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Abstract Gamma alumina is one of the widely used sup-

ports in catalyst preparation, possessing a high specific

surface area and good thermal stability. Spray drying is an

efficient way to produce narrow particle size distribution

and spherical shape powders. In this study, spray drying

method has been implemented to prepare microspherical

nanoporous gamma alumina with a high specific surface

area. The nanoporous gamma alumina support was utilized

in the preparation of various heterogeneous base catalysts.

The highest biodiesel yield of 99% was obtained at 6 wt%

loading of K/c-Al2O3 catalyst, using waste cooking oil as

feedstock. The obtained results revealed the great potential

of the synthesized nanoporous gamma alumina as an

effective support for heterogeneous base catalysts prepa-

ration in the transesterification reaction.

Keywords Nanoporous gamma alumina � Heterogeneous
base catalyst � Waste cooking oil � Transesterification

Introduction

In recent decades, the rate of the consumption of fossil

fuels increased due to the population growth and industrial

development [1, 2]. Reduces in the fossil fuel resources and

an increase in environmental pollution are some results of

this consumption trend [3]. However, application of

renewable sources of energy would be a solution for some

of these difficulties. Biodiesel is one of these renewable

energy sources that attracted the attention of many

researchers in the field. Biodiesel which is a blend of a

mono alkyl ester of long-chain fatty acids is generally

prepared by transesterification of various renewable sour-

ces, such as vegetable oil and waste cooking oil that have

triglyceride in their composition [4–7]. According to the

reported studies, replacing fossil diesel with biodiesel can

reduce the emission of CO, particulate matters and

unburned hydrocarbons up to 46.7, 66.7 and 45.2%,

respectively; however, NOx emission increases [8].

Triglyceride transesterification has been traditionally

performed in batch or continuous reactors using homoge-

neous catalysts. A basic catalyst such as NaOH, KOH or

methoxides, due to their higher catalytic activity and other

advantages, are preferred to other homogeneous catalysts

like mineral acids and lipases [7]. Although, the catalyst

does not remain in the main product, i.e., biodiesel, catalyst

can contaminate glycerol by-product. In an industrial pro-

duction process, it is important to recover glycerol to bal-

ance the production costs. For economical and also

environmental reasons, it has been tried to replace homo-

geneous base catalysts with heterogeneous ones [8]. The

capability of heterogeneous catalysts and effect of process

parameters such as catalyst types, reaction conditions and

various feedstocks in biodiesel preparation have been

investigated by many scientists. The heterogeneous
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catalytic transesterification of soybean has been reported

by Sun et al. [2], Nicolas et al. [8] and Xie et al. [9]. They

reported biodiesel yields of 87.4, 98.3 and 96% using Al–

Ca/K2CO3, Na2ZrO3 and KI/Al2O3 catalysts, respectively.

The heterogeneous base catalysts of Sr/ZSM-5 [1] and

NaOH/Alumina [10] used in sunflower oil conversion and

the biodiesel yields were reported as 87.7% and 96%,

respectively. Calero et al. [3] have reported a 100% bio-

diesel conversion from methanol/oil (molar ratio of 6:1) at

65 �C for 1 h over the heterogeneous base catalyst of CaO.

Similarly, Mahesh et al. [5] studied biodiesel preparation

from waste cooking oil (WCO) over KBr/CaO catalyst and

obtained a yield of 83.6% by applying methanol:oil molar

ratio of 12.

Heterogeneous catalysts are widely utilized in two

forms, directly or supported on a suitable framework.

However, supported catalysts usually have been applied

more than the other one. Alumina as a support with dif-

ferent metastable structures is widely used as catalyst

framework [11]. The crystalline form of c-alumina (c-
Al2O3) with a high specific surface area, large porosity and

suitable thermal, chemical and mechanical stability is the

most important structure that has been used as a catalyst

and also as a support [12, 13]. There are several methods

for alumina preparation. The most common method to

produce alumina support is spray drying of a slurry con-

taining alumina, dispersants and binders [14]. In a research

work, alumina powders with particle size of 3 lm were

synthesized by the precipitation method and the resulted

boehmite was spray dried [15]. Tsetsekou et al. [14] pre-

pared alumina with particle size of 50 lm and studied its

stability. They produced alumina powders by spray drying

of high solid content slurry of alumina. Bertram et al.

investigated effects of slurry properties on the morphology

of the spray-dried alumina [16]. The microscale size alu-

mina was prepared by Mishra et al. [17] using jet wheel

atomizer base spray dryer. Lind et al. [18] produced porous

alumina with a surface area of 130 m2g-1, using primary

alumina particles suspension as the feed of the spray dryer

and investigated the effects of the spray dryer parameters

as well as suspension conditions on the porosity of the

product. The influences of slurry properties and dryer

conditions on particle size and surface morphology of a-
alumina support were studied by Yu et al. [19]. They used

commercial a-alumina and polyvinyl alcohol (PVA) as a

binder and produced a powder with the particle size

between 10 and 45 lm. In a similar research, spherical

granules of alumina with 3.5–12.5 lm in size were pro-

duced using PVA and commercial alumina and utilizing

spray dryer [20]. Cottrino et al. [21] used c-alumina

nanopowder and polyacrylic acids, and prepared c-alumina

granules with a mean particle size of 70 lm. Huang et al.

[22] employed phthalic acid and P123, respectively, as

interfacial protector and structure-directing agent for syn-

thesis of 2D hexagonal gamma alumina via sol–gel

method. The properties of the obtained c-alumina phase

(calcined at 800 �C under air environment) were reported

as a surface area of 226.37 m2g-1 and pore volume of

0.31 cm3g-1.

In this study, as a new procedure, commercial gibbsite,

PVA and phthalic acid were utilized for the synthesis of

microspherical nanoporous c-Al2O3 support through spray

drying method. The effects of different slurry solid content,

PVA wt% and temperature are investigated to achieve the

highest BET surface area for the synthesized gamma alu-

mina. The obtained support was employed for the prepa-

ration of various heterogeneous base catalysts and applied

in biodiesel preparation from WCO.

Experimental

Materials

The commercial gibbsite and PVA were obtained from

Petrochemical Company of Iran as initial materials for

gamma alumina preparation. Other chemicals including

potassium hydroxide, lithium nitrate, sodium hydroxide,

phthalic acid, gamma alumina and methanol were pur-

chased from Merck Company. WCO, a mixture of soybean

and sunflower oil, was provided from Chemistry and

Chemical Engineering Research Center Institute (CCERCI)

restaurant.

Support and catalyst preparation

In a typical method for support preparation, PVA and

phthalic acid, as a binder and interfacial protector,

respectively, were dissolved in distilled water and then

gibbsite was added under the stirring condition to achieve a

slurry solution. In this investigation, different weight per-

centages of PVA (1, 2.5 and 4 wt%) and various slurry

solid content (40, 50, 60 wt%) at three drying temperatures

of the spray dryer (170, 200 and 230 �C) were employed

while the content of phthalic acid was kept constant at 5

wt%. The samples were fed to the spray dryer (APV

ANHYDRO A/S, Denmark) at the condition of inlet tem-

perature between 170 and 230 �C and an outlet temperature

of 90 �C. Then the obtained powders were calcined at

600 �C for 5 h to attain nanoporous c-alumina.

The support was applied in different heterogeneous base

catalyst preparation using the wet impregnation method. A

metal content of 10 wt% from KOH, LiNO3 and NaOH

precursors was applied for the catalysts preparation. The

samples were dried and calcined at 125 �C for 8 h and

400 �C for 4 h, respectively.

192 J Nanostruct Chem (2017) 7:191–200

123



Transesterification reaction

In a typical preparation of biodiesel, waste cooking oil was

filtered and centrifuged and the saponification number, acid

value and molecular weight of WCO were measured as

231.9 mg KOH/g oil, 0.53 mg KOH/g oil and

727.2 g mol-1, respectively, based on the standards

methods [23]. Transesterification reaction is carried out

using WCO, methanol and heterogeneous catalyst under

the conditions of 8–1 molar ratio of methanol to WCO, a

temperature of 60 �C, at a specified catalyst loading and a

certain reaction time. After completion of the reaction, the

desired methyl ester product was removed from glycerol

phase as the upper layer in a separatory funnel.

At the first series of experiments, different catalysts of

K/c-Al2O3, Li/c-Al2O3 and Na/c-Al2O3 with a loading of

4 wt% were utilized in the transesterification reaction of

WCO with time duration of 6 h. Then different loadings

of K/c-Al2O3 catalyst (4, 6 and 8 wt%) were implemented

in the transesterification reaction with the same duration

time.

Characterization methods

XRD analysis was performed on a Phillips diffractometer

with CuKa radiation (k = 1.5418A) to specify the crys-

tallinity of the prepared alumina sample. Nitrogen

adsorption/desorption isotherms were obtained at 77.4 K

using a Quantachrome NOVA 2200 model. TGA analysis

was carried out by a thermogravimetric analyzer

(NETZSCHTGA 209 F1) with a constant ramp rate of

10 �C min-1 in an atmosphere of nitrogen. Infrared spectra

were recorded on a Bruker IFS 66 Fourier transform

infrared (FTIR) spectrophotometer. Scanning electron

microscopy (SEM) was performed with TESCAN VEGA

3-LM operated at 30 kV. Particle size analyzer was carried

out using HELOS particle size analysis. Nano-ZS (Red

badge) model ZEN 3600 was employed for zeta potential

analysis. H NMR spectra of the synthesized biodiesel were

acquired at 400 MHz using a Bruker Avance DPX 300

spectrometer.

Results and discussion

Gamma alumina support

A gamma alumina sample was prepared at the conditions

of 2.5 wt% PVA, 5 wt% of phthalic acid and slurry solid

content of 50% at temperature of 200 �C which is denoted

as S1. As it can be seen in Fig. 1, the formation of gamma

phase has been confirmed. The nitrogen adsorption–des-

orption isotherm in Fig. 2 represents type IV of isotherm

according to the IUPAC classification. Figure 2 (upper

inset) demonstrates a narrow pore size distribution.

The SEM image in Fig. 3 exhibits microspherical

gamma alumina. The average particle size of the sample is

less than 40 lm according to the results of particle size

analyzer. The sample showed very good followability that

is attributed to the physical properties of the material and

Fig. 1 XRD pattern of the

alumina sample (S1) spray dried

at a temperature of 200 �C and

calcined at 600 �C

Fig. 2 Nitrogen adsorption/desorption isotherm and pore size distri-

bution (upper inset) of sample S1
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the drying method. As it is shown in Fig. 4a, b, FTIR and

TGA analyses were employed to confirm the sufficiency of

calcination temperature of 600 �C for complete removal of

additives and stable phase formation, respectively.

The BET surface area, pore radius and pore volume of

the sample were 172.7 m2g-1, 4.2 nm and 0.3 cm3g-1,

respectively. To investigate the effects of various param-

eters to obtain the highest surface area, 27 experiments

were carried out at various conditions with the changes of

two parameters while the other parameter was kept con-

stant at a specified medium value (PVA of 2.5 wt%, 50

wt% slurry solid content and inlet temperature of 200 �C).
As it can be seen in Fig. 5a, the effect of different slurry

solid content, PVA wt% and temperature on the surface

area depicts the highest surface area at the lowest slurry

percentage and medium conditions for temperature and

PVA value. The results exhibit no certain relations between

these parameters. Other graphs in Fig. 5b, c show almost a

maximum or minimum point. It must be noted, besides the

high surface area the main criteria for choosing the best

conditions for nanoporous gamma alumina preparation

have been based on two factors, higher alumina yield and

higher slurry stability. Although, the highest slurry solid

content resulted to a higher amount of alumina production,

the Zeta potential results showed that the sample with 50

wt% of slurry solid content with a zeta potential of -88.3

mv provides the most stable slurry among the other sam-

ples. In addition, the pore size and pore diameters almost

changed smoothly with the changes in various parameters,

as a result, the lowest percentage of PVA was preferred for

nanoporous gamma alumina preparation.

The best conditions to attain the highest BET surface

area of 214.8 m2g-1 were specified at a temperature of

Fig. 3 SEM image of the prepared gamma alumina sample (S1)

Fig. 4 FTIR results before and

after calcination (a) and TGA

analysis (b) for the synthesized

gamma alumina support

calcined at 600 �C
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200 �C, PVA of 1 wt% and slurry solid content of 50 wt%

was denoted as SF.

The results of particle size analyzer for sample SF along

with two other samples prepared at the same conditions

with different temperatures of 170 and 230 �C were,

respectively, denoted as Sa and Sb (Fig. 6). The obtained

results revealed the particle sizes less than 100 lm for

these samples. Almost the same particle sizes were

obtained for the other samples.

Heterogeneous base catalysts characterization

The specific surface area, pore size and pore volume of the

prepared catalysts using the nanoporous gamma alumina

support have been shown in Table 1. The suitable pore size

for an effective catalyst should be more than 15A, which is

the size of a triglyceride molecule [24]. As it can be seen in

Table 1, the pore size of the prepared catalysts is wide

enough for triglyceride molecules to get in and out. All the

prepared catalyst samples showed a reduction in BET

surface area which is usual after applying impregnation

method. However, minimum BET surface area and the

lowest pore volume was obtained for Li/c-Al2O3 catalyst.

The biodiesel yields were calculated using TGA method

as it can be seen in Fig. 7. The TG and DTG graphs of the

produced biodiesel sample using 4 wt% of K/c-Al2O3

along with the results for WCO have been presented in

Fig. 7. The starting vaporization temperature for the pre-

pared biodiesel was around 200 �C and completed at a

temperature around 550 �C. The results of applying TGA

method for WCO feedstock clearly indicates a high-tem-

perature difference between vaporization temperatures of

WCO and biodiesel sample which is quite enough to dis-

tinguish between the methyl esters and triglycerides spe-

cies [7].

The biodiesel yield for the three catalyst samples during

6 h of reaction time is represented in Fig. 8. It is known

that the Li/c-Al2O3 showed the lowest performance com-

pared to the Na/c-Al2O3 and K/c-Al2O3 catalysts.

To confirm the TGA method for methyl ester yield

calculation, the (1H) NMR analysis was carried out for 4

wt% of K/cAl2O3 catalyst sample as it is shown in Fig. 9.

Based on the equation C = 100 2A1
3A2

[C is the percentage of

bFig. 5 Effect of various operating parameters on the BET surface

area of the prepared gamma alumina. (a) Effect of solid percentage of

slurry and temperature at constant PVA value of 2.5%, b effect of

PVA value and temperature at constant solid slurry content of 50%

and c effect of solid percentage of slurry and PVA value at constant

temperature of 200 �C

J Nanostruct Chem (2017) 7:191–200 195

123



triglycerides to corresponding methyl esters, A1 stands for

the integration value of protons of the methyl esters (1.000)

and A2 is integration value of a-methylene protons

(0.723)] [25, 26], the methyl esters yield of 92.21% was

calculated for the mentioned sample. The difference

between biodiesel yield obtained utilizing TGA method

Table 1 Structural properties

of gamma alumina support and

prepared heterogeneous base

catalysts

Catalyst Surface area (m2g-1) Pore volume (cm3g-1) Pore diameter (nm)

Na/ c-Al2O3 76.6 0.18 9.6

K/ c-Al2O3 65.1 0.18 11.4

Li/ c-Al2O3 19.6 0.06 13.5

Fig. 6 Particle size distribution

of different gamma alumina

samples prepared at PVA of

1 wt%, solid slurry content of

50 wt% and various spray-dried

temperatures. (a) Sample SF at

a temperature of 200 �C,
b sample Sa at a temperature of

170 �C and c sample Sb at a

temperature of 230 �C

Fig. 7 TG and DTG graphs for biodiesel sample, produced using 4 wt% of K/c-Al2O3 catalyst, and WCO feedstock
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and (1H) NMR analysis was less than 3% which also is

lesser than that of the other studies [27].

The catalytic performances of K/c-Al2O3 and Na/c-
Al2O3 were very close; however, K/cAl2O3 catalyst that

provided the highest biodiesel yield was chosen as the

appropriate catalyst and the impacts of different loadings in

transesterification reaction were investigated. As it can be

seen in the bar graph of Fig. 10, the impacts of different

loadings (4, 6 and 8 wt%) of K/c-Al2O3 catalyst on

transesterification reaction were compared. The highest

biodiesel yield of 99% was obtained for the sample with 6

wt% of catalyst loading based on the TGA results. The

results indicated an increase in the soap formation with an

increase in the catalyst concentration.

Utilizing gamma alumina (Merck) as support

in heterogeneous catalyst preparation for biodiesel

production: comparison of the catalytic

performances with other relevant studies

Catalyst K/cAl2O3 was prepared using a purchased gamma

alumina (Merck) sample and employed in WCO transes-

terification reaction. The biodiesel yield of 92.3 was

obtained at the same operating conditions as described

above. As it was demonstrated in Table 2, comparison of

the performances between various K/cAl2O3 catalysts in

different studies clearly revealed the high potential of the

synthesized nanoporous gamma alumina support in bio-

diesel production [37, 38]. As it can be observed in

Table 2, WCO feedstock was rarely utilized in biodiesel
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production and compared to the other presented studies,

milder operating conditions have been applied in the pre-

sent study to achieve a high methyl ester yield of 99%.

Conclusions

In this study, a new route using PVA and phthalic acid was

applied for the synthesis of microspherical nanoporous c-
alumina with the implementation of spray drying method.

The gamma alumina precursor was chosen from commer-

cial grade which is more economical for the large-scale

process. Among the prepared samples at various condi-

tions, the highest surface area of 214.8 m2g-1 was obtained

for sample SF at the conditions of 1 wt% PVA, a tem-

perature of 200 �C, slurry solid content of 50 wt% and

phthalic acid content of 5 wt%. Different heterogeneous-

based catalysts of K/c-Al2O3, Li/c-Al2O3 and Na/c-Al2O3

were prepared using the synthesized support and 4 wt%

loading of these catalysts was implemented in biodiesel

production process from waste cooking oil. Comparison

the performances of three mentioned catalysts, at the same

operating conditions, revealed almost the same activity for

both K/c-Al2O3, Na/c-Al2O3 catalysts while a low catalytic

activity was obtained for Li/c-Al2O3. TGA and (1H)NMR

methods were employed for monitoring the produced bio-

diesel. The effect of different catalyst loadings was studied

for K/c-Al2O3 catalyst and the results showed the maxi-

mum biodiesel yield of 99% at the conditions of 6 wt% of

catalyst content, a temperature of 60 �C, methanol to WCO

molar ratio of 8 and a reaction time of 6 h. A purchased

gamma alumina support (Merck) was employed for the

catalyst preparation and comparison of the results for

biodiesel production at the same operating conditions

revealed the promising potential of the synthesized gamma

alumina support to achieve higher performances. More-

over, compared to the other relevant studies, in our study

milder operating conditions were implemented for biodie-

sel production from WCO.

Open Access This article is distributed under the terms of the

Creative Commons Attribution 4.0 International License (http://crea

tivecommons.org/licenses/by/4.0/), which permits unrestricted use,

distribution, and reproduction in any medium, provided you give

appropriate credit to the original author(s) and the source, provide a

link to the Creative Commons license, and indicate if changes were

made.
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