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Abstract. Fine barium hexaferrite, BaFe12O19 has been synthesized through sol-gel technique 

using barium chloride dihydrate (BaCl2.2H2O) and iron (III) chloride hexahydrate (FeCl3.6H2O) 

as starting materials. The BaFe12O19 particles were characterized by X-ray diffraction (XRD), 

TGA, Fourier-Transform Infrared Spectroscopy (FTIR) and N2 Adsorption-Desorption 

Isotherm. XRD revealed that high calcination temperature is beneficial for the formation of fine 

BaFe12O19. The results show that the crystallite size of the produced samples increased with an 

increase in calcination temperature. It was found that the crystalline BaFe12O19 phase was well 

formed above 700°C. BaFe12O19 was as employed as a new heterogeneous acid catalyst for the 

application production of methyl ester. The suitability of BaFe12O19 as catalyst for esterification 

of palmitic acid was evaluated on the basis of catalyst dosage, reaction time and molar ratio of 

the reactants to optimize the reaction condition. The catalyst gave excellent methyl ester yield of 

91.7% at optimum conditions. The optimum esterification conditions for of 0.5 g palmitic acid 

are; 2 wt.% of BaFe12O19 with 1:15 molar ratio of palmitic acid to methanol at reaction 

temperature 120°C for 2 hours. 

Keywords: barium hexaferrite; sol-gel; esterification; catalyst; methyl ester 

1. Introduction 

Energy has become an important human issue since the beginning of 18th century. The most important 

global energy production comes from fossil fuel. This source of energy is non-renewable. In order to 

meet future demands, alternative ways of producing fuel must be taken. Biodiesel is an environmentally 

friendly fuel which is commonly produced through the esterification of fatty acids with low molecular 

weight alcohols in the presence of homogenous basic catalysts such as sodium and potassium hydroxides 

[1]. Esterification is the reaction that takes place in chemical industries where efficient acid catalyst is 

required to obtain good yields of methyl ester at better selectivity [2]. Homogenous catalysts such as 

H2SO4, HF, H3PO4 are usually utilized in esterification reactions. However, there are several 

disadvantages when using these catalysts. The catalysts often cause serious issues in product separation, 

catalyst reuse and disposal [3]. Thus, to manage these problems, mineral acids can be replaced by solid 

acids such as metal oxides, zeolites and also clays. The use of solid acids have been a major research 

area as it is an environmentally benign processes which use less hazardous chemicals [4]. This process 

is quite simple with negligible environment problems. Thus, the development of low cost solid catalysts 

which are easily reusable has become popular in recent research efforts [5]. 
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Ordinary heterogeneous catalysts such as single metal oxides, zeolites and supported alkali-

metal/metal ion have been seen to be efficient for the production of biodiesel. In recent years, 

heterogeneous catalyst for methyl ester synthesis have focused on metal oxides. These catalysts are low 

in production costs compared to their homogenous counterparts [6, 7]. Several factors such as surface 

area, pore size, pore volume and active site concentration are important factors in increasing the catalyst 

efficiency. Previous studies showed that tin oxide shows good catalytic activity for soybean oil 

methanolysis. The reaction achieved up to 90% in 3 hours at 60°C [8]. Besides, zirconium oxide, 

titanium oxide and zinc oxide are among other metal oxides that have been reported for biodiesel 

production due to their acidic properties [9]. Nevertheless, single metal oxides have some disadvantages 

such as these catalysts are show poor strength and possessed low resistance to atmospheric CO2. They 

also have generally lower catalytic performance [10]. To improve the method, the utilization of binary 

or tertiary (solid mixed) metal oxide catalysts for the production of biodiesel has gained attention in 

recent years. 

Solid mixed metal oxide generally refers to material consisting of two or more metal oxides. The 

advantages of mixed metal oxides are their low corrosiveness and also ease of regeneration and reuse. 

BaFe12O19 is a hard magnetic material with high coercitivity and also large saturation magnetization 

[11]. Aside from being permanent magnet, BaFe12O19 has been used to increase the capacity in 

information storage [12, 13]. BaFe12O19 is a new heterogeneous catalyst in esterification study so far. 

The study on barium-based binary and tertiary oxides in esterification study is rarely reported. Previous 

studies were conducted by Sherstyuk et al. [14, 15]. They successfully prepared Ba-Al-O (viz. 

BaAl13.2O20.8 and BaAl12O19) and Ba-La-O (viz. BaLa2O4/La2O3 and Ba0.04La1.96O3) in binary system. 

This studies were used precipitation and calcination method to investigate their application in the 

transesterification of rapeseed oil. This binary system achieved ~100% at the optimum condition for 

conversion of rapeseed oil over Ba-Al-O and the result showed the stability of Ba-Al-O is higher than 

Ba-La-O binary catalysts. In this work, we synthesized BaFe12O19 for esterification of palmitic acid with 

methanol to methyl palmitate as in (1) [16]. Catalyst dosage, reaction time and molar ratio of the 

reactants were varied to optimize the reaction conditions. The catalytic performance is reported in this 

study. 

 

2. Experimental 

2.1. Materials 

Palmitic acid was obtained from Fluka, FeCl3.6H2O was supplied by Sigma-Aldrich whereas 

BaCl2.2H2O by BDH Laboratory Supplies. Glycine was purchased from BioLab Medical Unit. 

Methanol, 2-propanol and cyclohexane of QREC brand was supplied by Brightchem Sdn Bhd. The 

chromatographic methyl ester standard, methyl palmitate was supplied by Fluka. All the chemicals were 

of analytically pure grade. 

2.2. Preparation of the Catalyst 

The starting materials used for this study were BaCl2.2H2O and FeCl3.6H2O powders. The synthesis of 

the BaFe12O19 was by sol-gel technique followed by calcination. Typically, 1.29 g of BaCl2.2H2O was 

dissolved in 40 mL distilled water heated in an oil bath at 50°C for several minutes. Then, FeCl3.6H2O 

was added. The mixture was stirred for 2 hours under reflux. Proper amount of glycine was added in the 

mixture. The product which is in gel form was separated via rotary evaporator and washed with distilled 
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water. The catalyst was then dried overnight in the vacuum oven and followed by calcination at 600-

900°C for an hour. 

2.3. Characterization of the Catalyst 

The structure and phase of the samples were characterized by powder XRD technique in the 2θ range of 

30-80°. The reflection of the peaks obtained from this characterization were compared with the JCPDS-

PDF database. Functional group analysis of the samples was done on Perkin-Elmer System 2000 using 

KBr pellet where the spectra were recorded in the range of 4000-500 cm-1. The surface area of the sample 

was determined using Brunauer-Emmett-Teller (BET) method and the surface was analysed via N2 

adsorption-desorption isotherm. The thermal analysis was done in order to understand the 

thermostability of the samples using TGA 7 (Perkin-Elmer) at a heating rate of 20°C min-1 from 30 to 

900°C and held for 5 minutes at 900°C. 

2.4. Methyl Palmitate Production 

Production of the methyl palmitate was performed in an autoclave at the temperature of 120°C for 

2 hours. The ingredients of the reaction mixture were completely removed by distillation under pressure. 

The residual methyl palmitate was subjected to GC chromatography. The GC was carried out on a 

Hitachi 263-30 instrument equipped with a flame ionization detector. Instrument setting: Injector 

temperature = 200°C and detector temperature = 250°C. The percentage of methyl palmitate yield was 

calculated based on equation (2) below. 

 Methyl Ester Yield =
Total ME area from GC x Weight of product

Weight of acid
 𝑋 100% (2) 

3. Result and Discussion 

3.1. Characterization of the Catalyst 

3.1.1. XRD. In this study, sol-gel technique was used for the synthesis of BaFe12O19. The catalyst was 

prepared at different calcination temperature. Calcination temperature plays an important role in the 

formation of BaFe12O19 phase. The purpose of the characterization of catalyst by XRD is to determine 

changes in the structure, phase and also crystallinity of BaFe12O19 with different calcination temperature 

(600-900°C). The XRD patterns are presented in Fig. 1. The diffractogram patterns show major peaks 

at 2θ values of 33.1°, 35.7° and 54.1°. These peaks are indexed to the (112), (114) and (217) planes of 

BaFe12O19 with a hexagonal crystal structure that confirm with database JCPDS card No. 78-0133 [17, 

18]. 

Based on the results in Fig. 1, at a temperature below 600°C, there are some intermediate phases 

identified such as γ-Fe2O3 and BaFe2O4. Crystalline single BaFe12O19 phase was formed at and above 

700°C. For the sample calcined at 700°C and above, BaFe12O19 became the major phase while BaFe2O4 

and γ-Fe2O3 existed as a minor phase. BaFe2O4 was diminished at a calcination temperature of 700°C 

and above. The result of XRD shows that BaFe12O19 structure was detected without any other impurities 

for powders calcined at 700°C, 800°C and 900°C. It means that all intermediate phases were transformed 

into BaFe12O19 phase when the calcination temperature is above 700°C. Table 1 presented the crystallite 

size of the samples which was calculated using Scherrer’s formula. The crystallite size increased with 

the increase in calcination temperature as the crystal growth increases rapidly which can be assign by 

more agglomerated crystals [19]. The result appears that a higher calcination temperature enhances 

atomic mobility and causes grain growth which is resulting in better crystallinity [20]. 
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Figure 1. XRD pattern of the BaFe12O19 samples calcined at various temperatures; Sample 

A (Uncalcined), B (600°C), C (700°C), D (800°C), E (900°C). 

Table 1. Crystallite size, Specified surface area and total pore volume of the BaFe12O19 samples. 

Samples 
Temperature 

Treatment (°C) 

Crystallite size 

(nm) 

Specified surface 

area (m2/g) 

Total pore volume 

(cm3/g) 

A Uncalcined Amorphous 0.5426 0.00347 

B 600 42.10 2.7823 0.00657 

C 700 53.81 7.3917 0.02318 

D 800 56.13 3.3843 0.01734 

E 900 58.14 2.5093 0.00667 

3.1.2. FTIR. Fig. 2 illustrates the FTIR spectra of the samples treated at different temperatures (600-

900°C). As shown in Fig. 2, the adsorption bands at around 3400-3700 cm-1 are assigned to the O-H 

group for the stretching vibration of adsorbed water [21]. The adsorption band due to the bending mode 

of water molecules are observed at 1620-1630 cm-1 and can be due to the presence of water hydration in 

the samples [22]. The infrared spectra of BaFe12O19 obtained at different calcination temperatures exhibit 

vibration bands at 577, 574 and 587 cm-1 which corresponds to the vibrations of metal-oxygen stretching 

of BaFe12O19 [23, 24]. The result is in agreement with XRD results which suggests that single BaFe12O19 

powders can be obtained when calcined at and above 700°C. The increasing calcination temperature 

improved the BaFe12O19 phase formation. 
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Figure 2. FTIR spectra of the BaFe12O19 samples calcined at various 

temperatures (600°C-900°C). 

3.1.3. Thermal Analysis. The TG curve shown in Fig. 3 was obtained to investigate the thermal stability 

of materials at calcination temperature of 700°C. The first weight loss of 6.5% was due to the removal 

of physisorbed water in the temperature range of up to 158°C. The second weight loss is because of the 

removal of chemisorbed water and decomposition of the hydroxide. This second weight loss was around 

2.1% which occurs at 158-196°C and the subsequent weight loss at around 196-284°C are due to further 

decomposition of the samples. At 264-480°C and 480-635°C, additional weight reduction occurred due 

to the crystallization of BaFe12O19 [25]. There is no weight loss above 635°C which confirms the high 

thermal stability of the catalyst synthesized by sol-gel method [26]. 

3.1.4. N2 Adsorption-Desorption Isotherm 

The surface properties of BaFe12O19 prepared at various calcination temperatures were analysed via N2 

adsorption-desorption isotherms. The results are shown in Fig. 4. The isotherm of BaFe12O19 samples 

were classified as type I and IV behaviour based on the IUPAC classification scheme [27]. All samples 

show sharp increase at relatively high pressure. This indicates the presence of mesopores. Type IV 

isotherm indicated that the samples were given by many mesoporous adsorbents due to high pressure 

behaviour. The adsorption of nitrogen molecules occurred between the relative pressure P/Po of zero to 

< 0.3. The steep at the initial region shows that strong adsorption occurred. This strong gas-solid 

interaction may influence the interaction between the catalyst and reactants. This is important for 

catalysts as the adsorption mostly occurred on the external surface. At P/Po = 0 to P/Po = 0.9, the samples 

started to interact in the pore [28]. Then, at P/Po < 1.0 which was at higher pressure, the isothermal 

curve increasingly shapes. The samples demonstrated a limiting uptake which is controlled by the 

accessible micropore volume. Based on IUPAC classification, all samples present a H3-type hysteresis 

loop which showed the capillary condensation of mesopores. 

Meanwhile, increasing the calcination temperature from uncalcined to 700°C influenced the BET 

surface area which increased from 0.5426 m2/g to 7.3917 m2/g. From Table 1, the largest specific surface 

area was obtained for the sample calcined at 700°C. A similar trend was observed for the total pore 

volume result. It was found that further increase in the temperature exceeding 700°C resulted in a 
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decrease in the surface area to 3.3843 m2/g and 2.5093 m2/g for samples calcined at 800°C to 900°C 

respectively. By increasing of calcination temperature further, the pore volume decreases which 

indicates the changes of the crystal wall structure as confirmed by XRD measurements [29]. 

 

Figure 3. Typical TGAand DTG curve of the BaFe12O19. 

 

Figure 4. N2-adsorption desorption isotherm plot at the 

calcination temperature: Sample A (Uncalcined), B (600°C), C 

(700°C), D (800°C), E (900°C). 
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3.2. Catalytic esterification of palmitic acid with methanol 

3.2.1. Effect of Calcination Temperature. The effect of calcination temperature on the activity of 

BaFe12O19 calcined at 600-900°C using molar ratio of palmitic acid/methanol 1:15 and 2 wt% of catalyst 

dosage and the results are presented in Fig. 5(A). Based on the result, it can be seen that calcination at 

700°C exhibits the highest activity. At 2 hours’ reaction, the percentage of methyl ester yield obtained 

was 91.7%. It can be related to the highest pore volume as indicated in Table 1. Pore diffusion becomes 

an important factor rather than surface area due to methyl ester molecules which are large and consists 

of long alkyl chains. Calcining BaFe12O19 at low temperatures (600°C) and very high temperatures (800-

900°C) will decrease the catalytic activity of the catalyst. This is because at low temperature which is 

600°C, the crystallinity of BaFe12O19 is not created well. In contrast, at 800-900°C, the catalyst loses its 

porosity [30]. The catalyst synthesized at 700°C in the present study showed a good catalytic activity 

with the highest percentage of methyl ester yield. 

3.2.2. Influence of catalyst dosage. Fig. 5 (B) shows the effect of catalyst dosage on the percentage of 

methyl ester yield. The catalysts chosen was BaFe12O19 calcined at 700°C as it exhibits the highest 

activity. As the amount of the catalyst dosage increased from 0 to 3 wt% of BaFe12O19, the percentage 

of methyl ester yield also increased from less than 5% in the absence of catalyst to 91.7%. The optimum 

amount of catalyst dosage was 2 wt% because the percentage of methyl ester yield remained almost 

constant above this dosage. The barium ion that holds the ferrite structure together is postulated to act 

as a Lewis acid site for connection of fatty acids for formation of methyl esters. Based on the result, it 

is important to clarify that the esterification reaction can occur in the absence of the catalyst. However, 

the percentage of methyl ester yield was less than 5%. 

3.2.3. Effect of reaction time. The effect of reaction time on the percentage of methyl ester yield was 

studied. Results are shown in Fig. 5 (C). The percentage of methyl ester yield levelled off as the products 

reached a near-equilibrium composition after 2 hours. The result shows that as the reaction progresses 

above 2 hours, the reaction reached a plateau due to no significant differences in the yield of methyl 

ester. This result demonstrated that the catalyst had a very high reactivity to catalyse esterification 

reaction. In conclusion, the optimum reaction time for the reaction was 2 hours. 

3.2.4. Influence of palmitic acid: methanol molar ratio. The esterification reaction was investigated by 

mixing palmitic acid with methanol in the ratio 1:8 to 1:20 with 2 wt% of BaFe12O19 in an autoclave to 

study the effect of molar ratio on the catalytic activity. Then, the autoclave was heated in a furnace at 

120°C for 2 hours. Based on the result, increasing the volume of methanol increased the percentage of 

methyl ester yield within the same reaction time. Based on Fig. 5 (D), the percentage of methyl ester 

yield increased from 59.2% to 91.7% when the molar ratio 1:8 to 1:15. The highest percentage (91.7%) 

was achieved at molar ratio 1:15 of palmitic acid: methanol. The reaction was continued at molar ratio 

1:20 and it can be seen that the percentage of methyl ester yield decreased slightly. The result probably 

infers that dilution effect may have taken place [31]. 
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Figure 5. Graphs of methyl ester yield (%) against (A) calcination 

temperature, (B) catalyst amount (wt%), (C) reaction time (hours) 

and (D) molar ratio of palmitic acid/methanol. 

4. Conclusion 

BaFe12O19 catalysts were successfully prepared at different calcination temperatures via the sol-gel 

method. The catalysts were characterized and proven as a heterogeneous catalyst for the esterification 

reaction of palmatic acid with methanol. XRD patterns revealed that at low temperature, the samples 

were amorphous with some intermediate phase. However, at high calcination temperatures, BaFe12O19 

exhibited crystalline structures. The specified surface area increased as the calcination temperature of 

samples increased towards 700°C. It also corresponds to the total pore volume of the samples. Maximum 

catalytic activity for the esterification reaction was achieved at the molar ratio of palmatic acid/methanol 

1:15 with the reaction temperature 120°C for 2 hours in the presence of 2 wt% catalyst affording a 

methyl ester yield of 91.7%. The influence of all the parameters will affect the percentage of methyl 

ester yield. The BaFe12O19 catalyst showed good catalytic activity performance in the esterification 

reaction. 
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