present study catalyst made from various MCF
silicas have been incorporated with inexpensive metal i.e. nickel for deoxygenation of palmitic acid, as a representative
of PFAD, to produce diesel-like hydrocarbons i.e. n-pentadecane and 1-pentadecene.

2. Experimental

2.1 Preparation of MCF silica supports

Various MCF silica support materials were prepared according to a previously reported procedure [19] with
modification in terms of the tetraethyl ortho silicates (TEOS) amount (from 9.2 to 35 ml) and aging time (from 1 to 3
days), as given in Table 1. In a typical synthesis, 4 g of Pluronics 123 (P123) was dissolved in 70 ml of 1.6 M HCL
Then, 3.4 ml of trimethylbenzene (TMB) was added, and the resulting solution was heated to 40 °C with rapid stirring
to synthesize a microemulsion (template). After stirring for 2 h, TEOS (7) was added to the solution and stirred for 5
min. Then, the solution was transferred into a poly-ethylene bottle and kept at 40 °C in an oven for 20 h for formation of
pre-condensed silica foam. After that, the mixture was removed from the oven and then NH,F.HF (46 mg in 5 ml of
deionised water) was added to the mixture with slow mixing. Then, it was aged at 80 °C in an oven for certain duration
(D). After cooling, the mixture was filtered and then dried at 100 °C for 12 h. After that, calcination was carried out in
static air at 300 °C for 0.5 h and 500 °C for 6 h to remove the template. Hereafter, the synthesis materials will be
donated as MCF (aT-bD), where a is the amount of TEOS and b is duration of aging time.

Table 1 Modification used in the synthesis of MCF silica support materials

No  Supports Amount of Aging time
TEOS (T), mi (D), day
1 MCF(9.2T-2D) 9.2 2
2 MCF(12.5T-2D) 12.5 2
3 MCF(16T-2D) 16 2
4 MCF(9.2T-1D) 9.2 1
5 MCF(9.2T-3D) 9.2 3
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2.2 Incorporation of nickel (Ni) into MCF silica materials

The MCF silica supports were functionalized with nickel using a deposition-precipitation method adopted from
literature [20]. In the procedure, 250 ml of an aqueous solution containing 10.156 g of Ni(NO;),.6H,0 and 0.3 ml of
HNO; 69 % wt/wt was prepared. In a typical preparation, 40 ml of the aqueous solution was used for dissolving 6.3 g of
urea at room temperature to make a urea solution and 210 ml of the aqueous solution was mixed with 1.9 g of the MCF
support to make a suspension. The suspension was heated at 40 °C, and then mixed with the urea solution under rapid
mixing. After that, the mixture was heated to 90 °C for 2 h under static condition. After cooling, the mixture was filtered
and the solid was washed three times with 20 ml of hot distilled water (~50 °C) followed by drying at 100 °C for 12 h.
Then, the solids were calcined in static air at 300 °C for 6 h. Then the calcined samples were reduced at 550 °C for 2.5 h
under hydrogen stream, and then cooled to room temperature in nitrogen flow to obtain nickel functionalized MCF
catalysts. The catalysts are designated NiMCF(aT-bD)(R) in which a is the amount of TEOS and b is duration of aging
time in the synthesis of MCF supports, as given in Table 2.

Table 2 Modification used in the synthesis of MCF silica materials

No  Supports Catalysts

1 MCF(9.2T-2D) NiMCF(9.2T-2D)R)
2 MCF(12.5T-2D) _ NiMCF(12.5T-2D)}(R)
3 MCF(16T-2D) NiMCF(16T-2D)R)
4  MCF(9.2T-1D) NiMCF(9.2T-1D)R)
5  MCF(9.2T-3D) NiMCF(9.2T-3D)}(R)

2.3 Characterization

Nitrogen adsorption-desorption isotherm data were obtained using a Quanta-chrome Autosorb 1C automated gas
sorption analyzer operated at liquid nitrogen temperature to estimate average cell pore size, average window pore size,
specific pore volume and specific surface area (Sger). Average cell pore size was evaluated using Barrett-Joyner-
Halenda (BJH) method from the adsorption branch of the isotherm data. Meanwhile, average window pore size was
evaluated using BJH method from the desorption branch. Sger was calculated using Brunauer-Emmett-Teller (BET)
method. Samples were also analyzed using Leo Supra 50 VP field emission scanning electron microscope (SEM),
equipped with an Oxford INCAX act, energy dispersive X-ray (EDX) microanalysis system, to obtain SEM images and
chemical compositions. Prior to the analysis, samples were mounted on stubs with double-sided adhesive tape. Then,
the samples were coated with high purity gold and observed at room temperature.

2.4 Solventless deoxygenation of palmitic acid

Solventless deoxygenation of palmitic acid was performed in a semibatch mode in which CO, and CO gases produced
during the reaction was continuously removed. The deoxygenation was carried out in a 250 mL three-necked flask
reactor equipped with a magnetic stirring bar, reflux condenser and a tube to pass pure nitrogen flow to reaction
mixture. During the deoxygenation reaction, the nitrogen stream swept the evolved gases through the condenser and a
trap containing 50 ml of 1 M sodium hydroxide. The reactor was placed on a hot plate.

Palmitic acid (4.5 g) and catalyst (0.45 g) were first added into the reactor. Before the reaction was started, nitrogen
flow was passed through the reaction mixture for about 30 min. Then, the reaction mixture was heated to 300 °C and
maintained for 6 h to perform deoxygenation of palmitic acid without solvent under rapid stirring and nitrogen flow.
The liquid product was collected and analyzed by means of an Agilent Technology 7890A GC system equipped with a
flame ionization detector and a non-polar capillary column (GsBP-5). Palmitic acid conversion was calculated based on
the amount of palmitic acid converted in the reaction divided by initial number of moles of palmitic acid loaded into the
reactor. The selectivity was calculated as the number of moles of product recovered divided by the number of moles of
palmitic acid that had reacted.

3. Results and discussion

3.1 Characterization of nickel functionalized MCF catalysts

Schematic cross section of MCF silica as reported in the literature is of strut-like structure as given in Fig. 3, which
shows that the cells of the MCF structure are framed by the silica struts [18]. The disordered array of silica struts are
composed of uniform-sized spherical cells interconnected by window pores. Surface characteristics of MCF materials
prepared with different TEOS amounts and aging times and the corresponding nickel functionalized MFC catalyst using
nitrogen adsorption-desorption can be seen in Table 3.
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Fig. 3. Schematic cross section of MCF silica adopted from adopted from Schmidt-Winkel et a/ [18]

Table 3 Surface characteristics of MCF materials and corresponding nickel functionalized MCF catalysts

Supports Sges Vporca dean, dyindow,  Catalysts Sges Vores deet,  duindows
PP m/g cmg A A m/g cm’/g

MCF(9.2T-2D) 375 2.24 232 130 NiMCF(9.2T-2D)(R) 281 1.02 184 125
MCF(12.5T-2D) 404 1.62 231 102 NiMCF(12.5T-2D)(R) 324 1.05 230 100
MCF(16T-2D) 336 1.41 235 102 NiMCF(16T-2D}R) 309 0.92 235 100
MCF(9.2T-1D) 394 1.85 235 125 NiMCF(9.2T-1D)}(R) 253 0.93 233 153
MCF(9.2T-3D) 378 2.12 235 158 NiMCF(9.2T-3DXR) 307 1.09 234 90
e and diindow pore are the cell and window pore diameters, respectively, determined using the BJH method,

Sger is the surface area determined based on the BET method, and

Vporo is the total pore volume determined at a relative pressure of 0.9948

When using the same aging time (2 days) in the MCF support synthesis, the increase in TEOS amount from 9.2 ml to
12.5 ml resulted in an increase in total surface area of the MCF silica material. However, its pore volume, cell size and
window pore size decreased to suggest that the thicknesses of the MCF walls increased. Further increase in TEOS
amount from 12.5 ml to 16 ml was found to decrease the total surface area and the pore volume. Meanwhile, the cell
size increased but the window pore size was virtually unchanged. The main reason for the above phenomenon was
attributed to a higher number TMB/P123 microemulsion phase that interacted with protonated silicate species leading to
the formation of the ‘soft silica”coated TMB/P 123 microemulsion phase. Then, condensation of silica in the walls led
to a higher the formation of Si-O-Si linkages in the form of mesostructure in the MCF. Meanwhile, the use of an extra
TEOS amount in the synthesis interrupted the condensation of silica network. This resulted in a detrimental effect to the
formation of mesostructure in the MCF [21]. This behaviour was similar to that in the synthesis of SBA-15 silica
materials {22].

For the use of the same TEOS amount (9.2 ml), window pore size in MCF silica supports increased with increasing
aging time whilst cell size remained stable, as suggested by data in Table 3. This result could be attributed to the ‘soft
silica”coated TMB/P123 composite droplets that experienced an increase in size and consequently expanded the
window pore size. At the same time, condensation of silica in the walls took place with the formation of Si-O-Si
linkages to solidify the inorganic network, and subsequently the materials with increased pore size gradually rigidified
[18, 21]. As longer aging duration was allowed, the larger window pore size in MCF structure would be obtained. As a
result, the highest window pore size (158 A) was achieved at aging time of 3 days as longest aging duration in the
synthesis of MCF supports.

Deposition-precipitation method generally involves the conversion of a highly soluble metal precursor into another
substance which specifically precipitates onto a support and not in the solution [23]. Incorporation of nickel into MCF
silica supports using deposition-precipitation method resulted in some changes in textural parameters such as total
surface area, total pore volume, cell size and window pore size, as can be seen in Table 3. Mechanism of nickel
incorporation into MCF silica has been previously reported [24]. The mechanism was assumed to be analogous to
nickel incorporation into Spherosil as reported in the literature [25]. It is suggested that the changes in the textural
parameters were affected by the partial dissolution of siliceous pore and by the deposition of nickel particles [25]. Table
3 generally shows that incorporation of nickel into MCF supports resulted in decreases in total surface area, pore
volume, cell size and window pore size due to deposition of nickels. However, for MCF(9.2T-1D) support prepared at
TEOS amount of 9.2 ml and an aging time of 1 day, the window pore size increased from 125 A to 153 A after the
incorporation of nickel. This behaviour was most likely due to a greater consumption of the siliceous pore walls during
the deposition-precipitation [24].

All nitrogen adsorption-desorption isotherm curves, as shown in Fig. 4, are of type 1V characterized by hysteresis in
multilayer range of physisorption isotherms, which is often associated with capillary condensation (the pore filling
process) in mesopore structure [26]. The functionalization of MCF supports with nickel resulted in a reduction in the
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nitrogen adsorption-desorption isotherm curves of nickel functionalized MCF catalysts. However, the forms of the
curves did not appreciably change after functionalization with nickel. This observation indicated that total pore volume
experienced a decrease but the mesoporosity of the MCF materials was maintained after they were incorporated with
nickel as suggested in the literature [27]. Mesoporosity are pores with diameter between 20 and 500 A [26]. The results
were in agreement with the surface characteristic results in Table 3 in which all nickel functionalized MCF catalysts had
window pore sizes (from 90 to 153 A) in the range of mesoporosity. Window pores are gates for reactants access to the
cell where the active centres were mostly located in the catalysts [28]. The mesoporosity of catalysts is needed for
reactions involving bulky molecules of fatty acids to reduce diffusion limitations faced by reactants and products within
the catalyst pores during the process to consequently increase the their activities [15-17].

1400 (a) 1400 4 (b) 1100 4 ©)
a. 1200 4 1200 4 1200 A
%
#1000 £ 1000 . £ 1000 4
& —~~MCF(9.2T-2Dh - ~ MCHI2.5T-2D) - MCF(16T-2D)
S 00 _ “ 5004 e NiMCF(12.5T-2DYR} e 500 4 - -
3 -=-NiAICF(9 21-2DKR) z S & NiMCF(16T-2DXR}
§ 600 2 600 2 600 |
= 3
7':' 400 A '_é 300 3 100 1
el o
200 7 aon ” 2001
0 - o 0 : v v
(4 0.2 04 06 05 1 0 0.2 0.4 0.6 0.8 ! 000 020 040 060 030 1
PPo P’Po PPo
1460 1 (d) 1400 (e)
1200 1200
1000 4 = \MCF(9.2T-1D) 1000 1 =%~ MCF(9.27-3D})

<00 4 -a- NiMCF(9.2T-1D) -#- NiMCF(9.2T-2D%R)

600 1

N, Adsorbed, cnr® ‘g STP

400 4

No Adsorbed, en® ‘2 §TP
<
[=3
<

200 1

0 a2 04 0.6 08 1 g 0.2 0. 0.0 0.8 1
P/Po PPo

Fig. 4 Nitrogen adsorption-desorption isotherm of (a): MCF(9.2T-2D) support and NiMCF(9.2T-2D)(R) catalyst, (b): MCF(12.5T-
2D) support and NiMCF(12.5T-2D)(R) catalyst, (¢): MCF(16T-2D) support and NiMCF(16T-2D)}R) catalyst, (d): MCF(9.2T-1D)
support and NiMCF(9.2T-1D)(R) catalyst, (¢): MCF(9.2T-3D) support and NiMCF(9.2T-3D)(R) catalyst.

Morphologies of nickel functionalized MCF catalysts were examined using SEM. The results are shown in Fig. 5.
The morphology of the nickel functionalized MCF catalysts was strongly influenced by the structural characteristics of
the supports. For catalysts using MCF supports prepared at the same aging time (2 days), the increase in TEOS amount
resulted in thicker and larger sizes of nickel particles to present in the catalysts. At TEOS amount of 9.2 in the MCF
synthesis, uniform nickel nanoparticles in the form of nanoworms were observed in NiMCF(9.2T-2D)(R) catalyst.
Meanwhile, nickel particles in the form of layered and platelet structures were observed in NiIMCF(9.2T-2D)(R) and
NiMCF(9.2T-2D)(R) catalysts using MCF supports prepared at TEOS amount of 12.5 ml and 16 ml, respectively. This
result was attributed to a higher density of silanol groups (Si-OH) in the MCF support. As such, more Ni(OH),(OH,),
complex reacted with the silanol groups in the MCF supports during the deposition-precipitation process to increase the
nickel particle sizes, as suggested in the literature [24, 29]. Meanwhile, for catalysts using the same TEOS amount (9.2
ml) in the MCF syntheses, sizes of nickel particles present in the catalysts slightly decreased with the increase in aging
time. Nickel nanoparticles in the form of nanoworms dispersed in NIMCF(9.2T-1D)(R) catalyst prepared using MCF
support with an aging time of 1 day were slightly larger compared to those in NIMCF(9.2T-2D)(R) and NiMCF(9.2T-
3D)(R) catalysts prepared using MCF support at aging times of 2 and 3 days, respectively.

Chemical compositions of the catalysts were determined using EDX, as can be seen in Fig. 6. NiIMCF(9.2T-2D)R)
catalyst using MCF support prepared at TEOS amount of 9.2 ml was found to contain metallic nickel 5.3 wt. % with the
same aging time (2 days) in the MCF synthesis. When the TEOS amount was increased from 9.2 ml to 12.5 ml, the
metallic nickel content in the catalyst decreased to 3.1 wt. %. These observations suggested that the use of TEOS
amount of 9.2 ml in the MCF synthesis led to homogeneous distribution of nickel inside and outside the cells in
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NiMCF-9.2T(R) catalyst. This can be confirmed by the surface characteristic results in Table 3 where the deposition of
the MCF(9.2T-2D) support with nickel resulted in higher reductions in cell size from 232 to 184 A and in window pore
size from 130 to 125 A. Meanwhile, the use of TEOS amount of 12.5 ml in the MCF synthesis resulted in
NiMCF(12.5T-2D)(R) catalysts with metallic nickel in the form of layered and platelet structures that could be mainly
distributed outside the cells in the catalysts. However, further increase in TEOS amount from 12.5 to 16 ml resulted in
NiMCF(16T-2D)(R) with a higher content of metallic nickel (14.1 wt. %) due to larger and thicker sizes of metallic
nickel particles which were in the form of layered and platelet structures. Surface characteristic results in Table 3
confirm that there were no appreciable changes in cell sizes of MCF(12.5T-2D) and MCF(16T-2D) after the nickel
incorporation, which suggested that the metallic nickel particles were mainly located outside the cells.

Fig. 5 SEM images of (a): NIMCF(9.2T-2D)(R), (b): NIMCF(12.5T-2D)(R), (¢): NiMCF(16T-2D)(R), (d): NIMCF(9.2T-1D)(R) and
(e): NiMCF(9.2T-3D)(R) catalysts.

Furthermore, at the same TEOS amount (9.2 ml) in the MCF support syntheses, the increase in aging time was found
to increase the amount of nickel compositions present in the catalyst, as can be seen in Fig. 6. The highest amount of
nickel was found to be 17.57 wt. % in the NiMCF(9.2T-3D(R) catalyst that used MCF support prepared at the longest
aging time (3 days). It was envisioned that window pore size of MCF material used as a support was the main factor
that influenced the nickel nanoparticle incorporation. The window pore size of MCF support prepared using an aging
time of 3 days (MCF(9.2T-3D)) support was the highest among them. Then, window pore size of MCF(9.2T-2D) was
higher than that of MCF(9.2T-1D), as presented in Table 3. As such, most of nickel nanoparticles were easily
introduced through the window pore size of MCF(9.2T-3D) support. It can be concluded in this study that larger
window pore size of MCF support resulted in easier incorporation of nickel nanoparticles with smaller sizes. Hence, a
suitable support was necessary for obtaining a high dispersion of nickel species with small sizes.

3.2 Solventless deoxygenation of palmitic acid over nickel functionalized MCF catalysts

Catalytic performances of nickel functionalized MCF catalysts with different surface characteristics and nickel
compositions were evaluated for deoxygenation of palmitic acid at 300 °C in solvent free condition under nitrogen flow
for 6 h in a semi batch mode. Conversions of palmitic acid and selectivities of desirable products (n-pentadecane and 1-
pentadecane) recorded during the experimental runs are shown in Table 4. NIMCF(9.2T-2D)(R) catalyst exhibited a
higher palmitic acid conversion of 59 % compared to NIMCF(12.5T-2D)(R) and NiMCF(16T-2D)(R) catalysts using
MCF support prepared at an aging time of 2 days. The higher palmitic acid conversion exhibited by NiMCF(9.2T-
2D)(R) catalyst was attributed to small nickel nanoparticles dispersed in the catalyst, albeit it had the second highest
nickel content among the catalysts using MCF support prepared at aging time of 2 days, as confirmed from SEM and
EDX results in Fig. 5 and Fig. 6, respectively. Meanwhile, for the same MCF preparation in terms of TEOS amount (9.2
ml), NiMCF(9.2T-3D)(R) achieved the conversion of 86.4 % which was the highest active catalyst. Besides the small
nickel nanoparticles dispersed in NiIMCF(9.2T-3D)(R) catalyst, this was due to the highest nickel content, i.e 17.57 wt.
%, in the catalyst, as confirmed in EDX results in Fig. 6. Metallic nickel species were active sites to produce n-alkane
and alkene in fatty acid deoxygenation through decarboxylation and decarbonilation reaction [12]. It is also reported in
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the literature that for most metal supported catalysts, smaller active metal particles dispersed in the support may also
lead to the higher catalytic activity in the reaction [30].
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Fig. 6 EDX analysis results for chemical compositions of (a): NIMCF(9.2T-2D)(R), (b): NiMCF(12.5T-2D)(R), (c): NiMCF(16T-
2D)(R), (d): NiIMCF(9.2T-1D)R) and (e): NiMCF(9.2T-3D)(R) catalysts

Table 4 Reaction results of solventless deoxygenation of palmitic acid over nickel functionalized MCF catalysts at 300 °C for 6 h.

Catalysts Palmitic acid n-Pentadecane 1-Pentadecene
conversion, % selectivity, % selectivity, %
NiMCF(9.2T-2D)(R) 59.0 22 234
NiMCF(12.5T-2D)(R) 3.1 45 42.5
NiMCF(16T-2D)(R) 334 16 17.5
NiMCF(9.2T-1D)}R) 52.0 21 21.7
NiMCF(9.2T-3D)(R) 86.4 31.8 29.2

Furthermore, Table 4. also shows that selectivities of n-pentadecane performed by NiMCF(9.2T-2D)(R),
NiMCF(16T-2D)(R) and NiMCF(9.2T-1D)(R) catalysts were a bit lower than those of 1-pentadecene in the palmitic
acid deoxygenation. This result suggests that palmitic acid deoxygenation through decarboxylation was less selective
than that through decarbonilation. On the other hand, palmitic acid deoxygenation over NiMCF(12.5T-2D)(R) and
NiMCF(9.2T-3D)(R) catalysts gave a bit higher n-pentadecane selectivity compared to !-pentadecane as the
deoxygenation through decarboxylation was more intense than that through decarbonilation.

4. Conclusions

Preparation of MCF silica supports with different characteristics by varying TEOS amount and aging time was
successfully carried out. With the same aging time in the MCF preparation, the increase in TEOS amount resulted in an
increase in total surface area but its pore volume, cell size and window pore size experienced decreases due to a higher
formation of Si-O-Si linkages. Further increase in TEOS amount caused a detrimental effect to the formation of the
mesostructure in the MCF as condensations of the silica network were interrupted. Meanwhile, with the same TEOS
amount in MCF preparation, the increase in aging time resulted in an increase in window pores size in the MCF
materials attributed to an increase in size of the silica composites.

Incorporation of nickel into MCF supports was carried out using deposition-precipitation and then reduction process.
The morphology of nickel functionalized MCF catalyst was strongly influenced by the structural characteristics of the
MCEF silica supports. With the same aging time in the MCF preparation, the increase in TEOS amount resulted in an
increase in size of nickel particles that were dispersed in MCF silica due to a higher density of silanol groups (Si-OH)
that reacted with nickel complex during the deposition-precipitation process. Meanwhile, with the same TEOS amount
in the MCF preparation, the increase in aging time seemed to decrease the size of nickel particles dispersed in the
catalysts but the amount of nickel content increased.

Among the MCF silica materials, MCF prepared using TEOS amount of 9.2 ml and aging time of 3 days MCF(9.2T-
3D) was the most promising support for incorporation of nickel as the NiMCF(9.2T-3D)(R) catalyst obtained exhibited
the highest palmitic acid conversion (86.4 %) with n-pentadecane selectivity of 31.8 % and 1-pentadecene selectivity of
29.2 % in solventless deoxygenation of palmitic acid at 300 °C under nitrogen flow for 6 h. The highest catalytic
activity of NiMCF-9.2T(R) was attributed to the smallest nickel particle dispersed in the nickel functionalized MCF
catalysts together with the highest nickel content (17.57 wt. %) as confirmed in SEM and EDX results
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ABSTRACT

This work investigated the possibility of incorporation of nickel into several mesostructured cellular foam (MCF) silica
supports prepared at various aging times (1, 2, and 3 days) by using deposition-precipitation method followed by re-
ducetion process and to look for the best support to obtain supported nickel catalyst with highest nickel loading and
smallest size of nickel nanoparticles. Analyses using nitrogen adsorption-desorption, transmission electron microscopy
(TEM), X-ray diffraction (XRD), scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) showed that
MCEF silica prepared at aging time of 3 days was the best support as the corresponding nickel functionalized MCF cata-
lyst had the highest nickel content (17.57 wt%) and the smallest size of nickel nanoparticles (1 - 2 nm) together with
high porosity (window pore size of 90 A). The result was attributed to the highest window pore size in the MCF support
which allowed more nickel nanoparticles to be incorporated.

Keywords: Mesostructured Cellular Foam; Amorphous Materials; Nanostructures; Sol-Gel Growth; Surface Properties

1, Introduction

Supported nickel catalysts as heterogeneous catalysts
have attracted research attentions because of their po-
tential application in many important petrochemical in-
dustries such as hydrogenation, deoxygenation, metha-
nation, reforming, and hydrocracking, Besides good nickel
particle dispersion in the catalyst support, pore size is a
crucial variable affecting the catalyst performance as the
activity usually relies on the presence of accessible active
centres located in the internal pore of the catalysts [1].
Larger-pore sizes of the catalyst provide better diffusion
of reactants and products during the course of reaction
[2]. Therefore, high dispersion of small particles of
nickel and high porosity of the catalyst are always de-
sirable. Catalyst support may play a more active role in
increasing the dispersion and stability of metal particles
[3]. The main function of catalyst support is to achieve a
fine dispersion of nickel nanoparticles and to prevent the
nanoparticles from aggregating and the latter relies on
confining nanosized environment of the catalyst [4].
Mesoporous silica materials such as MCM-41, SBA-
15 and HMS with high porosity (pore size of up to 100 A)
have been widely studied as catalyst supports for incur-
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poration of sulphated metal oxides [5,6], platinum nano-
particles [7] and propy! sulfonic acid [8-10]. These meso-
porous silica materials have also been extensively used
as supports for incorporation of nickel particles. Nickel
functionalized mesoporous silicas have been successfully
applied for hydrochorination of chlorobenzene [11] and
catalytic reforming of methane with carbondioxide to
produce synthesis gas (syngas) [12,13]. By using direct
synthesis [2,12], post synthesis-grafting and impregna-
tion methods [13] for incorporation of nickel, mesopo-
rous silica materials (MCM-41, SBA-15, HMS) would
form catalysts with good dispersion of nickel particles at
nickel contents below 6 wt%. However, higher nickel
loadings could lead to structural collapse and a signifi-
cant drop in the well-defined framework mesoporosity
because of local blockage of pore cannel and agglome-
ration of nickel nanoparticles. This could result in diffu-
sion limitation of reactants as well as the products to
consequently reduce the activity of the catalyst. Recently,
MCM-41 was incorporated with nickel particles using
deposition-precipitation method followed by a reduction
process that resulted in catalyst with good nickel parti-
cles dispersion at high nickel loading of 12.8 wt% [14].
However, the supported MCM 41 nickel catalyst had low
porosity (average pore diameter of 39 A) that would not
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be suitable for reactions involving bulky molecules such
as hydrogenation of edible or non edible oil and deoxy-
genation of fatty acid. These reactions require catalysts
with pore diameters_of above 50 A to diminish diffusion
limitation of reactants and products [15]. Besides that,
catalysts derived from MCM-41 support faced serious
drawback of low hydrothermal stability [16-18].

Mesostructured cellular foam (MCF) silica is a very
interesting new mesoporous silica material. It is a class
of thrce-dimensional (3D) materials with ultra-large me-
sopores (up to 500 A) that are hydrothermally robust
[19-22]. In terms of the textural and framework struc-
tures, MCF materials are composed of uniform spherical
cells interconnected by window pores with a narrow size
distribution [19]. Owing to their 3D mesopore system
with pore sizes substantially larger than those of MCM-
41 or SBA-15 or HMS mesostructures, this material see-
ms to be a very promising candidate to be used as cata-
lytic support as it provides a better diffusion of reactants
and products. This allows them to better overcome mass
transfer limitations in many reactions [20,23]. However,
there has been limited information about the utilization
of MCF silicas as supports for loading of catalytically
active component. Also, report addressing the dispersion
of nickel particle on mesostructured cellular foam (MCF)
silica is hardly found in the literature so far.

In the present study, MCF silica materials with differ-
rent mesostructure characteristics have been prepared at
various aging times (1, 2 and 3 days) and used as sup-
ports for nickel incorporation. The incorporation of
nickel particle in the MCF silica has been carried out
using deposition and precipitation (DP) method followed
by a reduction process. The aims of this study are to in-
vestigate the influence of MCF support characteristics on
surface and structural characteristics of nickel function-
alized MCF catalysts. Thus, the best MCF support can be
identified in order to obtain a catalyst with highest con-
tent of nickel nanoparticles together with high porosity.
MCEF silica supports and the corresponding nickel func-
tionalized MCF catalysts have been characterized using
nitrogen adsorption-desorption, TEM, SEM-EDX and
XRD analyses.

2. Experimental Procedure
2.1. Synthesis of MCF Supports

MCEF silica materials with different structures were syn-
thesized according to a previously reported procedure [24]
with modification with regards to the amount of acidic
solution, the use of aging temperature and aging times. In
a typical synthesis, 4 g of Pluronics 123 was dissolved in
70 ml of 1.6 M 1ICIL. Then, 6.8 ml of trimethylbenzene
(TMB) was added, and the resulting solution was heated

Copyright © 2013 SciRes.

to 40°C with rapid stirring to synthesize the microemul-
sion (template). After stirring for 2 h, 9.2 ml of tetraethyl
orthosilicate (TEOS) was added to the solution and
stirred for 5 min. Then, the solution was transferred to a
poly-ethylene bottle and kept at 40°C in an oven for 20 h
for the formation of pre-condensed silica foam. After that,
the mixture was removed from the oven and then
NH,F-HF solution (92 mg in 10 ml DI water) was added
to the mixture under slow mixing. Then, the mixture was
aged at R0°C. in an aven for certain aging times. Three
samples prepared using the synthesis procedure were
MCEF-1D that was aged for 1 day, MCF-2D that was aged
for 2 days and MCF-3D that was aged for 3 days. After
cooling, the mixture was filtered and the collected solid
was then dried at 100°C for 12 h. After that, calcination
was carried out in static air at 300°C for 0.5 h and 500°C
for 6 h to remove the template. The calcined MCF silica
materials were used as supports for Ni incorporation.

2.2. Nickel Incorporation into MCF Supports

MCF-1D, MCF-2D and MCF-3D materials were then
functionalized with nickel using a deposition-precipita-
tion method adopted from Nares et al. [14]. In the func-
tionalization reaction, 250 ml of an nickel nitrate solution
was prepared by dissolving 10.156 g of Ni(NO;),"6H,0
and 0.3 ml of HNO; (69%wt/wt) with distilled deionize
water. Then, 40 ml of the nickel nitrate solution was used
for dissolving 6.3 g urea at room temperature to produce
a urea solution and 210 m! of the nickel nitrate solution
was mixed with 1.9 g of MCF silica materials to make a
suspension. The suspension was then heated at 40°C dur-
ing which the urea solution was added under rapid mix-
ing. After that, the mixture was heated to 90°C for 2 h
under static condition. After cooling, the mixture was
filtered and the collected solid was washed three times
with 20 ml hot distilled water (~50°C) and then dried at
100°C for 12 h. The solid was subsequently calcined in
static air at 300°C for 6 h. The calcined solids are design-
nated as NiMCF-1D(C), NiMCF-2D(C) and NiMCF-
3D(C). The samples were then reduced at 550°C for 2.5 h
under hydrogen stream and subsequently cooled to room
temperature under nitrogen flow. The reduced samples
are designated as NiMCF-1D(R), NiMCF-2D(R) and
NiMCF-3D(R).

2.3. Characterization of Nickel Loaded MCF

Nitrogen adsorption-desorption isotherms were obtained
using a Quanta-chrome Autosorb 1C automated gas sor-
ption analyzer at liquid nitrogen temperature. Prior to the
experiments, the samples were degassed (p < 107" Pa) at
270°C for 6 h. The amounts of nitrogen gas adsorbed
over a range of partial pressures were measured to obtain
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a graph known as an adsorption isotherm, whilst desorp-
tion isotherm was obtained by measuring the quantities
of nitrogen desorbed from the sample as the relative
pressure was gradually lowered. Specific surface area
(Sper) was calculated using the BET method, while pore
size distribution was obtained using the Barrett-Joy-
ner-Halenda (BJH) model applied to the adsorption and
desorption isotherms data.

The samples were also used for SEM/EDX imaging
using a Leo Supra 50 VP field emission SEM, equipped
with an Oxford INCAX act, which was an energy disper-
sive X-ray microanalysis system. Prior to analysis, sam-
ples were mounted on stubs with double-sided adhesive
tape. Then, the samples were coated with high purity
gold and observed at room temperature.

TEM images were obtained by means of a Philips CM
12 transmission electron microscope. About 0.08 g of
each sample was first dissolved in 5 ml of 100% ethanol.
The solution was then shaken for a moment and subse-
quently a small amount of the solution was taken using a
micropipette and dropped on a metal grid for the analy-
sis.

X-ray diffraction (XRD) analysis was performed using
a Siemens 2000 X system to obtain XRD patterns of the
catalysts at different stages of synthesis in order to iden-
tify the different phases in the materials. The observation
was made on the calcined and reduced catalyst samples.
The diffraction patterns were recorded using Cu-Ka ra-
diation at 28 angles ranging from 10° - 100°.

3. Results and Discussion

Table 1 summarizes textural properties of various MCF
silica supports prepared at different aging times as well
as those of the corresponding nickel functionalized MFC
catalysts after the reduction process. The textural proper-
ties were derived based on nitrogen adsorption-desorp-
tion data using Barrett, Joyner and Halenda (BJH)
method to obtain the average cell size (d.en) and window
pore size (dwindow pore). Specific surface area (Sger) was
evaluated using Brunauer, Emmett and Teller (BET)
method. Meanwhile, total pore volume (Vpore, cm’/g) was
calculated as the amount of nitrogen adsorbed at P/Po =
0.9948. The window pore size in MCF silica supports
increased with increasing aging time whilst cell size re-
mained stable, as suggested by data in Table 1. This re-
sult could be attributed to the “soft silica”-coated TMB/
P123 microemulsion droplets (composite droplets) that
experienced an increase in size and consequently ex-
panded the window pore size in the composite droplets
during the aging step at 80°C. At the same time, conden-
sation of silica in the walls took place with the formation
of Si-O-Si linkages to solidify the inorganic network, and
subsequently the materials with increased pore size

Copyright © 2013 SciRes.

gradually rigidified [25,26]. As longer duration of aging
was allowed, the larger window pore size in MCF struc-
ture would be obtained. The highest window pore size
(158 A) was achieved with an aging time of 3 days in the
synthesis of MCF supports. The increase in window pore
size with the increase in aging time in the synthesis of
MCEF silica materials was also observed by the other re-
searchers who studied the effects of acid concentration
and aging time in preparation of MCF used for adsorp-
tion of biomolecules [27].

Table 1 also shows that the total surface area of MCF
silica support slightly decreased from 394 to 375 cm%/g
when the aging time was increased from 1 day to 2 days.
The reduction in the BET surface areas with increasing
aging time might be ascribed to the enlargement of win-
dow pore sizes and the formation of denser framework
walls [25,26]. However, the total surface area slightly
increased from 375 to 378 cm®/g if the aging time was
increased from 2 days to 3 days. The increase in aging
time from 1 day to 2 days resulted in an increase in total
pore volume from 1.85 to 2.24 cm’/g. Further increase in
aging time to 3 days caused a slight decrease of the total
pore volume to 2.12 cm’/g.

Incorporation of nickel into MCF silica supports re-
sulted in some changes in textural parameters such as
total surface area, total pore volume, cell size and win-
dow pore size as can be seen in Table 1. The incorpora-
tion of nickel into MCF silica support was carried out
using deposition-precipitation method at 90°C for 2 h.
The solid sample was then collected, dried at 100°C, cal-
cined at 300°C and finally reduced at 550°C. Deposition-
precipitation method generally involves the conversion
of a highly soluble metal precursor into another sub-
stance which specifically precipitates onto a support and
not in solution [28]. In this study, silica (from MCF ma-
terial) was suspended into the solution containing nickel
nitrate salt, urea and nitric acid at room temperature.
Deposition-precipitation was started when the tempera-
ture of the suspension reached 90°C. This condition led
to urea hydrolysis (Equation (1)) that resulted in the for-

Table 1. Nitrogen adsorption-desorption result of MCF
silica supports and the corresponding nickel funtionalized
nickel MCF catalysts.

Sample Sper (M¥8)  Vpurcmg)  deen (A} duinson (A)
“UMCRID 34 185 25 125
MCF-2D 375 224 232 130
MCF-3D 378 2.12 235 158
NIMCF-1D(R) 253 0.93 233 153
NiMCF-2D(R) 281 1.02 184 125
NIMCF-3D(R) 307 1.09 234 90
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mation OH ™ and a gradual increase in pH [29]. The func-
tion of nitric acid was to better regulate the changes in
pH by neutralizing the released OH™ ion so that the sus-
pension pH was maintained. It was suggested in the lit-
erature that the released OH ions also hydrolyzed the
nickel hexa-aqua complex ([Ni(OH,)s]**) in the suspend-
sion to generate nickel hydroxoaqua complexes [29] as
given in Equation (2).

CO(NH, ), +3H,0 - CO, +2NH; +20H (1)

Furthermore, mechanism of nickel incorporation into
silica derived from porous silicas Spherosil with high
surface area i.e. Sggr= 356 m2/g (Rhone-Poulenc, France,
purity > 99.5%, XOA400) using the deposition-precipi-
tation method has been proposed in the literature [30]
and it is assumed to be analogues to nickel incorporation
into MCF silica in this study. The mechanism can be
briefly explained as follows: As the pH in the suspension
was increased, silica derived from MCF support became
negatively charged and the pH was higher than its point
of zero charge (PZD ~pH 2). As such MCF silica would
electrostatically adsorbed the nickel hexa-aqua
(INi(OH,)s]**) which was in equilibrium with nickel(IT)
hydroxoaqua complexes of [Ni(OH)(OH,)s]' and
Ni(OH),(OH,); as given in Equation (2). As the
Ni(OH),(OH,); complex approached to the surface of
MCEF silica, it reacted with silanol groups (Si-OH) in
MCEF silica via hydrolytic adsorption which is an hetero-
condensation reaction. Then, it further reacted with the
another Ni(OH),(OH,); complex to form nickel phy-
losilicate layer on MCF silica via olation reaction which
is formation of a hydroxo bridge between two metal cen-
tres as can be seen in Figure 1.

It has been reported in the literature that the basic me-
dium could also cause partial silica dissolution as OH"
ions which are catalysts for silica depolymerisation [31],
as can be seen in Figure 2. The silica dissolution also
released Si(OH), ions that were further hydrolyzed to
silicic acid (Si(OH),). Furthermore, the silicic acid can
react with Ni(OH),(OH,), complex in the suspension via
a heterocondensation reaction to form Si-O-Ni mono-
mers as proposed in the literature [30]. These monomers
can polymerize and grow on the surface of MCF silica
leading to the formation of nickel phylosilicate on its sur-
face. After the deposition-precipitation stage, the sample
was dried at 100°C for 12 h and then calcined at 300°C
for 6 h in order to eliminate water more efficiently before
the reduction step. No decomposition of nickel phy-
losilicate on MCF silica could occur during the drying
step at 100°C and subsequently in the calcinations step at

300°C as suggested in the literature [32]. Decomposition
of the nickel phylosilicate into NiO on silica only oc-
curred when the calcination temperature exceed 300°C
until 600°C. It was reported in the literature that with
more efficient elimination of water from the sample,
smaller size metal nanoparticles on the silica can be pro-
duced after the reduction process [33].

Figure 3 schematically shows the mechanism of nickel
nanoparticles formation during the reduction process
which was adopted from Buratin et al. [30,32]. There
were two steps in the mechanism of nickel parti-cles
formations that can be proposed i.e. the decomposi-tion
step and the reduction step. When the calcined samples
i.e. NiMCF-1D(C), NiMCF-2D(C) and NiMCF-3D(C)
were heated at 550°C under hydrogen stream for 2.5 h,
nickel phylosilicate in the calcined samples would be
decomposed to NiO and silicate. Then, NiO would be
reduced to Ni nanoparticles.

From the mechanisms of deposition-precipitation,
MCEF silica dissolution and formation of nickel particles
that have been elucidated above, it can be concluded the
changes in the textural parameters after the incorporation
of nickel into MCF silica supports were affected by the
partial dissolution of siliceous pore walls occurring dur-
ing deposition-precipitation and by the deposition of
nickel particles. Similar behaviour was also observed by
Nares et al. [14] who used MCM-41 as the silica support.
Table 1 shows that after the nickel incorporations, tex-
tural parameters of MCF silica supports generally de-
creased most probably due to the deposition of nickel on
pore walls or on the surface of the MCF silica supports.
However, for MCF-1D support prepared at an aging time
of 1 day, window pore size increased from 125 A to 153
A after the incorporation of nickel. This behaviour was
most likely due to a greater consumption of the siliceous
pore walls during the deposition-precipitation.

MCEF silica materials are made up of spherical cells
interconnected by window pores in which the window
pores are gates for accommodating active sites in the
spherical cells. The reduction of total pore volume of
MCEF silica supports after the functionalization can be
confirmed on the basis of the pore size distribution
curves which include the size distributions of cells and
window pores. The size distributions of cells in the sam-
ples were evaluated using the BJH method from the ad-
sorption branch of the isotherm of the sample. Mean-
while, the size distributions of cells window pores of a
sample were evaluated using BJH method from the de-
sorption branch.

The size distributions of window pores of MCF silica

[Ni(OH,), ] > [ Ni(OH)(OH,), ]"+ H,0 © Ni(OH), (OH, ), +2H,0 @
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under H, stream adopted from Burattin ef al. [31,32].

materials and nickel functionalized MCF materials are
shown in Figure 4. The figure provides strong evidences
of pore volume reductions in which cell and window
pore size distribution curves in nickel species functional-
ized MCF materials (NiMCF-1D(R), NiMCF-3D(R), and
NiMCF-3D(R)) were smaller compared to those in MCF
materials. Furthermore, functionalization of MCF-1D
resulted in a bimodal window pore size distribution with
maximum peaks occurring at around 30 A and 150 A.
The maximum peak in window pore size distribution of
MCF-1D parent material was at around 150 A.
Meanwhile, the maximum peak of cell size distribu-
tion (at about 230 A) in MCF-1D did not change after the
functionalization. Functionalization of MCF-2D resulted
in a decrease in the maximum peak of cell size distribu-
tion from about 230 to 200 A. However, the maximum
peak of window pore size distribution (at about 130 A)in
MCEF-2D was about the same as that in the nickel func-
tionalized MCF-2D material. Different observation was
made for MCF-3D material, in which the maximum peak
in window pore size distribution was much lower after
the functionalization with nickel. The reductions of pore
volume, cell and window pore sizes were attributed to

the attachment of nickel nanoparticles to the pore surface.

Copyright © 2013 SciRes.

The similar results have been reported for MCF silica
materials that were successfully loaded with other active
sites such as vanadium, vanadium oxide, lithium, poly-
ethyleneimine and chromium [34-38].

Nitrogen adsorption-desorption isotherms for MCF
silica materials shown in Figure 5 suggest that they are
of type IV hysteresis that occurs in multilayer range of
physisorption isotherms. This hysteresis is often associ-
ated with capillary condensation (the pore filling process)
in mesopore structure [39]. The nitrogen adsorption-de-
sorption isotherms are in close agreement with those
published previously [19,20,25,26] and exhibit a large
H1 hysteresis loop, which suggests that the MCF materi-
als possessed cell-type mesopores connected by smaller
window pores. According to IUPAC (International Union
of Pure and Applied Chemistry) recommendation, pores
with diameter not exceeding 20 A are defined as micro-
pores, while mesopores are pores with diameter between
20 and 500 A. Meanwhile, macropores represent pores
with diameter greater than 500 A [39]. Type IV adsorp-
tion isotherms usually flatten at high P/P, indicating that
the mesopore filling is complete [40]. However, final
upward turn was observed for all the isotherm curves as
shown in Figure 5. This was due to capillary condensa-
tion in macropores or in interstices between grains as
reported in the literature [41].

Surface functionalization of MCF silica materials with
nickel followed by a reduction process in hydrogen flow
at 550°C resulted in NiMCF-1D(R), NiMCF-2D(R),
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NiMCF-3D(R) catalysts with lower isotherm curves but
no appreciable change in the form of the isotherm was
observed (Figure 5). This observation indicated that total
pore volume experienced a decrease but the mesoporos-
ity of the MCF materials was maintained after function-
alization. This result was comparable with that reported
by Na-Chiangmay et al. [42] who observed that func-
tionalization of MCF material with Pd had no significant
influence on the structure of mesoporous support mate-
rial. Furthermore, it was noted that, the incorporation of
nickel into MCF-3D material resulted in the highest ad-
sorption in NiMCF-3D(R) as compared to those in
NiMCF-1D(R) and NiMCF-2D(R). The result suggested
the lowest densification of the silica walls in NiMCF-
3D(R).
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Figure 4. Cell and window pore size distribution of (a) MCF
-1D and NiMCF-1D(R), (b) MCF-2D and NiMCF-2D(R), (c)
MCF-3D and NiMCF-3D(R).
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2D(R), (¢) MCF-3D and NiMCF-3D(R).

Figure 6(a) shows the scanning electron microscope
(SEM) image of MCF-3D material that clearly confirmed
a spherical particle of MCF-3D with a size of about 5 um
in diameter. A higher magnification SEM image (Figure
6(b)), and transmission electron microscope (TEM) im-
age (Figure 6(c)) show that MCF-3D possessed a meso-
porous structure with cell size of about 240.5 A (24.05
nm). This result was consistent with the average cell size
(235 A) obtained from nitrogen adsorption-desorption
data (Table 1). The TEM image also confirmed a disor-
dered array of silica struts that are composed of uni-
form-sized spherical cells interconnected by window
pores with a narrow size distribution which is the cha-
racteristic structural feature of MCF material [19,26]. It
has been reported in the literature that schematic cross
section of MCF material is of strutlike structure. Figure
6(d) clearly shows that the cells of the MCF structure
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were framed by the silica struts [26]. The wall thickness
of the MCFs estimated through TEM analysis was about
5 nm. This result was in agreement with the thick, robust
framework walls as observed in MCF-type mesoporous
silica [26].

Morphology of various MCF silica materials (MCF-
1D, MCF-2D and MCF-3D) which were incorporated
with nickel using deposition-precipitation method, fol-
lowed by reduction process was examined by means of
SEM while the chemical composition was determined
using EDX. The results are shown in Figure 7 and they
indicate that morphology and chemical composition of
the nickel incorporated MCF catalysts were strongly in-
fluenced by the characteristics of supports i.e. MCF silica
materials. Nickel nanoparticles in the form of nanoworms
dispersed in NiMCF-1D(R) catalyst prepared using MCF
support with an aging time of 1 day had larger sizes
compared to those in NIMCF-2D(R) and NiMCF-3D(R)
catalysts prepared using MCF support with aging times
of 2 and 3 days, respectively.

The SEM analysis results also show that all nickel
func tionalized MCF catalysts synthesized in this study
still had highly porous structures. These results were in
agreement with results from nitrogen adsorption-desorp-
tion isotherms curves in Figure 5 which indicated the
meso- porosity of all resulted nickel functionalized MCF
catalysts. Besides that, SEM analysis results in Figure 7
was also in agreement with results from Table 1 con-
firming that all nickel functionalized MCF catalysts had
average window pore sizes of above 50 A. These sizes
made them suitable for the application in reactions in-
volving bulky molecules [15]. This is because the win-
dow pores are gates for reactants or products access 10
the cell where the active centres were mostly located in
the catalysts derived from MCF silica material [27].

Window

X Strut, bending away
Strut, bending out

Figure 1. (a) SEM image of MFC-3D showing its mor-
phology; (b) A higher magnification image showing the
morphology of the MCF-3D surface; (¢) TEM image of
MCF-3D (d) Schematic cross section of MCF material [26].
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Figure 7. SEM images (left) together with chemical compo-
sitions (right) of (a) NIMCF-1D(R), (b) NiIMCF-2D(R) and
(c) NiMCF-3D(R).

Furthermore, it is observed from SEM images in Fi-
gure 7 that NiIMCF-1D(R) catalyst had the highest po-
rous structure as shown in Figure 7. The second highest
porous structure was the NIMCF-3D(R) catalyst. Where-
as NiMCF-1D(R) had the highest porous structure, it con
tained the lowest amount of nickel composition ie. 2.6
wt%. Meanwhile, the highest amount of nickel incorpo-
ration was in the NiMCF-3D(R) catalyst i.e. 17.57 wt%.
The amount of nickel nanoparticles dispersed in the MCF
materials in this study decreased in the order of NIMCF-
3D(R) > NiMCF-2D(R) > NiMCF-1D(R).

The amount of nickel composition in NiMCF-3D(R)
catalyst in this study was higher than that in nickel func-
tionalized HMS, SBA-15 or MCM-41 catalyst as re-
ported in the literature [11-13]. The maximum amounts
of nickel composition that were incorporated into the
HMS and SBA-15 materials were only about 6 wt% and
5 wit%, respectively. Higher loadings of nickel detri-
mental to the mesostructure of the catalyst [11]. Mean-
while, nickel functionalized MCM-41 reaching a nickel
composition of 12.8 wt% with an average nickel nano-
particles size of 3.38 nm has been reported in the litera-
ture [14]. However, synthesized nickel functionalized
MCM-41 had an average pore diameter of 40 A which
could have limitation in reactions involving bulky mole-
cules. Besides that, nickel supported mesoporous cata-
lysts derived from MCM-41 materials had lower hydro-
thermal stability [16-18].
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It was envisioned that window pore size of MCF ma-
terial used as a support was the main factor that influ-
enced the nickel nanoparticle incorporation. The window
pore size of MCF support prepared using an aging time
of 3 days (MCF-3D) was the highest among the others
and window pore size of MCF-2D was higher than that
of MCF-1D, as presented in Table 1. As such, most of
nickel nanoparticles were easily introduced through the
window pore size of MCF-3D support. This resulted in
the highest amount of nickel nanoparticles in the
NiMCF-3D(R). It can be concluded in this study that
larger window pore size of MCF support resulted in the
easier incorporation of nickel nanoparticle with smaller
sizes. Hence, a suitable support was necessary for ob-
taining a high dispersion of nickel species with small size
and high porous structure. This result was consistent with
that reported by Subagyono et al. [43] who incorporated
polyethyleneimine (PEI) into MCF silica material that
was used as adsorbent for CO,. They observed that the
larger window pores in MCF material allowed more PEI
to be incorporated.

The dispersion of nickel nanoparticles in MCF silica
supports was further determined through TEM analysis
and the results are shown in Figure 8. In general, it is
noted that nickel nanoparticles (dark spots) were suc-
cessfully dispersed on the support and no bulk particles
(size of above 10 nm) were observed. This result indi-
cated that drying at 100°C for h and calcinations at 300°C
for 3 h attempted this study were efficient enough to re-
move water from the catalysts before the reduction step
to consequently result in small nickel nanoparticles dis-
persed in the catalysts as suggested in the literature [33].

It can also be noted that, for the NiMCF-3D (R) pre-
pared using MCF support prepared at an aging time of 3
days, a narrow nickel particle size distribution and small
nickel particles with a mean particle size about 1 - 2 nm
were observed. The mean nickel nanoparticle size in
NiMCF-3D(R) in this study was smaller compared to
that in NiMCM-40 as reported by Nares ef al. [14]. The
NiMCM-40 catalyst contained 13 wt% of nickel parti-
cles with a mean size of 3.38 nm. However, for NiMCF-
ID(R) and NiMCF-2D(R) prepared using MCF host
prepared at aging times of 1 and 2 days, respectively,
nickel nanoparticles with sizes much larger (about 3 - 5
nm) and irrcgular shape were found to be dispersed on
the supports as shown in Figures 7(a) and (b), respect-
tively. The size of nickel nanoparticles dispersed on the
MCF materials increased in the order of NiIMCF-3D(R) >
NiMCE-2D(R) > NiMCF-1D(R). This result was in a-
greement with the SEM-EDX analysis result.

Figure 9 shows XRD patterns of all catalysts pro-
duced after the calcinations step (ie. NiIMCF-1D(C),
NiMCF-2D(C), NiMCF-3D(C)) and after the reduction

Copyright © 2013 SciRes.

step (i.e. NiIMCF-1D(R), NIMCE-2D(R), NiMCF-3D(R)).
For the calcined catalyst samples, all of XRD patterns
display peaks at 26 = 23°, 33" and 60° as can be seen in
Figure 9(a). According to literatures, the peak at 20 =
23° is a characteristic of amorphous silica [11,14]. Thus,
the results suggested that the framework of the samples
was amorphous. Meanwhile, peaks at 26 = 23" and 60 are
attributed to nickel phylosilicates [14,44] that were de-
tected in all the calcined catalyst samples. This result
confirmed that nickel phylosilicates in dried catalyst
samples did not completely decompose into nickel oxide
during the calcinations that was carried out at 300°C in
this study [32].

Meanwhile, for all reduced catalyst samples, a new
peak at 20 = 44” was detected as can be seen in Figure
9(b). This peak was ascribed to metal nickel as reported
in the literature [14,44). Diffraction peaks at 26 = 23 and
60 due to nickel phylosilicates were clearly observed in
NiMCF-1D(R) and NiMCF-2D(R) catalysts. This result
indicated that for the NiIMCF-1D(R) and NiMCF-2D(R),
the reduction process at 550°C for 2.5 h under H, stream
was not sufficient to completely convert nickel phy-
losilicates into nickel metal through decomposition step
and reduction step as shown in Figure 3. Similar behave-
jour has been reported for Ni/SiO, catalyst in which
nickel phylosilicates were still detected after the reduce-
tion process that was carried out at 450°C under H;
stream [30].

Noticeably, for the reduced catalysts of NIMCF-3D(R)
prepared using MCF support at an aging time of 3 days,
only minor diffraction peaks at 26 = 23" and 60° attrib-
uted to nickel phylosilicates were observed. This result

t{" : &

Figure 8. TEM images of (a) NiMCF-1D(R), (b) NiMCF-
2D(R) and (c) NIMCF-3D (R).
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Figure 9. XRD patterns of (a) calcined catalyst samples of

NiMCF-1D(C), NiMCF-2D(C), NiMCF-3D(C) and (b) re-

duced catalyst samples of NiMCF-1D(R), NiMCF-2D(R),

NiMCF-3D(R).
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confirmed that most of the nickel phylosilicates were
converted into nickel metal during the reduction process.
Besides that, XRD pattern of the NiMCF-3D(R) dis-
played a weaker and broader peak at 2¢ = 44° compared
to that of NIMCF-1D(R) and NiMCF-2D(R) catalysts.

This result suggested nickel particles dispersed in
NiMCF-3D(R) catalyst were of smaller sizes compared
than those in NiMCF-1D(R) and NiMCF-2D(R). This
observation was also consistent with SEM and TEM re-
sults.

It has been suggested that minor amount of unreduced
nickel ions on the silica support could remain at the in-
terface of nickel metal-silica surface as proved by some
experimental and theoretical studies [45-49]. This condi-
tion was due to strong interaction between nickel phy-
losilicate and silica surface [50]. These nickel ions at-
tached to the silica surface would act as grafting sites for
the metal nanoparticles. The nanoparticles could stabilize
the dispersion of nickel particles to prevent them from
aggregating or undergoing sintering during high tempe-
rature treatment [30].

4. Conclusions

Incorporation of nickel nanoparticles into MCF silica
materials prepared at an aging temperature of 80°C and
various aging times (1, 2 and 3 days) was successfully
carried out. The increase in aging time resulted in an in-
crease in window pores size in the MCF materials. Mean-
while, total surface area and pore volume were found to
decrease. Nickel nanoparticle incorporation into the MCF
silica materials was achieved using a deposition-pre-
cipitation method at 90°C for two hours followed by a
reduction process for 2.5 h at 550°C. The window size
was the critical dimension controlling the nickel nano-
particle incorporation. Among the MCF silica with va-
rious window pore sizes used in this study, the MCF sup-
port with an aging time of 3 days (MCF-3D) achieved
the highest window pore size. As such, more nickel na-
noparticles were incorporated into the MCF-3D support
trough the window pore size. The corresponding nickel
funtionalized MCF (NiMCF-3D(R)) catalyst had the
highest nickel content (17.57 wt%) and the smallest sizes
of nickel nanoparticles (1 - 2 nm) together with high po-
rosity as confirmed in SEM and EDX results.
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(30-40 wt.%). High loadings

Via direct synthesis method, highly uniformed SBA-15 catalysts functionalized with 12-tungstophospho-
rus acid (HPW) were synthesized. Their characteristics were investigated using BET surface analysis,
NH;-TPD, FTIR, SEM, TEM, EDS and TGA. surface defects were found in catalysts with high HPW loading
also caused the deposition of HPW on the external surface and subject to oxi-
dative decomposition to W05 that affected their acidity. HPW in mesopores had better thermal stability.
High lauric acid conversion (70%) and monolaurin yield (50%) were shown in 6 h at 160 °C by the catalyst
with 20 wt.% HPW. Lower yield was achieved at higher temperature. Its ordered mesoporosity evidently
resulted in shape selectivity effect to suppress by-products formation. Effects of reaction temperature
(150-170 °C), reactant ratios (1:1-5:1) and catalysts loadings (1-5 wt.%) were thoroughly elucidated.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Glycerol is produced as a by-product from oleochemical, soap
making and biodiesel industries [1.2]. Its oversupply worldwide
nowadays has affected its supply-demand relationship and by
producing more value-added chemicals from it, more demand for
this substance could be created [2]. Generally, monoglyceride can
be synthesized using direct esterification of glycerol with fatty acid
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in the presence of acidic catalyst at low temperature (363-393 K)
[3]. Traditionally, sulfuric acid, phosphoric acid and organic
sulfonic acid are used in the process |2]. The products mixtures
usually contain 40-60% of monoglyceride, 35-45% of diglyceride
and triglyceride, some salts and other by-products together with
the homogeneous catalysts used [4]. Therefore, further expensive
product purification processes such as molecular distillation, neu-
tralization and discoloration are generally needed [4]. Another
issue in this reaction is to achieve high selectivity to monoglyce-
rides at high conversion as deep esterificalion reactions usually
occur. Thus, heterogeneous catalysts that can show shape
selectivity effect need to be designed.
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Attempts to use catalysts based on acidic resin 15.6], zeolites
{71, clay 18] and ordered mesoporous material 9] have been
made. For the acidic active component of the catalyst, Keggin-
type heteropoly acids (HPA) e.g. 12-tungstophosporic acid
(HPW, H3PW;;040) is one of the potential materials with
significantly higher Brensted acidity compared to mineral acid
catalysts [10]. Meanwhile, SBA-15 support generally shows
highly ordered hexagonal mesophase, high hydrothermal stabil-
ity, high surface area (800 m?/g) and average mesopores size
(60 A) [11]. It also has long mesopores with the width to length
aspect ratio of 1:10600 that could provide high surface area
within the mesopores that is particularly useful in many acid
catalyzed reactions [12].

HPW have been introduced into SBA-15 and used for bifunc-
tional conversion of n-decane [13]. The directly synthesized
30 wt.% HPW-SBA-15 catalyst showed 85.1% conversion and >70%
yield. Different HPAs such as tungstophosphoric acid (PW),
molydophosphoric acid (PMo) and tungstosilicic acid (Siw) have
also been incorporated into SBA-15. Tropecelo et al. [ 14] found that
the HPW incorporated SBA-15 was the best catalyst with 96% con-
version in palmitic acid esterification with methanol. Brahmkhatri
and Patel [15] investigated the potential of similar catalyst in bio-
diesel production. It consistently showed over 90% conversion as
well as high reusability potential. However, reports on the use of
this type of catalyst in glycerol esterification reactions are hardly
found in literature. On top of that, several modifications of similar
catalyst have been attempted to address and evaluate the leaching
problem of such catalysts [16.17].

In this study, the behavior of HPW incorporated SBA-15 in glyc-
erol esterification with lauric acid to selectively form glycerol mon-
olaurate has been attempted. Particular focus has been given to
shape selectivity effect in this catalyst. Correlations between cata-
lyst characteristics and the catalytic behaviors have been estab-
lished. In addition, effects of process variables such as HPW
loadings, reaction temperature and reactant ratio have also been
characterized.

2. Experimental
2.1. Synthesis of catalysts

HPW was incorporated into SBA-15 through a direct synthesis
method outlined by Gagea et al. [13]. 1.92 g of Pluronic P123
(Sigma-Aldrich, Germany) was dissolved in 40 g of deionized
water and 30g of 4M of HCI (R & ] Chemicals) under stirring
at 35°C. The mixture was then heated up to 60°C and added
with appropriate amounts of HPW solution. The HPW solution
was prepared beforehand with the desired amount of HPW
dissolved in 5 g of deionized water. The HPW solution was then
added into the polymer mixture drop-wise under vigorous
stirring.

The mixture was kept under stirring at 60 °C for another 24 h.
Then, 4 g of tetraethyl orthosilane (TEOS, Alfa Aesar) was added
into the mixture under rapid stirring for 30 min. The formation
of white precipitate could be immediately observed and the mix-
ture was then transferred into a PE bottle and subjected to an aging
process for 24 h at 80 °C under static condition. The solution was
then removed from the bottle, washed with deionized water and
filtered. The filtered white solid was then dried in an oven at
60 °C for 12 h followed by at 100 °C for another 12 h. The dried
powder was then sent for calcination in a furnace at a ramping rate
of 2°C/min from room temperature to 300°C and maintained
there for 30 min, followed by 500 °C for another 6 h in air. The cat-
alysts are denoted as M wt.%-HPW/DS in which the value of M
could be 10, 20, 30 and 40.

2.2. Characterization of the catalysts

By using a Quanta-chrome Autosorb 1C surface analyzer
operated at liquid nitrogen temperature, surface analysis of all syn-
thesized catalysts were performed. Temperature programmed
desorption of ammonia (NH5-TPD) by means of Micromeritics
Autochem 11 system allowed characterization of acidity in the cat-
alysts. Meanwhile, the detection of specific chemical bonds within
the catalysts was achieved by mean of a Shimadzu IRPrestige-21
Fourier-transformed infrared (FTIR) system.

For surface morphology analysis, a Quanta™ FEG 450 scanning
electron microscope (SEM) system operated at 5.00 kV was used
while the surface elemental analysis (EDS) was done using an
Oxford Silicone Drift Detector (SDD) X-Max. Besides that, Philips
CM12 transmission electron microscope (TEM) with Docu Version
3.2 image analysis enabled the characterization of mesoporous
channels in the catalysts. Lastly, thermal gravimetric analysis
(TGA) was achieved by means of an STA 6000 from Perkin-Elmer,
USA.

2.3. Catalytic activity study

All the catalysts synthesized were tested for selective esterifica-
tion of glycerol (R & ] Chemicals) with lauric acid (R & J Chemicals)
to selectively form glycerol monolaurin. The reaction was carried
out in a batch system that consisted of a heating mantle with stir-
ring and a three-necked flask as the reaction vessel. One of the
necks was connected to a vacuum pump and another neck was
dedicated to a thermocouple for temperature measurement. After
the reaction, the product mixtures were analyzed using a gas chro-
matograph (Agilent Technologies 7830A GC system) equipped with
a CP-Sil 5CB (15 m x 0.32 mm x 0.1 mm) column. The lauric acid
conversion and monolaurin selectivity were calculated based on
calculation methods proposed by Hermida et al. {18].

3. Results and discussion
3.1. Characterization of catalysts

3.1.1. Surface analysis

All catalysts synthesized using direct synthesis method had
high total surface area i.e. in the range of 169-521 m?/g (Table 1).
The surface area was found to decrease with increasing HPW load-
ing. Thus, the introduction of HPW anions into the silica matrix
would significantly change the surface characteristics. In this case,
when more HPW anions were introduced, more deposition
especially on the external surface occurred. Thus, a reduction in
the surface area resulted [13]. On top of that, it is seen from SEM
images that at higher HPW loading (40 wt.%), agglomeration of
HPW crystal and tungsten oxide formed on the surface could dras-
tically decrease the total surface area due to partial pore blockage.

Though the total surface area of all catalysts in this study
decreased with higher HPW loading, the micropores and mesop-
ores surface area did not always [ullow the same trend. Both
microporosity and mesoporosity of these catalysts showed a non-
systematic trend especially for 20 wt.%-HPW/DS. Interestingly, a
drastic drop in total surface area of 20 wt.%-HPW/DS was observed,
with much higher micropores area and lower mesopores area as
compared with 30 wt.%-HPW/DS. These observations suggested
that some abnormalities occurred in the pores that formed. On
top of that, all catalysts showed reductions in both micropores
and mesopores areas. Such phenomenon can be explained as more
HPW anions being intreduced into the silica support, the deposi-
tion of HPW on pores surface would reduce the pore size. Thus,
an increase in microporosity could be observed with higher HPW
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Table 1
Surface characteristics of SBA-15 and catalysts synthesized.
Catalyst Total surface Micropoare External surface Micropore Total pore Average pore
area (m2/g)’ area (m?/g)" area (m?/g)° volume (cm’/g)® volume (cm?/g)’ size (A
SBA-15 640 169 471 0.078 0.65 61
10 wt.X-HPW/DS 521 99 422 0.045 0.75 59
20 wt.%-HPW/DS 368 113 255 0.057 0.20 45
30 wt.%-HPW/DS 348 78 270 0.036 042 45
40 wt.%-HPW/DS 169 43 127 0.022 0.20 60

2 From BET desorption method.
b From t-plot method.

¢ From BJH desorption method.
¢ From BJH desorption method.

loading, while both micropores and mesopores area experienced
decreases in all cases.

In this study, the HPW anions were deposited within the mes-
opores of the SBA-15 support (as shown by a decrease in total
and mesopores surface area). With that, the deposition of such
large HPW anions would definitely cause the mesopores of the cat-
alyst to be occupied by more amount of HPW, leading to a decrease
in the average pore size of the catalyst. However, at higher HPW
loading (30 wt.%), the oxidation of some HPW anions to much
smaller tungsten trioxide would lessen the congestion effect
within these pores and channels. This contributed to less severe
effect to the drop in average pore size and thus compensating
the effect of clogging due to the retained Keggin HPW. At higher
HPW loading (40 wt.%), the high loading of HPW would have com-
pletely seal off certain channels and pores within the catalyst,
making them undetectable during the BET analysis. At the same
time, more tungsten trioxide was formed and deposited on the
external surface of the catalyst, thus forming secondary pores that
could have much higher pore size. All these reasons would ulti-
mately cause the increase in the average pore size as reported in
Table 1.

3.1.2. Adsorption isotherm

All catalysts synthesized showed the standard mesoporous
Type IV isotherm (Fig. 1) according to the [UPAC classification char-
acterized by a step increase from relative pressure 0f 0.2 to 0.4 due
to capillary condensation [19]. With a closure at around P{P, = 0.45,
most of them had narrow hysteresis loop (hysteresis type H1)
except 30 wt%-HPW/DS (hysteresis type H2). Exceptionally,
30 wt.%-HPW/DS showed narrow closure that represent large
pores or voids found in the materials as is shown by some typical
gel type materials | 18]. However, the synthesized 30 wt.%-HPW/DS
was a silica solid with HPW deposited on the SBA-15 support. Such
findings could be due to the disorder (surface roughness, chemical
heterogeneity, pore wall defects) of the catalysts or heavily blocked
pores or agglomeration of HPW crystal near the pore mouth,
causing a sudden drop in Nz desorbed near P/P,=0.48 during
desorption [20].

Comparatively, 10 wt.3-HPW/DS had the most similar isotherm
in terms of intensity and hysteresis shape as compared with the
virgin SBA-15 support, suggesting that at low HPW loadings,
HPW anions were successfully incorporated without significant
changes in the surface characteristics. However, for 20 wt.%-
HPW/DS, the intensity dropped to suggest that its pores were
much more crowded as compared to that at lower loading. The
drop in intensity could reflect the fact that increased amount of
smaller pores was demonstrated by 20 wt.%-HPW/DS compared
to 10 wt.%-HPW/DS. Such observation was shared with catalyst
with even higher HPW anion loading, i.e. 40 wt.%-HPW/DS, though
much lower intensity could be observed for the later one.

Based on the Barrett-Joyner-Halenda (BjH) method, pore size
distributions of all catalysts are plotted in Fig. 2. It was used for

P|P, > 0.35 with the assumption that capillary condensation mech-
anism occurred. From the figure, it can be concluded that all
synthesized catalysts had narrow and small pore size distribution
range (within mesopores range, i.e. 20-500 A). Such observation
suggested that the pores formed within the catalysts were highly
consistence in their pore sizes {20]. However, a small peak could
also be found at lower pore size (30-40 A) for SBA-15, 10 wt.%-
HPW/DS and 40 wt.%-HPW/DS. Such peak is mainly due to the ‘ten-
sile strength effect’ that could cause some errors during the N3
desorption measurement {13]. Such observation could also be
due to the formation of smaller, inter-channel pores that have
formed between the long, hexagonal mesopores in SBA-15 which
is also referred to as the bridge opening [21,22].

3.1.3. NH;-TPD

The NH; desorption profiles of all catalysts synthesized using
direct synthesis method are plotted in Fig. 3. Only results up to
500 °C is reported due to the known decomposition of HPW at a
temperature of 485°C [23]. It was found that the all three
10 wt.%-HPW/DS, 20 wt%-HPW/DS and 40 wt%-HPW/DS demon-
strated similar trend in the NH; desorption profiles. At low temper-
ature, the amount of NH; desorbed increased with increasing
temperature. As desorption became inhibited at higher tempera-
ture, more NH; was allowed to be desorbed from the catalysts sur-
face with active acid sites at higher temperature. At low
temperatures (100-200 °C), it was found that all catalysts experi-
enced maximum NH; desorption at the temperature range of 150-
177 °C, suggesting these acid sites were the mild acid sites contrib-
uted by the supported HPW anions within the mesopores [24].

The TCD signal intensity continued to rise for all catalysts
except 30 wt.%-HPW/DS and reached their maximums in a range
of 255-307 °C. A wide peak from 100 to 300°C detected in the
TCD signal for 30 wt.3-HPW/DS could have been masked by peak
at higher temperature. Such peak could be related to the pore
blockage within the catalyst, or due to the fact that some HPW
anions could be unreachabie due to isolation of HPW anions by
the silica walls. Blocked HPW anions or channels containing active
acid sites would trap the adsorbed NHj so that more energy was
required for the adsorbed NH; to be desorbed from the pores and
detected by the equipment.

On top of that, due to the decomposition of HPW at high tem-
perature (485 °C), a slight increase in the intensity in all four
desorption curves was detected. Due to the decomposition of
HPW anions, destruction of the acid sites might occur. The acid
sites would not be able to hold the NH; on the surface and thus
were desorbed from the pores. Another peak with lower intensity
could be found from all 4 catalysts at much higher temperatures
(550-600 °C). This observation provided a proof to the claim that
most acid site were situated within the pores. All available acid
sites were categorized into weak, medium and strong acids sites
according to their respective NH3 desorption temperature range
|25-27). Generally, catalyst acidity increased with increasing
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Fig. 1. Isotherm profiles of SBA-15, 10 wt.%-H PW/DS, 20 wt.%-HPW/DS, 30 wt.%-HPW/DS, 40 wt.%-HPW/DS.

HPW loading in the following order: 10 wt.%-HPW/[DS < 20 wt.%-
HPW/DS < 40 wt.%-HPW/DS < 30 wt%-HPW/DS. It is generally
understood that an increase in the number of acid sites causes
the increase in the catalyst acidity. The decline in the acidity in

40 wt.%-HPW/DS could be attributed to the partial pore blockage
at high HPW loading and loss of HPW acidity due to oxidation of
HPW anions that formed tungsten trioxide that does not exert
any acidity.
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Fig. 2. BJH pore size distributions of SBA-15, 10 wt.%-HPW/DS, 20 wt.%-HPW/DS, 30 wt.%-HPW/DS, 40 wt.%-HPW/DS.
3.1.4. FTIR 459 cm~! as shown in the vertical dotted lines [15]. These bands
The FTIR spectra (400-4000 cm™") for pure HPW, SBA-15, and represent the properly formed condensed silica network in all cat-
all catalysts synthesized are shown in Fig. 4(a). Similarly, typical alysts that suggested mesopores structure was retained even
bands for 5i—0—Si in condensed silica network of classic SBA-15  though high HPW loadings were used (as high as 40 wt.%).
could be identified ie. asymmetric stretching of Si—0—Si at a One interesting finding would be the condensed Si—OH band

broad band of 1220-1076 cm ! symmetric Si—O—Si stretching  that was detected at 3453 cm™ ' as this band represents the hydro-
Gi—0—Si at 802cm~' and bending vibration of Si—0—Si at  gen bonds that was formed through polar interactions between
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Si—OH water molecules. It could also be due to other polar compo-
nents that were hydrogen bonded to the Si—OH bond [28&]. The
presence of water molecules was detected in the virgin SBA-15
and all the 4 synthesized catalysts as indicated by the band at
1639 cm™'. Generally, increments in intensity for this band were
observed after the addition of HPW. Humidity in the air can cause
adsorption of water molecules into the support material with
hydrophilic Si—OH groups. High intensity shown by 10 wt.%-
HPW/DS could be associated with the availability of Si—OH in
the support. On top of that, due to the hydrophilic nature of
HPW itself, the supported catalyst would then have higher ten-
dency to adsorb water molecules from the surrounding.

At higher HPW loading, the adsorption of water molecules
should be more (and hence lower hydrophobicity) compared to
catalysts with lower loading. Such explanation was clearly demon-
strated by 30 wt.%-HPW/DS. However, the intensity of such band
dropped drastically in the case of 40 wt.%-HPW/DS. Its yellowish
appearance signified that the HPW supported onto SBA-15 under-
went significant decomposition to tungsten trioxide (WO3) causing
the destruction of its Keggin structure. Due to high hydrophobicity
of W03, lower amount of water was adsorbed by the supported
catalyst. However, 20 wt.%-HPW/DS sample demonstrated very

interesting observation as the increase of magnitude in the inten-
sity of adsorbed Hx0 band was the lowest. As the color of the cat-
alyst remained white, it was suggested that no significant HPW
change into WO3 occurred, Such observation suggested that at
lower loading (10-20 wt.%), most of the HPW anions situated
within the pores that might have better protection from the ther-
mal effect during calcination.

More detailed FTIR spectra of all catalysts are shown in Fig. 4(b).
The characteristic bands of HPW anions including typical bands
attributed to the vibrations of asymmetric P—O at central tetrahe-
dral at 1087 cm™', terminal asymmetric oxygen (W=0g4) at
988 cm~', corner shared asymmetric oxygen (W—0,—W) at
883 cm~' and edge shared oxygen (W—0—~W) at 80 2 cm~! are
detected |29]. A very weak band representing symmetric W—0—W
can also be found at 513 cm~!. Due to low concentration of HPW in
the catalysts, the bands below 600 cm~! is hardly identified due to
the dilution effect of silica [30}. All these bands indicate that the
complex structure of HPW anions introduced into the support
was retained and no significant structural change could be
identified.

On top of that, obvious red shift of W=04 band can be identified
as well. From the original band at 988 cm~! shown by pure HPW,
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the band is red shifted to 961 cm™' for both 30 wt.%-HPW/DS and
40 wt.%-HPW/DS, 953 cm™' for 20 wt.%-HPW/DS and finally to
957 cm™! for 10 wt.%-HPW/DS. This, again could be used as the
evidence for the occurrence of interaction between HPW anions
with the SBA-15 support |31]. Keggin structure of HPW anion is
known to be electron-rich polyoxoanions. Thus, it is a strong acid
due to its ability to donate electron to Lewis sites through the ter-
minal W=04 bonds. The red shift of W=04 bands suggested that
the interaction of the Keggin HPW anions might have occurred in
the support, and acted as strong electron donor due to the presence

of the W=0, bonds [32]. Furthermore, the band of W—0,—W at
883 cm~! was nowhere to be found in all 4 supported catalysts.
Such an observation might be due to masking effect by other high
intensity bands such as the high intensity bands around 850-
900 cm™!.

3.1.5. SEM/EDS

All SEM images captured for SBA-15 and all catalysts
synthesized are shown in Fig. 5. SBA-15 shows the typical SBA-
15 long fiber-like mesoporous channel structure which indicate
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Fig. 5. SEM images for (a) 10 wt.%-HPW/DS, (b) 20 wt.%-HPW/DS, (c) 30 wt%-HPW/(DS, (d) 40 wt.%-HPW/[DS and (e) SBA-15 samples (magnification 10kx).

the successful synthesis of mesopores as predicted {33]. On top of
that, hexagonal morphology attributed to the aggregation of hex-
agonal particles and stacking on each other is also seen [15].In this
work, the addition of HPW anions was performed even before the
complete formation of mesoporous structure and addition of silica
source. Thus, theoretically, most of the HPW anions were trapped
between the mesoporous template (P123) and silica formed on
them later. Calcination would then remove all P123 template leav-
ing behind HPW on the mesoporous catalyst. For catalysts with
higher HPW loadings such as 30 wt.%-HPW/[DS and 40 wt.%-
HPW/DS, the formation of HPW crystal could be seen in both
SEM images in ig. 5(c and d). Lesser HPW crystal could be seen

in 30 wt%-HPW/DS sample while large portion of HPW crystal
could be seen attaching on the external surface of 40 wt.%-HPW/
DS samples.

For catalysts with lower loadings such as 10 wt.%-HPW/DS and
20 wt.%/HPW/DS, there was no visible presence of crystalline HPW
on the surface. Interestingly, all SEM images show similarity in
terms of shape and surface morphology with virgin SBA-15 except
for the 10 wt.%-HPW/DS sample. The long fiber-like structure could
still be found on 10 wt.%-HPW/DS, and the structure of this sample
was found to be more uniform as compared to that of virgin SBA-
15. This sample had a rod-like structure rather than a fiber-like
structure that could be found on other catalysts in this study
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113]. Such surface morphology might be due to the aggregation of
hexagonal particles stacking on top of each other during the intro-
duction of silica source. Besides, at lower concentration, the P123
micelles could have less repulsion with the P123 micelles that
had already been surrounded by HPW anions. Thus, stacking of
micelles was facilitated to resuit in a more packed structure as
shown in Fig. 5(a).

Similarly, SEM image of 20 wt.3-HPW/DS shows the typical
fiber-like surface morphology with no crystal formed on the sur-
face. Long fiber-like mesopores channels can clearly be seen as
compared with the rest of the catalysts. This suggested that no
HPW crystals were formed on the external surface of the catalysts.
With most of HPW anions attached to P123, repulsive effect in
between P123 micelles and attached P123 micelles would be
greater than that at lower loading (10 wt.%). Thus, the mesopores
that formed later would not be as packed compared to those in
10 wt.%-HPW/DS sample. On the other hand, high concentration
of HPW anions in P123-HPW mixture resulted in more P123-
HPW micelles ta he farmed. However, the size of the mesopores
channels might restrict the inclusion of higher loading of HPW in
the internal channels to force the excess HPW anions to deposit
on the external surface as observed in the SEM images.

Specific elements on the external surface of the catalysts such
as silicon (Si), oxygen (0), phosphorus (P), tungsten (W) were suc-
cessfully detected from EDS analysis and the results are tabulated
in Table 2. SBA-15 contained only Si and O on its surface without
any P or W to be found. It was known that HPW anions consist
of PW;2035 and that Keggin type HPW anions were believed to
be “sandwiched” in between layers of silica of the catalyst. How-
ever, the actual weight percentage of successfully trapped HPW
anions in the catalysts could not be accurately calculated due to
the overlapping of the amount of O atom in both HPW anions
and SBA-15.

It was interesting to see the trend of increasing difference in
between designated HPW loading with the detected one. At
10 wt.%, the different between the designated HPW loading and
detected one was only 1.74%, while for the other catalysts, it was
6.07% (20 wt.%), 13.49% (30 wt.%) and 3.83% (40 wt.%). As not all
HPW anions were deposited on the external surface of the catalyst,
the missing HPW% could have been deposited in the internal pores.
As higher concentration of HPW solution was used for the synthe-
sis of catalysts with higher HPW loadings, the HPW anions would
have been more dispersed in the reaction mixture, thus allowing
more HPW anions to be introduced into the internal mesopores.
On the other hand, interestingly, at the highest catalyst loading
i.e. 40 wt.%, the difference between the detected and designated
one was surprisingly low. Such phenomenon could be explained
as most HPW anions could have formed tungsten oxide (WOs) on
the surface, so that more W elements could be found on the exter-
nal surface.

In this study, it was understood that there was a possibility that
the retained Keggin HPW anions could have been “sandwiched” in
petween silica particles of the catalysts due to the catalyst forma-
tion mechanism proposed {13]. Should an analysis such as XRF is

done, it would only show the total or bulk concentration of the cat-
alysts, including those that might have been trapped within the
particles. As the active acid sites that are available for the selective
esterification reaction are of interest in this study, EDS was deemed
to be more appropriate in measuring the elemental composition on
the surface of the catalysts. On top of that, XRF is mostly suitable
for samples with homogeneous or “smooth” surface finishing.
Thus, it might cause result inaccuracy in this study that involved
materials with non-homogeneous composition.

3.1.6. TEM

Most of the catalysts except 20 wt.5-HPW/DS had long and
highly ordered mesoporous channels, which are similar to that of
the virgin SBA-15 as shown in Fig. 6(e). Such a finding suggested
that the formation of highly ordered mesopores channels were
formed even with the introduction of HPW anions in the synthesis
method. It was however, the effect of HPW anions addition before
silica source (TEOS) that could have some effect on the structure.
At very low HPW anions eoncentration {10 wt.%), the mesoporous
and micropores were found to be abundantly available from the
sample tested in TEM analysis.

The channel pore sizes found from the TEM images further ver-
ified the result gained from surface analysis earlier. Similarly, even
at high HPW anions concentration (30 wt.% and 40 wt.%), the
straight long mesopores channels were found as well. Interest-
ingly, 20 wt.%-HPW/DS sample did not show obvious mesopores
or micropores channels as shown in other TEM images from other
catalysts. Such an observation suggested that highly ordered
mesopores channels might not be satisfactorily formed in
20 wt.%-HPW/DS.

3.1.7. TGA

During the TGA analysis, drastic drops in weight for all the cat-
alysts including SBA-15 can be observed from room temperature
up to 100 °C due to the evaporation of adsorbed water molecules.
SBA-15 suffered the largest weight loss (17.5 wt.%) followed by
10 wt%-HPW/DS  (13.9wt%), 20 wt%-HPW/DS (9.1 wt.X),
30 wt.%-HPW/DS (10.8 wt.%) and 40 wt%-HPW/DS (7.2 wt.%)
(Fig. 7). Weight loss of catalyst due to adsorbed water was found
to be more at lower loading (10 wt.%). This result suggested that
more water was adsorbed by SBA-15 and 10 wt.%-HPW/DS due
to more vacant Si—OH bonds available in the materials, making
them slightly more hydrophilic to adsorb water.

As concluded in FTIR and SEM analyses, tungsten trioxide was
formed on the surface of 40 wt.%-HPW/DS. As tungsten trioxide
is hydrophobic, it was responsible for lesser adsorbed water mole-
cules in 40 wt.%-HPW/DS. As for 30 wt.%-HPW/DS, although tung-
sten trioxide formation could be detected on the catalyst,
significant portion of the HPW anions could maintain their Keggin
structure. As the anions are hydrophilic, they would attach more
readily to the surface of the catalysts. Consequently, more water
molecules might be attracted to it as demonstrated by the TGA
result of 20 wt.%-HPW/DS.

Table 2
Results of EDS analysis on the catalyst samples.
Catalyst Component
(o] Si P w P+W
wtd at¥ wtd at® wt% at¥ wt.¥ at¥ wt.%
SDA-15 67.28 7831 32.72 21.69 0.00 0.00 0.00 0.00 0.00
10 wt.%-HPW/DS 60.79 76.77 30.94 22.26 0.13 0.0y 8.13 0.89 8.26
20 wt.%-HPW/DS 56.45 75.70 29.62 2263 0.08 0.06 13.84 1.62 13.93
30 wt.2-HPW/DS 55.92 76.43 27.57 21.46 0.25 0.18 16.26 1.93 16.51
40 wt.%-HPW/DS 45.72 76.98 18.11 17.37 0.49 0.43 35.68 5.23 36.17
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For SBA-15, it suffered from only insignificant weight loss
(2.31 wt.%) between 150 °C and 450 °C and it was mainly due to
the evaporation of residual organic components such as the P123
directing templates in the catalyst. From 450 °C to 800 °C, SBA-15
experienced a gradual weight¥% drop of 1.23 wt.%. Such weight lost
could be result from the condensation of silanol groups in SBA-15
to form siloxane bonds | 15]. As for the rest for the catalysts, no sig-
nificant weight drop was observed until 150 °C. From 150 °C to
250 °C, slight drops in weight were observed for all catalysts. The
weight loss in this region was due to the loss of water molecules
of crystallization of HPW to form HPW Keggin ion [23].

Another interesting region would be from 250 °C to 500 °C.
Brahmkhatri and Patel [15] attributed it to the removal of water
embedded in HPW molecules that were lotdled inside the mesop-
ores, In all synthesized catalysts, only small, gradual weight losses
could be observed. Thus, it was concluded that the HPW anions
were mainly located in the mesopores of the catalyst. This made
water molecules in the mesopores channels to have difficulty to
escape from the mesopores channels. This also suggested high sta-
bility of HPW anions within these catalysts.

According to Rocchiccioli-Deltcheff and his group [23], pure
HPW could be decomposed by 485 °C. Thus, any loss of weight at
temperatures above this could be explained as decomposition of
HPW. However, there was almost no weight loss for all the synthe-
sized catalyst. Thus, it was concluded that the HPW anions did not
undergo significant decomposition until 800 °C. This observation
suggested that these catalysts were very thermally stable catalysts
without significant occurrence of HPW decomposition. Lower
weight loss was experienced by catalysts with higher loadings
(30 wt.% and 40 wt.%-HPW/DS). It was mainly due to the formation
of extremely thermal stable tungsten trioxide in the catalysts.

3.2. Catalytic performance

3.2.1. Effect of HPW loading on SBA-15

Effects of HPW loading (between 10 and 40 wt.%) in the cata-
lysts on the conversion and monolaurin yield were investigated.
In this study, the other reaction variables such as catalysts loading,
reaction temperature, reaction time, reactant ratio were fixed at
2.5 wt.%, 160 °C, 6 h, 4:1, respectively. From the lauric acid conver-
sion profile (Fig. 8(a)), high activity, as represented by steeper
slope at the beginning of the reaction (0-3 h) was demonstrated
by all catalysts. Pure HPW (homogeneous) used for comparison
clearly showed the highest conversion (97%) in 6 h as compared
to the solid catalysts that only showed conversions between 70%
and 75%. In this case, the homogeneous catalyst was actually in
the same phase with the reactants. As HPW can also dissolve in
glycerol which is a polar substance, it was well dispersed in the
mixture to effectively act as the catalyst.

Despite the general expectation that higher activity should be
observed for catalysts with higher amount of active acid sites, it
was however 20 wt.%-HPW/DS that showed the highest activity
initially while 10 wt.%-HPW/DS showed the lowest activity. With
low HPW anions loading, understandably 10 wt.%-HPW/DS would
show low reactivity compared other solid catalysts due to low
amount of active acid sites available. Despite higher HPW anion
loadings, 30 wt.%-HPW/DS and 40 wt.%-HPW/DS demonstrated
reduced activity compared with 20 wt.%-HPW/DS. For instance,
to reach 60% of conversion, 20 wt.%-HPW/DS only required about
3 h, while the two catalysts required up to 4 h.

Results in Fig. 8 suggest that at loadings HPW higher than
20 wt.%, their mesopores might have been significantly blocked,
causing acid sites embedded in those mesopores to be inaccessible
during the reaction | 13]. Significant portion of the HPW anions had
been deposited on external the surface of the catalyst as proposed
by both SEM and EDX images earlier. Furthermore, HPW anions
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Fig. 8. Profiles of (a) conversion, and (b) monoglyceride yield shown by pure HPW,
10 wt.%-HPW/DS, 20 wt.%-HPW/DS, 30 wt.%-HPW/DS and 40 wt.%-HPW/DS.

might have been easily oxidized to tungsten oxides during calcina-
tion, as suggested by yellowish appearance of 30 wt.%-HPW/DS
and 40 wt.%-HPW/DS catalysts causing the HPW to lose its Keggin
structure [ 13]. Thus, the activities of the two catalysts were signif-
icantly lower as compared to that of 20 wt.%-HPW/DS, in which,
most HPW anions were still located in the mesopores of the
catalyst.

In this study, the effect of HPW loading on the selective forma-
tion of monolaurin was also scrutinized. Generally, homogeneous
HPW catalyst and all the solid catalysts demonstrated moderate
selectivities towards monolaurin (45-60% monoglyceride yield)
(Fig. 8(b)). Thus, homogeneous HPW catalyst did not really lead
to selective formation of monolaurin despite its high activity based
on conversion. However, 20 wt.%-HPW/DS stood up to be the only
solid catalyst that surpassed 50% of monolaurin yield. Upon chem-
ical equilibrium achieved after about 4 h, the yield shown by
20 wt.%-HPW/DS did not differ much until the end of the reaction
(6 h). As for the rest, after the reaction achieved equilibrium at
about 5 h, the yield seemed to be leveled off.

The monoglyceride yield profile further verified the argument
on the significant blockage of mesapores and inaccessibility of
reactants to the active HPW anions sites within mesopores of
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30 wt.%-HPW/DS and 40 wt.%-HPW/DS catalysts. The low mono-
glyceride yields of 30 wt.%-HPW/DS and 40 wt.%-HPW/DS catalysts
indicated the conversion of monoglyceride to di- or triglyceride
through further esterification reaction steps. Interestingly, the
monoglyceride yield of 10 wt.%-HPW/DS suffered a slight decrease
by nearly 5% at the end of reaction. Despite an increase in conver-
sion with time, the lauric acid actually further reacted with mono-
laurin to form higher by-products. However, the reaction was not
really favored due to larger molecular sized products that were
involved. However, the retardation effect on the external large
pores could be minimal as compared to that within the internal
mesopores of SBA-15 catalysts [G]. On the other hand, 20 wt.%-
HPW/DS did not suffer from progressive drop in monoglyceride
yield at the end of the reaction, despite its high activity. This sug-
gests that the shape selectivity effect was in highest in 20 wt.%-
HPW/DS as compared to the other catalysts. This was ascribed to
its relatively more ordered mesoporosity as suggested by surface
analysis and TEM results.

It was found in this study that the conversion using direct syn-
thesized catalysts were significantly lower than that achieved
using sulfonic acid functionalized SBA-15 catalysts (94% conver-
sion) [34]. However, Hermida and co-workers |34] used much
longer reaction time (20 h with reflux) compared with only 6 h
maximum in this study. In another study, zeolite with tin-organic
framework was also used and 40% of conversion with high mono-
glyceride selectivity (>98%) were achieved [35]. However, the
monoglyceride yield was only about 40%. It could be due to limited
access to the internal small pores and most reaction could occur on
the external surface area. Thus, 20 wt.%-HPW/DS catalyst demon-
strated quite promising results as compared to other catalyst sys-
tem investigated recently. Its relatively larger internal mesopores
would allow significant access of reactants to the active sites while
at the same time playing a role in hindering the formation of larger
by-products.

3.2.2. Effect of reaction temperature

Using 20 wt.%-HPW/DS, effect of reaction temperature were
studied using different reaction temperatures between 150°C
and 170 °C while the rest of process variables were fixed (4:1,
2.5 wt.% catalyst loading and continuous stirring). As shown in
Fig. 9(a), increasing reaction temperature led to corresponding
increases in both reactivity and conversion. At the beginning of
the reaction, very low activity (based on slope of the curve) was
observed at 150 °C. At low temperature, the energy possessed by
reactant molecules were lower so that it decreased the possibility
of effective collision in two ways, i.e. by decreasing the kinetic
energy in reactant molecules and decreasing the potential energy
of molecules. Thus, it was harder to exceed the activation energy
needed for successful conversion | 26|. Similarly, at higher reaction
temperatures i.e. 160 °C and 170 °C, higher activity was observed,
with only slight different in activities. Such findings also verified
that the activation energy in the esterification of glycerol with lau-
ric acid is of positive value as the rate of reaction increased with
increasing temperature.

With 10°C increase, the rate of reaction between 160 °C and
170°C did not differ much at the beginning of the reaction. How-
ever, the reaction at 170 °C showed significantly higher rate com-
pared with that at 160 °C (86% compared to 60% conversion in
6 h). This result could be due to the fact that more products or
by-products were formed at higher temperature. For by-products
i.e. di- and triglycerides to form, higher energy was needed to over-
come the energy barrier to form larger molecules. It was also
needed to overcome steric hindrance of large molecules to be
formed. Furthermore, the ordered mesopores of the catalyst would
play the role in shape catalysis so that the favorable product was
monolaurin.
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Fig. 9. Profiles of (a) conversion, and (b) monoglyceride yield for 20 wt.%-HPW/DS
at different reaction temperatures.

As shown in Fig. 9(b), the monolaurin yield at 160 °C was way
higher than those of 150 °C and 170 °C, with over 45% yield com-
pared with 20-30% yield achieved at the other 2 temperatures.
Such a finding provided evidence for the suggestion that at higher
reaction temperature, more by-products other than the monoglyc-
eride were formed. The yield profile at 170°C showed a clear
reduction in the monoglyceride yield after 2 h to indicate that
more monoglyceride was used to form other by-products. On the
other hand, at low temperature i.e. 150 °C, the yield was low due
to low conversion despite monolaurin was the main substance in
the product mixture, Thus, increasing temperature could only be
beneficial in increasing the conversion while the effect to mono-
laurin yield could be detrimental.

3.2.3. Effect of reactant ratio

Next, the effect of glycerol to lauric acid ratio (R) towards con-
version and selectivity of monoglyceride were studied by using
reactant ratios in the range of 1:1-5:1 while maintaining the rest
of the experimental parameters. Generally, at higher reactant ratio,
the rate of reaction was found to increase as demonstrated by stee-
per slope in Fig. 10(a). With increasing reactant concentration, Le
Chatelier's principle suggested that the esterification of glycerol
with lauric acid would shift to form more products. It was how-
ever, towards the end of the reaction, all runs with different reac-
tant ratios achieved almost the same conversions between 64% and
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Fig. 10. Profiles of (a) conversion, and (b) monoglyceride yield for 20 wt.%-HPW/DS
at different reactant ratios.

65%. This observation suggested that despite higher ratio of reac-
tant used, it only benefited the early stage of the reaction, during
which both reactants were at high concentrations and available
for the reaction. As the conversion proceeded, the excess reactant
concentration dropped while the limiting reactant concentration
was way too low to affect the reaction [6].

On the other hand, from Fig. 10(b), monoglyceride yield was
found to be higher at the beginning of the reaction for higher R
value as compared with runs with lower R value. However, the
yields achieved using different reactant ratios were found to be
very similar at the end of reaction. Thus, it could be concluded that
the reactant ratio affected the initial rate of reaction but did not
have much impact on the final selectivity towards monoglyceride
in this study. It was somehow similar with conversion trend as dis-
cussed earlier. It was obvious when minimal reactant ratio could
result in similar outcome compared to higher reactant ratio, it
should always be used for the consideration of production cost sav-
ing [3].

3.2.4. Effect of catalyst loading

Then, 20 wt.%-HPW/DS was used at different loadings with
respect to the amount of lauric acid in the reactor while the rest
of the parameters fixed (160 °C, 4:1, continuous stirring). The cat-
alyst loading with respect to limiting reactant, i.e. lauric acid was
varied from 1 wt% to 5 wt.%. From Iig. 11(a), a change in catalyst
loading did not have much effect on rate of reaction at the
peginning of the reaction. It was however, after 1.5 h, significant
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Fig. 11. Profiles of (a) conversion, and (b) monoglyceride yield with different
20 wt.%-HPW/DS loadings.

difference in the conversion profiles was observed. Generally, lau-
ric acid conversion increased with increasing catalysts loading in
the reactor. This could be simply explained based on the fact that
with increasing amount of catalyst available in the system, more
acid site is available to catalyze the reaction. Thus, higher conver-
sion could be observed. All runs showed increases in conversion
with time until the end of the reaction. Interestingly, at the end
of the reaction, experimental run with catalyst loading of 2 wt.%
showed much higher conversion (around 76%) compared to the
rest, which showed conversions in a range of 60-70%.

As the active acid sites were mainly located within the mesop-
ores of the catalyst, the reactants must be able to access the mes-
opores in order for the reaction to be catalyzed. Thus, diffusion of
reactant within the mesoporous matrix was of great importance
|3]. Diffusional limiting might occur in this case. As suggested pre-
viously, the effect of diffusional limitation in 20 wt.%-HPW/DS
would be lower compared with those of higher loading such as
30 wt.%-HPW/DS and 40 wt.%-HPW/DS due to its relatively larger
pores. When the same catalyst was used but with different catalyst
loadings in the system, such observation might also be due to the
formation of other by-products, as suggested by the lower mono-
glyceride yield in Fig. [1(b).

When monoglyceride yield was studied, it was found that the
monoglyceride selectivity in the experimental runs using 2 wt.%
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of 20 wt.%-HPW/DS was the lowest, despite showing higher con-
version. This clearly showed that monoglyceride was also con-
verted to di- or triglycerides. At other catalyst loadings. the
monoglyceride selectivities were almost the same. This observa-
tion suggested that high yield of monolaurin could not be achieved
by manipulating the catalyst loading. Instead, other parameters
such as reaction temperature, reactant’s ration and type of catalyst
should be considered for such objective. The increase in conversion
at the end of the reaction was simply due to the formation of other
by-products that had directly contributed to the overall conver-
sion. However, the reason for such drastic increase was not clear.
As a conclusion, although the increase in catalyst loading increased
the conversion and monoglyceride yield generally, the effect of dif-
ferent catalyst loading was rather minimal. However, an optimum
amount of catalyst loading should be used to fully utilize 20 wt.%-
HPW/DS without compromising the conversion.

4. Conclusions

The attempt in utilizing HPW superacidity combined with high
surfaced silica material, SBA-15 using direct synthesis method was
made. Characterization results showed that at suitable HPW load-
ing would be beneficial to acid catalyzed the glycerol esterification
process. HPW anions were successfully introduced into SBA-15 but
the final surface structure was greatly influenced by the HPW load-
ing. 20 wt.%-HPW/DS showed the most ordered mesoporousity in
its pore system while significant surface defects were found in cat-
alysts with high HPW loading (30-40 wt.%). External deposition of
HPW also occurred at high loadings and the acid could undergo
oxidative decomposition to WO;. High lauric acid conversion
(70%) and monolaurin yield (50%) were shown in 6 h at 160 °C by
this. Its ordered mesoporosity evidently resulted in shape selectiv-
ity effect to suppress by-products formation. Effects of reaction
temperature (150-170 °C), reactant ratios (1:1-5:1) and catalysts
loadings (1-5 wt.%) were thoroughly elucidated and successfully
correlated with characteristics of the catalysts.
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Fig. 1. Glycerol as a by-product of the methanolysis of vegetable oils.

Table 1

Typical elemental analysis results of crude glycerol
from biodiesel industries {10].

Element Weight ¥
Carbon (C) 528
Hydrogen (H) 1.1
Nitrogen (N) <0.0001
Sulfur (S) -
Balance oxygen (O) 362

can enhance the importance of glycerol as a cheaper raw material
for new products used in surfactants, lubricants, cosmetics, food
additives, etc. [1]. To deal with the major excess of glycerol and
develop the “green” credentials of the compound, innovative and
greener catalytic processes should be developed to convert gly-
cerol into higher value products. The synthesis of value-added
molecules from crude glycerol is an attractive replacement to
disposal by incineration {2]. Fig. 1 shows the schematic of the
biodiesel production through vegetable oil (triglyceride) metha-
nolysis. Homogeneous acid and base solutions are commonly used
as catalysts. In a stoichiometric reaction, 1 mole of glycerol is
obtained for every 3 mole of fatty acid methyl esters (biodiesel)
produced.

It is anticipated that the development of crude glycerol bior-
efineries benefit the economy of overall biodiesel industry through
the reduction of the disposal costs of residues and increase in
production of high value chemicals [3]. The process of biodiesel
production starts with the purification of crude vegetable oil. The
refined oil then undergoes transesterification to produce biodiesel
with glycerol as the waste by-product. In a typical process, the
glycerol layer (containing about 80% glycerol) {4] must be removed
to enable the use of the esters as fuel. Selling of the waste glycerol
solution can reduce the production cost of biodiesel by 6% [5].

Recently, biodiesel has been promoted as a means toward energy
independence, rural development, and reduction of greenhouse gas
emission. Biodiesel can be produced through the reaction between
feedstock oil with either methanol or ethanol. The solubility of oil in
methanol is less than that in ethanol. Its rate of reaction is mass
transfer-limited, and methanol enables higher equilibrium conver-
sion because of the higher reactive intermediate i.e. methoxide. Most
of the biodiesel production processes use methanol, which is
obtained from the petrochemical industry. This dependence on
methanol can be considered a non-renewable one [6-9].

The objective of this work is to provide a review catalytic
upgrading of glycerol to value-added products through etherifica-
tion reaction. An overview to the relevant research topics is given
in Section 1. The formation of glycerol as main by-product of
biodiesel industry, investigation of the impact of this glycerol over
the biodiesel production cost and glycerol marlket is reviewed in
Section 2. This study also provides a view of transformation of this
low value glycerol to upgraded products such as diglycerol using
various heterogeneous catalysts as discussed in Section 3. Poly-
glycerols are biodegradable and biocompatible products that can
be used in various industries. Various catalytic routes to produce

Table 2
Differences between types of glycerol {12].
Parameter Lrude Punfied Kehned/commercial
glycerol glycerol glycerol
Glycerol content (%) 60-80 99.1-99.8 99.20-99.98
Moisture content (%) 1.5-6.5 0.11-0.8 0.14-0.29
Ash (%) 1.5-2.5 0.054 <0.002
Soap (%) 3.0-50 0.1-0.16 0.04-0.07
Acidity (pH) 0.7-13 0.10-0.16 0.04-0.07
Chloride (ppm) ND 1.0 0.6-9.5
Color (APHA) Dark 34-45 1.8-10.3
oy
a2009
64%
120 e o
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Fig. 2. Changes in glycerol supply drivers from 1999 to 2009 { 14].

polyglycerols and the performance of catalysts reported in litera-
ture so far are reviewed in Section 4. Section 5 provides a review
on the reaction mechanism involved in base-catalyzed etherifica-
tion process.

2. Glycerol

Glycerol is a material which has numerous uses mainly because
of its physical and chemical properties. Table 1 shows typical the
elemental analysis results of crude glycerol produced in biodiesel
industries, indicating that C, H, and O are the main elemental
contents of this material | 10]. Glycerol is a good renewable energy
source for various applications which might be due to its high
carbon content (52.8%). Furthermore, its high oxygen content
(36.2%) to indicate that it is a valuable compound {11}

Glycerol can be classified into three main categories: crude,
purified/refined, and commercially synthesized. Table 2 shows the
major differences between these three types of glycerol from
biodiesel industries. This table shows that the differences between
purified and commercial glycerol are insignificant, while consider-
able differences can be observed between crude and purified
glycerol. Actually, purified or refined glycerol is often prepared
with qualities nearly equivalent to that of commercially synthe-
sized glycerol because of its applications in sensitive fields, such as
medicine, food, and cosmetics. Furthermore, Jable 2 shows that
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crude glycerol has about 60-80% purity, whereas purified or
synthesized glycerol is generally almost 100% pure [12]. Likewise,
ash, soap, and moisture could present at high quantities in crude
glycerol. The acidic value of crude glycerol is slightly higher than
the acidic value of the others. Its color is also darker, which may be
due to the aforementioned attribute, along with some other minor
impurities.

2.1. Glycerol supply drivers

A vast change has been observed among glycerol sources in the
last 10 years. After 2003, changes in glycerol drivers became
noticeable, at which point quick increase started until they became
the largest sources in 2008. These drivers are also predicted to be
the strongest future glycerol sources [13]. The fatty acid industry
was considered as the main source of glycerol until 2003. How-
ever, the contribution of the said source gradually decreased, and
in 2008, biodiesel became the primary glycerol source. The reason
of this increasing trend of glycerol production was due to an
increase in the consumption and production of biodiesel in the last
few years [13].

Glycerol supply drivers shifted from one of the most popular
driver i.e. the fatty acid industry, to bicdiesel industry during the
past 10 years, as shown in Fig. 2 |14]. From this figure, fatty acid
and soap manufacturing can be seen as the two main sources of
glycerol before the boom in biodiesel industry in the past
few years.

In 1999, the major glycerol supply drivers were fatty acids,
soaps, fatty alcohols, and biodiesel processes. The production
percentages for these sources were 47%, 24%, 12% and 9%.
In 2009, these sources completely changed, with the production
percentages shifting to 21%, 6%, 8%, and 64%. Therefore, the
biodiesel industry posed the biggest change as glycerol supply
driver, from 9% to 64%, whereas fatty acid industry dropped from
47% to 21% within the same period. The increasing worldwide
population may have been a factor in the increasing fuel energy
consumption, i.e., increasing fuel demand. Thus, fuel energy is
shifting from petroleum to biofuel to overcome this energy crisis.
Bicdiesel production is increasing day by day, and becoming the
biggest driver of glycerol in the last few years.

22. Glycerol market and its oversupply problem

Until 2003, the supply of raw glycerol in the market remained
relatively stable despite the start of the increase in the production
of biodiesel in the United States | 15]. Thereafter, the availability of
crude glycerol almost doubled, but the demand remained almost
unchanged. Thus, the combined effect of supply excess and limited
demand of raw glycerol has led to low prices. Although pure

EEurusia
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Fig. 3. World biodiesel (bars) and crude glycerol (lines) productions between 2000
and 2010 {21},

glycerol is an important feedstock in many industrial sectors, raw
glycerol must be refined by large-scale biodiesel produceérs using
traditional separation processes to remove impurities such as fatty
acids, alcohol and catalyst. Some of these processes are filtration,
chemical additions, and fractional vacuum distillation. Generally,
these processes are expensive to conduct so that they are econom-
ically impossible for small- and medium-scale plants.

Since 2006, the glycerol oversupply has forced biodiesel pro-
ducers to settle for raw product sale prices of 2 cents per pound or
even lower. However, in mid-2007, prices were between 6 cents
and 10 cents per pound [6}. In 2008, the amount of glycerol that
went into annual technical applications was estimated to be
approximately 160,000t and this amount is expected to further
grow at an annual rate of 2.8% {16]. Refined glycerin prices have
shown a similar behavior with prices as low as 20 cents to 30 cents
per pound, depending on the quality and purity [6.17]. In this
sense, the raw glycerin market will continue to remain weak
despite large amounts of this raw component being made avail-
able. Therefore, glycerol is a key problem in biodiesel production
at present. The low sale price could convert this by-product into a
residue. Thus, alternative uses must be discovered by biodiesel
producers to avoid the continuous fall of glycerol price.

As the glycerol commodity market is limited to a few applica-
tions, studies suggest that any increase in biodiesel production
may result in a price decline by 60% [18]. By 2016, the world
biodiesel market is estimated to be at 37 billion gal. This means
that every year, more than 4 billion gal of crude glycerol will be
produced. The potential sale of this product could make biodiesel
cheaper [19,20].

In the past few years, biodiesel production increased consider-
ably along with the amount of residues generated during produc-
tion (Fig. 3). Europe is still the largest biodiesel producer, and
Brazil has the highest increase in production rate in recent years
compared with the United States and Europe, that is, from 736 m>
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560t 2'53% Indonesia, 4.95%

United States,
15.63%
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Fig. 4. Top biodiesel producing countries in 2011 [21}.
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Fig. 5. Refined glycerol prices between 2010 and 2011 {26].
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Fig. 7. Glycerol market by industry | 16].

in 2005 to 2,670,000 m? in 2011 (Fig. 4). The concentration and
presence of each contaminant vary drastically from one industry
to another because of the differences in the parameters, including
oil source and reaction conditions. Glycerol and water content can
vary from 6-92% [22] to 26-65% respectively, in crude glycerol
samples [23]. The existence of these contaminations in crude
glycerol samples is expected to negatively influence the biocon-
version process of this co-product. However, note that the excess
crude glycerol produced in the biodiesel industry leads to a
decrease in glycerol prices and to the consideration of glycerol as
a waste instead of a co-product [24].

2.3. Effect of glycerol price on biodiesel production cost

Currently, biodiesel production results in the rapid increase in
the availability of crude glycerol worldwide. Refineries could have
reached the limits of their capacity. The prices of crude glycerol
have fallen down to virtually zero and even to a negative mark as
producers of glycerol (particularly biodiesel) are forced to pay to
have it taken away from their plants and incinerated |25].

The glycerol market is unstable as it depends on many factors
such as petroleum and biodiesel production as well as its global
supply and demand [26,27]. Fig. 5 shows the refined glycerol
prices between 2010 and 2011 [26]. Taking the Asia market for
example, the price increased from US$ 520 to US$ 640 per ton in
the first quarter of the year 2010, and subsequently dropped to
US$ 503 per ton in August. At the beginning of 2011, glycerol price
reached US$ 858 per ton, almost twice the price in mid-2010. The

spot prices of refined glycerol in 2012 are in the range of US$ 838-
948 per ton [28]. Moreover, limited market information is avail-
able for glycerol because of its relative small scale against the
global basis (approximately 1000 kt annually) {27]. The constantly
changing and small markets make it difficult to predict glycerol
prices in the future, resulting in the lack of reliable economic
analysis of the application of glycerol. Crude glycerol has a more
stable price, which is less than one-third of the cost of purified
glycerol [27]. However, the downstream treatments (e.g., distilla-
tion) required to refine crude glycerol are expensive, particularly
for small-scale biodiesel plants [16]. Therefore, the economic
assessment of crude glycerol utilization is a challenging task.

Previous studies [29-731] show that the production cost of
biodiesel varies inversely and linearly with the variations in the
market value of glycerol. A report from Woo |32] indicates that the
price trend of glycerol decreased over the last decade, while the
production of glycerol increased because of the increase in
biodiesel production. According to Fan and Burton |[33], biodiesel
production cost could be reduced by 25% by increasing the value of
crude glycerol as its feedstock.

A promising path for the coupling of processes within a
biorefinery is the employment of glycerol as a substrate for the
production of biochemicals and biofuels. Glycerol is an unavoid-
able by-product generated in bioethanol and biodiesel production
processes |34-36G]. Fiz. G shows the remarkable growth of these
industries, which has led to a dramatic decrease in crude glycerol
prices over the past few years [36].

These results show that the amount of crude glycerol produced
as a by-product has a significant effect on the net value of the total
manufacturing cost of biodiesel. However, glycerol is a valuable
by-product with considerable potential as a feedstock to various
value-added products. Therefore, its successful application in non-
conventional uses could add a noticeable credit to the reduction of
the total cost of biodiesel fuel production.

2.4. Application of biodiesel-based glycerol and its derivatives

The current market is saturated with crude glycerol because of
the exponential growth of the biodiesel production. Therefore,
new value-added applications of crude glycerol are been consid-
ered by biodiesel producers. The cost of converting and purifying
crude glycerol into conventional materials that are applicable in
food, cosmetic, or drug industries is usually high [37 38].

Glycerol has a wide range of applications, from energy bars to
cough sirups and even boat coatings. According to an SDA report [ 10],
glycerol has more than 1500 uses. Crude glycerol, resulting from
biodiesel production, can be used for these applications after several
purification processes. The purity of 99% or higher is used for the
cosmetic and pharmaceutical markets which can be obtained by
complex operation and distillation of glycerol [10]. Thus, develop-
ment of new outlets for crude glycerol is essential for the present and
future markets. Equally important is the development of more
sustainable refining processes and more economical plants.

With respect to the research and development of new applica-
tions of glycerol, industries generally hope to increase crude
glycerol prices |79} The success of large-scale utilization of
glycerol can assure the stability of the market and the increase
in price [40]. The glycerol market will be stronger with the
introduction of new applications of crude glycerol and these new
usages may indirectly support the reduction of biodiesel produc-
tion cost. Other opportunities to explore the most valuable
applications of crude glycerol are available |-1|. These opportu-
nities can boost biodiesel production and transform crude glycerol
into a vital part of renewable energy [24 .47 45].

Establishing the new outlets for the glycerol may increase the
price of crude glycerol. If new outlets for glycerol, specifically
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crude glycerol is unsuccessful, glycerol prices will continue to lag.
As a result, surplus amount of crude glycerol may be sold as a
waste product or may be used only in incinerators to heat
industrial boilers [42,47]. Nevertheless, glycerol is a main chemical
compound in the world economy. Therefore, new prospects for the
glycerol industry should be continuously ventured into to help in
improving the economics of biodiesel production.

Glycerol is traditionally used either as food, tobacco, and drug
additive or as raw material in the synthesis of trinitroglycerine,
alkyd resins, and polyurethanes |16]. The usage of low-grade
quality glycerol obtained from biodiesel production is a huge
challenge because this type of glycerol cannot be used for food
and cosmetic purposes without further purification. An effective
use or conversion of crude glycero!l into specific products will
decrease the biodiesel production costs [48}.

The oleochemical industry is a major source of glycerol. The
process requires fat splitting of glycerides and biofuels such as
biodiesel [49]. The widespread use of glycerol in the cosmetic,
soap, pharmaceutical, food, and tobacco industries is shown in
Fig. 7 [16]. In the glycerol pharmaceutical market, toothpaste and
cosmetics account for 28%, tobacco for 15%, foodstuff for 13%, and
manufacture of urethanes for 11%. The remainder is used in the
manufacture of lacquers, varnishes, inks, adhesives, synthetic
plastics, regenerated cellulose, explosives, and other industrial
uses. Furthermore, glycerol is increasingly used as a substitute
for propylene glycol [50]. Therefore, glycerol has become a popular
research topic, and researchers are keen on discovering alternate
applications in fuels and chemicals [51-53].

The required purity is a deterrent future in the use of glycerol from
biodiesel production in pharmaceuticals and cosmetics. However,
several factors such as low price, availability, and functionalities make
glycerol an attractive choice for various industrial processes. Devel-
oping selective glycerol-based catalytic processes has become a major
challenge as suggested by the high number of patents and research
papers being published about it [54,55].

The purification of glycerol using the distillation method is a
costly process, and the low price of glycerol makes it uneconomi-
cal [56]. Moreover, glycerol exhibits low volatility due to its high
boiling point (290 °C), and it does not directly burn in either petrol
or diesel engine [18}. Consequently, the idea of converting glycerol
into value-added products becomes attractive because it presents
a tremendous opportunity for the biodiesel industry to increase
revenue and expand its product market.

3. Polyglycerols

Polyglycerol is a highly branched polyol that is clear and
viscous, highly soluble in water and in other polar organic solvents
such as methanol, and essentially non-volatile at room tempera-
ture [57]. At room temperature, polyglycerol is highly viscous, and
the viscosity increases with molecular weight. Its high compound
functionality combined with the versatile and well-investigated
reactivity of hydroxyl groups forms the basis for a variety of
derivatives. A number of polyglycerols are commercially available
for different applications, ranging from cosmetics to controlled
drug release [58,59].

Table 3
Physical data of glycerol, diglycerol and higher oligomers {651,

Biocompatibility is an attractive feature of aliphatic polyether
structures containing hydroxyl end-groups, including polyglycerols
or linear polyethylene glycerols (PEGs), which are approved for a
wide variety of medical and biomedical applications. Controlled
etherification of glycerol to form polyglycerols with a narrow
molecular weight distribution in the range of 1060-30,000 g/mol
is done through the anionic polymerization of glycidol in rapid
cation exchange equilibrium. Partial esterification of polyglycerols
with fatty acids yields amphiphilic materials that behave as
nanocapsules [57]. Linkage of individual glycerol monomers to
obtain polyglycerol is one of the routes that can be used to
physically upgrade the structure of glycerol. Branched isomers are
created from secondary hydroxyls, whereas cyclic isomers result
from the intramolecular condensation of the previous ones [GO].

in several previous articles {1,61-63], producing oligumers
using the transformation of glycerol is referred to as etherification.
Often, oligomers with 2-4 glycerol units are viewed as polyglycer-
ols, without a strict differentiation as to where the oligomers end
and the polyglycerol begins, while bearing the inherent possibility
of confusion with high-molecular weight, branched polyglycerol
produced through anionic polymerization [64].

Table 3 shows the variations in the physical properties of
glycerol and its higher oligomers {65]. Generally, with increasing
oligomer molecular weight, the density correspondingly increases
with the addition of glycerol units in the chain. The ability to break
ether bonds is also more difficult due to the effects of chain
structure. Thus, the correlation between pressure and temperature
must be considered. Hydroxyl number can be measured experi-
mentally and is defined as the amount of KOH (mg) equivalent to
the hydroxyl content of 1g of sample. The hydroxyl number
generally decreases with increasing number of glycerol units,
which also results in variations to polarity, solubility, viscosity
and color (from water clear to dark yellow} [65,66].

3.1. Diglycerol

Diglycerol (DG) is a clear viscous liquid and very similar to
glycerol, but with higher molecular weight and less volatility. DG
is water soluble and can be combined with aqueous systems.
Table 4 compares the physico-chemical properties of DG and
glycerol, which are important in understanding the behavior of
DG to explain its kinetic activity in the etherification reaction {67].
The properties of DG are more desirable compared with glycerol.
In addition, DG products are conferred with properties that are
more applicable and valuable for use in many applications.

Diglycerol is envisaged to be the most plentiful product formed
from a pool of isomers during the reaction. Linear, branched, and
cyclic dimers are formed, and their formation depends on the
location of the interacting hydroxy! groups from different individual
monomers. Coupling of primary to primary, primary to secondary,
and secondary to secondary locations, as well as second-generation
etherification products, results in the formation of prim-prim,
prim-sec, sec-sec, and cyclic dimers, respectively {68]. The dimen-
sion and basal spacing value (d) of each dimer are shown in
Fig. 8 |69].

Name Molecular formulajweight (g/mol) Refractivity o2 (-) Density (gfcm?) Boiling point (°C)/(Pa) Hydroxy! number (mg KOH/g)
Clyreral C3HgN; 92 14720 1.2560 290 1830
Diglycerol CgHy405 166 1.4897 12790 205/133 1352
Triglycerol CoHag05 240 14901 (40 °C) 1.2646 (40 “C) >250/13.3 1169
Tetraglycerol CiaHze0p 314 1.4940 (40 °C) 1.2687 (40 *C) 69-73 (melting point) 1071
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Table 4
Physico-chemical properties of glycerol and diglycerol {67].

Property Unit Diglycerol Glycerol
Molecular formula - CgH140s C3Hg03
Molecular weight g/mol 166 92
Density g/ml 1.276 1.256
Dynamic viscosity Pas 13 1
Refractive index - 1.487 1472
Dielectric constant - 34 46
Boiling point “C 205 (1.3 mbar) 290
Heat of dissolution in water h/j:4 -52 -62
Specific heat capacity JigK 228 238
Thermal conductivity WmK 0.28 0.29
Thermal expansion coefficient °C 0.00053 0.00052
(20-60 °C) (20-60 °C)
Flash point “C 230 199
Fire point “C 264 204
Autoignition “C 380 370

3.2. Application of polyglycerol

In the current polyglycerol market, this product generally
includes different oligomer mixtures such as diglycerol, triglycerol,
tetraglycerol, hexaglycerol and decaglycerol. Polyglycerols can be
transformed to polyglycerol esters to use as an emulsifier in the
cosmetic/food and plastic industries. A main potential market for
polyglycerol is polyglycerol ester which can be used as non-ionic
surfactant. Due to the amphiphilic character of polyglycerols, these
materials are capable to be used in the stabilization of different
suspensions and emulsions [70}.

Polyglycerols are used to control viscosity. emulsify and stabi-
lize product formulae. They are incorporated into moisturizing
sunscreens, sun protective sticks, hair-styling gels, long-acting
hand creams, skin treatment gels, skin cleansers and baby creams.
In the food industry, polyglycerol esters are used as emulsifying
agents in the production of fine bakery products, fat replacement
products and chewing gum [70].

In 2012, natural emulsifiers accounted for about one-third of
the total emulsifier market, whereas synthetic emulsifiers held the
rest. Among the synthetic segment, di-glycerides and derivatives
constitute the largest share and are expected to grow at a modest
pace. Other synthetic emulsifier which comprises of polyglycerol
esters, sucrose esters and polyglycerol polyricinoleate (PGPR) is
expected to drive the market for emulsifiers. However, palm oil
and other vegetable oil prices are highly volatile and ascertaining
accurate future prices would be difficult [71].

Europe generated maximum revenue in global food emulsifier
market. The US., however, is the leader in the segment in the
global market. North America, hence, is the second largest market
of the segment. China drives the Asia-Pacific market with the
highest annual growth rate globally. Germany generated max-
imum revenue in European market, followed by ltaly. ROW
emulsifier market, led by Brazil, is also given a boost by the
promising growth in South Africa and Middle East |71].

According to a new market research report (71), “Food Emulsi-
fiers Market By Types (Mono, Di-Glycerides and Derivatives,
Lecithin, Sorbitan Esters, Stearoyl Lactylates and Others), Applica-
tions (Bakery & Confectionery, Convenience Foods, Dairy Products,
Meat Products and Others) and Geography - Global Trends and
Forecast To 2018", published by Markets and Markets {71], the
food emulsifiers market will grow from an estimated level of
$ 2108.9 million in 2012 to $ 2858.6 million by 2018 with an
annual growth rate of 5.2% from 2013 to 2018. Europe led the
global market followed by North America and Asia-Pacific in terms
of revenue in the year 2012.

3.3. Production of diglycerol

Different methods or routes can be used to synthesize pure
diglycerol, either from glycerol itself or from other substances. In
laboratory-scale production, direct synthesis routes were
described by Wittcoff et al. |72,73]. Fig. 9 shows several conven-
tional processes for diglycerol synthesis.

All reported processes thus far have the disadvantage of
requiring the use of starting substances that are difficult to obtain
or synthesis procedures that require several intermediate steps
that produces great amounts of salts as by-products [66). Such
methods mostly consist of non-catalytic processes involving ally-
lation, hydroxylation, and hydrolysis. In thermal conversion of
glycerol, the reaction is generally performed at specified tempera-
tures under an inert protecting atmosphere {65}. A purely thermal
conversion without the addition of a catalyst is set above 200 °C;
at 290 °C in the dark, strongly smelling products are formed.
At low temperature (180 °C) and in the presence of alkaline, only a
small amount of diglycerol is formed with a low conversion
degree. Traces of oxygen that present could result in the formation
of acrolein and other condensation products. Thus, air should be
eliminated from the system during the reaction [74].

During the basic hydrolysis of epichlorohydrin 10 (Fig. 8) by
NaOH, an intermediary glycidol 11 is assumed to form aside from
glycerol 8, and this intermediary reacts with non-converted 10 or
8 to form diglycerol 1. The residual glycerol has to be separated
and water should be removed from raw diglycerol. The reactions
of glycidol or epichlorohydrin with glycerol similarly exhibit
coupling of the OH groups that is not confined to the terminal
positions, with the middle OH groups being involved as well.
These events lead to the formation of «,B- and B,$'-diglycerol,
aside from a, o'-diglycerol {65.66,75/.

Methods of catalyzed glycerol oligomerization have been
developed. The process of synthesizing diglycerol has also
improved with the application of simple processing techniques,
including the use of affordable materials and equipment. Many
studies on these catalysts, as well as the improvement of catalytic
reactions, have been done. Such works include the study on
homogeneous and heterogeneous acid or basic catalysts. The
highlights of this related topic in the etherification reaction will
be discussed in the following section.

4. Processes used to produce value-added products from
glycerol

The superiority of biodiesel over petroleum products with
regard to health and environmental concerns (ie., no sulfur
content; low harmful emission of particulate matter, HC, CO,
etc.; and better CO, lifecycie for global warming alleviation), as
well as to engine performance, has encouraged Asian countries to
use biodiesel as an alternative fuel source and as an innovative
solution to curb the air pollution caused by the growing number of
vehicles in the population. In recent years, the availability of
glycerol has significantly increased because of the immense
growth in biodiesel production 63}, with glycerol formation
equivalent to 10wt% of the total biodiesel produced [76).
This development has resulted in a glycerol surplus, which has
considerably affected the glycerol market and caused extreme
decrease in glycerol prices [77]. The conversion of surplus glycerol
to value-added chemicals is important |78,79}. To tackle excess
glycerol obtained from vegetable oil transesterification and to
build on the green credentials of the compound, a new, innovative,
and greener catalytic process that can transform glycerol into
high-value products is required [79].



Z. Gholumi et ul. / Renewable and Sustainable Energy Reviews 39 (2014) 327-341 333

a
uu'-DG 6.22 x 6.81 ngz_A (axbxec) d=681A

e

Fig. 8. Spatial properties of the three constitutional diglycerol isomers (o, aff, pi") [H41.

Investigating processes with glycerol as a raw material necessi-
tates knowledge on fundamental industrial processes, such as oxida-
tion, hydrogenation, hydrolysis, chlorination, etherification and
esterification [80-85]. Most of the products manufactured from
glycerol are based on unmodified glycerol or modified glycerol
molecules when the production of more complex chemical com-
pounds has become too costly. However, with abundant glycerol in
the commodity market, this compound could potentially be used in
manufacturing polymers, ethers, and other fine chemicals.

One of the possibilities for converting glycerol into a value-
added product is its conversion to acrolein, which is used in many
fine chemical products. Catalytic dehydration of glycerol offers an
alternative route to the production of acrolein. The said glycerol
derivative is a versatile intermediate used in the synthesis of
pharmaceuticals, detergents, and polymers [56]. Polyglycerol is a
useful derivative of glycerol, which is extensively employed in

controlled drug release and cosmetics. This derivative comprises
several units of glycerol that form a branched ether structure with
terminal hydroxyl groups [£7,£8]. The multifunctional structure
and properties of glycerol allows it to be easily converted into
various products through different reaction pathways. This process
was comprehensively reviewed recently [18.84.85].

To utilize excess glycerol produced from biodiesel production,
industries are developing innovative methods that can use glycerol
as a building block for the production of value added chemicals.
The use of glycerol provides a promising possibility of being
independent from fossil fuels. However, reports show the cost
competitiveness between petroleum-derived products and pro-
ducts obtained from glycerol [84]. The balance can only be
maintained when the cost price of glycerol is significantly lower
than that of its petroleum-based counterparts. The unique struc-
ture of glycerol makes it possible to conduct a heterogeneous
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Fig. 9. Different synthesis routes of diglycerol [¢5].

catalytic oxidation reaction using a cheaper oxidizing agent such
as air, oxygen, and hydrogen peroxide [89].

The catalytic transformation of glycerol into various chemicals
by hydrogenolysis [80,90.-93], polymerization {66,94], etherifica-
tion [95-98], oxidation |99-101}, dehydration |86,102,103], acet-
ylation {84,104}, and transesterification [105-107] has been
reported. Of these processes, etherification is the most promising
option because it can directly yield compounds that can be used as
fuel additives [108]. Moreover, they can also be used as inter-
mediates in the pharmaceutical industry, agrochemicals, and non-
ionic surfactants | 1].

Much research have been developed and continuously investi-
gated to transform low-value glycerol using different strategies
and approaches. To help make biodiesel plants more profitable,
converting glycerol into chemical commodities of higher price and
larger market is desirable. Generally, the conversion of glycerol can
be broken down into two classes: (1) oxidation or reduction of
glycerol into other three carbon compounds and (2) reaction of
glycerol with other molecules to form new species. As the first
step, a product with a sufficiently large market was chosen that
can absorb the added glycerol to impose a higher price [109]. For a
quick understanding of what that can be done to crude glycerol, its
derivative products along with their corresponding methods/
processes are summarized in Table 5. This listing may be helpful
for biodiesel technocrats, giving them a choice for which com-
pound they want to go for in place of crude glycerol.

Various heterogeneous catalysts have been employed in the
etherification process {17.63,77.79,110-113}. Heterogeneous cata-
lysts can be acidic or basic in nature. The use of acidic catalyst, in
which the reaction products formed are cyclic polyglycerols, has
several disadvantages. Deterioration of product quality will occur
because of the secondary reactions produced, such as dehydration
and oxidation of the intermediate product. Although the conver-
sion of the reaction is relatively higher and faster, the selectivity
remains low. Thus, the use of a basic rather than an acidic catalyst
is preferred, as the product is more selective (avoids higher
oligomers) and shows higher etherification activity. The basic
catalysis of glycerol seems to be effective, as the' product is more
selective and possesses a high degree of conversion.

The etherification process proceeds through the stepwise
reaction between the functional reactant groups. The size of
polymer molecules increases at a relatively slow pace in such
polymerization processes. One proceeds from monomer to dimer,
trimer, tetramer, pentamer, and so on until, eventually, large-sized
polymer molecules are formed. Step polymerization can be dis-
tinguished from chain polymerization by the reaction occurring
between any of the different-sized species present in the reaction
system |114].

The linkage of individual glycerol monomers in the etherifica-
tion reaction will create one molecule of water as a side product.
This reaction confers certain changes in the physical properties of
glycerol, making it more viscous, causing color change from water
clear to dark yellow, and affecting polarity. With increasing
molecular weight, the hydroxyl number (diglycerol with 4 hydro-
xyls, triglycerol 5, tetraglycerol 6, etc.) decreases. This increase
causes a change in the polarity of oligomers, that is, low oligomers
are more hydrophilic than higher ones so that they have better
solubility in polar solvents such as water. The viscosity increases
with higher degree of oligomerization, often accompanied by a
color change from water clear (glycerol) to dark yellow. Presum-
ably, this coloration occurs due to dehydration side-reactions [66].

In etherification, glycerol can be converted into branched,
oxygen-containing components through the reaction with either
alcohols or alkenes. The reaction products could potentially be
used as valuable fuel additives, such as tert-butyl ethers. Acidic
homogenous catalysts and heterogeneous catalysts such as zeo-
lites can be employed in this process. Karinen and Krause [115]
reported that liquid-phase etherification of glycerol with isobu-
tene in the presence of an acidic ion-exchange resin catalyst can
yield up to five ether products, with side products in the form of
C8 to C16 hydrocarbons.

4.1. Catalytic etherification

Glycerol etherification with or without organic solvents has
been intensively studied using different homogeneous alkali
catalysts such as hydroxides and carbonates, Recently, research
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Table 5

Derivative products from glycerol along with their corresponding production methods.

Product name Process method/nature Reference
1.3-Propanediol Selective hydroxylation technigue involving three stages of acetalization, tosylation, and detosylation. {110,
Dehydroxylation of glycerol to 1,3-propanediol over a Pt/W0;/Zr0; catalyst {s0.111}
Pt/WO5/TiO,/SiO; catalyst in aqueous media. nzj
Batch and continuous microbial fermentations by Clostridium butyricum, {113.114]
Citrobacter freundii, [115]
Klebsiella pneumonia. The cultures are specified by nutrient. {113.116]
Microbial and glycerol concentrations. The key parameters are temperature, time and pH. [n3nzi
Hydrogen Steam reforming of glycerol in the gas with Group 8-10 metal catalysts. [118}
Catalytic steam reforming of glycerol using a commercial Ni-based catalyst. {119.120]
Calcined dolomite sorbent and calcium oxide sorbent. in a continuous flow fixed-bed reactor. 19}
Microbial fermentation of glycerol by Enterobacter aerogenes HU-101, in a continuous packed-bed reactor. 1}
Hydrogen production from glycero! using microbial clectrolysis cells (MECs). 1122]
Hydrogen production from stcam-glycerol reforming, the results show that high temperature, low pressure, low feeding reactants | 123}
to inert gas ratio and low gas flow rate are favorable for steam reforming of glycerol for hydrogen production.
There is an optimal water to glycerol feed ratio for steam reforming of glycero! for hydrogen production which is about 9.0. {124.125}
Hydrogen production via glycerol steam reforming with CO2. 1126]
Production of renewable hydrogen from aqueous-phase reforming of glycerol over Pt-based catalysts supported 1127}
on different oxides (Al,03, ZrO2, MgO and CeO,).
Production of hydrogen from steam reforming of glycerol using nickel catalysts supported on Al;03, CeO and ZrO,. [128]
Production of hydrogen from steam reforming of glycerol using Pt-based catalysts supported on Al03, 5i02, AC, MgO, [129)
HUSY, and SAPO-11.
Aqueous-phase reforming of biomass-derived oxygenated hydrocarbons over a tin-promoted Raney-nickel catalyst. [130]
Suecinic acid

Racterial fermentation use of several promising succinic acid producers including Actinobacillus succinogenes, Anaerobiospirillum  {131]

succiniciproducens, Mannheimia succiniciproducens and recombinant Escherichia coli.

1,2-Propanediol Glycerol hydrogenolysis over the Ru/C catalyst using an ion-exchange resin. {132,133}
Dehydration-hydrogenation of glycerol at ambient hydrogen pressure over supported copper metal catalysts. [134]
Aqueous phase hydrogenolysis of glycerol catalyzed by an admixture of 5 wt¥ RujAl,0; and 5 wt% Pt/Al;0; catalysts, [135]
without external hydrogen addition.
Hydrogenolysis of glycero! using bi-functional Co/MgO catalysts, where the solid MgO acts as the basic component {136}
and the support of cobalt nanoparticles.
Low-pressure hydrogenolysis of glycerol to propylene glycol using nickel, palladium, platinum, copper, and 1137}
copper-chromite catalysts.
Sclective hydrogenolysis with Raney nickel catalyst in an autoclave with hydrogen. 1138]
Dihydroxyacetone (DHA) Overexpression of glycerol dehydrogenase in an alcohol dehydrogenase-deficient (ADH-deficient) mutant of Gluconobacter 1131}
oxydans.
Bioconversion of glycerol with immobilized Gluconobacter oxydans cell in the air-lift reactor. 112y
Chemoselective catalytic oxidation with Air on platinum metals. {51}
Selective oxidation of glycerol with platinum-bismuth (BiPt) catalyst. {116)
Microbial fermentation of DHA by Gluconobacter oxydans in a semi-continuous two-stage repeated fed-batch process. [116}]
Polyesters Reacting glycerol and aliphatic dicarboxylic acids of various length. {1314
Synthesis and characterization of elastic aliphatic polyesters from sebacic acid, glyco! and glycerol through a two-step process.  [121]
Reacting glycerol and adipic acid without any solvents in the presence of tin catalysts. [y
Polyglycerels Etherification of glycerol over MgAl mixed oxides without solvent in a batch reactor {127]
Selective etherification of glycerol over impregnated basic MCM-41 type mesoporous catalysts. {1

Polyhydroxyalkan-oates Submerged and solid-state fermentation processes using inexpensive carben sources (from waste materials and by-products). iz

(PHAs)

Fermentation of hydrolyzed whey permeate and glycero! liquid phase using a highly osmophilic organism (production 1131}

of polyhydroxyalkanoates from agricultural waste and surplus materials).

attention has been shifted toward heterogeneous catalysts such as
zeolites, mesoporous silica, and metal oxides [76,79,116].

Chemical reaction takes place on the active sites on the catalyst
surface. For the reaction to occur, one or more reactants must
diffuse to the catalyst surface and adsorb onto the surface. After
the reaction, the products must desorb from the surface and
diffuse from the solid surface. This transport of reactants and
products from one phase to another frequently has a significant
role in limiting the reaction rate.

To find the suitable catalysts for the etherification of polyhy-
droxy compounds, particularly of glycerol and ethylene glycol,
optimization of reaction conditions and procedure has been a
subject of several patents. Glycerol etherification by isobutylene
established by Behr and Obenorf [117] and homogeneous and
heterogeneous catalysts for glycerol etherification were studied.
The commercial strong acid ion-exchange resin Amberlyst 15 have
shown the best results among heterogeneous catalysts and the
best homogeneous catalyst was p-toluenesulfonic acid. The change
in concentration with the time at which the individual

components were reacted in the mixture was evaluated by the
simplified kinetic model, considering only the main reactions that
lead to ether formation.

Klepagova et al. {118| discussed in detail the study of catalytic
activity and selectivity of ion-exchange resins of Amberlyst type
and large-pore zeolites on tert-butylation of glycerol with iso-
butylene and tert-butyl alcohol. Glycerol condensation (etherifica-
tion) was studied in the presence of alkaline exchange zeolites and
mesoporous basic catalysts. The selectivity of diglycerol increased
when X zeolites were exchanged with cesium, whereas the
selectivity of Cs-ZSM5 was comparable to that of NazCO;. Over
mesoporous M-La or M-Mn materials, the formation of triglycerol
and tetraglycerol was more significant. Such results could be due
to the changes in both pore size and basicity of the catalysts {G1].

Glycerol etherification involves polyglycerols, which are oxyge-
nated compounds used as surfactants, lubricants, cosmetics, and
food preservatives. Polyglycerols have a low level of polymeriza-
tion that can be obtained in lineal, cyclic, and branched chains.
However, research efforts have been focused on selective
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production of di- andjor tri-glycerols. The selectivity of glycerol
etherification is like pseudo-polymerization, where a mixture of
lineal and cyclic polyglycerols is generally obtained, particularly in
the presence of homogeneous catalysts, such as sodium, potassium
and carbonate hydroxide {60]. Etherification selectivity in the first
reaction step of acid catalysts was not controlled, and thus,
resulted in a mixture of di- to hexa-glycerols (lineal or cyclic),
polyglycerol esters, and acroleine as by-products. Nonetheless,
selectivity in the first step could be slightly improved by modifying
the pseudo-pore size in the mesoporous materials | 1]. Likewise,
NayCO; improved glycerol conversion, although low selectivities
with regard to di- and tri-glycerols were obtained. Subsequently,
alkaline exchange zeolites were studied, and selectivity was
increased |{60]. The incorporation of elements such as Al, Mg,
and La on mesoporous catalytic structure modified only the
activity, and selectivity was set to be almost constant. Clacens
et al. |1} found that other methods of impregnation method
produced materials that were more stable and selective than
incorporation. Among the impregnated materials, La was most
active but it had the worst selectivity. In contrast, a positive
behavior was observed in Mg, which was highly selective.

Solid catalysts are good alternatives for homogeneous catalysts
in the etherification of glycerol to produce polyglycerol because
the former do not dissolve in the reactant mixture, thus eliminat-
ing the separation issues associated with the conventional homo-
geneous process. However, the removal of homogenous catalysts is
technically difficult because this process produces a large amount
of wastewater that needs to be treated via neutralization. In the
near future, conventional homogeneous catalysts are expected to
be replaced with solid catalysts due to economic and environ-
mental reasons {119.120].

The advantages of heterogeneous catalysts include low cost,
reusability, possibility of recovery after the reaction process, and
easy separation from the reaction [121,122]. Moreover, hetero-
geneous catalysts can be designed to provide higher activity and
selectivity, eliminate corrosion problems, and improve thermal
stability; they have low diffusion resistance (for highly porous
materials) and generally longer lifetime [123,124].

Conventional methods for polyglycerol synthesis remain diffi-
cult because this reaction requires drastic conditions, namely, high
reaction temperature and caustic environment [60]. For example,
the use of NayCO; as a homogeneous catalyst results in high
conversion but quite low selectivity. Additionally, several steps
that include filtration, purification, and neutralization are required
to recover almost pure diglycerol [66G). This procedure produces
large amounts of basic aqueous waste which are environmentally
damaging [61). Therefore, for this important catalytic process,
heterogeneous catalysts that are highly active, selective, and stable
must be identified. Although most research studies conducted in
this field are patented, some are reported in open literature.

42. Acid catalyzed etherification of glycerol

The glycerol will convert to various products of glycerol ether.
In these reactions, the reaction occurs very fast and conversion is
usually high. Usually, within 2 h, approximately all glycerol can be
converted to preducts |69]. The non-selective product is formed
due to the high-reaction temperature that favors the dehydration
of primary oligomer to produce higher oligomers. Homogeneous
catalyst has a rapid reaction rate which causes fast depletion
of glycerol while being used to create higher oligomers [69].
Moreover, the color of the ether product obtained from the acid-
catalyzed etherification shows its quality. When the product
deteriorated and secondary product such as cyclic glycerol created,
a dark and cloudy color could be observed |65,69).

Acid catalytic etherification is upgraded by changing homo-
geneous with heterogeneous acid catalysts. The use of a reactant
and a catalyst in different phases is very interesting. Utilization of
modified zeolite beta, MCM-41 and Amberlyst 16 as catalysts in
glycerol etherification studied has been reported recently [125].
By using zeolite beta at various SifAl molar ratios different
products formed such as linear diglycerol, cyclic diglycerol, cyclic
triglycerol and higher oligomers.

Further investigation on the performance of the acid catalyst
included the use of MCM-41 as a catalyst | 126]. For this particular
catalyst, the production of higher oligomers was successfully
supported, thus representing better selectivity to diglycerol. How-
ever, the conversion of glycerol was still low for MCM-41.
The structure and the better porous system that are offered by
MCM-41 allowed glycerol to access the internal pores to undergo
reaction. This porous structure of MCM-41 was responsible for the
increase of diglycerol formation and the large porous structure in
meso-size range allowed fast internal diffusion of reactants and
products.

4.3. Base catalyzed etherification of glycerol

The role of bases as active sites in enhancing the etherification
reaction and improvement of catalyst performance has been
investigated and several series of homogeneous and heteroge-
neous basic catalysts have been identified in previous studies.
Several bases have been examined as homogeneous catalysts for
the conversion of glycerol to polyglycerols. Oxides such as ZnO,
MgO, and CaO are less active in the aforementioned reaction due
to solubility issues. Nevertheless, these reactions are often not
sufficiently fast (in terms of glycerol conversion) or do not
selectively produce DG apart from difficulties in filtration, neu-
tralization, and product purification [G1]. Aslan {127] reported that
96% glycerol conversion with a corresponding selectivity to DG of
24% was achieved using 2% Na,CO3 catalyst at 260 °C for 24 h.
Alkaline metals impregnated into mesoporous catalysts were
reported to achieve 80% conversion of glycerol with a selectivity
to DG of no less than 40% at 260 °C and a long reaction period of
24 h {1]. In 2005, the use of zeolitic catalysts for glycerol ether-
ification was attempted and it resulted in 80% glycerol conversion
and less than 20% selectivity to DG at 260°C [128). Recently,
glycerol etherification was performed using Mg Al mixed oxide
catalyst at a lower reaction temperature of 220 °C. For this mixed
oxide catalyst, a maximum conversion of 50% was recorded with a
high selectivity to DG of approximately 90% after 24 h [129].
Evidently, different catalysts demonstrate different activities and
capacities to produce the desired product.

Further theoretical studies of alkaline earth metals have been
focused on the role of surface basicity and Lewis acidity of the
catalyst. The catalytic behavior of metal oxide surfaces are often
explained by the acid/base characteristics {130]. Generally, for
acidfbase characterizations of surface sites on oxides the adsorp-
tion of probe molecules, such as ammonia, pyridine and carbon
dioxide is used, and these characterizations usually have been
used to explain the catalytic behavior of oxide surfaces. The nature
of acidic and basic sites on oxide surfaces can be described in
Lewis and Brensted terms. On metal oxides, coordinated unsatu-
rated metal cations are generally considered as Lewis acid sites,
whereas the oxygen anions are regarded as Lewis base sites
{131,1492]. The electron-deficient metal cations exhibit acidic,
electron-acceptor characteristics, whereas the electron-rich oxy-
gen anions exhibit basic, electron-donor characteristics | 131}.

Alkali-modified zeolites, MCM-41 silica materials and alkaline
earth-based mesoporous solids were studied, and partial or complete
collapse of the porous structure were observed for all these catalysts
[133]. The structural collapse can be resolved through grafting
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Table 6
Operating conditions of glycerol etherification process using different catalysts.

Catalyst Glycerol

conversion

Selectivity

Reaction conditions Ref.

Cs impregnated MCM-41 80% Diglycerol: 75%
Triglycerol: 25%
Diglycerol: 40%
Triglycerol: 23%
Diglycerol: 65%
Triglycerol: 20%
Diglycerol: 100%
Triglycerol: 0%
Diglycerol: 94%
Triglycerol: 6%

La incorporated MCM-41 90%
Cs exchanged X zeolite 80%
CsZSM-5(SifMe ratio: 1000) 13%

CsZSM-5 (Si/Me ratio: 1000) 12%

CsX (impregnated) 36% Diglycerol: 88%
Triglycerol: 12%
CsX (exchanged) 51% Diglycerol: 83%

Triglycerol: 17%
Diglycerol: 55%
Triglycerol: 25%

Heterogeneous (CszsAl(20))  80%

Glycerol etherification is carried out at 260 °C in a batch reactor at atmospheric pressure  {62]
under N, in the presence of 2 wt% of catalyst.

Sclective etherification of glycerol to polyglycerols over impregnated basic MCM-41 type it
mesoporous catalysts, homogeneous and modified zeolite catalysts, 8 h, 260 “C.

Heterogencous, 15 h, 260 °C.

Etherification of glycerol to polyglycerols over MgAl mixed oxides, glycerol 15 g. 11291
catalyst weight 300 mg, 220°C, 24 h.

Investigation on etherification of glycerol and ethylene glycol with isobutylene using strong {134}
acid ion-exchange resins (Amberlyst 15 and 35) and two large-pore zeolites H-Y and H-Beta.

The highest glycerol conversion 88.7% was achieved over 2eolite H-Y after 8 h. The highest
amount of TTBG was observed over A 35. The most appropriate temperature for

etherification of glycerol and ethylene glycol is 60 °C.

MgAl-Na 50% Diglyccrol: 85%
Triglycerol: 15%

Amberlyst 15 68% Not indicate in figures

Amberlyst 35 n%

Zeolite H-beta 65%

Zeolite H-Y 88.7%

Pr-SBA-15 90% MTBG: 9%
DTBG: 56%
TTBG: 35%

Ar-SBA-15 100% MTBG: 5%
DTBG: 54%
TTBG: 4 1%

Alkaline earth metal oxides  60%

MgO, Ca0, 90%

Sr0, BaO

Cay6Aly.aL20603 1% Diglycerol: 53.2%

Triglycerol: 37.8%

Montmorillonite K-10 98% Diglycerol: 53%
modified with LIiOH
(Clay Li/MK-10)

Hydrotalcite 77.7% Diglycerol: 76%

Triglycerol: 25%

Acid catalyzed, etherification of bio-glycerol over sulfonic mesostructured silicas, 75°C,4h. 1135}

Diglycerol+triglycerol:  Glycerol etherification is carried out at 220 °C, in the presence of 2 wt% of catalyst. 20h. {63}

Giycerol etherification is carried out at 250 °C, in the presence of 2 wt of catalyst, 8 h. [136]

Glycerol etherification is carried out at 240 -C, in the presence of 2 wt% of catalyst. 12h.  {137]

Glycerol etherification is carried out at 240 °C, in the presence of 2 wi% of catalyst, 16h. {138}

(impregnating) the mesoporous solids with certain promoters |G6}.
However, even with the successful increase of conversion (94% in
24 h), significant formation of acrolein observed.

In another study on mesoporous materials, Clacens et al. [1]
analyzed the different techniques for addition of several alkaline
earth elements to mesoporous MCM-41, which include incorpora-
tion, impregnation and exchange. The best compromise between
activity, selectivity, and catalyst leaching was observed with
cesium impregnated on pure mesoporous silica presented. High
selectivity of 90% to [di--+triglycerol] was obtained at a conversion
rate of 80% over such catalysts.

As shown in Table 6, the optimum amount of catalyst used in
glycerol etherification is around 2 wi%, although some reports that
used higher catalyst reached 4 wt% [133]. Therefore, an increase in
the catalyst amount does not necessarily lead to a better produc-
tion yield, whereas an optimum amount is more favorable for the
reaction. Thus, in that study, the optimum amount of catalyst was
determined and used in the reaction process to study the effect of
other parameters on the reaction.

The use of a suitable solid catalyst in etherification reactions that
can replace the rather cumbersome homogencous prutesses lias
been a subject of interest |65 }. Using various solid catalysts, potential
green catalytic production routes have been reported, with or with-
out solvent. However, the high selectivity of DG at higher levels of
glycerol conversion remains a challenge. Compared with homoge-
neous processes, heterogeneously catalyzed processes have slower

reaction rates |134}. Therefore, to improve the low reaction rates the
reaction conditions of heterogeneous catalysis must be enhanced by
increasing the reaction temperature and the amount of catalyst used.
Another challenge that has to be addressed in heterogeneous
processes is the dissolution of the active species into the reaction
medium, which results in the partial homogeneity of the process.
This phenomenon increases the difficulty in product separation and
results in lower product quality, thus limiting the reusability of the
catalyst [63). Furthermore, preparing new catalysts with large porous
frameworks is a challenging task because of the difficulty in control-
ling the resulting pore sizes and structures. In addition, large-pore
catalyst materials will enhance mass transfer to overcome diffusion
resistance [ 134},

4.4. Metal oxides as catalysts in etherification of glycerol

Metal oxide catalysts {111} have been used for etherification. The
use of an alkaline binary metal oxide catalyst will produce a large
amount of linear polyglycerols. Barrault et al. [G6] studied the
catalytic behavior of zeolitic and mesoporous catalysts with alkaline
metals in glycerol ctherification. Additionally, glycerol etherification
over mesoporous materials, such as MCM-41 impregnated with
metals, was studied. Clacens et al. [61.62] used mesoporous catalysts
(MCM-41 type) and a Cs-ZSM5 catalyst for glycerol etherification.
They observed that an increase in glycerol conversion resulted in loss
of selectivity, which subsequently lowered the selectivity to DG.
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Fig. 10. Reaction scheme for the base-catalyzed glycerol etherification {63].

However, this increase in glycerol conversion increased the formation
of triglycerol (TG). Ruppert et al. {63] investigated the use of CaO-
based catalysts as heterogeneous catalysts in glycerol etherification
to DG and TG. In addition, in the absence of a solvent, MgAl has been
used in the formation of polyglycerols from glycerol | 129].

Solid basic materials such as MgO, Al-Mg hydrotalcites,
Cs-exchanged sepiolite, and mesoporous MCM-41 have been used
as catalysts for glycerol transesterification with triglycerides.
However, with MgO catalysts a glycerolffat molar ratio of 12 at
240 °C was required to achieve a monoglyceride yield of 70% at a
conversion rate of 97% {106.135]. Metal oxides such as Mg0, CeO,,
La;03, and ZnO have been used as solid base catalysts for
the transesterification of glycerol with stoichiometric amounts
of methy! stearate in the absence of solvent [88,121,136]. The
catalysts were active, but the selectivity to mono-, di-, and
triesters is similar to that obtained by homogeneous basic catalysts
(40% monoester at 80% conversion).

Various microporous and mesoporous crystalline materials
have been studied with and without different promoter elements
[1.60,61,66]. Several modified zeolites and MCM-41-type meso-
porous catalysts with different elements incorporated in their
framework have also been investigated. Zeolites show severe
limitations when involved large reactant molecules, especially in
liquid-phase systems, which is frequently the case in the synthesis
of fine chemicals. This observation is ascribed to the severe mass
transfer limitations in the microporous solids. Microporous solids
have a narrow and uniform micropore size distribution due to
their crystallographically defined pore system. The reaction seems
to have occurred mainly at the external surface of the catalyst; that
is, the pore size of the modified zeolites was too small, which was
one of the reasons behind the motivation in the preparation of
basic mesoporous materials and the exchange or impregnation of
basic elements. The impregnation method provides the most
important activity, which is correlated with important active
species incorporation. With regard to selectivity, mesoporous
solids modified with cesium impregnation or exchanged
with other substances lead to the best selectivity and yield to
(di-+tri-) glycerol. The exchanged catalysts are most stable, and
even if they are less stable, the impregnated catalysts can be
reused without major modifications in their selectivity to the
(di- +tri-) glycerol fraction.

With regard to microporous solids, Cs-exchanged X zeolites
appeared to be active and selective catalysts, with glycerol con-
version and (di- and tri-) glycerol sclectivity of 79% and 95%,
respectively, at a reaction temperature of 260°C. By contrast,
Cs-exchanged ZSM-5 materials proved to be less active. Using
mesoporous MCM-41 catalysts loaded with Cs showed the most
favorable results, which provided a (di- and tri-) glycerol selectiv-
ity of 97% at a conversion of 80% [61]. Clacens et al. {1] noted that
the optimum results for catalyst leaching and stability were
obtained using grafted solids that preserved their structure
and specific area, properties which were not observed for their
impregnated mesoporous catalysts. Finally, in the case of Mg- and
La-containing mesoporous catalysts, the formation of acrolein due
to the double dehydration as catalyzed by acid sites was found to

be significant. Thus, these catalysts were excluded as potential
selective catalysts for the synthesis of di- and triglycerol [1,62].

Glycerol etherification reaction over alkaline earth metal oxides
(Bao, Sr0, Ca0, and MgO) as promising heterogeneous catalysts
with high activity has been studied. Previous studies have
explored the catalytic potential of different CaO materials as
examples of environmentally friendly and the most stable materi-
als among the alkaline earth oxides {G8]. By increasing glycerol
conversion, the selective reaction that would yield the desired
product should also be emphasized.

The additional criteria to be considered during the synthesis of
heterogeneous catalysts include the availability of materials, ease
of handling during preparation, affordability, thermal stability as
measured by reusability, and regeneration. Moreover, developing
and synthesizing heterogeneous catalysts that will bridge the gap
created by the existing catalysts in terms of reusability are very
important because they generate minimal leaching and are sui-
table for etherification reaction.

5. Mechanism of base-catalyzed etherification of glycerol

Oxidation and reduction occur at the same time during the
etherification of glycerol, which includes the gain and loss of
oxygen and hydrogen molecules between the hydroxyl group and
glycerol. The mechanism of the etherification of glycerol using a
basic catalyst has been studied by Ruppert et al. [63]. The
mechanism includes two mechanistic schemes: deprotonation of
the hydroxyl group and attack of the formed alkoxy anion on the
carbon of the other glycerol molecule.

Surface properties, such as Lewis acidity, may perhaps have a
role in the etherification of glycerol. As outlined in Fig. 10, it is
difficult to explain the mechanism of a base-catalyzed etherifica-
tion without the participation of the Lewis acid sites through the
activation of a hydroxyl group as a leaving group |63]. Examples of
such dual mechanism involving both basic and Lewis acid active
sites have been reported for other heterogeneous catalytic reac-
tions, for example, the destructive adsorption of chlorinated
hydrocarbons on lanthanide oxide and oxide chloride materials
[137.138].

In Fig. 10, when the basic condition provides adequate hydroxyl
ions the reaction starts and one of hydroxyl groups in the glycerol
molecule to be protonated. At that time, the protonated molecule
of glycerol is ready to be combined with another molecule.
Subsequently, the hydroxyl group of another molecule of glycerol
is subjected to a nucleophilic attack of the protonated glycerol
molecule. The formation of a water molecule after the attack
properly recommends that the etherification reaction is a con-
densation reaction. Diglycerol molecule produces by the attack
which combines two glycerol molecules into one longer molecule.
Type of dimer produced is determined by the attachment point of
one glycerol to another based on the positions of the primary and
secondary hydroxyl groups.
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6. Conclusions

Glycerol formation is equivalent to 10 wt% of the total biodiesel
produced. Crude glycerol from biodiesel plant has low commercial
value due to the presence of impurities of between 20% and 40%.
In order to upgrade this low value product to the commercial
grade, it should be purified through the costly refining process.
Possible alternative technologies for the conversion of glycerol to
value-added products are a subject of interest. Production of
polyglycerols from glycerol provides interesting solutions to the
problem as well as providing opportunities. Polyglycerols and their
derivatives have vast applications in food, pharmaceutical and
cosmetics industries. The most important product is diglycerol.
Nature of the process, technical requirements and process beha-
viors of selective production of diglycerol and high oligomers
through acid and base catalyzed processes are discussed in detail.
Performance of different catalysts is reviewed and compared.
Catalysts reported generally show diglycerol and triglycerol selec-
tivies in the range of 50-80% and 20-40%, respectively at conver-
sions values above 70%. An attempt to elucidate the reaction
mechanism involved is also made. The mechanism is based on
two mechanistic schemes i.e. deprotonation of the hydroxyl group
and attack of the formed alkoxy anion on the carbon of the other
glycerol molecule. The role of Lewis acid is also discussed in detail.
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1. Introduction predicted to grow from 26 million barrels per day in 2012 to

around 36 million barrels per day by 2035. Meanwhile, the
Growth in road transportation sector is currently steering the demand for gasoline will moderately increase from about 23
demand for fuel oils. It has been predicted that the world demand million barrels per day in 2012 to 27 million barrels per day by
for diesel fuel will grow faster than any other refined oil products 2035. In the same period, slight increases in demand will occur for
toward 2035, as illustrated in Fig. ! [1]. Diesel fuel demand is ethane/LPG, naphtha, bitumen, lubricants waxes still gas, coke,
direct use of crude oil, etc. On the other hand, demand for residual

fuel will globally decrease in the coming years [1].
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Fig. 1. Global demands for diesel fuel in 2012 and forecast in 2035 compared to
other refined oil products [1).
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Fig. 2. Global crude oil supply and projected demand {2}.

exhaustion of fossil fuels is predicted. Comparison between the
most probable crude oil supply and the most likely demand
requirements has been reported by the International Energy
Agency (IEA) |2/, as can be seen in Fig. 2. Conventional crude oil
supply exceeded the demand from 2009 to 2011. However, in 2012
and 2013, the demand consistently exceeded supply. Then, from
2014 onwards, the conventional crude oil supply will be shortfall.
Meanwhile, the demand will constantly increase due to rapid
growth in human population.

Therefore, extensive studies on biofuels productions from
various renewable feed stocks and related technologies have been
carried out for many years {3-8|. Among others, fatty acids are
renewable resources that can be produced in mass scale and used
as feedstock for deoxygenation reactions to synthesize diesel-like
hydrocarbons {9-14]. Diesel-like hydrocarbons contain n-alkanes
and alkenes that are hydrocarbons similar to those found in diesel
fuel obtained by refining crude oil in petroleum refineries [15].
Thus, this option provides interesting alternative to support future
energy demand.

Fatty acids are found in plant oils/fats and animal oils/fats
{16--21). Besides of fatty acids, plant oils/fats and animal oils{fats
contain triglycerides with the main constituent. Fatty acids are
formed during enzymatic hydrolysis of triglyceride especially
when the oils are kept in humid atmosphere |22-27]. Fatty acid
can also be formed during purification of vegetable oils and fats
{28-30]. It can be produced at a sufficiently high rate in many
countries. For example, in the United States, tall oil fatty acid can
be obtained by vacuum distillation of crude tall oil which is side
stream from pulp and paper industry [311. Tall oil fatty acid mainly
consists of palmitic acid, oleic acid and linoleic acid. The total
production of tall oil in the United States was 845,000 t in 2004
1'32]. Meanwhile, Malaysia and Indonesia, as the world's top-two

H H “2‘;_ OCO(CHy),; ¢CH3
'c-:(l; HC ~OCO(CH),6CHj
-
CHy—(Clly)~ Neng,—oco-n H-OCO{(CHy) 6CHy H3Cm OCO(CH )6 CH;
Oleic acid Stearic acid Tristearin

Fig. 3. Molecular structures of stearic acid, oleic acid and tristearin.

largest crude palm oil (CPO) producers, produce palm fatty acid
distillate (PFAD) which is the by-product of physical refining
process of CPO [33]. Malaysian refineries produced PFAD with
the total amount of 750,000t in 2008 [34]. PFAD contains more
than 90% palmitic acid and is comparatively far cheaper than CPO.
1t is generally sold as a source of industrial fatty acids for non-food
applications such as laundry soap industries [35-38]. It can also be
used to produce renewable energy sources through suitable
thermochemical means.

Fatty acids are carboxylic acids with long aliphatic chains,
which are either saturated or unsaturated [39]. Saturated fatty
acids are fatty acid that have no carbon-carbon double bond such
as palmitic acid, stearic acid and lauric acid. Unsaturated fatty
acids are fatty acids with one or more carbon-carbon double
bonds for example: oleic acid, myristoleic acid and linoleic acid.
Meanwhile, triglycerides are esters derived from glycerol and tree
fatty acids. They are named according the fatty acid components,
for example, tristearin contains three molecules of stearic acid.
Other examples of triglyceride are trilaurin, tripalmitin and trio-
lein. Molecular structures of stearic acid, oleic acid and tristearin
can be seen in Fig. 3.

There are several alternative techniques recently developed to
produce diesel like-hydrocarbon using fatty acid such as catalytic
cracking, hydrotreating and catalytic deoxygenation. Catalytic
cracking technology is used to break down high-molecular-mass
into fragments of lower molecular mass [40-45]. Hydrotreating
process involves the removal of oxygen though the introduction of
hydrogen into the fatty acid or triglyceride molecules either using
metal catalyst or oxide catalysts to produce n-alkanes [46-50].
Meanwhile, deoxygenation involves removal of the carboxyl group
in the fatty acid as carbon andfor carbon monoxide using a
supported metal catalyst, thereby producing alkane and alkene
as diesel-like hydrocarbons [51]. Very encouraging results have
been reported recently (46-48].

During the past few year, researchers reported mechanism and
kinetic model of fatty acid deoxygenation over supported metal
catalyst to produce diesel-like hydrocarbons. It also reported that
operating parameters were important to optimize selectivity/yield
of diesel like-hydrocarbon in the deoxygenation process. The
operating parameters include supported metal catalyst type, feed
type. temperature, reaction atmosphere, feed rate (residence
time), catalyst amount and the presence of solvent. This review
summarizes reaction pathways and kinetic models of deoxygena-
tion fatty acid. Subsequently, the roles of the operating conditions
that are employed for optimum yield and selectivity of diesel-like
hydrocarbon are highlighted. This paper also highlights recent
progress in deoxygenation of fatty acid to produce diesel-like
hydrocarbons. In addition, highlights on future directions for this
option are also provided.

2. Reaction pathways and kinetic models of deoxygenation
of fatty acid to produce diesel-like hydrocarbons

Lestari et al. |51| proposed general saturated fatty acid deox-
ygenation reaction steps under inert atmosphere over supported
metal catalyst that involve several reaction pathways, as can be
seen in Fig. 4. Under inert atmosphere, the presence of hydrogen
during the process is achieved via dehydrogenation of unsaturated
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compound [52]. The reaction pathways consist of liquid and gas
phase reactions. Liquid phase reactions of the fatty acid deoxy-
genation process involve direct decarboxylation and decarbonyla-
tion reactions that occur simultaneously, as illustrated in reactions
1 and 2 in Fig. 4. Direct decarboxylation removes carboxyl group in
the fatty acid to produce n-alkane by releasing carbon dioxide
molecule. Meanwhile, direct decarbonylation removes carboxyl
groups by releasing carbon monoxide and water molecules to
produce alkenes. Furthermore, deoxygenation of saturated fatty
acid in the presence of hydrogen involves indirect decarboxylation
and direct hydrogenation to produce n-alkanes, as illustrated in
reactions 3 and 4. Furthermore, CO,, CO, hydrogen and water
produced from the liquid phase decarboxylation/ decarbonylation
will undergo gas phase reactions. The gas phase reactions include
methanation of CO, and CO as shown in reactions 5 and 6,
respectively. Besides, water-gas-shift reaction also occurs during
the deoxygenation process, as shown in reaction 7.

Reaction pathway of deoxygenation of a specific saturated fatty
acid has been proposed by Snare et al. [53] who used stearic acid

a
Liquid-phase reactions
1. Decarboxylation:  R-COOH - R-H

2. Decarbonylation: R-COOH » R-H + CO + HO

e

R-COOH+H; » R-H
4. Hydrogenation: R-COOH +3H>~ R-CHj3

R = saturated alkyl group; R' = unsaturated alkyl group

bGns-phase reactions

5. Methanation: €Oz + 4Hy === CHy + 2H;0
6. Methanation: CO +3H; === CHy + H;0
7. Water-gas shift: CO + HO —/——= H; + CO»

Fig. 4. General saturated fatty acid deoxygenation reaction steps under inert
atmosphere over supported metal catalyst adapted from {51].

as reactant. Fig. 5 shows the reaction pathway of stearic acid
deoxygenation over various supported metal catalysts under inert
atmosphere at 300 C. First, main reactions of decarboxylation and
decarbonylation of stearic acid simultaneously occur to produce n-
hexadecane (Ci7Hsg) and 1-hexadecene (Ci7Hs4), respectively, as
can be seen in reactions 1 and 2. Then, some of the n-hexadecane
and 1-hexadecene are isomerized and/or hydrogenated/dehydro-
genated, as can be seen in reactions 5-9, to generate minor
amounts of C,;7 cyclic and aromatic molecules as well as hydrogen
source. Subsequently, some of stearic acid is hydrogenated using
the hydrogen source to produce minor amount of another alkane
(CygHs3g), as in reactions 3. Some of i-hexadecene will undergo
hydrogenation/dehydrogenation to produce n-hexadecane, as in
reaction 3. Cracking reaction of stearic acid (reaction 10) may also
occur leading to the production of lower fatty acids (Cyo-C;7 acid)
and shorter hydrocarbons (Cy3-C;g). Besides, conversion of stearic
acid to symmetrical ketone and dehydrogenation of stearic acid
and unsaturated hydrocarbons can occur to the formation of
heavier products, as shown in reaction 11, 12, and 13 in Fig. 5.
Thus, fatty acid provides alternatives to produce various hydro-
carbons as fuels in the future should some technical hurdles in the
processes involved can be properly managed.

For unsaturated fatty acid deoxygenation under inert atmo-
sphere, its reaction pathway has also been proposed by Snare et al.
[54]. The unsaturated fatty acid type that they used was oleic acid.
Fig. 6shows the reaction pathway of oleic acid deoxygenation. This
can be explained as follows: positional and geometrical isomer-
jzations of oleic acid initially occur to generate elaidic and vaccenic
acid. Then, oleic acid and its isomer are dehydrogenated to form
polyunsaturated and aromatic by-products as well as source of
hydrogen. Subsequently, the double bond (the remaining oleic acid
and its isomer) are hydrogenated to generate stearic acid by using
the source of hydrogen. Further deoxygenation reaction results in
heptadecane hydrocarbon fuel as the main product and minor
amounts of unsaturated positional isomers (1-, 3-, and 8-hepta-
decene) as well as Cy7 aromatics. Thus, more unsaturated hydro-
carbons can be produced when unsaturated fatty acid is used as
feedstock.

Furthermore, Kitiyanan et al. {55] reported that kinetic model
for oleic acid deoxygenation under inert atmosphere can be
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Fig. 5. Reaction pathway of stearic acid deoxygenation over supported metal catalysts under inert atmosphere {31
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Fig. 7. Reaction pathway for tristearin deoxygenation over supported metal catalyst under inert atmosphere {56}.

suggested to follow the first order with respect to oleic acid, as in
Eq. (1):

—d[Con]

Rate = —7 == =kCoa] oOr Rate = —~diCon)

[Coal

where, k is rate constant, t is reaction time and [Coa] is concentra-
tion of oleic acid.

Reaction pathway of tristearin deoxygenation over various sup-
ported metals (Ni, Pt, and Pd) under inert atmosphere at 300 °C has
been proposed by Morgan et al. {56) as in Fig. 7. First, some
tristearins liberated stearic acid via a p-elimination process. This also
generates unsaturated glycol difatty ester as a co-product. Subse-
quently, the stearic acid is decarboxylated to give n-heptadecane.

= kdt (1)

Meanwhile, the other tristearins can undergo cracking reactions that
involve either scission of the C-C bond between the ester carbonyl
carbon and a carbon of the hydrocarbon chain, or scission between
the g and y carbon atoms to produce C17 and C15 hydrocarbons,
respectively as well as diglyceride fragment and CO, gas.

The C17 and C15 hydrocarbons correspond to n-heptadecane
and n-pentadecane, respectively, as the main products. Besides,
the C17 and C15 might correspond to heptadecene and pentade-
cene that lead to the hydrogen generation during bond scission.
It has been reported that hydrogen is consistently detected in the
gaseous products. Scission between the p and y carbon atoms
forms ethene as a co-product. It is assumed that the unsaturated
glycerol units (diglyceride fragments) produced from reactions 1,
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Fig. 8. Reaction pathway for deoxygenation of stearic acid ethyl ester over a
commercial Pd/C catalyst {58].

2 and 3 in Fig. Swill undergo cracking reactions to the formation of
volatile products, e.g., C1-C3 hydrocarbons and hydrogen abstrac-
tion {40}.

In addition, it has been reported by Chiappero et al. [57] that a
kinetic model for triglyceride deoxygenation under inert atmo-
sphere in a semi-batch mode is suggested to follow the first order
with respect to triglyceride as in Eq. (2).

Rate = —dCyg/dt =k dCqg 2

where k is the rate constant and Crgs is the concentration of
triglyceride. The kinetic behavior has been reported to be success-
fully identified for several types of triglycride such as trilaurin and
trimyristin. By using Eq. (1), trilaurin and trimyristin had reaction
rates of 1.2 x 10~?/min and 1.16 x 10~ 2/min, respectively.
Meanwhile, reaction pathway of deoxygenation of fatty acid
ester in a semi-batch reactor over a commercial Pd/C catalyst at
300 °C has been verified using stearic acid ethyl ester as reactant
[58]. The reaction pathway is shown in Fig. 8 and can be explained
as follows: stearic acid ethyl ester initially liberates stearic acid
(reaction 1). Subsequently, stearic acid is decarboxylated to form
n-heptadecane (reaction 2). However, dehydrogenation of the
produced n-heptadecane concurrently occurs to form heptadecene
(reaction 4) and aromatic compound (reaction 6). Besides, stearic
acid can be directly converted into heptadecene (reaction 5) via
dehydrogenation of the stearic acid to generate unsaturated fatty
acid intermediate followed by a fast decarboxylation reaction [54}.
Stearic acid ethyl ester is also be directly converted into
n-heptadecane via reaction 3 and into heptadecene via reaction 7.
Additionally, kinetic model for stearic acid ethyl ester deox-
ygenation under inert atmosphere has been suggested to follow
the first order with respect to stearic acid ethyl ester as in Eq. (3):

Kate = —dUsage/dt = k dCsage 3

where, k is rate constant and Csage is the concentration of stearic
acid ethyl ester. The rate constant, k is related to an Arrhenius
equation, which gives the relationship between pre-exponential
factor (A) and activation energy (E) in Eq. (4}. The activation energy
(E) based on Egs. (3) and (4) has been reported to be 57.3 kj/mol
[58).

k=Aexp [—-E/(RT)] @

Furthermore, a kinetic model has been developed for deox-
ygenation of stearic acid ethyl ester with intermediate products on

the basis of the reaction pathway in Fig. G using Langmuir—
Hinshelwood mechanism. Langmuir—Hinshelwood mechanism
assumes that the reactant must first adsorb on the catalyst surface.
Subsequently, the reaction takes place at the active site, and the
product then desorbs from the catalyst [59]. A reasonable simpli-
fication is made by disregarding adsorption constants for gaseous
products (i.e., CO,, ethylene, etc.) in the denominator. It was also
assumed that surface reactions are rate limiting and adsorption
reactions are more rapid than the surface reactions. The rates of
reaction steps, r; (i=1, 2, 3, 4, 5, 6, 7), based on Fig. 6are proposed
as follow:

= kica ®)
1+ Kaca+Kscs +Kacc+KpCo+Kece
= k'ZCB 6
1+ Kaca+Kacs+Kacc+Kocp+KeCe
r3 = ,('3CA (7)
14+ Kaca+Kgcg +Kacc+Kpcp + Kece
_ Kace
T4 = T Knca +Kacs + Kncc + Koco + Kece ®
_ Ksce
75 = ¥ Kaca + Kaco + Kacc + Koo + KeCe ©)
k'GCD
Ig= 0
6 14+ Kaca+Kpcs+Kacc+KopCp +KeCe 10
Kaca
r7—1+KACA+K5C3+KAC5+KDCD+KECE an

where A=stearic acid ethyl ester, B=stearic acid, C=n-heptade-
cane, D=olefinic C;; products, E=aromatic C; products,
Ki=equilibrium reaction constant, k’;=apparent reaction constant,
¢;=concentration lance.

A system of ordinary differential equations (ODE) that is
obtained by using the kinetic rate expressions into the mass
balances of components on the basis of reactions in Fig. 6 can be
seen in the following expressions:

%‘%‘: —n-r3—ry (12)
ﬂla%%= T —T2—Ts 13)
,-:;%= 2+ T3—-Tr4 (14
%%: ra+ rs—rg+ ry (15)
=T ©

where pg=catalyst amount used in the reaction.

3. Factors influencing the deoxygenation process

Achieving high content of diesel-like hydrocarbons in liquid
products is important in deoxygenation of fatty acid and triglycer-
ide in order to avoid further separation step such as distillation to
meet a quality standard as a fuel {it]. Process conditions sig-
nificantly influence yield and selectivity of diesel-like hydrocarbon
as well as product composition. The process conditions reported in
the literature include the use of supported metal catalyst type,
feed type, temperature, reaction atmosphere, residence time,
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catalyst loading and type of feed. Mature understandings on the
influences of specific process conditions are yet to be established
in view of the complex reactions involved. However, some recent
works reported managed to shed some light on this area
148,50,60].

3.1. Supported metal catalyst type

Various supported metal catalysts i.e. Pd, Pt and Ni on y-Al203
have been investigated for deoxygenation of waste fat containing a
mixture of oleic acid and tripalmitin in the presence of solvent
under hydrogen atmosphere. It has been observed that Pd/y-Al203
catalyst is more active than the Pt/y-AlO3 catalyst and also more
selective for preduction of the C17 and C15 diesel-like hydrocar-
bons {60]. The higher activity was due to the higher content of
active metal (Pd) in the Pdjy-Al,05 catalyst than the active metal
(Pt) in the Pt/y-Al,O; catalyst. However, although Nify-Al;03
catalyst contained the highest active metal (Ni) among the three
catalysts, it showed the poorest activity for production of C17 and
C15 diesel-like hydrocarbons. This result was attributed to the
largest particle size of active metal (Ni) in Nify-Al203 catalyst. The
average particle size of Ni in Nify-Al,03 catalyst was 8.2 nm.
Meanwhile, Pd and Pt had the average particle sizes of 4.6 nm
and 5.4 nm, respectively. The result was in agreement with reports
{52-53] that Nify-Al,03 was less active catalyst than Pd/y-Al,03
and Ptly-i\|203.

Meanwhile, Ni supported on mesoporous carbon (Ni/C) has
been reported to be more active and selective catalyst for diesel-
like hydrocarbons compared to Pd or Pt supported on mesoporous
carbon in deoxygenation of triglycerides (tristearin, triolein and
soybean oil) under inert atmosphere (N3) [56}. The higher activity
of the nickel supported on mesoporous carbon was due to its
higher content of Ni as active metal (20 wt¥) with small particle
size (4 nm) in the NifC catalyst. Pd/C had active metal content of
5 wt¥ with particle size of 6 nm while Pt/C had metal content of
1 wt% with particle size of 3.7 nm. Furthermore, various Ni
functionalized mesostructured cellular foam silica (NiMCF) with
different characteristics have been investigated as catalysts for
solventless deoxygenation of palmitic acid under inert atmosphere
{G1]. It was found that NiMCF catalyst that had the highest nickel
content (17.57 wt) with the smallest particle sizes (1 to 3 nm)
was the highest active and selective catalyst for solventless
palmitic acid deoxygenation to produce diesel-like hydrocarbons.
Metal particles were active sites to produce n-alkane and alkene in
fatty acid deoxygenation through decarboxylation and decarboni-
lation reaction, respectively {62). In general, it can be concluded
that metal incorporated mesoporous materials having high metal
content with small particle sizes are suitable catalysts for fatty acid
deoxygenation to produce diesel-like hydrocarbons.

3.2. Feed types

Various feeds, ie. saturated fatty acid (behenic acid,
C2;H43COOH and stearic acid, C;7H35COOH) and fatty acid ester
(stearic acid ethyl ester, Cy7H,5CO0C;Hs) have been deoxygenated
over commercial Pd/C catalyst in the presence of dodecane as
solvent at 300 °C under 5% Hy in argon for 360 min |52]. It was
found that initial reaction rate for stearic acid (0.63 mmol/min-
€car) Was higher than that for behenic acid (0.36 mmol/min-gea),
while initial reaction rate for stearic acid ethyl ester (0.70 mmol/
min-g.,) was slight higher compared to stearic acid. However,
deactivation of Pd/C catalyst was more severe for deoxygenation of
stearic acid ethyl ester than for that of stearic acid. It was observed
that after a prolonged reaction time of 360 min, the conversion of
stearic acid ethyl ester was only 38%, while the conversion of
stearic acid was 60%. The more severe deactivation of the Pd/C

catalyst was mainly ascribed to higher amounts of unsaturated
products that were produced through stearic acid ethyl ester
deoxygenation.

The large quantities of unsaturated compounds decreased the
selectivity to n-alkane. At a conversion of 30%, deoxygenation of
stearic acid ethyl ester gave n-alkane selectivity of 40% which was
much lower than that of stearic acid (86%). Meanwhile, deoxy-
genation of behenic acid achieved n-alkane selectivity of 78% at
the conversion of 30%. This indicated that decarboxylation reaction
was more dominant in fatty acid deoxygenation than in fatty acid
ester deoxygenation. This was due to the easier breaking the COO-
H bond in fatty acid compared to the COO-R bond in fatty acid
ester, because the alkyl group in ester is a nucleophilic group as
reported in the literature {63]. It was also reported that deox-
ygenation of stearic acid ethyl ester produced CO as the predomi-
nant gaseous compound because of the stability of the ethoxy
group in ester. It can be concluded from the results that deox-
ygenation of fatty acid (such as behenic acid and stearic acid) was
more selective to produce n-alkane as diesel-like hydrocarbons
through decarboxylation when compared to deoxygenation of
fatty acid ester (stearic acid ethyl ester). Deoxygenation of satu-
rated fatty acid with a shorter chain achieves a bit higher n-alkane
selectivity.

Furthermore, deoxygenations of palmitic acid has been com-
pared with deoxygenation of stearic acid using Pd supported on
mesoporous carbon catalyst in the presence of dodecane as
solvent in a semi batch reactor at 300 °C under 5% H: in argon
[64]. Reaction rate of palmitic acid deoxygenation was found to be
the same as reaction rate of stearic acid deoxygenation. deoxy-
genation of palmitic. This result was in agreement with those
reported for deoxygenations of heptadecanoic acid, stearic acid,
nonadecanoic acid, arachidic acid and behenic acid [65]. The
catalytic deoxygenations of palmitic acid and stearic acid resulted
in formation of n-pentadecane and n-heptadecane, respectively, as
the main liquid products.

3.3. Reaction atmosphere

Effect of reaction atmosphere on conversion and yield/selectivity
of desired products {n-undecane (nCyHz4) and undecene (Cy1Hzz)
in deoxygenation of lauric acid (Ci2H240;) has been studied using
two different reaction atmospheres, i.e. pure Ar (Inert) and pure H;
[66]. The reactions were carried out in a semi-batch reactor under
the presence of hexadecane as a solvent using Pd supported on
mesoporous carbon as catalyst. It was found that in the first
100 min of reaction, yields of the desired products using the
experiment in inert atmosphere were higher than those obtained
in the experiment carried out in hydrogen rich atmosphere. On the
other hand, from 100 min until 300 min of reaction, the yields
obtained in the experiment under inert atmosphere were lower
than those under hydrogen rich atmosphere.

The lower yields in the reactions under the rich hydrogen in the
first 100 min of reaction were due to initial high formation of
intermediates which were gradually converted into the desired
products. Meanwhile, in the reaction under inert atmosphere, the
desired products were formed via decarboxylation and decarbo-
nylation. Fatty acid deoxygenation pathways under the rich
hydrogen atmosphere, as can be seen in Fig. 9. These can be
explained as follows: with high saturation of the palladium surface
with hydrogen, hydrogenation of carboxylic group in fatty acid
primarily occurs forming an aldehyde (R-CHO) as an intermediate
(reaction 1). The aldehyde highly decomposes through decarbony-
Jation reaction producing hydrocarbon and CO (reaction 2.and 3).
Some of the aldehydes can be further hydrogenated to lauryl
alcohol, R-CH,—-OH, (reaction 4). Subsequently, decomposition of
laury! alcohol forming mainly undecane is a more favorable step
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Fig. 9. Fatty acid deoxygenation pathways under rich hydrogen atmosphere in a
batch reactor using Pd/C catalyst in the presence of solvent {66].

i: Saturated alkyl group

R’: Unsaturated alkyl group

Fig. 10. Lauril alcohol decomposition mechanism over Pd catalyst |66}

than further hydrodeoxygenation of alcohol to dodecane (R-CHa).
Lauryl alcohol decomposes through dehydrogenation to the alde-
hyde intermediate (reaction 5) and thereafter decarbonylate to
hydrocarbon over Pd surface (reaction 6). Decomposition of laury!
alcohol is illustrated in Fig. 10.

Reaction 1: R-COOH +H; » R-CHO+H;0

Reaction 2: R-CHO—R-H+CO

Reaction 3: R-CHO—R-H+CO+H;

Reaction 4: R-CHO+H; —»R-CH>-OH

Reaction 5: R-CH,~OH — [R-CHO]+Hz — R-H+CO+H;
Reaction 6: R-CH;-OH - [R-CHO]+H, - R'-H+CO+2H;

Furthermore, Kubickova et al. {67}, Lestari et al. {64] and
Madsen et al. {60] reported that fatty acid deoxygenation in the
presence of Pd/C catalyst using reaction atmosphere with small
quantity of H, in inert gas (5% H in argon or 5% H, in helium) gave
higher catalytic activities compared to those using inert or rich
hydrogen atmospheres. This was because the presence of a small
quantity of Hy in inert gas in the reactions generated lower
amounts of unsaturated hydrocarbons and aromatic hydrocarbons
leading to coke formation and also generated a smaller molecular
weight compounds in the product mixture. The coke formation
and accumulation of different compounds on the catalyst surface
can contribute to catalyst deactivation. As such, the presence of a
small quantity of H; in inert gas is expected to preserve the
catalytic activity for a longer time.

3.4. Reaction temperature

Bernas et al. [68] reported that reaction temperature signifi-
cantly affected conversion and yield/selectivity of diesel-like
hydrocarbon in deoxygenation of diluted dodecanoic acid over
1% Pd/C catalyst in a continuous reactor under inert atmosphere.
The increase in temperature from 300 to 360 °C resulted in the
increase in conversion from 10% to 60% with undecane and
undecene as the main products. Meanwhile, for deoxygenation
of diluted stearic acid over 4% Pd/C in a semi-batch reactor under
inert atmosphere, the increase in temperature from 270 to 330 °C
made time needed for 100% conversion shorter i.e. from 270 min
to 20 min and n-heptadecane selectivites generated were nearly
the same ie. around 50% [69]. Furthermore, the increase in
temperature from 300 to 360 °C for deoxygenation of diluted ethyl
stearate resulted in an increase in conversion (from 40 to 100%).
On the other hand, n-heptadecane selectivity decreased from 70 to
40%). The deoxygenation was carried out in a semi-batch reactor
under the flow of 5% H, in argon for 360 min [67].

Effect of temperature in deoxygenation of tall oil fatty acid
(TOFA) over Pd/C catalyst has been studied at various tempera-
tures from 300°C to 350°C in the presence of dodecane as a
solvent under the flow of 1% H; in argon for 360 min {31]. It was
found that total conversion of the fatty acid increased with an
increase in reaction temperature and only minor sintering of Pd/C
(Sibunit) occurred at a reaction temperature of 350 °C. The main
products in the liquid phase at temperature reaction of 300°C
were desired products (n-heptadecane and n-heptadecene) with a
higher amount of n-heptadecane compared to n-heptadecene.

At higher reaction temperatures, 325 °C and 350 °C, the ratio
between n-heptadecane and n-heptadecene was lower. This indi-
cated that dehydrogenation occurred to a larger extent {40].
Selectivity to the desired products decreased with the increase
in temperature due to the more extensive catalyst deactivation at
higher temperatures because of enhanced formation of an aro-
matic C17 compound. The aromatic compound was typically
undecylbenzene type. Aromatic compound is formed after the
deoxygenation via dehydrogenation of n-C17-heptadecane leading
to cyclization. Besides that, conversion of linoleic acid in TOFA into
its C18 fatty acid isomers was enhanced at higher temperatures.

3.5. Catalyst amount

Catalyst amount used for stearic acid deoxygenation signifi-
cantly can influence reaction rates and selectivity of the desired
products (n-heptadecane and heptadecene) [52]. The effect of
catalyst amount in stearic acid deoxygenation has been studied
at 300 °C under 6 bar of helium in dodecane by using Pd/C catalyst
at different amounts (0.2, 0.5, and 1 g). It was reported that the
reaction rates and conversion increased linearly with the amount
of the catalyst in the range. Besides that, the increase in catalyst
amount resulted in a slower catalyst deactivation and a higher
selectivity to n-heptadecane. Thus, this parameter is critical in
optimizing the yield of the desired products.

Furthermore, Kwon et al. [70] studied the effect of catalyst
amount in deoxygenation of methy laurate at 350 °C in a batch
reactor in the presence of H using various amounts of NiMo/Al;0;
catalyst (0-0.126 g). They found that the conversion and selectivity
of linear hydrocarbons {undecane and dodecane) increased with
the catalyst amount. Meanwhile, lauric acid as an intermediate
product and undesired products decreased when the catalyst
amounts was increased. This result indicated that the use of
smaller amounts of catalyst in the presence of H; led to higher
polymerization of methyl laurate toward the formation of unde-
sired products.
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3.6. Feed rate (residence time)

Maki-Arvela et al. [71] studied the effect of feed rate on the
activities in lauric acid deoxygenation using four different volu-
metric feed flow rates, i.e. 0.1 ml/min, 0.25 mi/min, 1 ml/min and
1.5 ml/min. The reaction was carried out using Pd/C catalyst under
the presence of dodecane as solvent in a continuous reactor. it was
found that when the feed rate was decreased from 1 ml/min to
0.25 ml/min, the conversion level increased from 4% to 45%
because of the increase in the residence time of feed in the reactor.
Feed rate is inversely proportional to residence time. The increase
in feed rate resulted in the decrease in the conversion level due to
a shorter residence time that resulted in extensive catalyst
deactivation. It can be concluded that, catalyst deactivation during
lauric acid deoxygenation was significant when contacting the
catalyst with a large quantity of lauric acid.

3.7. Use of solvent

Effect of solvent on catalytic activity has been studied for
deoxygenation of methyl stearate over catalyst of 5% Pd/BaSO,4
under hydrogen atmosphere in a batch reactor at 270°C for 6 h
[72]. It was reported that deoxygenation reaction carried out
without using a solvent produced no alkanes, although the methyl
stearate conversion was nearly 100%. This could be due to forma-
tion of macromolecules via coupling reactions among intermedi-
ates on the catalyst surface. This result agreed with that of
solventless deoxygenation of sunflower oil as reported in the
literature {73].

Meanwhile, when organic solvents such as hexane was used for
the methyl stearate deoxygenation, high stearic acid conversion
(99.5%) with high yield of n-alkane (95.7%) were achieved.
Furthermore, using hexane as solvent in deoxygenation of sun-
flower oil over catalyst of 5% Pd/BaSO, under hydrogen atmo-
sphere also successfully gave high yield of desired products of
around 79.2% [72]. This result was because the high diffusivity of
supercritical hexane that could reduce mass-transfer resistance of
reactants in the reactions, which facilitated the contact of hydro-
gen and the reactants with the catalyst. Besides that, the solvent
has high solubility with alkanes. The high solubility enhances
desorption of alkanes generated on the catalyst surfaces. As such,
the coupling reactions among alkyl intermediates adsorbed on the
active sites of the catalysts to form unidentified macromolecules
were effectively inhibited. However, the presence of an excess of
solvent made the deoxygenation slow due to a volume expansion
reaction,

4. Recent progress in deoxygenation of fatty acid

Initially, Snare et al. |53} studied stearic acid deoxygenation in
the presence of dodecane as solvent in a semi-batch reactor using
noble metals (Pd, Pt, Ru, Ir, Os and Rh) as well as non-noble metal
(Ni) as active components. The catalyst supports explored were
Al,05, Si0; and activated carbon. It was found that Pd supported
on mesoporous carbon (5 wt% Pd/C) was the most efficient catalyst
for stearic acid deoxygenation in especially through decarboxyla-
tion to produce n-heptadecane. The 5 wt% Pd/C catalyst success-
fully converted stearic acid completely with >98% selectivity
toward deoxygenated C;; products. It was also reported that
activities of metals incorporated on the same support for the
deoxygenation increased in the order of Os<Ru<ir<Rh<
Ni < Pt < Pd. A continuous process of ethyl stearate deoxygenation
was also successfully carried out using the 5 wt% Pd/C catalyst at
360 °C that gave 100% of conversion with 95% of n-heptadecane
selectivity [58]. Since then, a number of works in the literatures

reported deoxygenation of various fatty acids to produce diesel
like hydrocarbons over supported metal catalysts under various
operating conditions and various reactor types. These works are
summarized in Table 1.

As can be seen from Table 1, Maki-Arvela et al. {52] observed
deoxygenation of various fatty acids and their derivative using
5 wts Pd/C catalyst in a semi-batch reactor for 5 b under various
operating conditions i.e. temperatures (300 to 320 °C), gas atmo-
sphere (argon, nitrogen and hydrogen), solvents (dodecane, mesy-
telene) and initial feed concentrations (0.2-1.0 g). It was reported
that high yields of the desired product, n-heptadecane were
achieved in stearic acid deoxygenation at 300 °C under helium.
Moreover, deoxygenations of a saturated fatty acid i.e. lauric acid
over 1wt Pd/C catalyst were carried out in continuous process
using various solvents (dodecane, mesitylene and decane) at lower
temperatures (255-300 °C) to study the stability and deactivation
of the catalyst |71]. Catalyst deactivation was identified to be the
most prominent when using solvents such as mesityelene and
dodecane. The deactivation of catalyst resulted from poisoning by
gas products of CO and CO; and coking.

Subsequently, 5 wt% Pd/C were examined in deoxygenations of
unsaturated fatty acids (oleic acid, linoleic acid) and unsaturated
fatty acid ester (methyl oleate) either in a semi-batch or in a
continuous reactor under various operating conditions i.e. atmo-
spheres (argon, hydrogen and synthetic air), temperatures (300-
360°C) and pressures (15-27 bar) [54]. It was found that the
unsaturated fatty acids and unsaturated fatty acid ester were
successfully deoxygenated to produce diesel-like hydrocarbons
via initial hydrogenation of double bonds and subsequent deox-
ygenation of corresponding saturated feeds. Then, the application
of continuous process for the reaction confirmed stability of the
catalyst. Arend et al. [74] studied solventless deoxygenation of
oleic acid over 2 wt¥ Pd/C in a continuous reactor under hydrogen
atmosphere at various conditions. Deoxygenations of dodcanoic
acid over 1 wt¥% Pd/C were also carried out in a continuous reactor
|68]. Furthermore, tall oil fatty acid and lauric acid deoxygenations
over Pd/C catalysts were successfully demonstrated in a semi-
batch reactor with encouraging results {31.66.75].

Pd supported on SBA-15 mesoporous silica was also studied for
deoxygenation of stearic acid using dodecane as solvent in a semi-
batch reactor at 300 °C under a flow of 5% H, in Ar |76]. The
catalyst achieved stearic acid conversion of 94% with n-heptade-
cane selectivity of 94% for a reaction time of 5 h. Meanwhile, when
4 wt¥% Pd|C catalyst was used, deoxygenation of a mixture of
stearic acid and palmitic acid using the same conditions achieved
a total conversion of about 97% with n-heptadecane and
n-pentadecane selectivity of 99% for a reaction time of 2 h [64].
Furthermore, Pd incorporated on different supports (i.e. Pd/C, Pd/
SiO,, and Pd/Al03) was demonstated to be promosing catalyst for
stearic acid deoxygenation in a semi-batch reactor at 300 °C using
dodecane as solvent under flow of 10% hydrogen in helium |77).

Immer et al. | 78] observed stearic acid deoxygenation using Pd/C
catalyst in the presence of dodecane or heptadecane using a semi-
batch reactor. Complete stearic acid conversion with 98% selectivity
to n-heptadecane was achieved after 5 h. Besides, the use of Pd/C
catalyst for deoxygenation of C3 free fatty acid in heptadecane has
also been studied using fed-batch reactor {79]. Continuous pro-
cesses of solventless deoxygenations of stearic acid over Pd/C
catalyst were successfully carried out either under inert atmosphere
or under the flow of H; in Ar {60.80). Stearic acid conversions of
around 12-15% with n-heptadecane (C;;Hsg) as the main liquid
product were achieved using these processes.

Besides using catalysts derived from Pd which is high price-
rare metal, some researchers also investigated fatty acid deoxy-
genation using low cost catalysts such as Ni/MgO-ALO;, NifAl,05
and MgO/Al,05 in a batch reactor under solvent free and inert
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Table 1
Fatty acid deoxygenation over various supported metal catalysts to produce diesel-like hydrocarbons.
Catalyst Feed Solvent Reactor type Conditions Reference
5 wtk Pd/C Stearic acid Dodecane Semi-batch T=300-320°C 152}
Ethyl stearate Mesitylene Atmosphere =argon; nitrogen; hydrogen
Behenic acid Initial feed concentration=0.1-1.6 mol/l
Nonanoic acid Catalyst amount=0.2-1g
Oleic acid Reaction time=5h
1 wt% Pd/C Lauric acid Dodecane Continuous T=255-300 °C: feed rate=0.1~1.5 ml/min {71}
Mesitylene Atmosphere=argon; hydrogen; synthetic air
Decane Initial feed concentration=0.22; 0.35;0.44 mol/l
Catalyst amount=0.3-0.5¢
5wtk Pd/C Oleic acid Solvent frce Semi-batch T=300-360 "C; Catalyst amount=1g {54}
Linoleic acid Mesitylenc Atmosphere =argon (25 ml/min)
Methyl oleate Initial feed concentration=0.83 molfl and
100 wt% (solvent free)
Reaction time=6h
Continuous T=300 °C; Atmosphere=argon
Catalyst amount=0.2g
Residence time =8 min
Liquid flow rate=0.05 mi/min
2wt PdfC Oleic acid Solvent free Continuous T=380-450 "C; Catalyst amount=1-5g 174§
Atmosphere =hydrogen (5-95 m)/min)
Residence time=0.5-15s
WHSV=16 and 79 h~"!
1 wt% Pd/C Dodecanoic Solvent free, Continuous T=2300-360 °C; Atmosphere=argon |68}
Acid Dodecane Initial feed concentration=0.5-4.4 mol/l
Catalyst amount=2-12g
Residence time=0.5-15s
WHSV=08-1.7h"!
1 wt % PdjC Tall oil fatty Dodecane Semi-batch T=300-350“C 1751
4wt PdfC Acid Atmosphere=1% H; in Ar; 100% H;
Reaction time=360 min
Amount of catalyst=0.5g
Feed concentration=0.15-0.6 mol/L
5 wt® Pd/C Lauric acid Hexadecane Semi-batch =300 “C ; Atmosphere=100%Ar;100 % H o)
Lauric Reaction time=5h
aldehyde Feed concentration=0.05 mol/L
Lauric alcohol Amount of catalyst=0.1¢g
1wt Pd/C Tall oil fatty Dodecane Semi-batch T=300-350 “C, Atmosphere=100 % H; 51}
Acid Reaction time=330 min
Feed concentration=0.15-0.6 mol/L
Amount of catalyst=0.5 g
3 wt% Pd- Stearic acid Dodecane Semi-batch T=300°C ; Atmosphere=5 % H, in argon {76}
SBA-15 Reaction time=5h
Feed concentration=0.05 mol/l
Amount of catalyst=0.5g
4wt % Pd/C A mixturc of Dodecane Semi-batch T=300C ; Atmosphere=5 % H; in argon [643]
Palmitic acid Reaction time=180 min
(PA) and Feed concentration=0.05 mol/
Stearic acid (SA) Amount of catalyst=05g
5 wt¥ Pd/C Stearic acid Dodecane Semi-batch T=300°C 177]
5wt¥ Atmosphere=5-10 % hydrogen in argon
Pd[SiO; Solvent amount=22.5 g feed amount=5.6
5wt Mmol
Pd/Al203 Catalyst amount=336 mg
Reaction time=>5h
5 wt Pd/C Stearic acid Dodecane Semi-batch T=300 °C; reaction time=5h 78]
Linoleic acid Heptadecane Atmosphere=helium ; 10 % Hz in Ar.
Feed concentration =1.6 g reactant in 23 g solvent
Catalyst amount=350 mg
5 wt Pd/C C18 free fatty Heptadecane Fed-batch T=300 *C; reaction time=24h 179}
acid Atmosphere=5-10 ¥ hydrogen in argon
feed flow rate: 6-30 pl/min
Solvent amount=12.4 g; catalyst amount=336 mg
5 wt% Pd/C Stearic acid Solvent frec Continuous T=360 °C ; Atmosphere=Ar; 5 % H; in argon 180}
Feed rate=0.075 ml/min; Catalyst amount=10g
2 wi% Pd/C Stearic acid Dodecanc Continous T=300 °C; catalyst amount=10g |60}
Solvent frce Atmosphere=argon; 5 % H; in argon
Initial feed concentration =10 wit%; pure stearic acid
Feed rate =42 ml/min
MgO/AL O Oleic acid Solvent free Batch T=300-400 °C; Reaction time=3 h 181}
Atmosphere=N,; feed amount=55g
Catalyst amount=2.75g
Ni/Mg0-Al,03 Oleic acid Solvent free Batch T=300-400 °C; Reaction time=3h 162]

Atmosphere=N,; feed amount=55g
Catalyst amount=1375g
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atmosphere conditions {:2,81]. Solventless deoxygenation of oleic
acid through decarboxylation over hydrotalcite catalysts (MgOf
Al>03) with different MgO contents that has been carried out in an
autoclave reactor at 300 °C for 3 h without the use of hydrogen
{81]. However, the results confirmed that during the decarboxyla-
tion of oleic acid, saponification reaction of MgO was also involved.
Saponification was dominant at 300 °C so that MgO disappeared
after the decarboxylation process. Meanwhile, hydrotalcites that
catalyzed oleic acid decarboxylation at higher temperatures (350
or 400 *C) exhibited very low selectivity of heptadecane since
molecular cracking was dominant mechanism in the reaction
during the decarboxylation process.

Roh et al. [62] investigated deoxygenation oleic acid through
decarboxylation carried out in an autoclave reactor under solvent
free condition without the use of H, flow. The catalysts were 20 wt
% Ni supported on MgO-Al,05 catalysts with different calcination
temperatures (300, 400 and 500 "C). The catalysts achieved oleic
acid conversions ranging from 26% to 31% with corresponding
heptadecane selectivity ranging from 4.8% to 5.5% at 300 “C for 3 h.
These resuits proved the plausibility of fatty acids as feedstock for
production of hydrocarbons to be used as renewable energy
sources in the future.

5. Conclusions

As an effort to address the drastic shortages of crude oil
supplies in the near future, deoxygenation of fatty acid as a
renewable resource using supported metal catalyst to produce
diesel-like hydrocarbons is becoming more attractive. It is due to
the feedstock availability in many countries and liquid products
containing hydrocarbons similar to those found in diesel fuel
obtained by refining crude oil in petroleum refineries. Reaction
pathways and kinetic models of fatty acid deoxygenations over
supported metal catalyst are critically reviewed. The key technol-
ogy of fatty acid deoxygenation using supported metal catalyst to
obtain a high yield or selectivity to the diesel-like hydrocarbons
can be constructed by detailed understanding on roles of the
operating conditions such as supported metal catalyst type, feed
type, temperature, reaction atmosphere, catalyst loading, feed rate
(residence time) and the use of solvent.

Metal incorporated mesoporous materials having high metal
content with small particle are recommended catalysts for fatty
acid deoxygenation to produce high yield or selectivity of diesel-
like hydrocarbons. Furthermore, deoxygenation of fatty acid is
more selective to produce diesel-like hydrocarbons compared to
that of fatty acid ester. Deoxygenation of saturated fatty acid with
a shorter chain achieved slightly higher selectivity to diesel-like
hydrocarbons. Fatty acid deoxygenation under small quantity of H,
in inert gas is recommended for higher yield of diesel-like
hydrocarbons compared to that under inert or rich hydrogen
atmospheres as this condition results in lower coke formation.
The recommended temperature for the fatty acid deoxygenation is
at around 300 “C for reactions in a batch or semi batch reactor. At
higher reaction temperatures, it could lcad to dchydrogenation
reaction in a larger extent. Meanwhile, the higher amount of the
catalyst gives positive effect to the reaction rates and selectivity to
diesel-like hydrocarbons of n-alkane. Besides that, it resulted in a
slower catalyst deactivation.

In general, most of the recently demonstrated catalysts for the
deoxygenation process were noble metals (Pd, or Pt) supported on
mesoporous carbon. However, catalysts based on noble metals are
expensive and unattractive for commercial applications. For future
research, more economical catalysts (e.g. Ni. Co, Cu-based cata-
lysts) need to be fully developed to obtain mesoporous catalysts
with high metal content with small particles. Besides that,

examination of performance of the catalysts on laboratorium scale
and on a pilot scale as well as optimized catalyst regeneration
method are needed to put the catalytic fatty acid deoxygenation to
practical use.
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ABSTRACT: Multiple kinetics models including simple power law model and mechanism-based models (nucleophilic
substitution, Langmuir—Hinshelwood, and Eley—Rideal kinetics models) were investigated for selective esterification of glycerol
with lauric acid using post-impregnated 12-tungstophosphoric acid SBA-1S. Rate equations for all suggested models and
mechanisms were derived, and appropriate experimental works were carried out. The model that best describes the studied
reaction is found to be a combination of both a nucleophilic substitution mechanism and the Langmuir~Hinshelwood kinetics
model with high accuracy and reliability of the model observed. The mechanism scheme describing the reaction from the bulk up
to reactant molecular level and the interaction between reactant molecules on catalyst surface was outlined. Activation energy
(E.) of the studied reaction is found to be 35.62 k] mol™ with an Arrhenius constant, 4, of 1141.2 L mol™' g cat™ h™!, which
shows 40 wt %-HPW/IM to have a relatively low activation energy compared with that reported for catalyst on the same or
reaction.

1. INTRODUCTION actual reaction. In fact, the models derived are also not related to

In the attempt to tackle global glycerol oversupply caused by any proposed mechanism. Motivated by this scenario, this work

increased oleochemical, soap making, and biodiesel industrial concentrates on the investigation of possible reaction pathways
production, value-added chemicals such as monoglyceride, with the use of 12-tungstophosphoric acid (HPYV)-incoxporated
epichlorohydrin, mesoxalic acid, allyl alcohol, and glycidol were SBA-1S. P°55‘bl‘f reaction pathways 11'1cludmg nucleophilic
synthesized to increase glycerol sales potential.' ™ As one of the (g.lycerol) substitution (NS) 'mechamsm ‘“‘d Langmuir—
many useful glycerol-derived chemicals, monoglyceride is Hinshelwood (LH) an‘d E}ey—Rxdeal (ER) kinetics models are
traditionally synthesized via direct esterification of glycerol the focus of this investigation.

with fatty acid in the presence of homogeneous acid (sulfuric

acid, phosphoric acid, or organic sulfonic acid).*® However, 2. EXPERIMENTAL METHODS

hete.rogeneo.u's cata!ysts are fa"?fed for havx.ng higher meno- Typical SBA-15 was synthesized as reported in literature.!” HPW
laurin selectivity, being more environmental friendly, and having was incorporated into SBA-15 at 40 wt % loading via an incipient
an ease of separation of catalyst that could be achieved with less . - 18 .
4 e ‘ wetness impregnation method.® A batch reactor with temper-
expensive product purilication processes. . ature controller and magnetic stirrer and connected to the
Keggm-_typg heteropoly acids (HPA), especially 12-tungsto- vacuum pump was used. Samples were collected and analyzed
phosphoric acid (HPW, H,PW,,0,,) were often chosen to be using Agilent Technologies 7890A GC equipped with a CP-Sil

incorporated as acid sites for many organic reactions owing to its e
. g 79 : . SCB (15 m x 0.32 mm X 0.1 mm) column. To perform kinetics
high Bronsted acidity.” " Incorporation of HPW onto an inert study for the designated reaction and catalyst, the rate equations

support such as SBA-1S or MCM-41 via various techniques was 7 . atio
reported to show superior catalyst activity with a high conversion for simple p owex: law‘ model, NS mecha_msm model, LH kme.txcs
of the tested reactions.'™"! Modification of catalyst material was fmdel' and ER k'.mencs model were derived an.d are summarized
also reported to reduce and eliminate the leaching of HPW from in Table 1. Parity p lots for each of .th?'denved model§ were
the supported catalyst.”""' In our unpublished work, post- plotted to check th.eu' accr:.racy and reh_abxhty.A.Iso, the activation
impregnated 12-tungstophosphoric acid supported on SBA-15 Frnerg)’thOf thel:ea‘_:uonlusmg,the mentioned catalyst is calculated
had shown promising catalytic performance on selective from e Arr efmuscg;: :::5 exgenm;n;:d r;:;:?““g“ﬁ(k)
. . c acid. formi Jaurin. om a range of rea eratures. The ol ed activation
esterification of glycerol with lauric acid, forming monolaurin energy is then compared with other results reported for the same

i d the investigation of kinetics
ggg;g;r:nl; ;ch;\ai(;sc:im;; of the mentigned reaction. reaction to show the potential of the studied catalyst and process.

Despite different catalysts used in earlier investigations, direct

esterification of glycerol with lauric acid is traditionally assumed Received:  June 24, 2015
to be a nonreversible parallel reaction.'* Thus, an irreversible Revised:  July 30, 2015
second-order power law model is suggested.“"‘; However, Accepted: July 30, 2015

simplified power law model could not accurately represent the Published: July 30, 2015

i 1 © 2015 American Chemica! Society 7852 DOl 10.1021/acs.jecr.5b02304
h: ACS Publications Ind. Eng. Chem. Res. 2015, 54, 7852-7858
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Table 1. List of Models Proposed along with the Assumptions Made

model name

simple power law (SP)

nucleophilic substitution mechanism (NS)

1 ir—Hinshel a1 L‘O (m)

Eley—~Rideal mechanism (ER)

assumptions made

(i) nonreversible parallel esterification reaction
(ii) irreversible second-order power law model

(i) Nucleophile (glycerol) is substituted to form ester and remove water.
(ii) Nucleophilic substitution of glycerol is rate detcrmining.
(iii) All other diffusion steps are considered fast and npld step.

(iv) Concentration of water in reactor is id of conti water r

-4

(i) Both reactant (lauric acid and glycerol) are adsorbed on catalyst surface.
(ii) Reaction occurred between bath adsorbed reactant on surface.

(iii) All diffusion process are considered relatively rapid compared with the surface reaction bety adsarbed

(i) Only one reactant is adsorbed on the catalysts surface.

(ii) Reaction occurred b dsorbed t with another reactant from the bulk.
(iii) All diffusion steps are rapid and considered relatively fast d with surface reaction.

(iv) Only lauric acid is covered on the catalyst surface, whereas glycerol react with adsorbed lauric acid from the bulk.

models derived

1 dCp,
dt

—p, B —-— = kC.C
Q) - W GCra

L e
CFN) (l - XFA)

(R = Xn)
R(1 = Xg)

(ii) ForR=1, = kwt

(iii) ForR# 1, In ) = kW(R = 1)Cypt
() ny = kyCaoCq = k_nCeCipnoCie
CeC,
@) = k'c,‘»[c,\cc - ﬂ‘l]
Kg

1 Xp

(iii) ForR=1, ——2— =kWt
Crao (1 = Xgp)
. (R = Xp\)
iv) ForR# 1, In| ——=2=| = kIW(R = 1)Cpppt
(iv) [R(l ) YCeno
dc, dC,
@) = -d—;‘ = —d‘E = k8,8,

(ii) Forncither A nor B is strongly adsorbed,
= kel bpGiCq = K'CCyy

(iii)  Foronly Ais strongly adsorbed,

krbabeGiCs _ (oG

n= i

(byCp)? Cy
1 kW
R-1)I X, = =—
( )n[l'xA]+ " Cm'

1 dC,
M) = '—T = k4G
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Figure 1. Proposed nucleophilic substitution mechanism producing 1-monolaurin and 2-monolaurin.

3. THEORETICAL BASIS

Historically, the simple power law model has been frequently
used in the investigation of activation energy (E,) of a
heterogeneous catalyst, especially those that involve esterifica-
tion. Though it enables rapid investigation to obtain the rate
constant (k) and activation energy of developed catalysts, no
mechanism details can be derived from the model. However, it is
still mentioned in this text to provide a means of comparison with
the rest of mechanism-based models proposed. In contrast, the
mechanism of esterification between alcohol and carboxylic acid
is well-known to be nucleophilic substitution. However, long-
chain fatty acid esterification with glycerol catalyzed by
synthesized catalysts has yet to be investigated under such a
mechanism. Thus, a NS mechanism-based model has been
derived and investigated in this work.

Two other mechanism-based models that are widely
associated with heterogeneous catalysis, the LH and the ER
kinetics models, have been explored as well. The most distinct

7854

difference between these two models is the species adsorbed on
the heterogeneous catalyst surface (acid site). Both reactants are
assumed to be adsorbed for the LH model, whereas only one of
the reactants is adsorbed for the ER model. All the proposed
models of interest along with their respective assumptions made
during derivation are shown in Table 1.

4. RESULTS AND DISCUSSION

Prior to investigating the irreversible second power law model,
attempts in applying zero- and first-order power rate models to fit
the same experiment data were done and ended with a
disappointing result. When higher catalyst loadings were used,
the second-order power model clearly demonstrated deviation.
Such an observation suggests significance influence by the
catalyst weight to the order of reaction. In fact, the order of
reaction mi§ht not always be an integral value, as reported
previously.”** Nevertheless, the second-order power model
appeared to best fit most experimental data compared to both

DO 10.1021/acs Jecr.5H02304
Ind. Eng. Chem. Res. 2015, 54, 78527858
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zero- and first-order power law models. Thus, the second power
model is chosen for further comparison to other mechanism-
based models.

Moving on to the NS mechanism, the mechanism of selective
esterification of glycerol with fatty acid could be related to
nucleophile (alcohol) substitution.? The reaction involves
activation of reactants and attack of a nucleophile, followed by
elimination of water, the formation of ester, and finally
regeneration of catalyst.'® In this study, the possible mechanism
paths concentrating on the formation of monolaurin while
relating to the catalytic property of the synthesized catalyst are
illustrated in Figure 1. Without discrimination between 1-
monolaurin or 2-monolaurin, the rate equation of the mechanism
in Figure 1 is derived and shown in Table 1. From the NS eq iv,
the rate of the limiting reaction (II) is first-order with respect to
both lauric acid and the available acid sites, making the overall
order of the reaction a second-order reaction. A graph of In[(R —
Xea)/(R(1 — Xg,))] at different reaction temperatures versus ¢ is
plotted in Figure 2. The model was found to be of great fit (high

0.60
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0.50 y®0.1703x
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Figure 2. Nucleophilic substitution second-order model at different
temperature.

R®value) at lower reaction temperatures (140—160 °C), whereas
deviation is observed at higher reaction temperature (170 °C) as
much lower R? value (0.4923) was found.

The high R® value suggested that at moderate reaction
temperature (140—160 °C) selective esterification of glycerol
with lauric acid forming monolaurin that was catalyzed by the
synthesized catalyst follows the NS mechanism proposed in
Figure 1. At higher reaction temperatures, the rate of
esterification would increase because of the increment of the
forward reaction rate constant, k. Because of the reaction
endothermic nature, a higher conversion rate could be observed
as well at the elevated reaction temperatures.””** At the same
time, it was known that further esterification of monolaurin
would occur.'®'” Thus, further esterification of monolaurin to
form dilaurin or even trilaurin could have occurred at the higher
reaction temperature, causing such deviation when experiment
data were fitted into the proposed model.

The LH kinetics model describes the reaction of two reactant
molecules on a heterogeneous catalyst surface. The derived
model, LH eq iii, was fitted with experimental data and is
illustrated in Figure 3. The experimental data are found to be
well-fitted to the proposed kinetics model, with high R? values
(R? > 0.90). Similarly, the deviation of experimental data found at
the higher reaction temperature, 170 °C, had an R? value of only
0.4438. Such observations suggested that the model could not be
used to correctly predict the reaction at the elevated reaction

7855
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Figure 3. Langmuir—Hinshelwood (LH) kinetics model fitted at
different temperatures.

temperature, which was attributed to the further esterification of
dilaurin or trilaurin. Additionally, an elevated reaction rate could
hinder the absorption strength of lauric acid and glycerol, which
were assumed to be strongly absorbed on the surface. At high
temperatures, both lauric acid and glycerol would be weakly
adsorbed compared to adsorption at lower temperatures. Thus,
the derived model is more suitable for describing the reaction at
moderate temperatures.

Similar to the LH kinetics model, the ER kinetics model
describes the reaction between two reactant molecules on a
heterogeneous catalyst surface, but only one of these is adsorbed
(or strongly adsorbed) on the catalyst surface. Its kinetics model
was derived as ER eq ii, and the result is plotted in Figure 4. From

200
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Figure 4. Eley—Rideal (ER) kinetics model fitted at different
temperatures.

Figure 4, it is noted that the data fit the proposed ER model
reasonably well with high R? values (0.8624—0.9974). Again, it is
also inevitable that the lack of fit of the model is significant at high
reaction temperatures. As discussed earlier, such deviation could
be due to the effect of temperature toward the adsorption of
reactant onto the catalyst surface. In ER kinetics models, it is
assumed that lauric acid is adsorbed on the surface and reacts
with glycerol from the bulk. Because the adsorption of lauric acid
is exothermic, the effect of elevated temperature would have
significant adverse effect on the lauric acid adsorption, thus

DO 10.1021/acs.iecr.5b02304
Ind. Eng. Chem. Res. 2015, 54, 7852-7858
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Figure 6. Proposed Langmuir—Hinshelwood kinetics model and its mechanism.

makifllg the model less likely to correctly describe the actual
case.”

Comparison of actual data to predicted result from each
respective model was represented in the parity plot in Figure 5.
The parity plots showed that both NS and LH kinetics models
(Figure Sa,b, respectively) have high accuracy in representing the
actual monolaurin yield because both models show slopes that
are very near to unity (1.0041 for NS and 1.0119 for LH kinetics
model). In contrast, despite having the highest R* value when

plotted in its derived model, the ER model showed significant

deviation of the predicted data from the actual ones (only 0.806
compared to unity) as shown in Figure Sc. Such findings suggest
that the ER model does not accurately represent the studied
reaction compared to the eatlier two models.

On the hasis of hoth actual experimental data fitting and parity
plots, it is suggested that the actual mechanism for the studied
reaction could be combination of both NS and LH mechanisms.
Such claim could be justified by the observation that both models
show high accuracy when comparing both experimental data and

predicted results. In fact, the combination of both models could
lead to an overall mechanism that describes the reaction from the
reactants’ bulk to the molecular interaction between acid sites
and reactant molecules. Revisiting the derivation of the LH
kinetics model, it is assumed that only lauric acid molecules are
strongly adsorbed on the catalyst surface whereas glycerol
molecules are weakly adsorbed on the surface. It is understood
that for both models, the esterification of glycerol with lauric acid
occurs on the catalyst surface. The NS mechanism suggests that
lauric acid molecules are activated by the vacant acid sites on the
catalyst surface provided by HPW-impregnated SBA-15. The
interaction between HPW-impregnated SBA-15 and the lauric
acid molecule is predicted to be a strong ionic bond; thus, it is
valid to make the assumption that lauric acid is strongly adsorbed
on the surfacc. As such, combining both asswuptivus fuw botl
models, the actual mechanism is suggested to follow the NS
mechanism presented in Figure 1 under the condition that
glycerol molecules are weakly adsorbed on the catalyst surface.
The attack of the nucleophile (glycerol) occurs after glycerol

7856 DOk 10.1021/acs.lecr.5b02304
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from the bulk is weakly adsorbed on the surface. All steps
involved in the reaction and its description are illustrated in
Figure 6 and are as follows: (1) External diffusion of both lauric
acid and glycerol from the bulk fluid to the fluid—solid interface
between bulk and 40 wt %-HPW/IM and finally to the external
surface of the catalyst. (2) Internal diffusion of lauric acid and
glycerol to the internal surface (mesopores) of 40 wt %-HPW/
IM. (3) Adsorption and activation of lauric acid by active acid
sites (HPW) impregnated on the surface of the SBA-1§
simultaneous to weak adsorption of glycerol on vacant sites.
(4) Surface reaction between both adsorbed and activated lauric
acid with weakly adsorbed glycerol on the catalyst surface,
forming ester and water (Figure 1). (5) Desorption of both esters
and water from the internal surface of the 40 wt %-HPW/IM that
simultaneously regenerates vacant acid sites (HPW) on SBA-1S.
(6) Internal diffusion of both ester and water from the internal
surface of the catalyst to the external surface. (7) External
diffusion of both ester and water from external surface of the
catalyst to fluid—solid interface between bulk and catalyst and
finally into the bulk fluid.

5. CONCLUSIONS

The model that best describes the studied selective esterification
of glycerol with lauric acid producing monolaurin is found to be a
combination two mechanisms. The investigated models from NS
mechanism with LH kinetics model showed high accuracy and
reliability. The mechanism scheme describing the reaction from
the bulk down to the reactant molecule level and the interaction
between reactant molecules on the catalyst surface are proposed.
Of course, the development of a final mathematical model
combining both of the proposed mechanisms is not near
completion in this study. However, such derivation works are
beyond the scope of the current report. The authors understand
the potential novelty to further investigate such matter and
reserve the development of such work for the future.
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ABBREVIATIONS

HPA = heteropoly acid

HPW = 12-tungstophosphoric acid

SBA-1$ = Santa-Barbara Amorphous No. 15

MCM-41 = Mobil Composition of Matter No. 41

GC = gas chromatography

k = rate constant

E, = activation energy

SP = simple-power law

NS = nucleophilic substitution

LH = Langmuir—Hinshelwood

ER = Eley—Rideal

—rga = rate of reaction with respect to fatty acid

R = ratio of glycerol to lauric acid

W = weight of catalyst (g)

Cg = instantaneous concentration of fatty acid (mol/L)

Cg = instantaneous concentration of glycerol (mol/L)

t = time (s)

Crao = initial concentration of fatty acid (mol/L)

Xra = fatty acid conversion with respect to monoglyceride
formation

Cy,0 = instantaneous concentration of water (mol/L)

Cy. = instantaneous concentration of proton (mol/L)

Cg = instantaneous concentration of ester

Kg = equilibrium constant with respect to ester

0, = coverage of reactant A molecules on the available active
surface sites

g = coverage of reactant B molecules on the available active
surface sites
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Abstract—Process optimization of selective esterification of glycerol with lauric acid catalyzed by highly uniformed
SBA-15 catalysts post impregnated with 12-tungstophosphorus acid (HPW) has been elucidated via response surface
methodology (RSM). The significance of factors including reaction time (t), reactants ratio (R) and temperature (T)
was investigated and led to the development of response models for lauric acid conversion (R1) and monolaurin yield
(R2). The optimized monolaurin yield operating condition (50% yield at t=3.18 h, R=4.6 and T=175°C) was identi-
fied by using the developed models with high accuracy (98% confidence level, small standard deviation and error) and
reproducibility (3 times). Comparison done with reported results showed the good performance of developed catalyst
with significant reduction in reaction time needed to achieve similar lauric acid conversion and monolaurin yield.

Keywords: 12-Tungstophosphoric Acid, Mesoporous SBA-15, Response Surface Methodology, Yield, Optimization

INTRODUCTION

Optimization of chemical processes is an important goal for
both academic and industrial purposes. In an effort to tackle glyc-
erol oversupply from oleochemical, soap making and biodiesel
industries, its conversion to other value added chemicals such as
monoglyceride is necessary [1-3]. Whereas the use of homogeneous
catalysts (sulfuric acid or phosphoric acid) is common in mono-
glyceride production, a greener approach with the use of novel
heterogeneous acidic catalysts is actively investigated [4,5). High
monoglyceride selectivity, environmental friendliness, ease of cata-
lyst separation and hence inexpensive product purification pro-
cesses could be achieved with the use of high performance hetero-
geneous catalysts under their optimized operation conditions [6-8).
With such motivation, an investigation on optimization of lauric acid
conversion and monolaurin yield was performed in this study.

In our previous report, supporting Keggin type heteropoly acids
(HPA), especially 12-tungstophosphoric acid (HPW, H;PW,,0,,)
onto mesoporous SBA-15 could produce high performance het-
erogeneous catalyst for the esterification [9-11). Due to its high
Brunsted acidity, HPW is often reported to catalyze organic acid
transformation, though systematic process optimization is rarely
reported [12,13]. As such, to further exploit the superacidity of
HPW impregnated on mesoporous SBA-15, a preliminary screen-
ing of the catalytic performance of post impregnated HPW/SBA-
15 was performed [11]. Factors including HPW loading (10-40
wt%), reaction temperature (140-180°C), glycerol to lauric acid
ratio (1-6), catalyst loading (1-5wt% with respect to lauric acid)
and reaction duration (1-6 hours) were investigated. The results
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suggested that the 40 wt% HPW impregnated on SBA-15 resulted
in the most potential catalyst (40 wt%-HPW/SBA-15) in terms of
lauric acid conversion (up to 80%) and monolaurin yield (up to
50%). Meanwhile, reaction time, reactant ratio and reaction tem-
perature were observed to have significant effects on both of the
responses of interest.

Extensive kinetic and mechanism studies at the fundamental
molecular level were done upon the same catalyst [10]. It was found
that the catalyst had lower activation energy (35.62kJ mol™) as
compared to the reported ones available in the literature. This
result suggested that the catalyst could further improve the mono-
laurin productivity. However, optimized lauric acid conversion and
monolaurin yield using this catalyst have yet to be reported. As a
continuous effort to further improve the findings from our previ-
ous report [10], we are eager to further investigate and report the
optimum catalytic performances that could be delivered by the
catalyst of interest. The findings of this report could provide results
in the practicability of this catalyst complementary to the funda-
mental mechanism studies as reported previously. As such, with
this report, the overall picture of the catalytic performance of post
impregnated HPW/SBA-15 mesoporous catalyst on both funda-
mental and practical point of views is presented to wider science
audiences.

Motivated to fill in the gap of knowledge that is missing in the
literature, the optimization of lauric acid conversion and monolau-
rin yield using 40 wt%-HPW/IM is attempted. Previously, non-
optimized results shown by the catalyst was found to be rather
inferior to those reported ones. Thus, the results of this optimiza-
tion study could also be used for fair comparison with reported
results. The optimized results and models using 40 wt%-HPW/IM
in esterification could also be useful for future work involving the
design of larger scale reactor and also for developing heteroge-
neous catalysts for similar reactions. At the same time, interac-
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tions between significant parameters or factors for both lauric acid
conversion and monolaurin yield catalyzed by acidic heteroge-
neous catalysts have also been elucidated in this study.

By using Design Expert software package (version 8.0.6), re-
sponse surface methodology (RSM) was applied for the develop-
ment of experimental responses so that numerical experimented
modeling could be performed. Along with obtaining the highest
possible lauric acid conversion and monolaurin yield, mathemati-
cal models that can describe the significant of factors on the re-
sponses could be derived. Preliminary screenings suggested that
40 wt%-HPW/IM showed the highest conversion and monolau-
rin yield, while reaction time (A), reactant ratio (B) and reaction
temperature (C) were observed to have significant effects on both
responses. Thus, these factors were selected as the main focus in
this investigation. The statistical models generated in this investi-
gation could be useful in two ways: predicting the responses with
known operating conditions and knowing the required operating
conditions to achieve certain required responses. Thus, with this
essential information, the developed models might be eventually
useful in the design of a reactor for the reaction.

MATERIALS AND METHODS

1. Synthesis of Post Impregnated HPW/SBA-15

SBA-15 support was synthesized based on a reported method
with minor modification [14]. In a typical preparation, 40 g Pluronic
P123 (Sigma-Aldrich, Germany) was dissolved in 30 ml of deion-
ized water and 120 ml of 2 M hydrochloric acid (R & J Chemicals)
under stirring at 35 °C. The mixture was heated to 60 °C followed
by the addition of 8.50g of tetraethyl orthosilicate (TEOS, Alfa
Aesar). Then, the solution was stirred rapidly for 30 minutes fol-
lowed by slow stirring for the following 20h. The content was
transferred into a polyethylene bottle and aged for 48 h at 80°C.
After cooling to room temperature, the white precipitation was fil-
tered, washed and dried at room temperature for 12 h, followed by
another 12h at 100°C in an oven. The solid was then calcined in
a furnace at 300 °C for 30 min and 500 °C for 6 h. The white pow-
der obtained was SBA-15. HPW was incorporated into SBA-15 at
40 wt% loadings via incipient wetness impregnation method {12,
15]. SBA-15 was first hydrated with deionized water at a ratio of
2.5ml/g of SBA-15. HPW solution with appropriate amount of
HPW in deionized water was then added to the wet SBA-15 drop-
wise. The solid was then dried at 60°C for 12 h, followed by at
100°C for another 12 h.
2, Product Analysis

Selective esterification of glycerol (R & ] Chemicals) with lauric
acid (R & J Chemicals) to selectively form monolaurin was car-
ried out in a batch system that consisted of a heating mantle with
stirring and a three-necked flask as the reaction vessel. One of the
necks was connected to a vacuum pump and another neck was
fitted with a thermocouple for temperature measurement and
control. Product mixtures were analyzed by a gas chromatograph
(Agilent Technologies 7890A GC system) equipped with a CP-Sil
5CB (15 mx0.32 mmx0.1 mm) column. The lauric acid conver-
sion and monolaurin selectivity were calculated as proposed by
Pouilloux et al. [16].

Table 1. List of numeric factors and responses defined in design expert
V8.0.6

Numeric factors Name Units Low High
A Reaction time Hour 3 6
B Reactant ratio 1 5
C Temperature °C 150 180
Responses
Y1 Fatty acid conversion %
Y2 Monoglyceride yield %

3. Response Surface Methodology (RSM)

Prior to RSM, a carefully designed DoE was preliminarily per-
formed to decide significant design variables to be studied. Param-
eters including catalyst loading (1-5wt%), reaction temperature
(140-180 °C), reaction time (1-6 hours) and reactant ratio (glycerol:
lauric acid; 6-1) were investigated. After reviewing the responses
(both Jauric acid conversion and monolaurin yield), we selected
the three most significant factors--reaction time, t; reactant ratio,
R; and reaction temperature, T--for further investigation. These
factors and responses as defined in Design Expert V8.0.6 are of
shown in Table 1.

Results for both responses were analyzed using sequential model
sum of squares (Type I), lack of fit test, model summary statistics
and analysis of variance (ANOVA). Plots and graphs, as well as
2D and 3D contours for all respective factors and responses were
studied. The significance of each factor towards respective responses
was determined and the final empirical model for each response
was developed. The investigation was followed by optimization of
the derived models by minimizing reaction time, reactant ratio
and reaction temperature to achieve highest monolaurin yield. The
derived model as well as the optimized factors were evaluated by
repeating experiments using the optimized. Lastly, the accuracy of
the models are also analyzed.

RESULTS AND DISCUSSION

1. Lauric Acid Conversion, Y1

Lauric acid conversion responses were in the range of 75.1-96.3%
with small value of max to min ratio (1.282). Thus, no transforma-
tion of the responses was needed [17]. The sequential model sum
of squares (Type I), lack of fit tests and model summary statistics
are tabulated in Table 2, 3 and 4, respectively.

As a rule of thumb, the suggested model has to be the highest
order model that is significant (represented by small P-value), not
aliased, no lack of fit (with P-value>0.10) and small difference be-
tween adjusted R-squared and predicted R-squared values (within
020) [18]. In this case, quadratic polynomial model (Eq, (1)) is cho-
sen. Eq. (1) also shows the lowest standard error, high R-squared
(R2) value and lowest predicted residual sum of squares (PRESS)
compared to all other models which are not aliased [19]. The
observed differences between adjusted R-squared and predicted R-
squared values are much less than 0.2 (only 0.0285, see Table 4),
showing that the high R2 values are not artificially improved by
additional insignificant terms of the model [20].

Korean J. Chem. Eng.(Vol. 33, No. 4)
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Table 2. Sequential model sum of squares (type I) for lauric acid conversion, R1

Source Sum of squares df Mean square F value 11:;:::;
Mean vs total 2.375E+005 1 2.375E+005
Linear vs mean 600.02 3 200.01 20.18 <0.0001
2FI vs linear 74.53 3 24.84 3.15 0.0453
Quadratic vs 2F 148.68 3 49.56 38.02 <0.0001
Cubic vs quadratic 15.73 7 225 2.98 0.0465
Residual 9.04 12 0.75
Total 2.383E+005 29 8217.68
Table 3. Lack of fit test results for lauric acid conversion, R1 Next, ANOVA analysis was performed on Eq. (1), and the results
Source Sum of Mean e value P-value are in Table 5. The quadratic model shows F-value of 70.16 with a
squares square Prob>F very smfxll P-value (<0.0001). Such result suggests that the model
- has significant effect on the response, with only 0.01% chance that

Lincar 4432 20 1222 16.69 0.0027 the F-value is due to noise signals. Thus, the derived model has a

2F 16979 17 9.99 13.64 0.0045 significant effect in predicting the lauric acid conversion given that

Quadratic 2Ll 14 151 206 02184 the reaction time, reactant ratio and reaction temperature are

Cubic 538 7 077 1.05 0.4963 defined within the experimental ranges.

Pure error 3.66 0.73 By evaluating the terms P-value, it is found that all terms are
significant as they have P-values less than 0.05 [21,22]. Thus, no
term needs to be removed from Equation 1. In accordance with

Lauric Acid Conversion (%), (R1) the high R-squared value (97%), the lack of fit F-value of 2.06 shown

=-603.5+26.87 (A)+15.24 (B)+6.877 (C) in Table 5 implies that the lack of fit is not significant relative to
~0.4927 (A)(B)~0.1172 (A)(C)-0.0499 (B)(C) (1) the pure error [19,23]. The quadratic model also shows high sig-

-0.4196 A*-0.5608 B>~ 0.01737 C

Table 4. Model summary statistics for lauric acid conversion, R1

nal to noise ratio (31.4, much greater than 4). Such result indi-

Source Standard deviation R-square Adjusted R-squared Predicted R-squared PRESS
Linear 315 0.7076 0.6725 0.5960 342.63
2FI 2.81 0.7955 0.7397 0.6138 32748
Quadratic 114 09708 09570 09285 60.60
Cubic 0.87 0.9893 0.9751 0.8823 99.84
Table 5. Analysis of variance (ANOVA) results for lauric acid conversion, R1
Source Sum of squares df Mean square F value ;);:;l:;
Model 823.23 9 91.47 70.16 <0.0001
A - Reaction time 174.75 1 174.75 134.04 <0.0001
B - Reactant ratio 79.98 1 79.98 61.35 <0.0001
C - Temperature 487.05 1 487.05 373.58 <0.0001
AB 20.17 1 20.17 1547 0.0009
AC 64.20 1 64.20 49.24 <0.0001
BC 12.08 1 12.08 9.26 0.0067
A? 573 1 5.73 439 0.0497
B 29.15 1 29.15 2236 0.0001
c 88.48 1 88.48 67.87 <0.0001
Residual 24.77 19 1.30
Lack of fit 21.11 14 L51 2.06 0.2184
Pure error 3.66 5 0.73
Cor. total 848.00 28
April, 2016
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Fig. 2. Two dimensional contour model graphs (B & C) for lauric acid conversion (R1) at reaction time of (a) 3.0 hr, (b) 4.0 hrs, (c) 5.0 hrs

and (d) 6.0 hrs.

cates that the model (Eq, (1)) can be used to navigate through the
design space [24].

A series of graphical diagnostics (Fig. 1) are studied to further
discuss the validity of the derived equation. First, the studentized
normal plot of residuals (Fig. 1(a)) shows a straight line, suggest-
ing the data residuals follow a normal distribution [25]. The scat-
tering of data points near the line also indicates that there is no
need for the transformation of the response to get better analysis.
The random scattering of data points found in residuals VS pre-
dicted plot (Fig. 1(b)) verifies the constant variance assumption
while not indicating the need for power transformation. From the
externally studentized residuals plot in Fig. 1(c), it is concluded
that all the data points do not deviate far from the values pre-
dicted. Similarly, the evenly split data points by the 45 degree line,
which are seen in Fig. 1(d), describe high accuracy of the model.
As a conclusion, the derived model (Eq. (1)) is statistically proven
as an accurate model in representing response R1, ie, the lauric
acid conversion.

A set of two-dimensional contour plots describing the interac-
tion between reactant ratio and reaction temperature towards lau-

ric acid conversion at different reaction times is shown in Fig, 2.
High conversion (95%) was reached at the shortest reaction time
available but with only relatively high reactant temperature ratio,
as shown in Fig, 2(a). Generally, at longer reaction times, the 95%
conversion contour is shifted in such a way that both reactant ratio
and reaction temperature needed to reach 95% conversion are low-
ered. Interestingly, at the longest reaction time (6 hours), the 95%
conversion contour shows two boundaries (Fig. 2(d)), rather than
one as seen in Fig. 2(a) and 2(b). Such observation suggests that
the conversion could not increase up to 100% even with the com-
bination of the longest reaction time, the highest reaction tem-
perature and e highest reactant rativ used in this study. Tt is also
suggested that a maximum or optimum condition for highest con-
version could be found in this RSM analysis, as two boundaries
are found within the tested parameter ranges.

Based on the observation, the reaction temperatures can be iden-
tified to have much greater significance towards lauric acid conver-
sion, followed by reactant duration and lastly reactant ratio used in
the experiment. Such statement could be observed in Fig. 2(a),
where both maximum and minimum could be found at all ranges

Korean J. Chem. Eng.(Vol. 33, No. 4)
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Table 6. Sequential model sum of squares (type I) for monolaurin yield, R2

P-value
Source Sum of squares df Mean square F value Probs>F
Mean vs total 51217.34 1 51217.34
Linear vs mean 617.46 3 205.82 12.85 <0.0001
2FI vs linear 175.49 3 58.50 5.72 0.0047
Quadratic vs 2FI 186.09 3 62.03 30.28 <0.0001
Cubic vs quadratic 9.76 7 1.39 0.57 0.7645
Residual 29.16 12 243
Total 52235.30 29 1801.22
of reactant ratio at the shortest reaction time. At any tested reac- Table 7. Lack of fit tests for monolaurin yield, R2
tant mtit}, the? change m reaction temperature could drastlcally affect Source Sum of Mean value P-value
the lauric acid conversion even at the shortest reaction time. For a squares square Prob>F
reaction to occur, effective collisions between reactants must occur. - > >
As such, increased reaction temperature enables higher kinetic Linear 396.26 0 1581 23.35 0.0012
energy and potential energy possessed by the reactant molecules. 260 2077 17 1299 1530 00034
These energized reactant molecules could easily overcome the Quadratic 3468 14 248 22 0l
Cubic 24.92 7 3.56 420 0.0668

energy barrier for esterification to occur and ultimately increase in
effective collisions frequency to form the products [26]. In fact, the
use of 40 wt%-HPW/IM catalyst has allowed the reaction to occur
at lower activation energy [10]. Thus, more reactant molecules now
possesses sufficient energy to overcome the activation energy bar-
rier for the esterification reaction as suggested in the shifting of the
Maxwell-Boltzmann distributions [26]. On the other hand, at lon-
ger reaction time, the lauric acid conversion is shifted towards the
maximum and the minimum response disappears. Thus, the pro-
longed reaction time allows more lauric acid to be converted to
the product regardless of the reaction temperature and reactant
ratio. Lastly, though reactant ratio shows significance effect towards
lauric acid, it is highly dependent on the other two factors to achieve
high lauric acid conversion. As a conclusion, when lauric acid is of
main interest, reaction temperature is identified as the major fac-
tor affecting the outcome, followed by reaction duration and reac-
tant ratio.

In short, the developed mathematical model from statistical
analyses based on the actual experimental data is verified to be reli-
able and accurate. It also verifies that all tested factors (temperature,
reaction time and reactant ratio) have significant effect towards
lauric acid conversion. Due to its high reliability, the model could
be used to provide rapid and accurate prediction within the tested
experimental data ranges without the need for actual experimen-
tal work. In fact, by using the mode, lauric acid conversion using
the catalyst studied could be easily obtained by other researchers
testing different catalysts for the same reaction. Thus, the availability

Table 8. Model summary statistics for monolaurin yield, R2

Pure error 424 5 0.85

of this model in the literature and the ease of using it provides the
opportunity to exchange and compare results in a convenient way.
2. Monolaurin Yield, Y2

As the monolaurin yields occur within a range of 25.7-51.6%
with small max to min ratio (2.006), no response transformation
is needed [17). Sequential model sum of squares (Type I, lack of
fit tests and model summary statistics for R2 are tabulated in
Tables 6, 7 and 8, respectively. The quadratic model is chosen as the
suggested model to represent R2 due to its low P-value (<0.0001)
(Table 6) with the highest P-value (0.1214) showing no lack of fit
compared to other models as seen in Table 7 [18]. The suggested
quadratic polynomial model also shows the lowest standard devia-
tion (1.43), high R-squared (R2) values (adjusted and predicted)
with the lowest predicted residual sum of squares (PRESS) (112.73)
compared to all other models which are not aliased as shown in
Table 8 [19].

In contrast to Eq. (1), the ANOVA analysis suggests that the
response surface quadratic model consisted of insignificant terms
with their respective P-value exceeding 0.10 [27,28]. Terms AB, A2
and C2 are removed from the model after reviewing their respec-
tive P-values. The updated ANOVA analysis for the reduced model
is reported in Table 9. The new quadratic model is found to have
significant effect on the response R2 with high F-value 66.46 while

Source Standard deviation R-square Adjusted R-squared Predicted R-squared PRESS
Linear 4.00 0.6066 0.5594 0.4505 559.36
2FI 320 0.7790 0.7187 0.5606 447.32
Quadratic L43 09618 09437 0.8893 1273
Cubic 1.56 09714 0.9332 0.6258 380.95
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Table 9. Analysis of variance (ANOVA) (partial sum of squares - type III) result for reduced quadratic model of monolaurin yield, R2

P-value
Source Sum of squares df Mean square F value Probs>F
Model 964.73 6 160.79 66.46 <0.0001
A - Reaction time 16.46 1 16.46 6.81 0.0160
B - Reactant ratio 429.18 1 429.18 177.40 <0.0001
C - Temperature 1.00 1 1.00 042 0.5260
AC 22.57 1 22.57 9.33 0.0058
BC 48.34 1 48.34 19.98 0.0002
B 177.46 1 17746 73.35 <0.0001
Residual 53.23 22 242
Lack of fit 48.98 17 2.88 340 0.0907
Pure error 4.24 5 0.85
Cor. total 1017.96 28

maintaining its low P-value (<0.0001). All terms in the model are
now significant except the experimental factor C, which must not
be removed. The difference between the new adjusted R2 (0.9335)
and predicted R2 (0.8877) is uuly 0.0458, whidls is susaller Uran 0.2
[20]). Thus, the quadratic model could be used to represent response
R2 and fit the experimental data to a reasonable extent. Further-
more, the quadratic model also shows high signal to noise ratio
(30.6, much greater than 4), implying that the model (Eq. (2))
could be used to navigate the design space [24]. The quadratic
model representing R2 is labelled as Eq. (2).

Monoglyceride Yield (%), R2
=19.18+10.47 (A)-4.37 (B)+0.041 (C) ()
—0.068 (A}(C)+0.095 (B)(C)-1.349 B

A series of graphical analyses for response model R2 are illus-
trated in Fig. 3. From Fig. 3(a), data points are scattered near the
straight line of the studentized normal plot of residuals, suggest-
ing the data points form a normal distribution [25). Random scat-
tering of the data points found in Fig. 3(b) verifies the constant
variance assumption and not suggesting the need for power trans-
formation [29]. No deviation of data point is observed from exter-
nally studentized residuals plot (Fig. 3(c)) and residual vs predicted
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plot (Fig. 3(b)). Data points in the predicted vs actual plot (Fig.
3(d)) scatter evenly around the 45 degree line, indicating all points
are accurately predicted by the model derived. Thus, the derived
yuadratic response model (By. (2)) is verified 1o be a reliable model
to represent the monolaurin yield, R2.

Essentially, a simplified monolaurin yield representing model
has been developed using statistical data from the actual experi-
mental data. Different from the lauric acid conversion model devel-
oped earlier, we found that by removing some of the terms from
the equation, better reliability and accuracy of the model could be
obtained. Similar to the lauric acid response model, this monolau-
rin yield statistical model is found to be more simplified without a
compromise for accuracy. The model could be translated as a sim-
ple tool to accurately predict the monolaurin yield, which is of the
most importance in the study of material catalyzing the esterifica-
tion of glycerol with long chain fatty acid. As such, the develop-
ment of Eq. (2) would make a good addition to the current gap of
knowledge specifically in this field of study.

The interaction between reactant ratio (B) and reaction tem-
perature (C) was investigated by 2-D contours of monolaurin yield
(R2) at different reaction times as shown in Fig. 4. Interestingly,
the highest monolaurin yield is obtained only at the shortest reac-

___Predicted vs. Actual
(d). -

|
|
é

i
? £
o e -
. u
a , @ %
o ool JET
x [ s i 3«
Pow® % e g
P
| i &
] ;
: o c’ i u
§ . H 1]
B [
2 B o
i
‘ i e
i
Pl !
B )
Run Number Astun

Korean J. Chem. Eng.(Vol. 33, No. 1)



1206

—
:H]
—

1
1

5
i
1
i

C Temperalure (Deg C)

i

N

B Reactant Ratio

B Reactant Rato
by e b & ReatnTee 1040

24
—_
]
—

P. Hoo and A. Z. Abdullah

Yield l%)

(d)

Tormperalura (Dag ©)

C. Termperature (Deg C)

~

i3}

B: Reactant Ratio B Reactant Rato

R Yo Tien 4 4 Ramen Tiem o €00

Fig. 4. Two-dimensional contour model graphs (B & C) for monolaurin yield (R2) at (a) 3.0 hrs, (b) 4.0 hrs, (c) 5.0 hrs and (d) 6.0 hrs.

tion time (3 hours) compared to the rest of the 2-D contour
graphs at longer duration. From Fig. 4(a), the monolaurin yield
contour is shifted towards higher reactant ratio and reaction tem-
perature for higher monolaurin yield. Also, high yield contour
could only be found at reactant ratios higher than 3. The mini-
mum temperature point was found with increasing the reactant
ratio. For instance, to achieve 44% yield, a minimum of 153°C
and a reactant ratio of 4 are required, and for 46% yield, a mini-
mum of 158°C and reactant ratio of 4.1 are needed. However,
with increasing the reaction time, the higher yield contour begins
to disappear, suggesting a decrease in yield.

To understand the disappearance of high monolaurin yield con-
tour at longer reaction time, one must first understand the possi-
ble products formed in the reaction mixture. Monolaurin produced
by esterification between glycerol and lauric acid could undergo
further esterification with or without catalyst, as lauric acid itself
could autocatalyze the reaction [30]. At longer reaction, though
high concentrations of monolaurin occur in the reaction mixture,
this monolaurin is vulnerable to the attack of other lauric acid,
thus forming dilaurin or even trilaurin. Although the employment
of heterogeneous catalyst (in this case 40 wt%-HPW/IM) could
significantly limit the formation of dilaurin and trilaurin, these
two compounds are still able to form within the reaction mixture.
Thus, at longer reaction times, more and more monolaurin is con-
verted into dilaurin and even trilaurin, resulting in a reduction in
monolaurin yield. As such, the most significant factor towards
monolaurin yield could be suggested to be the reaction time.

On the other hand, the reactant ratio was found to have high
significance towards monolaurin yield as well. Interestingly, at low
reactant ratio (below 3), the reaction temperature is observed to be
insignificant towards monolaurin yield as seen in Fig, 4(a). On the
other hand, at higher reactant ratio (above 3), the effect of tem-
perature becomes very significant towards monolaurin yield. Such
observation suggests that the effect of temperature is highly depen-
dent on reactant ratio, and the mode of interaction between these
two factors is dictated by reactant ratio. At very low reactant ratio
(R=1), poor dispersion of glycerol among activated lauric acid on

April, 2016

catalyst surfaces could be less effective as compared to that at
higher reactant ratio [15]. Thus, longer time to achieve high yield
is required. Furthermore, as most acid sites were located within
the catalyst, the reactant would need to diffuse into the pores of
the catalysts where most acid sites were located in order to undergo
the reaction [31]. At higher reactant ratio, more glycerol was used,
thus increasing the probability of effective collisions within the mes-
opore channels [26]. Besides, higher glycerol concentration could
also bring about the dilution effect to lauric acid within the reac-
tion, thus decreasing the formation of di- or trilaurin during the
reaction [32).

In short, the same factors are investigated for both responses,
and their significance towards each response could be very differ-
ent For the interest of lauric acid conversion, reaction temperature
is identified as the major factor affecting the outcome, followed by
reaction duration and reactant ratio. However, as far as monolau-
rin yield is concerned, reaction time is deemed to have the most
significant effect, followed by reactant ratio and reaction tempera-
ture. As mentioned earlier, all three factors are found to be signifi-
cant towards both responses. When compared among themselves,
interactions between these factors resulting in significance differ-
ence in responses have been elucidated and could be useful for
future investigation.

Next, a collection of 3D response surface plots for R2 at differ-
ent combination of factors are shown in Fig. 5 to enable study on
the trend, minimum and maximum of the response with differ-
ent combinations. Most importantly, the 3D response surfaces
allow the observation on the monolaurin yield profiles that evolved
with time, reactant ratio and temperature. 3D response surfaces
showing interaction between reaction time (A) and reactant ratio
(B) at different reaction temperatures are plotted in Fig. 5(a)-(c). A
maximum point could be found in both Fig. 5(a) and (b) at a
reactant ratio of 4 for different reaction times. Interestingly, both
extreme (maximum and minimum) yields are shown in Fig. 5(c).
Thus, it could be concluded that increased reaction temperature is
only beneficial to our system for the right combination of reactant
ratio and reaction time, allowing the possibility of optimum oper-
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ational conditions to be identified.

On the other hand, Fig, 5(d)-(f) show that the overall monolau-
rin yield increases with increasing reactant ratio. However, “flat”
types of response surface are obtained, leading to the understand-
ing that only minor interaction occurs between the reaction time
and temperature when the reactant ratio is fixed. It is also under-
stood that the effects of reaction time and temperature are less sig-
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nificant when the reactant ratio is fixed. Thus, the reactant ratio
should be the governing factor among all the three. Fig. 5(g)-(i)
shows the 3D response surface graphs with varying reactant ratio
and temperature at 3, 4.5 and 6 hours of reaction time. From these
graphs, it is obvious that the 3-D surface curves show both maxi-
mum and minimum points with varying reactant ratio and tem-
perature. Again, such observation suggests that an optimum point
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must be available within the range of experimental work done.
Besides, the range of monolaurin yield was wider at shorter reac-
tion time when comparing all three plots in the last row. Such
finding suggested that at the shortest tested reaction time, a maxi-
mum yield could be achieved using the optimum reactant ratio
and reaction temperature. Though, such result is highly desirable
due to high production rate. The higher production cost might be
the drawback due to the higher reactant ratio or higher reaction
temperature used. Thus, carefully optimized operating conditions
should be studied to identify the optimum point to maximize the
monolaurin yield in this case.
3. Process Optimization Based on Monolaurin Yield, R2
Knowing the possible existence of an optimum point in mono-
laurin yield, numerical optimization in RSM is employed to inves-

tigate and identify such an optimum point. All constraints are set
to obtain the maximum possible monolaurin yield. The goals are
set to be in the range of lower and upper limits for all three factors
(A, B and C). As maximizing the conversion would not always
return with maximized yield, conversion is removed from the cri-
teria by setting its goal to none. The yield is set to reach its target,
ie. 50% yield, to avoid any extreme parameter points chosen (at
the lower or upper limit of each factor). Fifty-four solutions are
returned when such constrains are used. The selected solution with
the highest desirability suggests that 50% yield could be achieved
by using a reactants ratio of 4.6, at 175°C in a 3.18 hours of reac-
tion time.

The optimized experimental conditions are confirmed by repeat-
ing the experiment for three times using the proposed optimized

Table 10. Statistical analysis for confirmatory runs of optimized conditions

Statistical analysis Experiment #1 Experiment #2 Experiment #3
Monolaurin yield (%) 49.22 49.93 50.41
Difference from predicted value -0.78 -0.07 +0.41
Percentage difference (%) -1.56 -0.14 +0.82
Mean (%) 49.85
Variance (%) 0.2390
Standard deviation (%) 0.4888
Table 11. Comparison between the obtained catalyst activities with reported results
Reactant Reaction  Catalysts Reaction Lauric acid Monolaurin
Catalyst l:t?o ®) temperature loading time conversion  yield Remarks References
(°C) (wt%)  (hour) (%) (%) :
HFAU 1 1:1 112 2 9 200 88.0 Zeolite Y; Addition of 10 wt% Monolaurin [33]
Hybrid MCM-41 material containing
MIOH 1:1 120 5 8 920 62.0 simultaneous alkyl (methyl or propyl) and (34]
sulfonic acid groups
Modified Zeolite Beta: different Si/Al ratio
: 1 . .
HB400 1:1 00 5 10 325 595 (15, 50, 400) [35]
H-Beta 1:1 100 5 24 20.0 60.0 Zeolite Y; Addition of 10 wt% Monolaurin [36])
FIOMH-C  1:1 100 5 7 50.0 730  Chlorosulfonic functionalized SO,H-phenyl- .-,
MCM-41
M4OH 1:1 100 5 8 610 567 Hybrid MCM—41 'matenal containing methyl 38]
and sulfonic acid groups
Montmorillonite modified with tetra-n-
TBMMT 6:1 130 5 8 80.0 584 butylammonium bromide (TBAB) (32]
DMC-50°C  1:1 180 7 1 75.0 495 Fe-Zn double-metal cyanide catalyst [39]
HSO;-SBA- 4:1 160 5 7 950 680 Propyl sulfonic acid functionalized SBA-15 (30]
15 mesoporous catalysts
SBA-15- Propyl sulfonic acid -modified SBA-15 with
4:1 1 . . 40
SO,-H(1) 160 4 2 950 670 different acid weight (40l
40 wt%- . Direct synthesized 12-tungstophosphoric acid
ppwps 41 160 25 6 730 52.0 SBA15 (9]
O 4s1 s 25 318 920 499  Optimized reaction conditi This stud
HPW/IM . - : . ptimized reaction conditions y
April, 2016
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conditions. The results are shown in Table 10. It is obvious that the
optimized conditions suggested are highly accurate as the responses
found from the three confirmatory runs are very dlose to the de-
sired yield (50%). Differences between the predicted yield and the
experimental yield are found to be within 98% confidence level
Only small standard deviation is shown by the three experimental
responses to suggest high repeatability of the experiments with very
small error.
4. Comparison of Optimized Catalytic Performance

As the optimum point has been identified, the reported results
from the literature can be compared. The past reported results
based on conversion and yield of monolaurin together with our
optimized results are compared in Table 11. Though slightly higher
temperature was used as compared to some previously reported
studies, the duration of reaction required was greatly reduced from
around 20 hours down to only less than 4 hours by using 40 wt%-
HPW/IM. Even though different reactors and catalysts were used,
significant reduction in reaction time would be a major advantage
from a chemical engineering point of view. The reduction of reac-
tion time as well as reactant ratio could be translated into much
better industrial manufacture of monolaurin in terms of time and
energy consumed. In short, the applicability of the statistical mod-
els developed in this study as well as its high reliability and accu-
racy justifies this approach to modeling the process.

CONCLUSIONS

The development of both lauric acid conversion and monolaurin
yield response models was achieved by the use of RSM method.
Highly accurate empirical quadratic response models for both lau-
ric acid conversion and monolaurin yield were developed as Eqs.
(1) and (2). The significance of factors including reaction time,
reactant ratio and reaction temperature was successfully elucidated.
All three factors examined were found to have significant effect
towards both responses. Optimized monolaurin yield was achieved
at a reactant ratio of 4.6, 175 °C in 3.18 hours. The optimized con-
ditions resulted in 50% monolaurin yield with high repeatability
and confidence level (98%) with very low level of error. When
compared with reported catalysts, the use of 40 wt%-HPW/IM
enables low catalyst loading and short reaction time to reach high
lauric acid conversion and monolaurin yield as compared to those
reported ones. Moreover, the contribution of developed responses
models as a rapid and accurate prediction tools could fill in the
gap specifically in this area of study These statistically accurate
models could provide supplementary information on the catalytic
performance of the developed catalyst and correlation with the
characteristics of the catalyst as reported in our past publication.
The behavior of each factor towards both responses and the inter-
action between these factors are successfully explained. This results
could provide useful information regarding the esterification of
glycerol with long chain fatty acid to be extended to other setup
and catalyst system.
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The activities of different heterogeneous alkaline-earth metal oxide catalysts and mixed-metal oxide catalysts were investigated.
Glycerol etherification was carried out at 250°C in a three-necked glass reactor vessel at atmospheric pressure. In a typical
experiment, 50 g of anhydrous glycerol was loaded into the reactor. Then, 2 wt.% of catalyst was added to the reactor. The reactor
was then heated to the appropriate reaction temperature in nitrogen atmosphere under continuous stirring. The heterogeneous CaO
catalyst showed the highest catalytic conversion (72%) compared with other alkaline-earth metal oxides, with a diglycerol yield of
19%. The highest glycerol conversion of 96% and diglycerol yield of 52% were observed for the mixed-metal oxide catalyst
(Ca, ¢Alp 4Lag¢03). Reusability and stability of this catalyst were tested. The ICP-AES analysis was performed to confirm the
leaching of the metal species in the liquid phase of the reaction mixture.

Keywords: Alkaline-earth metal oxide; Catalyst; Etherification; Glycerol; Leaching; Mixed Oxides; Reusability

Introduction

An increase in glycerol production is expected because of the
increasing use of fuel additives such as methyl esters (Soares
et al., 2011). This increase can enhance the importance of
glycerol as a cheaper raw material for new products used in
surfactants, lubricants, cosmetics, food additives, etc. (Clacens
et al.,, 2002). The synthesis of value-added molecules from
crude glycerol is an attractive replacement to disposal by
incineration (Liu et al., 2011). Etherification of glycerol has
been studied with or without the use of organic solvents in
the presence of different homogeneous or heterogeneous cat-
alysts (Clacens et al., 2002; Jerome et al., 2008; Martin and
Richter, 2011; Gholami et al., 2014a). Polyglycerols, especially
diglycerol and triglycerol, are the main products of glycerol
etherification. The use of solvent could lead to some difficult-
ies in the production process, leading to 2 more complex over-
all process (Ayoub et al., 2012). In this respect, solventless
etherification process could promise several advantages.
Various heterogeneous catalysts have been employed in
the etherification process (Klepacova et al., 2006; Ruppert
et al., 2008; Pariente et al., 2009; Silva et al., 2009; Rahmat
et al., 2010; Shi et al., 2010; Gaudin et al., 2011; Melero et al.,
2012). However, the high selectivity of diglycerol at higher
levels of glycerol conversion remains a challenge. Compared
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Campus, 14300 Nibong Tebal, Penang, Malaysia. E-mail:
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with homogeneous processes, heterogeneously catalyzed
processes have slower reaction rates (Tseng and Wang, 2011).
Glycerol etherification at 260°C and 24h over mesoporous
materials, such as MCM-41 impregnated with cesium, resulted
in 75% and 22% selectivities to di- and triglycerol at 80%
glycerol conversion. Clacens et al. (1998, 2000, 2002) used
mesoporous catalysts (MCM-41 type) and a Cs-ZSMS catalyst
for glycerol etherification at 260°C for 24 h and subsequently
obtained 80% glycerol conversion with 40% corresponding
diglycerol selectivities. Catalytic etherification over the CaLa/
MCM-41 resulted in the highest glycerol conversion of 91%
at a diglycerol yield of 43% (Gholami et al., 2014b). Etherifi-
cation of glycerol to diglycerol isomers in a solvent-free
reaction system by Li-Mg/SBA-15 catalyst was studied by
Admiral and Abdullah (2013). The reaction was carried out
at 240°C with 2 wt.% of catalyst and the highest diglycerol yield
of 63% was obtained after 18 h of reaction.

Etherification of glycerol using alkaline earth metal oxides
as heterogeneous catalysts with high activity has been reported
in the literature and it has been concluded that different CaO
materials are examples of the most stable and environmentally
friendly materials among alkaline earth oxides (Granados
et al., 2007). The yield of diglycerol, as a desirable product,
was significantly affected by catalyst loading, reaction tem-
perature, and reaction time. It is necessary to identify a suit-
able type of mesoporous material with suitable pore size that
can stand the harsh reaction conditions while having the capa-
bility to accommodate diglycerol molecules. Therefore, a suit-
able heterogeneous catalyst was required for tl.xe selective
etherification of glycerol to diglycerol. The stability of the
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Fig. 1. Base-catalyzed glycerol etherification of glycerol to diglycerol (Ruppert et al., 2008).

structure under high temperature and long-time reaction
might be improved using the catalyst with mostly meso-size-
range pores (Ayoub and Abdullah, 2013a, 2013b). The struc-
ture of this catalyst should be able to withstand the reaction
conditions. Furthermore, at the end of reaction, the catalyst
should be easily separated from the product mixture so that
it can be used for several cycles of reaction. It has been
reported that binary oxides containing alkali and alkaline
earth metals can increase the stability and improve catalytic
behavior. The strength and number of basic sites of the mixed
oxide of La,O; were higher than those of single oxide
(Choudhary et al., 1998). Some factors were considered to
be of paramount importance for catalyst modification. First
is the addition of Al into the catalyst matrix in the form of
stable aluminum compound (Al;O3). Another consideration
is the improvement on the surface area as a consequence of
the inclusion of Al into the matrix of the solid catalyst to
increase the number of available active sites during reaction.

Base-Catalyzed Etherification of Glycerol

Oxidation and reduction occur at the same time during the
etherification of glycerol, which includes the gain and loss of
oxygen and hydrogen molecules between the hydroxyl group
and glycerol. Ruppert et al. (2008) studied the mechanism of
glycerol etherification over a basic catalyst. The mechanism
includes two mechanistic schemes: (1) deprotonation of the
hydroxyl group and (2) attack of the formed alkoxy anion
on the carbon of the other molecule of glycerol. As shown
in Figure 1, it is difficult to explain the mechanism of a
base-catalyzed etherification without the participation of the
Lewis acid sites through the activation of a hydroxyl group
as a leaving group (Ruppert et al., 2008). Examples of such
dual mechanism involving both basic and Lewis acid active
sites have been reported for other heterogeneous catalytic
reactions, for example, the destructive adsorption of

OH
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ro
"

\M/o\ M M M

H

OH
OH OH
H
OH OH
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A__ "
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chlorinated hydrocarbons on lanthanide oxide and oxide
chloride materials (van der Heijden et al., 2005, 2007).

Further theoretical studies of alkaline earth metals have
focused on the importance of surface basicity and Lewis
acidity of the catalyst. The catalytic behavior of metal oxide
surfaces is often explained by the acid/base characteristics
(Conte, 1999). The nature of acidic and basic sites on oxide
surfaces can be described in Lewis and Brensted terms.
On metal oxides, coordinated unsaturated metal cations are
generally considered as Lewis acid sites, whereas the oxygen
anions are regarded as Lewis base sites (Abro et al., 1997;
Sakthivel et al., 2007). As shown in Figure 2, it was reported
that the role of coordinative unsaturated surface metal
ions was to facilitate the hydroxyl leaving process in the
glycerol etherification reaction (Ruppert et al., 2008). The elec-
tron-deficient metal cations exhibit acidic, electron-acceptor
characteristics, whereas the electron-rich oxygen anions exhibit
basic, electron-donor characteristics (Abro et al., 1997).

In our previous study (Gholami et al., 2013), the activity
of novel Ca;,,Al_,La,0; (0.1 <x<0.9) heterogencous
catalyst in glycerol etherification into polyglycerols in a
solventless system was investigated. The characterization of
catalysts such as SEM, BET, FTIR, and XRD was also
studied and the effects of the reaction conditions on the
process were determined to identify the highest conversion
and selectivity that can be achieved. In this study, the effects
of shape selectivity in the distribution of diglycerol isomers,
and the stability and reusability of alkaline earth metal oxides
and the mixed-oxide catalyst are investigated.

Materials and Methods

Materials

Anhydrous glycerol of high purity (>99%) was purchased
from R&M Chemicals, Ltd.,, whereas lanthanum nitrate
hexahydrate (99.9%) was supplied by Sigma Sdn. Bhd.

OH OH
- Ho\)\/o\/l\/OH

-H,0

,O\ o+ ~ /OaM/o\;‘ﬁ-l-

Fig. 2. Potential reaction scheme for base-catalyzed glycerol etherification involving Lewis acidity (Ruppert et al., 2008).
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Potassium hydroxide (85%), aluminum nitrate nonahydrate
(>98.5%), calcium nitrate tetrahydrate (>99%), and stron-
tium nitrate (>99%) were obtained from Sigma-Aldrich,
Malaysia, and magnesium nitrate (>99%) was purchased
from ACROS organics. Meanwhile, glycerol (99%) and
triglycerol (>90%) obtained from Sigma-Aldrich and
diglycerol (>90%) from Solvay Chemicals were used as
GC standards. Moreover, chlorotrimethylsilane (98%),
hexamethyldisilazane (99%), pyridin, analytical reagent
(99.99%), and toluene, anhydrous (99.8%) were supplied
by Aldrich, Fulka, Fisher Scientific, and Sigma-Aldrich,
respectively, which were used as GC analysis solutions.
These chemicals were used without further purification.

Catalyst Preparation

The catalysts were synthesized based on our previous
study (Gholami et al., 2013). Heterogeneous catalysts
Ca, gLag4Alg 603 were synthesized using a co-precipitation
method from the nitrate compounds of calcium, aluminum,
and lanthanum. In a typical batch preparation, based on
10g of the final catalyst, 50mL of mixed salt solution
containing 3.07M of Ca(NOs);, 1.14M of AI(NO;);, and
0.33M of La(NOs); was prepared. The solution was then
precipitated with a controlled pH of 10 using 2M KOH to
obtain a mixed-hydroxide solution. During the precipitation
step, the mixture was continuously stirred at 600 rpm for 6 h
at 80°C on a magnetic hot plate-stirrer until the solution
was homogenized. The resulting mixture was subsequently
filtered, dried, and then thermally treated at 560°C for 6h
to obtain the composite mixed-metal oxide catalyst. The
same method was employed for preparation of single-oxide
catalysts (CaO, MgO, and SrO), whereas the proper amount
of nitrate was precipitated with 2.0 M KOH.

Reaction Procedure

The catalytic activity of the heterogeneous catalysts was
tested using solvent-free etherification of glycerol. The reac-
tion was carried out in a three-necked glass reactor vessel
(250 mL) at atmospheric pressure in the presence of 2 wt.%
of catalyst (based on glycerol weight). The reactor was placed
on a stirring-heating mantle equipped with a proportional-
integral-derivative (PID) temperature controller. The reac-
tion was carried out at 250°C for up to 10h and it was per-
formed under a continuous flow of nitrogen gas to avoid
glycerol oxidation. Water that was produced was eliminated
and collected using a Dean-Stark system. In the experimental
run, the reactor was charged with 50 g of anhydrous glycerol
and 2 wt.% of catalyst was then added to it. Then, the reac-
tion vessel was heated up to the desired reaction temperature.

Catalyst Characterization

The surface area, pore volume, and pore size distribution of
the synthesized catalyst were measured based on nitrogen
adsorption/desorption isotherms at —196°C uging an ASAP
2020 Micromeritics instrument. Powder X-ray diffraction
(XRD) patterns recorded using a diffractometer (Phillips
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PW 1710) with Cu Ka radiation were used to determine the
purity and the unit cell parameters of the developed oxides
catalyst. The elemental analysis of metals was performed
using an inductivity coupled plasma atomic-emission
spectrometer (Perkin Elmer Optima 3000 DV ICP-AES
Spectrophotometer).

Analytical Methods

The samples obtained from the etherification of glycerol
using Lhe synthesized catalysts were collected at specific
intervals during the reaction and were qualitatively analyzed
using the GC analysis. Analysis was performed using the
GCD 7890A System (Agilent Technologies, USA) with
flame ionization detectors. The system was equipped with a
capillary polyethylene glycol column (Agilent technologies)
with the following dimensions; 30m length, 0.32mm i.d.,
and 0.25 um film thickness. The temperature limit was from
—60°C to 325°C. Nitrogen was used as the carrier gas. The
injector temperature was set at 100°C, and the detector tem-
perature was maintained at 250°C. The column temperature
was kept constant at 100°C. The products were analyzed with
GC after silylation.

The silylation preparation procedure was performed based
on the method reported by Sweeley et al. (1963). First, 0.050 g
of the produced sample was mixed with 1.5 mL of dried pyri-
dine in a screw-capped septum vial (4 mL). 0.2 mL of hexam-
ethyldisilazane was added into this solution and the vial was
shaken well and then 0.1 mL of trimethylchlorosilane was
added. To allow large particles in the mixture to settle down,
the obtained solution was heated to 70°C for 1h. Later, the
top layer of the mixture was taken and centrifuged to separ-
ate the remaining solid particles. Then, 0.05 mL of the final
solution was diluted into 2mL of dried toluene. Finally, 1
puL of this liquid was injected into the GC. Additional
information about calculations of conversion of glycerol,
selectivity and yield towards diglycerol and triglycerol have
been provided in the supplemental data.

Results and Discussion
Catalytic Activity

Performance of Alkaline Earth Oxide Catalysts in
Etherification Reaction

The activity of the synthesized catalysts was examined
based on the yield of the desired product (diglycerol) in the
etherification reaction. The reaction was carried out at
250°C for 10h, and the effects of the different reaction
parameters were investigated. Figures 3(a) and (b) show the
performance of different catalysts used for the solventless
etherification of glycerol. Figure 3(a) indicates that in the
etherification reaction over SrO catalyst, the highest glycerol
converston was achieved after 8 h. The etherification of gly-
cerol using alkaline-earth metal oxide catalysts was affected
by both their surfacc basicity and Lcwis acidity (Ruppert
et al., 2008). The conversion of glycerol increased in the order
of MgO < CaO < SrO when the catalyst basicity theoretically
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Fig. 3. Performance of heterogeneous catalysts in the (a) conver-
sion of glycerol and diglycerol selectivity, (b) yield of di-,
tri-glycerol in the etherification reaction (reaction temperature:
250°C; catalyst loading: 2 wt.%).

increases. The order of conversion is thus in accordance with
their basicity, that is MgO < CaO < SrO.

To evaluate the selectivity behavior of unsupported MgO,
Ca0, and SrO, the selectivities versus reaction time is also
plotted in Figure 3(a). No significant differences in the selec-
tivity behavior are observed for the different catalyst materi-
als investigated. With an increase in the glycerol conversion,
the selectivity towards triglycerol gradually increased at the
expense of the selectivity towards diglycerol. Furthermore,
from Figure 3(b) it can be seen that the yield towards trigly-
cerol steadily increased with increasing glycerol conversion,
due to the polymerization of diglycerol to higher oligomers
at the prolonged reaction, whereas a decrease in the yield
towards diglycerol was observed after 6h of reaction.
Notably, MgO revealed rather low conversion in the etherifi-
cation of glycerol (9% after 10h). The glycerol conversion
over CaO catalyst gradually reached a final value of about
72% after 10h of reaction.

The results revealed that the basic strength, the Lewis acid
sites, and the surface area are important, and the catalyst with
the precise balance of Lewis acidity and basicit)f shows the
highest glycerol etherification activity. The basic strength,
surface basicity, and BET surface area of the catalysts are
presented in Table I. The surface area and basicity of the

Z. Gholami et al.

Table 1. Basic strength and surface basicity of the catalysts

Basic Surface basicity BET surface
Catalyst strength (nmol/g) area (m?/g)
SrO 150<H_<184 1250 8.8
CaO 93<H <150 985 14.3
MgO 72<H_<93 575 24.7

catalyst are important parameters in the etherification reac-
tion. However, the basicity and basic strength have significant
impact on the activity of the catalyst in this reaction. The
comparison between surface properties of MgO and CaQ
shows that the activity of the catalyst considerably increased
(from 9% to 72%) by increasing the basicity of the catalyst,
whereas by increasing the basicity of the SrO catalyst, there
was no significant difference in the catalytic activity.

Mixed oxide of CaLa showed a low surface area of 20 m?/g
and to improve the surface area of this catalyst, aluminum
was considered for integration into the catalyst structure.
Heterogeneous mixed-metal oxide catalysts are considered
as a potential alternative for use as basic heterogeneous cata-
lysts for the selective etherification of glycerol. Specifically, it
is expected that the catalyst materials consisting of calcium,
aluminum, and lanthanum elements show higher stability
and basicity. Particularly, this type of catalyst has received
significant attention in various reactions (Muroi, 2012;
Olutoye and Hameed, 2010) due to their mesostructure,
low cost, environmental friendly nature, simple method of
preparation, and reusability.

Performance of Mixed-Oxide Catalyst (Ca; gAly4Lay 603) in
Etherification Reaction

In the etherification reaction of glycerol, a high level of
glycerol conversion with high corresponding selectivity to
diglycerol is very important. The above facts establish the
basis for further study in the synthesis of heterogeneous
catalysts, which was carried out in this work to improve
the process. Mixed-metal oxides composite of La, Ca, and
Al were synthesized in this part of the study. These metals
were selected based on their suitable characteristics that can
favorably enhance the process by providing the basic con-
ditions during the solventless etherification of glycerol. These
mixed-oxide catalysts were used in the etherification reaction
due to their high stability to enhance the selective oligomer-
ization of glycerol under various reaction conditions.

Effect of Reaction Variables

Catalyst Loading

The effect of catalyst loading on the etherification reaction at
250°C and 8h was also investigated. Concentration of the
catalyst (Ca, . La;_,AlO; at x=0.6) in the reaction
medium was in the range of 0.5-5wt.%, whereas the other
reaction variables were kept constant. Different catalyst
loadings resulted in different activities and selectivities
(Figure 4). The conversion of glycerol reached its highest
level of 96% after 8 h while the maximum yield of diglycerol
of approximately 52% was attained with 2wt% of the
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Fig. 4. Effect of catalyst loading on glycerol conversion and
yield of diglycerol for Ca, ¢Lag 4Alp 6Os catalyst (reaction time:
8 h; reaction temperature: 250°C).

catalyst after 8 h. Increasing the catalyst amount from 0.5 to
2wt.% caused an increase in the glycerol conversion and cor-
responding diglycerol and triglycerol selectivities. This result
was attributed to the dehydration of glycerol molecules.
Similarly, the nucleophilic character of the hydroxyl oxygen
could have been enhanced by the interaction between O-H
bonds of glycerol and the oxide catalyst (Martin and Richter,
2011). Thus, the attack on the polarized glycerol molecule by
the hydroxyl group of another molecule of glycerol could
have simultaneously split the water molecule to result in
diglycerol formation (Martin and Richter, 2011; Ayoub
et al., 2012). However, increasing the catalyst amount from
2 to 4wt.% resulted in decreasing trends as observed in both
glycerol conversion and diglycerol selectivity. This obser-
vation could be attributed to the back-scission of diglycerol
to glycerol (Martin and Richter, 2011).

The effect of catalyst loading on the conversion of glycerol
over homogeneous LiOH catalyst in a solventless etherifi-
cation reaction was studied by Ayoub et al. (2012). They
reported that the conversion of glycerol to diglycerol was
enhanced by increasing the amount of LiOH from 0.5 to
2wt.% and they found that 2wt.% of catalyst loading was
a level at which the highest reaction rate was achieved.
Further increase in the catalyst amount did not result in
higher conversion and selectivity because the reaction could
have been limited by the mass transfer during the reaction
(Ayoub et al., 2012).

Reaction Time

Figure 5 shows the effect of reaction time on glycerol conver-
sion and the corresponding diglycerol and triglycerol selectiv-
ities. Generally, conversion of glycerol increased with an
increase in reaction time. Yield of diglycerol reached 28%
after 4 h of reaction, and then increased gradually to 52% after
8 h. Because of the prolonged reaction, more glycerol mole-
cules experienced dehydration or other forms of side reaction
that increased the conversion of glycerol. The conversion of
glycerol molecules might not exactly result in polyglycerols
in these reactions. Instead, the double dehydration of glycerol
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Fig. 5. Effect of reaction time on diglycerol yield for
Ca;6Lap.sAlp 603 (2wt.% catalyst loading, reaction tempera-
ture: 250°C).

could convert it to other forms of undesired by-products such
as acrolein, which produces harmful products (Clacens et al.,
2002). Thus, 8 h was considered as a suitable reaction time to
be used in this study. Further investigation revealed that the
selectivity of diglycerol increased at a certain rate up to 8h,
and then gradually decreased until the reaction was complete.

Under uncontrolled reaction conditions, diglycerol mole-
cules could be transformed into higher oligomers of glycerol
(Ruppert et al., 2008). The weak formation of two polymer-
ized molecules of glycerol (diglycerol isomers) is not highly
stable under the specified reaction conditions. Thus, nucleo-
philic attack at the C-OH bond of the glycerol generates an
intermediate phase from which diglycerol and triglycerol are
formed. The latter deprotonated the catalyst to regenerate
active species capable of further reacting with glycerol mol-
ecule. Thus, another catalytic cycle would start and a higher
nuclear charge of the as-synthesized catalyst would facilitate
stronger attraction between electrons and protons during the
reaction (Clacens et al., 2002; Ayoub et al., 2012).

Reaction Temperature

Reaction temperature plays a key role in etherification
reaction and based on the highest yield of diglycerol, the opti-
mum temperature must be determined. Thus, the effect of
reaction temperature (ranging from 150 to 260°C) on glycerol
etherification was studied. Figure 6 shows that the glycerol
conversion reached its maximum level (96%) in the presence
of the 2 wt.% of Ca, gLag 4Alp ¢O; catalyst, at 250°C after 8 h.
Increasing the reaction temperature from 220 to 250°C
resulted in a significant increase in the glycerol conversion
from 39% to 96%.

However, the yield of diglycerol under these conditions
was 52%; on increasing the reaction temperature and time,
it decreased. These results suggest that reaction temperatures
above 250°C might accelerate the conversion of the remain-
ing glycerol to enhance the subsequent etherification of
diglycerol to higher glycerol oligomers, which subsequently
resulted in a decrease in diglycerol selectivity. Furthermore,
discoloration and strong odor generation could occur at such
high temperatures to indicate partial decomposition of the
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Fig. 6. Effect of reaction temperature on glycerol conversion
and diglycerol yield, Ca, ¢Lag 4Aly O3 catalyst (2wt.% catalyst
loading, reaction time: 8 h).

derived products. On the other hand, glycerol conversion was
very low at reaction temperatures below 200°C. These obser-
vations were in good agreement with previously reported
results (Clacens et al., 1998; Charles et al., 2003).

Reusability and Stability of the Catalyst

Reusability of the catalyst is one of the important factors for
the catalytic reactions. This factor was tested in phases for the
developed mixed-metal oxide Ca,glagsAly¢O; catalyst.
Characterization tests were performed for the mixed-metal
oxide Ca,¢Lag4Alp6O; catalyst samples before and after
the reaction. The nitrogen adsorption and desorption
method, as well as the ICP-AES and XRD analyses, was per-
formed to study the structure variations in the catalysts after
etherification. The XRD patterns of the catalyst before and
after etherification for one cycle are shown in Figure 7. A
rather similar XRD pattern was observed for the catalysts
before and after reaction. For both catalysts, the main peaks

1:Ca0, 2:13,0, 3:Al,0,
1 0 4:CaAlLa0, 5: CaAl

2 3 55 3

Fresh

Relative intensity (c.p.s)

20 3 A0 N a0 “0 S
2 Theta (degree)

Fig. 7. XRD patterns for the mixed-oxide Ca,gLaoaAlosOs
catalyst before and after the etherification reaction.
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are clearly observed. However, it can be seen that the intensity
of prominent peaks decreased after the reaction at 26 = 25°,
28°, 29°, 34°,47°, 51°, and 54°. The slight reduction in inten-
sities indicates a satisfactory preservation of the structure so
that it appeared quite similar to that of the fresh mixed-oxide
Ca, gLag4Aly¢O; catalyst sample. However, the disappear-
ance or decreasing intensities of these peaks suggested that
leaching occurred during the reaction and it caused a
reduction in the amount of metals in the catalyst structure.
In general, in the XRD pattern for the catalyst after the
reaction, the peaks are shorter than the peaks in the fresh cata-
lyst. Furthermore, the peaks of the Ca component in the cata-
lyst sample after the reaction were found to be weaker and with
lower intensities than those of the fresh catalyst before the reac-
tion. This phenomenon might have been caused by the liquid
phase reaction and severe reaction conditions (250°C and
10h reaction time). Hence, the stability of the structure was
confirmed by the existence of some basic peaks, which were
sufficiently preserved in the catalyst after reaction. The typical
peaks of the separate metal contents on the crystalline phases
and that of mixed-metal oxides were obviously detected in
the obtained patterns (Biswas et al., 2010; Manfro et al., 2013).
The surface properties of the mixed-oxide Ca;glagg
Al 605 catalyst before and after the reaction were evaluated,
and the results are shown in Table II. A significant reduction
in the surface area, pore size, and pore volume of the catalyst
was observed after the etherification reaction. However, the
surface area and pore size of the catalyst after the reaction
were still high enough for being used as reusable catalyst in
the second run of the reaction. The partial blockage of the
catalyst by-products might have reduced the surface area
and pore size of the catalyst after the reaction. The clogs of
the produced oligomers such as diglycerol, triglycerol, and
higher oligomers formed during the reaction were deposited
on the surface of the catalyst, which might have decreased
the number of available active sites for the next catalytic run.
The stability of the catalytic activity of mixed-oxide
Ca, 6Lag4Aly 605 catalyst was considered in this study by
recycling the catalyst in three successive batch runs at opti-
mum conditions of etherification of glycerol. The catalyst
was removed after each catalytic experiment, washed care-
fully with methanol, and then dried in an oven at 100°C for
10 h. Figure 8 shows the conversion of glycerol and diglycerol
yield in three sequential runs. A significant reduction in
conversion and yield was observed after each run during
the catalytic etherification of glycerol. The yield of diglycerol
dropped to 29% in the second run and decreased to 12% after
the third run. A similar trend was observed for the glycerol
conversion, and it decreased from 96% to 67% after three
runs. Thus, the leaching of the active metal caused a

Table II. Surface properties of mixed-oxide Cal.6La0.4A10.603
catalyst before and after reaction

Properties Before reaction  After reaction
BET surface area (m?/g) 53.9 34.2

Pore volume (cm?/g) 0.20 0.15
Pore size (nm) 16.8 10.1
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Fig. 8. Glycerol conversion and diglycerol yield versus run
number in the etherification of glycerol.

reduction in the catalytic activity throughout the reaction. Ca
leaching was confirmed by the results of the characterization
of used catalyst after etherification. The lost amount of
metals might have been dissolved in the liquid phase of
reaction mixture. The leached metals would remain in the
reaction and contribute to the homogeneous reaction.

Heterogeneous catalysis is used to avoid metal loss during
catalytic reactions. However, a previous study has reported
that some metals are leached from the solid catalyst to the
liquid product mixture, thus requiring recovery of the metal.
Hunter et al. (1987) reported that the metal leaching occurs
because some species such as starting material, product,
by-product, or intermediate are better ligands, forming a
stronger bond with the metal complex than the ligand func-
tionality of the solid support. Therefore, the metal complex
is leached out of the solid support and dissolved in the liquid
reaction mixture. However, modification of the collected
catalyst including filtration, as well as washing and drying
after each run, could affect the catalytic activity.

The ICP-AES analysis was performed to confirm the
leaching of the metal species in the liquid phase of the reac-
tion mixture, and the results are shown in Table 1II. The
Ca and La contents in the fresh catalyst were measured to
be 49 and 7wt.%, respectively. After the first run, it was
observed that the amount of Ca and La in the catalyst was
reduced to 22 and 24wt.% of their amount in the fresh

Table III. Metal contents in the catalyst and final liquid product
after the etherification reaction

Run number
Component 1 2 3
Calcium
Remove from catalyst actual (wt.%) 22 12 9
Present in liquid phase ICP-AES (ppm) 16 10 8

Lanthanum
Remove from catalyst actual (wt.%) 24 15
Present in liquid phase ICP-AES (ppm) 13 9
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catalyst, and after the third run the amount of Ca and La
reached 31 and 4 wt.%, respectively, in the used catalyst. At
the same time, the amount of metals in the reaction mixture
was measured after each run. It was observed that the
amounts of Ca and La in the product mixture were 16 and
13 ppm, respectively, after the first run. In the final liquid pro-
duct after the third run the amounts of Ca and La were found
to be 8 and 6 ppm, respectively. These findings prove that Ca,
as an active component, was partially dissolved in the liquid
phase during the etherification reaction under harsh reaction
conditions. The amount of calcium as an active component
decreased in the used catalyst after each run, which may be
the primary reason for the reduced activity and selectivity
of the catalyst in the etherification reaction.

The effect of Ca leaching on diglycerol yield was examined
in the etherification reaction over mixed-oxide Ca,¢Lag4
Alp 605 catalyst, and the results are shown in Figure 9. After
2h of reaction, the amount of Ca in the liquid phase was
approximately 5% of the Ca content in the fresh mixed-oxide
catalyst, and these amounts increased steadily on increasing
the reaction time. After 10h of reaction the Ca content in
the liquid phase reached 21% and at the same time 24% of
La was observed in the liquid phase. Simultaneously, after
8 h reaction the diglycerol yield reached its maximum (52%
at 96% glycerol conversion) and then started to decrease
and reached to 31wt.% after 10h of reaction. A direct
relationship between the diglycerol yield and content of
active component was observed.

The reaction might occur because of the availability of the
active sites on the catalyst, and on increasing the reaction
time above 8 h, some dissolved Ca species in the liquid phase
might act homogeneously. Thus, the yield of diglycerol
reduced by further increase in the reaction time up to 8h,
which might be due to the production of some undesirable
products instead of diglycerol. The obtained result for the
reusability of the prepared catalyst was compared with those
observed by other researchers.

Previous studies could confirm the obtained results in the
present study and the suggested hypothesis in this study.
Seshu Babu et al. (2008) studied the synthesis of polyfunctio-
nalized pyrans using a heterogeneous strong basic Mg/La
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Fig. 9. Calcium leaching effect on yield of diglycerol during the
10h of reaction.
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mixed-oxide catalyst at short reaction times and mild
reaction conditions. They reported that Mg/La mixed-oxide
catalysts were reusable basic catalysts, and the presence of
La enhanced the basicity of the catalyst. The Mg/La catalyst
showed strong basic sites compared with other solid base
catalysts. The presence of La,O3 with MgO led to enhanced
basicity. However, given the harsh reaction conditions in the
present study, a higher reduction in catalytic activity was
observed.

Barrault et al. (2004) studied the selective oligomerization
of glycerol over mesoporous catalysts. They reported that
polar compounds are well known to create alkaline (earth)
and soluble alcoholates. Therefore, the content of the basic
element of the catalyst in the presence of glycerol and its oli-
gomers may be decreased. Thus, a reduction in activity and
rapid variations in the selectivity were observed upon reuse.
The solids were analyzed after the reaction, which showed
that the metal content was considerably reduced and dis-
solved in the liquid phase, and the metals acted as a homo-
geneous catalyst during the reaction. Ruppert et al. (2008)
also studied the etherification of glycerol over CaO-based
materials. They observed that catalyst leaching could have
occurred. In addition to the CaO solid, the active species
involved might be the Ca ions, most probably in the form
of Ca diglyceroxide. In this study, after 2h of reaction
approximately 3%—6% of Ca from the original CaO catalyst
material was detected in the liquid phase, which steadily
increased with reaction time. Thus, the activation of the dif-
ferent catalyst materials is directly related with the increas-
ing amounts of metal content, which could be transferred
into the liquid phase in the reaction solution. However,
further study should be conducted to minimize leaching
and the loss of activity in heterogeneous catalysts.

Conclusion

Solventless etherification of glycerol to diglycerol in the pres-
ence of heterogeneous CaO catalyst showed good activity
(20% yield of diglycerol at a glycerol conversion of 78%)
compared with other unsupported alkaline-earth metal
oxide catalysts (MgO and SrO). The yield of diglycerol
was affected by the atomic size of the metal oxide (CaO)
catalyst and operation parameters of the reaction. The het-
erogeneous mixed-oxide catalyst showed high diglycerol
yield of 52% under similar reaction conditions (250°C, 8 h)
compared with the other synthesized catalysts in this study.
The high basic strength of this catalyst evidently improved
the activity of the catalyst. Moreover, the mixed-oxide cata-
lyst was found to be more stable compared with the other
prepared catalysts in this study.

Reusability of the mixed-metal oxide Ca;gAly4Lag 603
catalyst was tested in the etherification reaction of glycerol
at 250°C using 2 wt.% of catalyst. The reusability of the cata-
lyst was demonstrated for up to three runs, during which the
yield of diglycerol potential decreased from 52% for the fresh
catalyst to 18% after the third run. The activation of thc
catalyst was directly related to the increasing amounts of
metal content, which was leached into the liquid phase of

Z. Gholami et al.

the reaction solution. This study still showed that consider-
able leaching of the active metal during the reaction
occurred. In summary, the heterogeneous mixed-metal oxide
(Ca; 6Alp 4Lags03) with 96% glycerol conversion and 52%
yield of diglycerol was an active catalyst for the solventless
etherification of glycerol to diglycerol. However, long-term
stability still remains an issue as in the case of other basic
catalysts reported in the literature.
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Supplemental data for this article can be accessed on the
publisher’s website.
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be reused for up to four times without significant loss of the catalytic activity.

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

1. Introduction

Monoglycerides are commonly used in many industries (food,
pharmaceutical and cosmetics) due to their unique properties that
can be used as surfactants | 11. Generally, monoglycerides can be syn-
thesized via direct esterification of glycerol with various types of fatty
acid. Among all the fatty acids available, palmitic acid is considered
to be the best option because this low value feed material can be ex-
tracted from a sustainable long-term feedstock like palm oil [2].

More recently, functionalized mesoporous silica based catalysts
13,4] have been used in the selective synthesis of monoglyceride due
to uniform and large pore size which are beneficial in the reaction
involving bulky molecules. Among them, sulfated zirconia (SZ) on
SBA-15 (SZSBA-15) is a promising candidate for such reaction due to
its superacidic properties. Previously, SZSBA-15 has been used as a
comparison with sulfonic acid supported on SBA-15 in the glycerol
esterification with lauric acid under vacuum condition {5]. High
monolaurin selectivity (68 %) with 62% lauric acid conversion was
demonstrated. However, details on the characteristics of SZSBA-15
catalyst and correlation with its activity are hardly addressed. Al-
though the SZSBA-15 catalyst has been studied in many reactions
[6-8), our literature review showed that no work has been reported
on the application of SZSBA-15 in the synthesis of monopalmitin
via glycerol esterification with palmitic acid. It is a great challenge

* Corresponding author: Tel. +604 599 6411; fax: +604 594 1013.
E-mail address: jam:053@yahoo.com (M.H.M. Yusoff).

hup:ffdx.dororg/ 10.1016;).jtice.201511.018

to catalyze a reaction involving bulky molecules due to diffusional
restriction of the reactants into the pores. Therefore, the application
of mesoporous superacidic catalyst like SZSBA-15 is expected to
enhance the reaction while improving the mass transport of bulky
molecules within the pores.

In this paper, catalytic activity of SZSBA-15 in the esterification
of glycerol and palmitic acid (C16:0) has been studied under a con-
tinuous nitrogen flow. The structural, surface and chemical charac-
teristics of SZSBA-15 catalyst have been investigated and correlated
with the catalytic behavior. The main objective of the present work
has been to study the performance of the catalyst to generate new
understandings on the effects of operating conditions such as reac-
tion temperature and catalyst loading on the palmitic acid conversion
and monopalmitin yield. Reusability stucly has also been performed
to investigate the stability of the catalyst in the reaction at high
temperature.

2. Experimental
2.1. Preparation of the catalyst

The SBA-15 was prepared according to the surfactant-templating
methed [9] with some modifications and the incorporation of SZ onto
SBA-15 was achieved following a published urea hydrolysis method
[7]. 4.0 g of Pluronic P123 was first dissolved in 150 ml of 2 M HCI
under vigorous stirring at 40 °C for 2 h. After that, 9.0 ml of TEOS
was added into the solution and the solution was stirred for 30 min.

1876-1070/© 2015 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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Fig. 1. Profiles of (a) N2 adsorption-desorption isctherm and (b) pore size distribution of SBA-15, ZrSBA-15 and SZSBA-15.

The stirring rate was then reduced and the reaction system was kept
under this condition for another 21.5 h. Then, the content was trans-
ferred into a Teflon bottle and subjected to aging at 80 °C for 48 h in
an oven. The solid product was then filtered, washed with deionized
water, dried in an oven at 80 °C for 24 h and calcined at 500 °C for
6 h. 2.0 g of the calcined SBA-15 was added into a solution containing
0.5812 g of ZrOCl,-8H, 0 and 1.083 g of urea in 120 ml of distilled wa-
ter. The mixture was then refluxed under stirring at 90 °C for 5 h and
the resultant gel was filtered and washed to remove excess chloride
ions. The filtered gel was dried at 100 °C for 24 h and the product was
calcined in the air at 550 °C for 6 h to obtain ZrSBA-15. Sulfation of
the solid was carried out by stirring the calcined product with 0.5 M
H,S04 (15 ml/fg) at room temperature for 3 h. The resultant material
was filtered, dried at 100 °C for 2 h and calcined at 550 °C for 3 h.

For comparison, unsupported sulfated zirconia (SZ) was synthe-
sized by calcining ZrOCl,-8H,0 at 600 °C for 5 h to obtain ZrO, {10).
The product was sulfated with 0.5 M H;SO4 for 3 h at room tempera-
ture and calcined at 550 °C for 3 h.

2.2. Catalyst characterization

The catalyst was characterized by N, adsorption-desorption
analysis, transmission electron microscopy (TEM), scanning electron
microscopy (SEM) and energy dispersive X-ray (EDX). N, adsorption-
desorption analysis was carried out using a Micromeritics ASAP
2020 equipment. The sample was first degassed (P < 10-! Pa) at
270 °C for 6 h. SEM images to study the surface morphology of the
catalysts were taken using Quanta FEG 450 SEM and the presence of
zirconia and sulfur on the surface was verified using EDX from the
same equipment. TEM images were taken using Philips CM12 TEM
microscope. The surface acidity of the catalysts was quantitatively
estimated using titration method with different acid solutions {11}.
0.5 g catalyst was added into 15 ml of 0.1 M NaOH solution and
stirred for 60 min at room temperature. The solid catalyst was then
filtered and the solution was titrated using 0.1 M HCI solution with
phenolphthalein as an indicator.

2.3. Activity study

The esterification reaction was carried out in a 250 ml three-
necked round bottom flask reactor. A continuous nitrogen flow of
10 cm?/min was used to ensure continuous removal of water. In a typ-
ical procedure, palmitic acid (0.0585 mol), glycerol (0.2340 mol) and
a specified amount of catalyst (with respect to palmitic acid) were
added into the reactor, heated to 170 °C and stirred for 3 h. 1 ml
sample was withdrawn from the reactor for every 30 min and kept
inside micro centrifuge tubes. Then, 200 j1L of the product was with-
drawn and added into a vial containing 200 L water and 200 pL

methyl acetate [ 12]. The mixture was vortexed and subsequently cen-
trifuged to separate the organic layer and 40 pl of it was diluted
with 1000 ] acetone and 100 j.l internal standards (10 mg/ml n-
tetradecane in acetone). Mono-, di- and tripalmitin were analyzed
using a gas chromatograph (Agilent 7820A) equipped with a capil-
lary column (15 m x 0.32 mm x 0.10 jum CP Sil 5CB). The conversion
of palmitic acid and selectivity of the respective glycerides were cal-
culated according to a published literature [ 13].

3. Results and discussion
3.1. Characterization of catalyst

The physical properties of SBA-15 before and after the incorpora-
tion of SZ were investigated using N, adsorption-desorption analysis.
The isotherms and pore size distributions of the catalysts are illus-
trated in Fig. 1. Fig. 1a shows that all of the isotherms exhibit a type
IV model which represents the typical feature of mesoporous ma-
terials [ 14]. The results suggested that the mesoporous structure of
the catalysts was satisfactorily preserved even after the incorporation
of SZ which indicates the deposition of active sites on the external
surface of silica framework. Furthermore, a clear H1 hysteresis loop
with a steep increase in the adsorption value within a relative pres-
sure (P/P,) ranging from 0.5 to 0.9 was observed indicating that the
catalysts had highly ordered mesostructure with cylindrical channels
{15]. Meanwhile, Fig. 1b confirms the defined structure of the SZSBA-
15 which had narrow pore size distribution in the meso size range.

Table 1 shows the results from the surface analysis. The surface
area and average pore diameter of SBA-15 were found to be 769 m?/g
and 57 A, respectively. The high surface area which is typical for SBA-
15 makes it suitable to be used as the support material for better
and uniform distribution of zirconia. However, upon intreduction of
zirconia with subsequent sulfation, the surface area significantly de-
creased to 419 m?/g due to the partial collapse of the pore structure.
Meanwhile, the pore volume decreased from 0.89 to 0.75 cm3/g to
suggest that some of the sulfated zirconia species were successfully
loaded into the mesoporous SBA-15 channels. Nevertheless, the pore
diameter increased from 57 A to 63 A. The increase in the pore size in-
dicated that the preparation condition used in this study allowed the
enlargement of mesoporous structure of SBA-15. This phenomenon
was also observed in a reported study [16]. Since larger pores will
minimize diffusion limitations for bulkier molecules such as long-
chain fatty acid, this phenomenon would give significant effect on
the catalytic activity in terms of reactant’s conversion and selectivity.

SEM and TEM images of SBA-15 and SZSBA-15 are presented in
Fig. 2. As illustrated in Fig. 2a, the prepared SBA-15 support evidently
composed of rope-like domains with uniform size (roughly 1 jum)
which were aggregated into wheat-like morphology. This was similar
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Table 1
Surface characteristics of the catalysts and support.

Material Surface area (m?fg)  Pore volume (cm?/g)  BJH pore diameter (A)  Acidily (mmoljg)}

SBA-15 769 0.89
ZISBA-15 421 0.78
SZSBA-15 419 0.75
SZ 21 0.08

57

66 2.04

63 2.40
161 0.81

Fig. 2. SEM images of (a) SBA-15, (b) SZSBA-15, and TEM images of (c) SBA-15 and (d) SZSBA-15.

to the conventional SBA-15 structure as reported in a previous work
[9]. 1t is interesting to note that the wheat-like macrostructure ag-
glomerated into a more dense material after sulfation, as shown in
Fig. Zb. This was due to the presence of ZrO, phase which was at-
tached to the mesopores and in the voids between the wheat-like
macrostructure. The agglomeration of the catalyst could explain the
formation of bulkier molecules (di- and triglycerides) from the reac-
tion on the external surface and within the voids of SZSBA-15 as ob-
served in the catalytic activity study. Even so, the rope-like domains
remain unaffected even after the impregnation of zirconia with sub-
sequent sulfation.

Fie. 2c and d show the TEM images of SBA-15 and SZSBA-15,
respectively, As shown in Fig 2c, SBA-15 exhibits well-ordered
hexagonal arrays of uniform mesopares and rhe strocture was con-
sistent with results in a previous report | 7]. Meanwhile, Fig. 2d shows
that the hexagonal mesoporous structure was preserved after the

incorporation of sulfated zirconia which indicates the high structural
stability of silica framework. Furthermore, the enlargement of the
pores was observed in the SZSBA-15 sample suggesting the disper-
sion of sulfated zirconia that mostly occurred outside the pores which
resulted in a partial collapse of the pore structure. This result was
consistent with the surface analysis in which the pore size enlarged
after the incorporation of sulfated zirconia. From the surface analysis,
SEM and TEM images, it can be concluded that the SBA-15 and meso-
porous SZSBA-15 catalysts were satisfactorily formed in this study.
EDX analysis was performed in order to verify the presence of zir-
conia and sulfur on the synthesized SZSBA-15. The elemental com-
positions on the surface of the catalysts are tabulated in Table 2.
SBA-15 was found to consist of Si atom (29.74 wt. %) and O atom
(7026 wr %) After the addition of S7, the results show the presence
of 6.36 wt. % of zirconia (Zr) and 1.61 wt. % of sulfur (S). The compo-
sition of Zr slightly decreased from 6.50 to 6.36 wt. % which possibly
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Table 2
EDX results of the catalysts and support.
Caralyst Component
0 Si Zr S
WL% ark wrs ats wt.% at¥ W% ats

SBA-15 7026 80.57 2974 19.43  0.00 000 000  0.00
ZrSBA-15 6098 7562 3252 2297 650 1.41 0.00 0.00
SZSBA-15 5752 7740 3451 2123 6.36 0.89 1.61 0.49
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Fig. 3. Performance of SZSBA-15 catalyst in glycerol esterification with palmitic acid.

resulted from the agglomeration of Zr ions into larger domains [3].
Despite these results, the EDX analysis evidently confirmed the pres-
ence of zirconia and sulfur which indicates the effectiveness of the
preparation method.

3.2. Catalytic activity in glycerol esterification

3.2.1. Performance of the catalyst

The activity of the SZSBA-15 catalyst was investigated in glyc-
erol esterification with palmitic acid and the results are illustrated
in Fig. 3. The reaction was conducted at 170 °C for 3 h with a glyc-
erol/palmitic acid molar ratio and catalyst loading of 4:1 and 2 wt. %,
respectively. Blank experiment was performed under the same con-
ditions and the result shows that the conversion of palmitic acid and
monopalmitin yield in the absence of catalyst were 68% and 23%, re-
spectively. High conversion was attributed to the autocatalytic effect
considering the acidic nature of palmitic acid aided by high reac-
tion temperature. However, the reaction could not restrict the for-
mation of higher glycerides (di- and tripalmitin) that led to the low
monopalmitin yield. The autocatalytic effect has been previously re-
ported in several studies [ 17- 19| which implied that this spontaneous
reaction under acidic condition and high temperature could not be
neglected. Meanwhile, the unsupported SZ catalyst exhibited low cat-
alytic activity with 78% conversion (26% yield), which could be as-
cribed to its low surface area | 20|. On the other hand, the activity was
enhanced using ZrSBA-15 catalyst due to its high acidity compared
to the unsupported catalyst, as shown in Table 1. Interestingly, after
sulfation, the activity of the catalyst was significantly improved, and
86% conversion with 43% yield was obtained using SZSBA-15 catalyst.
This result could be attributed to the increasing catalyst acidity after
sulfation which favorably enhanced the reaction toward the forma-
tion of monopalmitin. Therefore, compared to the unsupported and
unsulfated catalysts, SZSBA-15 catalyst has successfully enhanced the
catalytic activity and improved the monopalmitin yield.

3.2.2. Effect of reaction temperature

The effect of reaction temperature was investigated in the range
of 160-180 °C. This study was conducted using a constant glyc-
erol/palmitic acid molar ratio of 4:1 and a constant catalyst loading

of 2 wt. %. As shown in Fig, <a, the palmitic acid conversion increased
with increasing temperature. After 3 h, the conversion of palmitic
acid at 160 °C was found to be 76% while the conversion at 170 °C
and 180 °C were 86% and 90%, respectively. This finding is consis-
tent with the fact that by increasing the reaction temperature, the
mobility of the molecules increases {21]. The kinetic energy is much
higher at higher temperature, increasing the frequency of collision
between the bulky molecules and subsequently accelerates the reac-
tion rate that led to significant increase in palmitic acid conversion.
Monopalmitin yield as a function of reaction time for various reaction
temperatures is shown in Fig. 4b. It was found that increasing reaction
temperatures significantly improved the monopalmitin yield. The
monopalmitin yield at 180 °C was found to be 47% which was higher
compared to the other temperatures. At higher temperature, the res-
idence time for the molecules to interact with the active sites on the
catalyst was shorter due to the rapid mass transfer of the molecules as
a result of high kinetic energy. This consequently increased the num-
ber of effective collisions and subsequently improved the catalytic
activity [22]. Although catalyst activity was higher at high temper-
ature (180 °C), it is not practical from economic point of view consid-
ering high energy consumption. On the contrary, the monopalmitin
yield was quite low at 160 °C due to low palmitic acid conversion and
monopalmitin selectivity.

3.2.3. Effect of catalyst loading

While varying the catalyst loadings between 1 and 3 wt. % (with
respect to palmitic acid), the other reaction parameters such as re-
action temperature and reactant molar ratio were fixed at 170 °C and
4:1, respectively. Fig. 5 shows the effect of catalyst loadings on the
conversion and monopalmitin yield. As shown in Fig. 5a, increasing
the catalyst loading from 1 to 3 wt. % significantly increased the
conversion of palmitic acid. This is due to the increasing number of
acid sites on the catalyst which could provide effective interaction
with the reactant molecules. However, the difference in the con-
version was only significant during the first 2 h of the reaction. At
longer reaction time, the conversion was found to be leveled off for
all catalyst loadings. This observation suggests that there were more
acid sites available in the reaction mixture than actually required by
the reactant molecules | 13]. Thus, increasing catalyst loading above
3 wt. % would no longer improve the conversion. Similar trend was
also reported in a previous work [23] which lead to a conclusion that
the reaction rate was not significantly influenced by varying catalyst
loading.

Fiz. 5b shows the effect of catalyst loading on the monopalmitin
yield after 3 h of reaction time. As shown in the figure, increas-
ing the catalyst loading from 1 to 3 wt. % significantly increased
the monopalmitin yield. Low monopalmitin yield was observed for
1 wt. % of catalyst loading because of the decreasing number of ac-
tive sites available on the catalyst. Meanwhile, high monopalmitin
yield was obtained using 3 wt. % of SZSBA-15 catalyst. However, the
yield started to level off after 2 h and finally reached 42% at 3 h which
was almost similar to that of 2 wt. % catalyst. This result could be at-
tributed to the formation of higher glycerides on the external surface
of the catalyst which in turn, improved the dipalmitin yield. Since the
increase in the catalyst amount used did not significantly improve the
final conversion, further addition of catalyst was not necessary.

3.2.4. Reusability of the catalyst

The reusability and stability of the catalyst was investigated in
glycerol esterification with palmitic acid. After each catalytic run, the
catalyst was recovered, washed with 10 ml of methanol and calcined
at 450 °C for 2 h. It was found that the monopalmitin yield decreased
from 43% to 36% after four consecutive runs, as shown in ig. . The
loss of some activity may be explained by the loss of sulfur which
consequently reduced the acidity of the catalyst and decreased the
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alyst loading = 2 wt. %).

conversion of palmitic acid. This finding was supported by the re-
sult obtained from EDX analysis in which the amount of sulfur re-
duced from 1.61 wt. ¥ to 0.68 wt. % after four consecutive runs. On
the contrary, the amount of zirconia was maintained at around 6.2-
6.4 wt. %. N, adsorption-desorption analysis for the spent catalysts
revealed that the pore diameter remained unchanged even after four
consecutive runs. Thus, it can be concluded that the decrease in the
monopalmitin yield was mainly due to the reduced acidity as a result
of sulfur leaching, not because of the collapse of the pore structure as
represented in Table 3. Furthermore, the reusability of this catalyst in

Table 3
Physicochemical properties of the fresh and spent catalysts.

Material ~ Surface area (m?/g) Pore diameter (A) Sulfur content (wt. %)

Fresh 419 63 1.61
Spent 1 406 63 1.23
Spent2 415 63 0.93
Spent 3 am 64 0.68

this reaction was much better compared to that of in the esterifica-
tion of oleic acid with methanol [20).

3.3. Comparison with reported catalyst&

The results from this study were comparable with those of previ-
ous works on glycerol esterification with smaller fatty acid like lauric
acid. The monoglyceride yield obtained at 170 °C using this catalyst
was higher compared to that of HPA supported on SBA-15 {4]. Less
than 30% of monolaurin yield was obtained in their study while 43%
of monopalmitin yield was observed in this study. In another study,
high fatty acid conversion (94%) was observed using sulfonic acid
grafted on SBA-15 [13]. However, the amount of catalyst used was
quite high (5 wt. %) compared to this work that required only 2 wt.
% of SZSBA-15 to attain 86% conversion. Furthermore, the reaction
time was relatively longer (20 h) compared to this work which took
only 3 h. The esterification of oleic acid with glycerol in the presence
of tin-organic framework (Sn-EOF) was studied and high monoolein
selectivity (99% at 26% conversion) was obtained within 8 h [17].
However, the monoolein yield was only about 26% which was lower
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Abstract

Nickel incorporated mesostructured cellular foam (NiIMCF) was studied as a catalyst for palmitic acid
deoxygenation to primarily synthesize n-pentadecane and 1-pentadecene. The kinetic behaviour was tested in a
temperature range from 280 to 300°C. The reaction was found to follow a first order kinetic model with respect to
the palmitic acid with an activation energy of 111.57 KJ/Mol. In the reusability study, it was found that the average

reduction in palmitic acid conversions was about 40.5%,
during the deoxygenation. Fresh and spent catalysts were
Energy-dispersive X-ray spectroscopy and X-ray powd

which indicated the occurrence of catalyst deactivation
characterized by means of scanning electron microscope.
er diffraction correlate their characteristics with catalytic

activity and to identify the main catalyst deactivation mechanism. The catalyst deactivation was mainly due to phase
transformation of metallic nickel (Ni°) to nickel ion (Ni*) and the deposition of organic molecules on the catalyst during
the deoxygenation. Regeneration of spent catalyst successfully reduced the drops in the palmitic acid conversions

between the reaction cycles from 40.5% to 11.3%.

Keywords: Mesostructured cellular foam catalyst; Palmitic acid
deoxygenation; Microstructure; Diesel-like hydrocarbons; Kinetics

Introduction

Exhaustion of petroleum oil or crude oil is predicted in the near
future [1]. The shortage of crude oil will have global impact on the
economy, culture and health of every nation as in this situation; fuel oil
prices will go up. The high fuel oil price will induce other commodities
or goods to be sold at relatively high prices. Diesel fuel is a kind of fuel oil
that is obtained by refining crude oil in petroleum refineries. It has been
predicted that the world demand for diesel fuel will grow faster than
any other refined oil products in 2035 [2]. Therefore, renewable sources
with related technologies should be identified as alternatives. Extensive
studies on biofuels production from various renewable feedstocks have
been carried out for many years. Among others, catalytic deoxygenation
of fatty acids as renewable resources can be a potential technology to
synthesize diesel-like hydrocarbons. During fatty acid deoxygenation,
n-alkanes and alkenes will be produced through decarboxylation and
decarbonylation [3] reactions, respectively;

Decarboxylation: C H,  COO > CH

n T (2n+2)

+CO (1)

noT2nd2 2

Decarbonylation: C H  _ COO » CH, +CO+H,0 (2)

n" T (2ns2)

The n-alkanes and alkenes are hydrocarbons that are similar to
those found in crude oil derived diesel fuel [4].

Recently, extensive works have been reported on deoxygenation
of various fatty acids to produce diesel-like hydrocarbons. They were
carried out either in the presence of solvent or solventless condition
using various catalysts such as Pd supported on mesoporous carbon
[5-11] or on mesoporous silica [12-14]. Although the catalyst derived
from Pd exhibited significant activity in the deoxygenation reactions,
they are usually expensive. Ni-based catalysts are more practical on an
industrial scale due to their availability and economic feasibility [15-18].

The use of ALO, or MgO-Al,O, supported Ni catalysts for oleic
acid deoxygenation in a batch reactor under solvent free and inert
atmosphere conditions have been investigated [19]. Ni supported on
mesostructured cellular foam (MCF) silica has been reported to be a
more effective catalyst compared to Ni supported on ALO, or $BA-15
catalysts for pyrolytic decomposition of cellulose to produce H, [20].

J Adv Chem Eng
ISSN: 2090-4568 ACE an open access journal

This could be due to the larger pores in MCF silica support to minimize
the diffusional effects of reactants as well as the products [21,22].

In our earlier work, various Ni functionalized mesostructured
cellular foam (NiMCF) catalysts were used for solventless deoxygenation
of palmitic acid at 300°C for 6 h in a semi batch reactor to produce
n-pentadecane and 1-pentadecene as diesel-like hydrocarbons [23].
The catalysts were synthesized using different structures of MCF silicas
prepared under various conditions. It was found that NiMCF catalyst
using MCF silica prepared with 9.2 ml of tetra-ethyl-ortho-silicate
(TEOS) and subsequently aged for 3 days showed the highest activity
for the process. However, no attempt has been made so far to study the
reaction kinetic and reusability of the NiMCF catalyst.

In the present study, kinetic of solventless deoxygenation of
palmitic acid has been studied in a temperature range from 280 to
300°C. Reusability of NiMCF catalyst has also been evaluated in
the deoxygenation process. The main mechanism for the catalyst
deactivation has been successfully elucidated based on SEM, XRD and
TGA results.

Experimental

Preparation of NiMCF catalyst

NiMCF catalyst was synthesized using MCF silica prepared with 9.2
mL of tetraethyl orthosilicate (TEOS) and aged for 3 days [23]. Nickel
incorporation of into the support was achieved through deposition-

*Corresponding author: Ahmad Zuhairi Abdullah, School of Chemical Engineering,
Universiti Sains Malaysia, 14300 Nibong Tebal, Penang, Malaysia, Tel:+6045996411;
E-mail: chzuhairi@usm my

Received February 11, 2016; Accepted February 27, 2016; Published March 07,
2016

Citation: Hermida L, Amani H, Abdullah AZ, Mohamed AR (2016) Deoxygenation
of Palmitic Acid to Produce Diesel-like Hydrocarbons over Nick'al Incorpgrated
Cellular Foam Catalyst: A Kinetic Study. J Adv Chem Eng 6: 144. doi: 10 4172/2090

1568 1000144

Copyright: ® 2016 Hermida L, et al. This is an open-access article_ distributed
under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the
original author and source are credited.

Volume 6 ¢ Issue 1+ 1000144



Citation: Hermida L, Amani H, Abdullah AZ, Mohamed AR (2016) Deoxygenation of Palmitic Acid to Produce Diesel-like Hydrocarbons over Nickel
Incorporated Cellular Foam Catalyst: A Kinetic Study. J Adv Chem Eng 6: 144. doi:10.4172/2066-4568.1000144

Page 2 of 8

precipitation process and subsequently reduced in hydrogen stream at
550°C for 2.5 h and cooled down under nitrogen flow.

Kinetic of solventless palmitic acid deoxygenation

Kinetic of solventless palmitic acid deoxygenation was performed
in a semi-batch mode in which gaseous products (CO,, CO, etc.)
produced during the reaction were continuously removed. The
deoxygenation reaction was carried out in a 250 mL three-necked
flask reactor equipped with a magnetic stirring bar, reflux condenser
and a tube to pass pure nitrogen flow to reaction mixture. During
the reaction, nitrogen stream was used to sweep the evolved gaseous
products. The reaction vessel was heated with a stirring hot plate. 6 g
of palmitic acid and 15 wt% (with respect to palmitic acid) of catalyst
amount were then added into the reactor. Before an experiment was
started, nitrogen flow was passed through the reaction mixture for 30
min to create an inert reaction environment. Then, the reaction mixture
was heated to different temperatures (280-300°C) and maintained for
different reaction times (2 to 6 h) under rapid stirring. During the
reaction, the gaseous products were collected in a gas-sampling bulb.
At the end of the reaction, the mixture was allowed to cool to about
100°C, and then poured through a filter paper to separate the liquid
products from the spent catalyst. Analysis of the liquid products was
achieved using Agilent Technology 7890A gas chromatograph and
then validated using a Perkin Elmer GC-M$ system (Clarus 600).

Product analysis

Gas products in were identified by means of a Shimadzu
C11484811134 GC system equipped with a thermal conductivity
detector (TCD) and a capillary column. A mixture of standard gases
with known composition was injected into the GC to identify each of the
8as components based on their retention times. The mixture standard
8as consisted of 30 vol% CO,, 30 vol% CO, 30 vol% H, and 10 vol% Ar.
It should be noted that the palmitic acid conversion and the desired
product selectivity were based on the liquid-phase concentrations
of the products. The gas-phase analyses were performed only for the
confirmation of the presence of CO, and CO in the gaseous products.

Meanwhile, liquid product was collected and analyzed by means
of an Agilent Technology 7890A GC system equipped with a flame
ionization detector and a non-polar capillary column (GsBP-5). The
detector and injector temperatures were set at 280°C and 250°C,
respectively. The column temperature was set at 135°C for 1 min and
was then programmed at 15°C/min to 290°C, and it was maintained
constant at this temperature for 2 min. 20 pL sample was dissolved in
200 uL hexane, and then a direct injection into the gas chromatograph
was carried out. The 1-pentadecane (CHJ(CHZ),,CHl) was used as
standard to identify substances in a liquid product and to create
calibration curves. The calibration curves were used to determine
the concentration of substances in the liquid product. Calibration
curve was generated using a series of chemical standards with known
concentrations. Palmitic acid conversion, product selectivity and
product yield were calculated according to Fu et al. [24] using Equations
(3), (4) and (5), respectively.

Cpanl~Cpay!

Conversion%,C = x 100% (3)

Cpap!

[Cpas!

Selectivity %,8 = x 100% @

[CPA,O )- [CPA,t ]
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Yield% = C x § x 100% (5)
where, [C, oJ=Concentration of palmitic acid before reaction
(C, J=Concentration of palmitic acid after reaction

[C,]=Concentration of a
1-pentadecene) after reaction

Reusability study of NiMCF catalyst

For reusability study of the catalyst, fresh NiMCF catalyst with
amount 15 wt.% (with respect to palmitic acid) was used for the
solventless deoxygenation of palmitic acid at 300°C for 2,3,4,5and
6 h. After the experiment, the spent NiMCF catalyst was filtered
out from the catalytic reaction mixture, washed thoroughly with
dichloromethane, and then dried at 100°C overnight. Then, the washed
spent catalyst was directly reused for the following deoxygenation runs
using the same procedure.

product (n-pentadecane or

Meanwhile, in the regeneration of catalyst, the washed spent
catalyst was re-reduced under H, flow at 550°C for 2.5 h to regenerate it.
After that, the spent catalyst was reused for the next deoxygenation run
using the same procedure. The regenerated catalyst was characterized
by means of TGA, SEM and XRD analyses. For comparison, spent
NiMCEF catalyst without regeneration was also characterized using the
same analytical method.

Characterization of NIMCF catalyst

The SEM images were captured using a Leo Supra 50 VP field
emission SEM. Before observations were made at room temperature,
the samples were coated with high purity gold for electron reflection at
a thickness of 20 nm by using a Polaron SC 515 Sputter Coater. Then,
samples were mounted on aluminium stubs with double-sided adhesive
tape for the observations carried out at a magnification of 50 kX.

X-ray diffraction (XRD) analysis was performed using a Siemens
2000X system to obtain XRD patterns of fresh, spend and regenerated
catalysts in order to identify the different phases in the catalysts. The
X-ray diffraction pattern was recorded using Cu-Ka radiation at 20
angles ranging from 10-100°C. The TGA was carried out to observe
the change in weight of the catalyst sample as it was heated in a certain
temperature range. The thermal gravimetric analyzer unit coupled
with a TG controller (TAC 7/DX) was supplied by Perkin-Elmer, USA.
About 5 mg of catalyst sample was heated from 31-840°C at a heating
rate of 10°C/min and an airflow rate of 25 ml/min,

Results and Discussion

Mechanisme of palmitic acid deoxygenation over NiMCF
catalyst

In this study, the catalyst used was in powder form as obtained from
the preparation method. Attempt to measure the particle sizes was not
done bearing in mind that the catalyst particles were visibly reduced
to even smaller sizes during the reaction under continuous mixing for
up to 6 h. The stirring speed was set at about 250 rpm. Under such
conditions, no significant external mass transfer effect was expected as
generally reported in literatures [10-13].

Solventless palmitic acid deoxygenation over NiMCF catalyst
in a semi batch reactor at 300°C produced mainly n-pentadecane
and 1-pentadecene (Figure 1). In this reaction, n-pentadecane
and 1-pentadecene were the predominant products so that the
concentrations of both products were high at the end of the
reaction. In the first 3 h of reaction, palmitic acid was converted
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Figure 1: Solventless palmitic acid deoxygenation over NiIMCF catalyst at
300°C with catalyst loading of 15 wt %.

into n-pentadecane and 1-pentadecene in which concentration of
n-pentadecane was slightly higher than that of 1-pentadecene. This
indicated that decarboxylation reaction was a more favoured reaction
than decarbonylation reaction during this period. On the other hand,
at reaction times longer than 3 h, concentrations of 1-pentadecene
were usually higher than those of n-pentadecane. This observation
gave the indication that decarbonylation reaction was the more
dominant reaction compared to decarboxylation reaction. The lower
n-pentadecane concentration was ascribed to the higher formation of
CO gas that could inhibit the palmitic acid decarboxylation. CO gas
which is a by-product from palmitic acid decarbonylation is poison to
the catalyst in the decarboxylation reaction [25). The activity of this
catalyst was comparable with that reported by Roh et al. [19] using Ni/
MgO-ALO, catalyst.

CO, and CO gases were detected in gaseous product through
GC equipped with TCD detector. Meanwhile, n-pentadecane and
1-pentadecene were also detected in liquid products through GC-MS
analysis. Besides n-pentadecane and 1-pentadecene, other products
such as cyclopentadecane, ketone, etc. were also present at small
quantities in the liquid products. This indicated that deoxygenation
of palmitic acid acids over NiMCF catalyst in this study occurred
not only through decarboxylation and decarbonilation reactions,
but other reactions could also occur. Based on the reaction products,
reaction pathways of solventless palmitic acid deoxygenation reaction
could be proposed. Palmitic acid is first deoxygenated through
decarboxylation reaction to produce n-pentadecane and CO, and
through decarbonylation reaction to produce 1-pentadecene, CO
and H,0. Besides that, 1-pentadecene can also be produced through
dehydrogenation of n-pentadecane. Moreover, a part of palmitic acid is

converted into n1-hexadecane (C H, ) through hydrogenation reaction [5].

Kinetic of solventless deoxygenation of palmitic acid over
NiMCFcatalyst

Kinetic study of palmitic acid deoxygenation over the synthesized
NiMCF catalyst was investigated at three different temperatures
(280, 290 and 300°C). 6 g of palmitic acid and catalyst loading of 15
wt% was used in all the experiments. The kinetic model of oleic acid
under inert atmosphere is suggested to follow first order with respect
oleic acid [26]. Hence, the first order kinetic model for palmitic acid
deoxygenation can be expressed as follows;

Rate = %[?i] = k[Cp, ] (6)

J Adv Chem Eng
ISSN: 2090-4568 ACE an open access journal

where, k is the rate constant, t is reaction time and [C;,]) is the
concentration of palmitic acid. In the kinetic study, the change in
the palmitic acid concentration with the time was followed from the
start of the reaction, [CP,), at t=0 to [C,,], at time t. These are the
limits between which integration is performed. Upon integration and

rearrangement, the final equation obtained is;

[CPA]t

h=—e——— = -kt )]

[CPA]D

The experimental results obtained in this study are shown in
Figure 2. As can be seen in the figure, the increase in temperature
reaction resulted in an increase in the disappearance of palmitic
acid concentration. This indicated that the temperature had positive
effect in accelerating the reaction rate. Since the kinetic model of the
palmitic acid deoxygenation is assumed to follow a first order model
with respect palmitic acid, Equation (7) can be used. Figure 2 shows
the plot of Equation (7) which In [C, ], /[C,,], is plotted against the
reaction times. All the experimental data obtained for the palmitic acid
deoxygenation experiments are found to be in good agreement with the
Equation 7 due to the high value of correlation coefficient (R? are above
0.95) for all the straight lines. This indicates that the assumption that
was used in this analysis was valid.

The integrated form of the rate law allows us to find the
concentration of palmitic acid at any time after the start of the reaction.
The slopes of the straight lines obtained by plotting In [C,,], / [Tl
versus the reaction time give -k, as can be seen in Figure 2. The
reaction rate constants (k) are summarized in Table 1. As can be seen
in the table, the increase in temperature resulted in the increase in the
reaction rate constant. This was because mobility of reactant molecules
was higher when the temperature was increased. The higher mobility
of palmitic acid molecules made it easier for the molecules to reach the
metallic nickel that might be located in the cell or the window pores
in the NiMCF catalyst. The metallic nickel sites were the active sites
for catalyzing the palmitic acid deoxygenation to produce diesel-like
hydrocarbons of n-pentadecane and pentadecene [19].

Phenomenon of molecular diffusion is generally relevant in most
liquid phase reactions involving porous catalysts. Furthermore, a rather
viscous liquid (palmitic acid) was used as the reactant in this reaction.
However, it has been reported that catalyst having a minimum average
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Figure 2: Plot of INCPAJV[CPA] versus reaction time at various temperature.

Temperature (K) Specific rate constant, k_ (h)
553 0.1118
563 0.1713
573 0.2904

Table 1: Specific rate constants for the first order kinetic model.
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pore size of 20 A is required for liquid phase reactions to effectively
avoid internal diffusion effect of the reactants and products [22]. In
this study, structure of the NiMCF catalyst with large cell size (234
A) and window pore size (90 A) in the NiMCF catalyst should favour
diffusion of the reactant and product molecules [23]. Thus, the effect of
internal diffusion limitation should be negligible considering the small
particle sizes of the catalyst. As such, reactant molecules reacted faster
in the catalyst when mobility of reactant and product molecules was
higher. Feature of molecular diffusions in three-dimensional structure
of NiMCF catalyst together with its cell and window pores can be seen
in Figure 3.

The rate constant, k, is related to the reaction temperature by the
Arrhenius equation. The equation takes into account the rate constant
of chemical reactions (k), reaction temperature (T), the activation
energy (E,), the pre-exponential factor (A) and the universal gas
constant R. The Arrhenius equation is a relationship for the dependence
of a reaction rate on temperature;

Ink=InA-E/RT (®)
where; k =specific rate constant, h*!

A=pre-exponential factor, h!

E,=activation energy, J/mol

R=gas constant=8.314 J/mol.K

The activation energy, E,, and pre-exponential factor, A, can
be obtained by plotting In k, versus 1/T. The plot should produce a
straight line in which a slope and intercept equal to - E,/R and In A,
respectively. On the basis of data obtained from Table 1, a plot of In
k, vs /T yields a straight line with high value of correlation coefficient
(R?>0.95). This result shows that the reaction rate constant follows the
Arrhenius law, as can be seen in Figure 4. The value of activation energy
(E,) and pre-exponential factor (A) are calculated to be 111.565 k}/
mol and 38 x 10%h, respectively. The value of EA for this reaction is
relatively lower than that reported in literature for Ni/MgO-Al,0, (123
kJ/mol) to indicate higher activity of the catalyst used in this study [19].

With the kinetic parameters (E,, A and k) that were obtained,
mathematical model of rate expressions can be constructed as follows,

[CPA]molmlh_] ®)

The values of palmitic acid concentrations can be calculated
using the first order kinetic model using Equation (7). The values of
the palmitic acid concentration from the calculation and from the
experimental results are presented in Table 2.

3 111565
A = 38x10 exp| -

RT

A parity plot between the experimental and calculated values of
palmitic acid concentration is showed in Figure 5. As can be seen in
the figure, the values of the palmitic acid concentration calculated
at any time after the start of the reaction are in good agreement
with experimental palmitic acid concentrations with a high value of
correlation coefficient (R*>0.95). It can be concluded from the results
that palmitic acid deoxygenation over NiMCF catalyst satisfactorily
followed first order kinetic model with respect to palmitic acid.

Reusability study of NiMCF catalyst

One of the major obstacles in the use of supported metal catalyst
in fatty acid deoxygenation for production of diesel-like hydrocarbons
is catalyst deactivation. Study of reusability of catalyst is important
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for the economic assessment of the catalytic fatty acid deoxygenation
process. Through the catalyst reusability study, stability and degree of
catalyst deactivation can be examined. In this part of work, reusability
of the NiMCF catalyst was studied through experiments in which
the NiMCF catalyst after one cycle of use (or spent NiMCF catalyst)
was re-used without regeneration for further solventless palmitic
acid deoxygenation palmitic cycle. Alternatively, the catalyst was also
regenerated as described in section 2.4 and used in the same reaction.
Figure 6 shows results of the palmitic acid conversions obtained from
various reaction times for the fresh NiMCF and the spent NiMCF
catalytst.

As can be seen in Figure 6, palmitic acid conversions decreased after
one cycle of use for all reaction times. This indicated the occurrence
of significant deactivation of NiMCF catalyst during the palmitic acid

(G}

i Windoy
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Window = 90 Angstiom

O NiMCF cantyst

Figure 3: (a) Molecular diffusions in 3-D structure of NIMCF catalyst, (b) cell
and window pores in NiMCF catalyst.
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Figure 4: Arrhenius plot for palmitic acid deoxygenation over NiMCF catalyst.
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palmitic acid concentration.
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Time (h) [C,,] at 553 K [C,.) at 663 K [C.Jat673K
Experimental Calculated Experimental Calculated Experimental Calculated
2 - - - - 1.92 1.86
3 247 2.38 2.1? 1.99 1.6 1.39
4 219 213 1.75 1.68 1.12 1.04
5 1.89 1.9 1.35 1.41 0.7 0.78
6 1.64 17 1.16 1.19 0.56 0.58
Table 2: Values of experimental palmitic acid concentrations versus calculated ones.
o tests. Regeneration of the spent PAMCE catalyst was also carried out
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Figure 6: Comparison between solven less palmitic acid deoxygenation over
fresh NiMCF, spent and regenerated NiMCF catalyst.

deoxygenation process after the first cycle. The catalyst deactivation
caused reductions on the fatty acid conversion. The spent catalyst
achieved palmitic acid conversion of 20% at a reaction time of 2 h.
Meanwhile, fresh catalyst achieved palmitic acid conversion of 42% at
a reaction time of 2 h. Thus, the reduction in palmitic acid conversion
at 2 h of reaction is 52.8%. Meanwhile, reduction of palmitic acid
conversion at 3, 4, 5 and 6 h of reaction time were 42.3%, 43.9%, 38.0%
and 25.3%, respectively. Hence, average reduction of palmitic acid
conversion using spent catalyst was 40.5%.

Figure 6 also shows palmitic acid conversions obtained by using
the fresh NiMCF and regenerated NiMCF catalysts in the solventless
palmitic acid deoxygenation using the same operating conditions. As
can be seen, palmitic acid conversions using the regenerated catalyst
were slightly lower than those using fresh catalyst for all reaction
times. Reduction of palmitic acid conversion at 2, 3, 4, 5 and 6 h of
reaction time were 11.9%, 13.5%, 13.6%, 12.7% and 4.8%, respectively.
The average reduction of palmitic acid conversion using a semi-batch
reactor was 11.3%.

Despite significant reduction in palmitic acid conversion, the
values achieved by the regenerated catalyst were higher than those
achieved by the spent catalyst without regeneration. By regenerating
the spent catalyst, the extent on the drop in palmitic acid conversion
reduced from 40.5% to 11.3%. This indicated that the regeneration of
the spent catalyst using this method could improve the performance of
the spent catalyst.

Deactivation of palladium supported on MCF catalyst (PAMCF)
has been reported to be severe after one cycle of use for stearic acid
deoxygenation in the presence of dudeen as solvent [14]. Almost no
conversion of stearic acid was achieved by spent PAMCF catalyst in
the deoxygenation reactions at reaction times from 0 until 6 h. PAMCF
catalyst was mainly deactivated by significant organic deposition
on the walalyst during the reaction. Other deactivation mechanism
i.e., oxidation of metallic palladium and agglomeration of palladium
particles on the catalyst was insignificant. The catalyst deactivation
sources were elucidated based on results of various characterization
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hexane and dichloromethane (DCM) followed by re-reduction
process at 300°C. The regenerated catalyst showed a 19-fold increase
in decarboxylation activity as compared to the spent PAMCF catalyst.

In order to identify mechanism of catalyst deactivation, several
catalyst characterization methods such as XRD, SEM and TGA were
performed. Evaluation of the deactivation mechanism involved
comparison of the physical and chemical characteristics for the fresh and
spent NiMCF catalysts. However, excessive discussion on the catalyst
characteristics is avoided as in this liquid phase reaction, changes in
the characteristics of the catalyst could significantly occur during the
reaction and characteristics that are obtained ex-situ such as surface
characteristics etc. could give misleading information on the reaction.
In this study, the catalyst was recovered after the reaction by filtration
and washed with organic solvents followed by drying, Unfortunately,
complete removal of organic substances from the surface of the
catalyst was not achieved. These organics would decompose during
the degassing step (at 300°C) of surface analysis through nitrogen
adsorption-desorption to cause errors in the results. Thus, attempts to
measure the surface area after the reaction were unsuccessful. Figure 7
compares the characteristic of the fresh, spent and regenerated NiMCF
catalysts by means of an XRD analysis method. For the spent catalyst
sample, XRD pattern displays a peak at 20=23° that is attributed to the
presence of amorphous silica. Besides that, the XRD pattern displays
peaks at 26=33 and 60° that are characteristic of nickel ions (Ni?*) that
could be in the form of nickel phylosilicates [27).

Furthermore, peak at 20=44° attributed to metallic nickel particles
is almost not detected in the spent catalyst sample. This indicated
that metallic nanoparticle sintering, agglomeration and ripening that
are common nanoparticles phenomena were not the main cause of
deactivation in this system. In fact, higher peaks at 20=33 and 60° in
the XRD pattern of the spent catalyst compared to those in the pattern
of fresh catalyst could be due to evolvement of water vapour that
oxidized the metallic nickel nanoparticles (Ni%) during the palmitic
acid deoxygenation so that they changed into nickel ions (Ni**) that
could be in the form of nickel phylosilicate or nickels oxide phases.

Water vapour is a by-product in palmitic acid decarbonylation
and hydrogenation. It could also be produced through water gas-
shift reaction and methanation [28,29] in which molecules of H, from
dehydrogenation reactions react with molecules of other gaseous
products, ie.,, CO, and CO (by-products from decarboxylation and
decarbonylation), as given in the following reactions;

Water gas-shift reaction: CO,+H, 8 CO+H,0 (10)
Methanation: 2H,+CO > CH,+H,0 (1)
Methanation: 4H,+CO, » CH+2H,0 (12)

It has been reported in literature that the presence of water vapor
reduced the activity iron catalyst in Fischer-Tropsch reaction due to
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Figure 7: XRD patterns of fresh, spent and regenerated NiMCF catalysts.

the oxidation of iron catalyst by water vapor [30]. Meanwhile, nickel
catalyst was found to have low activity for hydrocarbon transformation
in the presence of water vapour due to oxidation metallic nickel by
water vapour [31]. Through the oxidation reaction, metallic nickels
in Ni/ALO, catalyst transformed into nickel ions (Ni**) in the form
of nickelous oxide phases that rapidly re-crystallize [32]. This nickel
catalyst deactivation mechanism can be applicable to the deactivation
of NiMCEF catalyst by water vapor in this study.

For the fresh catalyst sample, the presence of metallic nickel particles
was clearly detected through the observation on the XRD pattern, as
can be seen in Figure 7. The phase transformation from metallic nickel
(Ni°) into nickel ion (Ni?*) reduced the activity of the spent catalyst
in the deoxygenation reaction. This caused the decrease in palmitic
acid conversion this system. It can be concluded that metallic particles
(Ni°) in NiMCF catalyst have higher active sites than nickel ion (Ni*)
in NiMCE catalyst for the palmitic acid deoxygenation reaction. This
result was in agreement with reports that oxide type catalysts such as
MnO,/C, MnO/C, WO,/C, NiOMoO,/ALO, and V,0,/C had lower
activities compared to metal type catalysts such as Ni/C, Co/SiO,,
Ni/SiO, and Ni/ALO, for deoxygenation of bio-oil [33] and also for
deoxygenation of fatty acid methyl ester.

On the basis of the aforementioned characterization results, it
is hypothesized that the catalyst deactivation in this study could be
attributed to organic molecules derived from reactant and products
as well as small deposits of coke on the catalyst. Besides that, phase
transformation from metallic nickel (Ni°) into to nickel ion (Ni?*) was
also responsible for the catalyst deactivation. Therefore, regeneration
of the spent catalyst was then carried out. Furthermore, the regenerated
catalyst was characterized by means of XRD and SEM. Figure 7 also
shows the comparison between XRD pattern of spent NiMCF catalyst
and that of regenerated NiMCF catalyst.

The XRD pattern of the regenerated catalyst displayed the presence
of peak at 26=44° that is characteristics to the metallic nickel particles.
However, peaks at at 20=33 and 60° that are characteristics of the
nickel phylosilicates are still present with considerable intensities in
the regenerated catalyst. This indicated that not all nickel phylosilicate
was reduced into metallic nickel after the re-reduction process. The
re-reduction process was carried out at 550°C for 2.5 h in this study.
The unreduced nickel phylosilicate was probably due to very high
interactions between nickel phylosilicates and MCF silica. As such, in
order to reduce the more nickel phylosilicate, the re-reduction process
should be carried out at higher temperatures and/or for a longer period.
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In order to identify the possibility of catalyst deactivation due to
deposition of organic molecules on the spent catalyst, weight loss,
thermal behaviour and structural destruction of the spent catalyst
were investigated using TGA analysis method. Figure 8 shows a TGA
thermo gram of the spent catalyst together with the first derivative
whether its weight change from the TGA test. A decomposition region
occurred from temperatures of around 250 to 600°C. The derivative of
the thermo gram clearly exposes this inflection with maximum peak at
around 400°C. The decomposition of the spent catalyst in this region
could be attributed to the removal of organic components that were
deposited on the catalyst. Removal of organic components deposited in
spent Pd functionalized MCF catalyst at the same temperature region
was reported in the literature [14].

Morphologies of the fresh and spent NiMCF catalyst were examined
by means of SEM. The SEM image results are shown in Figure 9. The
SEM image of the spent catalyst clearly confirms layered structures in
the spent catalyst. The layered structures contained nickel ions (N2*)
that could be in the form of nickel phylosilicate. The SEM image of the
spent catalyst also confirmed that the spent catalyst had fewer porous
structures compared to the fresh catalyst. Meanwhile, the SEM image
of the fresh catalyst reveals high porous structures with Nano worm
structures of nickel nanoparticles on the MCF silica.

Figure 9 also shows comparison between SEM images of the fresh
NiMCF catalyst and regenerated NiMCF catalysts. The SEM image of
the regenerated catalyst confirmed nickel nanoparticles in the form of
Nano worm structures with sizes of around 19 nm. The structures in the
regenerated catalyst were almost the same with those in fresh catalyst
but the nickel nanoparticle sizes in the regenerated catalyst were slightly
larger than those in fresh catalyst. Besides that, mesoporous structures
in the regenerated catalyst were slightly lower than those in fresh
catalyst. Nevertheless, the regenerated catalyst regained nearly all of
lost porosity and metallic nickel particles after the sufficient removal of
deposited organic molecules and followed by the re-reduction process.

Conclusion

Kinetic of solventless palmitic acid deoxygenation over nickel
functionalized mesostructured cellular foam catalyst (NIMCF) to
selectively synthesize n-pentadecane and 1-pentadecene (diesel-like
hydrocarbons) was successfully studied in a temperature range from
280 to 300°C. The deoxygenation reaction satisfactorily followed a first
order kinetic with an activation energy of 111.57 kJ/mol. From the
reusability studies of the NiMCF catalyst, it was found that palmitic
acid conversions significantly decreased after one cycle of use for all
reaction times which suggested the occurrence of catalyst deactivation.
The average reduction of palmitic acid conversion was about 40.5%.
Based on characterizations of the spent catalyst, the main cause for
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Figure 8: TGA profile (solid line) with its derivative profile (broken line) for
spent NiIMCF catalyst.
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Prof. Dr. Ahmad Zuhairi Abdullah
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Dear Prof. Dr. Ahmad,

We are pleased to inform you that Surfactant and Bioenergy Research Center (SBRC) IPB will
conduct the International Conference on Biomass: Technology, Application and Sustainable
Development on October 10" - 11™ 2016, in Salak Tower Hotel, Bogor, Indonesia.

The themes of the conference will be : Sharing Knewledge and Experienced on Biomass
Technology, Application and Its Sustainable Development

In this conference, we would like to invite you to join this conference as a Invited Speaker. We
do hope you are willing to join us in this conference. For further information, you could contact
us in our official website at www.icbbogor2016.com or through email at

icbbogor2016@gmail.com.

We are looking forward to seeing a positive response from you and your willingness to share your
expertise to the audiences.

Best Regards,

Dr. Endang Warsiki, STP, M.Si

Chairman

Website : www.icbbogor2016.com

Email : icbbogor2016@gmail.com

Phone : Fifin N. Nisya (+62 81381709617)

Athin Nuryanti (+62 81282797110)
Hendri Wijaya (+62 81310889744)
Adress : Surfactant and Bioenergy Rescarch Center
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Prof. Dr. Ahmad Zuhairi Abdullah
Universitas Sains Malaysia (USM), Malaysia

Dear Prof. Dr. A Z Abdullah,

We are pleased to invite you to be a Invited Speaker on the “11t% Joint
Conference on Chemistry 2016 in conjunction with The 4% Regional
Biomaterials Scientific Meeting 2016” scheduled to be held between
September 15-16, 2016 in Horizon Hotel , Purwokerto, Jawa Tengah,
Indonesia. '

The themes of the conference will be on the following topics:
“Material Chemistry Development for Future Medicine, Industry,
Environmental and Biomaterial Application”

We look forward to a positive response, to our organiser for the event and from
there we can provide you with any additional information you might require.

Best Regards,
z

Amin Fatoni, Ph.D

Chairman

Website : jec.fmipa.unsoed.ac.id

Email : jccunsoed@gmail.com

Phone : +6281327717444 (Amin Fatoni)

+6285814438770 (Anung Riapanitra)

+628170611988 (Hartiwi Diastuti)
Address : Department of Chemistry, Faculty of Mathematics and Natural
Sciences, Universitas Jenderal Soedirman. JI. Dr. Soeparno 61, Karangwangkal,
Purwokerto, Jawa Tengah, Indonesia 53125.
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3. Kerjasama tuan untuk mengembalikan Borang Perakuan (Lampiran A) dalam tempoh 5 hari

bekerja dari tarikh surat ini amatlah dihargai. Bersama-sama ini disertakan juga Syarat dan Garis
Panduan Dana Inovasi Awal untuk makluman dan tindakan tuan selanjutnya.

Sekian, terima kasih.
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