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 A novel acid-base bifunctional catalyst, Fe/DS-HMS-NH2, has been fabricated 

 Fe/DS-HMS-NH2 has been successfully employed to convert low-quality oil to 

FAME 

 85.36% of FAME yield was achieved from low-quality oil using Fe/DS-HMS-NH2 

 The fuel properties of the final FAME product conform to ASTM D6751 

 Fe/DS-HMS-NH2 shows a good recyclability with FAME yield > 80% up to the third 

run 
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Abstract 1 

To promote the use of low-quality oils in producing biodiesel, a bifunctional acid-base 2 

catalyst Fe/DS-HMS-NH2 is fabricated using the two-step condensation technique. The obtained 3 

Fe/DS-HMS-NH2 is of a doubled shell structure in spherical shape with a uniform size of 156 nm. 4 

Its hollow core (with a diameter of 86 nm) and two spatial shells with different active sites 5 

enables the esterification and transesterification reactions to be accomplished in a one-pot 6 

synthesis. The influences of four independent reaction variables on the yield of fatty acid methyl 7 

esters YF was studied, including catalyst loading mc, reaction time t, reaction temperature T, and 8 

the methanol to degummed palm oil mass ratio rm/o. The highest yield was obtained at 85.36% 9 

(w/w) when mc = 6% (w/w), t = 4.5 h, T = 60 
o
C, and rm/o = 6:1. The Fe/DS-HMS-NH2 shows a 10 

good recyclability with YF > 80% (w/w) up to three reaction cycles.  11 

Keywords: bifunctional catalyst; biodiesel; renewable energy; hollow mesoporous silica; iron 12 

impregnation; amine functionalization   13 
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1. Introduction1 14 

The global fuel demand is growing rapidly as it undergoes an extensive 15 

urbanization. Our heavy reliance on fossil fuel brings the risk of unstable market price and 16 

reduced fuel availability. The gas emission from fossil fuel combustion also causes 17 

environmental concerns. Therefore, developing an alternative fuel that is biodegradable, 18 

sustainable and with a low carbon emission is the most significant energy and environmental 19 

challenge for us in the coming decades [1,2].  20 

Since 2006, the Indonesian government has been committed to reducing carbon 21 

emissions by replacing fossil fuels with biodiesel [3]. It is also declared that the use of 22 

biodiesel in diesel blend will be increased from B20 to B30 starting from 2020 [4], with a 23 

strategy to boost the domestic use of palm oil and lower down energy imports. Usually, 24 

biodiesel is obtained through the conventional transesterification process of refined oil [5]. 25 

The acyl glycerides in the oil react with the alcohol in the presence of a basic homogeneous 26 

catalyst to produce biodiesel as the main product and glycerine as a by-product [6,7], while 27 

                                                           
1  

FFA  Free fatty acids 

FAME  Fatty acid methyl esters 

RPO  Refined palm oil 

DPO  Degummed palm oil 

CPO  Crude palm oil 

SS-HMS-NH2  Single-shelled hollow mesoporous silica 

DS-HMS-NH2  Double-shelled hollow mesoporous silica 

Fe/DS-HMS-NH2  Iron (II) impregnated double-shelled hollow mesoporous silica 



the free fatty acids (FFA) in the oil are saponified by the basic catalyst to form soap [8,9]. 28 

The latter is unfavorable as it complicates the separation process and reduces biodiesel 29 

conversion. For this reason, currently the biodiesel feedstock is restricted to high-quality oils, 30 

with the requirement that FFA and water content should be lower than 0.1% (w/w).  31 

Indonesia is one of the largest palm oil producers, with an annual production of 32 

approximately 40 million tons [10,11]. However, almost all of the manufacturers in the 33 

country have to use refined palm oil (RPO) as the raw material; the technologies of utilizing 34 

non-refined oil are to be developed [12]. This study aims to replace RPO with degummed 35 

palm oil (DPO) to simplify the procedure of biodiesel preparation. With similar content of 36 

FFA and moisture as the crude palm oil (CPO), DPO is classified as a low-quality oil, along 37 

with industrial fats, oils and greases (FOG), and other crude/waste lipids [13,14]. 38 

Some technical routes of converting low-quality oils into biodiesel have been 39 

studied, including the two steps acidic esterification followed by basic transesterification 40 

[15], noncatalytic transesterification using alcohol under subcritical [16] and supercritical 41 

conditions [17], enzymatic transesterification [18] and solid-catalyzed transesterification 42 

[19–24]. Berchmans and Hirata (2008) found that adding the acid esterification steps to 43 

remove FFA prior to alkaline transesterification improves the yield of biodiesel. However, 44 

this additional procedure prolongs the processing time, corrodes the equipment, and 45 

increases the production and maintenance costs [25]. Similar drawbacks also apply to the 46 

enzyme-catalyzed transesterification, which requires complicated processes for catalyst 47 

extraction with inefficient operating expenditures [26–28]. Although the noncatalytic 48 

transesterification has gained wide attention due to its sustainability and environmentally 49 

benign nature, it is still far from industrial applications due to its extreme processing 50 

conditions such as high temperature and pressure [29,30].  51 



On the other hand, the use of heterogeneous catalysts that contain multiple types of 52 

active sites is promising for the preparation of biodiesel from low-quality oils and has been 53 

attracting a growing interest in recent years [31,32]. Compared with the homogenous 54 

catalyst, using the heterogeneous catalyst has the advantage of easier separation, tolerance to 55 

impurities (i.e., FFA, water and other minor compounds), and good reusability which means 56 

minimal waste and toxic water production [8,9,23,33–35] and environmentally friendly [36]. 57 

Various solid catalysts and their modifications have been reported, such as zirconia [37], 58 

silica impregnated with zinc stearate (ZS/Si) [38], heterogeneous KF/ZnO catalyst [23], 59 

heterogeneous Zn/I2 catalyst [22]. Despite their insensitivity to impurities, these catalysts 60 

solely act as the mono functional catalysts, depending on their acidity nature and have the 61 

following disadvantages during the conversion of low-quality oils to biodiesel: (1) the 62 

reaction carried out in the presence of an acidic heterogeneous catalyst is slow, and at the 63 

same time, requires large amount of alcohol [32], meanwhile (2) the basic heterogeneous 64 

catalysts usually result in a lower biodiesel yield and purity, since this type of catalyst leaves 65 

the FFA unreacted during the reaction.  66 

In this paper, we prepared and characterized a new class of heterogeneous catalyst, 67 

the double-shelled hollow mesoporous silica impregnated with divalent iron metal (Fe/DS-68 

HMS-NH2), to be used as an acid-base bifunctional catalyst in the production of biodiesel 69 

from DPO. This catalyst enables a simple process of converting DPO to biodiesel by 70 

combining the two processes of esterification and transesterification into a single-stage 71 

process. This is achieved by having double active surface layers that facilitate the two 72 

reactions to run simultaneously.  73 

Mesoporous silica is selected here due to its easy fabrication and modification, as 74 

well as its high stability at different conditions [39,40]. The primary (inner) shell of the 75 



Fe/DS-HMS-NH2 was fabricated by reacting the ammonium solution, tetraethyl 76 

orthosilicate (TEOS) as the silica precursor and cetyltrimethylammonium bromide (CTAB) 77 

as the soft template; meanwhile, the formation of the outer shell was induced by the co-78 

condensation reaction of the primary shell. Then a hollow mesoporous silica was obtained 79 

by high-temperature calcination to remove the surfactant and open the hollow cavity, which 80 

significantly increases the pore volume. The outer silica was then impregnated with the 81 

divalent iron (Fe
 
(II)), which is selected as the impregnated metals due to its nature as a 82 

strong Lewis acid, and its ability to change the oxidation level and activate the substance 83 

during the process [41].  84 

The synthesis, characterization and catalytic activity of the Fe/DS-HMS-NH2 will 85 

be investigated in this paper. Its performance as an acid-base bifunctional catalyst for 86 

biodiesel preparation from DPO will be examined at various conditions, including catalyst 87 

loading mc (%, w/w), reaction temperature T (°C), reaction time t (h), and the mass ratio of 88 

methanol to DPO rm/o. The existence of two active shells is expected to increase the catalytic 89 

activity [42] and reduce processing time [43]. We will also show that the Fe/DS-HMS-NH2 90 

can be regenerated and reused, which is regarded as an important feature for heterogeneous 91 

catalysts [42,44,45] as it will reduce the cost for production and pollutant discharges 92 

[42,43,46]. The recyclability of the catalyst will be investigated at the operating condition 93 

giving the highest yield of fatty acid methyl esters (FAME) YF.  94 

 95 

2. Materials and methods 96 

2.1 Materials 97 

CPO was collected from the local manufacturer in Indonesia. Prior to use, CPO was 98 

degummed using 1% (w/w) phosphoric acid (PA, 85% purity) at a temperature of 80 – 90℃ 99 



for 30 min to reduce the phosphorus content. Several important characteristics of the 100 

degummed CPO (i.e., DPO), namely free fatty acid content, acid value, saponification value, 101 

and moisture content were analyzed in accordance with the standard method of AOCS Ca 102 

5a-40, Cd 3d-63, Cd 3d-25, and Ca 2e-84, respectively.  103 

3-aminopropyl-triethoxysilane (APTES) was purchased from Fisher Scientific 104 

(Pittsburgh, USA), while other chemicals required for the fabrication of Fe/DS-HMS, 105 

namely iron (II) sulfate heptahydrate (FeSO4.7H2O, 99.99% purity), tetraethylorthosilicate 106 

(TEOS), cetyltrimethylammonium bromide (CTAB), ethanol (98% purity), methanol (99,9% 107 

purity), hydrochloric acid (HCl, 37% purity), ammonium hydroxide solution (NH4OH, 25% 108 

purity), and n-hexane (95% purity) were obtained from Merck (Merck, Germany). The 109 

FAMEs standard (47885 U) containing 37 components FAME mix was procured from 110 

Supelco (Bellefonte, PA, USA). Ultra-high purity nitrogen gas (> 99.0% purity) was 111 

purchased from Aneka Gas Industry Pty. Ltd., Indonesia. All chemicals used in this study 112 

were of analytical grade and required no further purification. 113 

 114 

2.2 Preparation of DS-HMS-NH2  115 

In a typical synthesis, 0.14 g of CTAB, 20 ml of ethanol, 50 ml of deionized water 116 

and 1 ml of NH4OH solution were simultaneously introduced into a glass beaker and mixed 117 

for 15 minutes at room temperature. Then 1 ml of TEOS was slowly added into the above 118 

solution and kept stirring for 24 hours. The precipitates were collected through 119 

centrifugation at 4500 rpm for 30 min, triplicate ethanol washing, and drying at 120 
o
C 120 

overnight. After the calcination at 550°C for 6 h, the single shelled hollow mesoporous silica 121 

(SS-HMS-NH2) was obtained.  122 



The outer shell of the particle was fabricated using a multilevel scheme based on SS-123 

HMS-NH2. In a typical synthesis, 0.5 g CTAB, 18 ml deionized water, and 50 ml of ethanol 124 

were introduced into a beaker glass. Meanwhile, 0.063 g of SS-HMS-NH2 was added into a 125 

mixture of 4 ml deionized water and 8.5 ml of 25% (w/w) NH4OH solution. The above two 126 

solutions were then combined and stirred for 15 min at 250 rpm, after which 100 µl TEOS 127 

and 21 µl APTES were slowly added into it and the mixture was kept stirring for 24 h to 128 

allow the condensation reaction of silica. Finally, the solid product was collected by 129 

centrifugation at 4500 rpm for 15 min, which was then repeatedly washed with 60 ml of 130 

ethanol and 4 ml of HCl, and oven-dried at 120℃. The dried product was calcined at 550 ℃ 131 

for 6 h to obtain double-shelled hollow mesoporous silica (DS-HMS-NH2). 132 

 133 

2.3 Iron (II) impregnation onto DS-HMS-NH2 surface 134 

The impregnation of divalent iron onto the DS-HMS-NH2 surface was achieved as 135 

follows to fabricate Fe/DS-HMS-NH2 catalysts. In a typical synthesis, 0.1 g DS-HMS-NH2 136 

was mixed with 50 ml of deionized water under sonication  for 30 minutes at room 137 

temperature. Meanwhile, two separate solutions were prepared: (1) 5 mg of FeSO4.7H2O 138 

was dissolved in 50 ml of deionized water, and (2) 0.2 g of CTAB was dissolved in 10 ml 139 

ethanol. Solution (1) and (2) were then added into the DS-HMS-NH2 solution and stirred for 140 

12 hours at ambient conditions. The Fe/DS-HMS-NH2 precipitates were separated by a 141 

centrifugation at 4500 rpm for 15 min, and then dried at 120 °C for 12 h and calcined at 550 ℃ 142 

for 5 hours to obtain the Fe/DS-HMS-NH2 powder. 143 

 144 

2.4. Catalytic activity of Fe/DS-HMS-NH2 at various reaction conditions 145 



The in-situ esterification/transesterification reactions from DPO to FAME were 146 

carried out in a glass flask equipped with a reflux condenser and external heater under 147 

constant magnetic stirring (250 rpm) at various conditions. Specifically, the influence of four 148 

reaction parameters were investigated due to their relevance to industrial applications: 149 

catalyst loading mc (%, w/w), reaction temperature T (°C), reaction time t (h), and the mass 150 

ratio of methanol to DPO rm/o. To determine the amount of Fe/DS-HMS-NH2 catalyst that 151 

produces the maximum FAME yield YF, a few reactions were carried out with different 152 

amounts of Fe/DS-HMS-NH2 (mc = 2%, 4%, 6%, 8%, w/w) at the following condition: T = 153 

60 °C, t= 4.5 h and rm/o = 10:1. Once the optimum catalyst loading is obtained, the catalytic 154 

activity of Fe/DS-HMS-NH2 was investigated within an experimental matrix defined by T = 155 

40 °C, 50 °C, 60 °C, t = 0.5 h, 2.5 h, 4.5 h, and rm/o =2:1, 6:1, 10:1. The experimental runs 156 

were designed in a random order using face centered-central composite design (CCF-CCD) 157 

as listed in Table 1. All the experimental runs were conducted with the same procedure.  158 

Table 1 159 

After the reaction completed, Fe/DS-HMS-NH2 catalyst was recovered by 160 

centrifugation at 4500 rpm for 15 min, and calcination at 550 ℃ for 5 h. The liquid product 161 

was subjected to a two-stage liquid-liquid extraction using methanol and n-hexane 162 

sequentially for purification. Then the FAME-rich phase was separated from the by-products 163 

(i.e., glycerol, excess methanol, soap, and the other unwanted materials) and evaporated 164 

under vacuum to obtain the final FAME product. As  an evaluation of the catalytic activity 165 

of Fe/DS-HMS-NH2, the yield of FAME was calculated by the following equation: 166 

YF (%, w/w) = 
     

  
     (1) 



Where mF is the mass of the final FAME product (g), pF is the FAME purity (%, w/w) 167 

obtained from equation (2) shown in the next section, and mS is the total mass of the DPO 168 

(g).  169 

 170 

2.5 Characterization of Fe/DS-HMS-NH2 catalyst and FAME 171 

The characterization of Fe/DS-HMS-NH2 was conducted using field-emission 172 

scanning electron microscopy with energy dispersive X-Ray spectroscopy (FESEM/EDX), 173 

transmission electron microscopy (TEM), nitrogen sorption, and thermogravimetric analysis 174 

(TGA). The FESEM/EDX images were taken on a JEOL JSM-6500 F (Jeol Ltd., Japan) 175 

running at 15 kV with a working distance of 12.4 mm, while TEM was carried out on JEOL 176 

JEM-2100 with an accelerating voltage of 200 kV. Nitrogen sorption analysis was 177 

conducted at 77 K on a Micrometrics ASAP 2010 Sorption Analyzer. The sample was 178 

degassed at 423 K prior to analysis. To determine the thermal stability and volatile 179 

component fraction of the Fe/DS-HMS-NH2 catalyst, a TGA analysis was performed using 180 

TG/DTA Diamond instrument (Perkin-Elmer, Japan). 181 

The purity of FAME (pF) in the final product was analyzed using a gas 182 

chromatograph (Shimadzu GC-2014) equipped with a split/splitless injector and a flame 183 

ionization detector (FID). The stationary phase used for separation was the narrow bore non-184 

polar DB-WAX column (30 m × 0.25 mm ID × 0.25 μm film thickness, Agilent Technology, 185 

CA), and the temperature profile for the analysis was in accordance with the study 186 

conducted by Harijaya et al. (2019) [47]. Methyl heptadecanoate (MH) was used as an 187 

internal standard, while an external FAME reference (47885 U, containing 37 components 188 

FAME standard mix) was used to obtain the FAME compositional profile. pF is calculated 189 

by the following equation: 190 



             
       

   
  

      

  
      

(2) 

Where ΣAF is the total peak area of FAME, AMH is the corresponding area of methyl 191 

heptadecanoate (MH) peak, VMH is the volume of MH solution (ml), CMH is the actual 192 

concentration of MH solution (g/ml), and mF is the actual mass of the final FAME product 193 

(g). 194 

2.6 Recyclability of Fe/DS-HMS-NH2 195 

Fe/DS-HMS-NH2 was repeatedly used for the transesterification process at the 196 

operating condition where the maximum yield of FAME was obtained. The recyclability of 197 

Fe/DS-HMS-NH2 was determined by the number of repetitions until when the yield became 198 

lower than 80% (w/w). The purity and yield of FAME were analyzed according to the 199 

procedures in section 2.4-2.5. All experiments were carried out in triplicates to verify the 200 

results. 201 

 202 

3. Result and Discussions 203 

3.1 The mechanism scheme of Fe/DS-HMS-NH2 fabrication 204 

The Fe/DS-HMS-NH2 was synthesized by a two-step co-condensation technique. 205 

The mechanism scheme in Figure 1 illustrates the fabrication route: (1) firstly, TEOS and 206 

CTAB undergo a co-condensation reaction along with the ammonium solution; (2) then 207 

CTAB, the soft template of the core, is removed by calcination, and the SS-HMS-NH2 is 208 

thus formed; (3) TEOS, APTES, and CTAB undergo another co-condensation reaction on 209 

the outer surface of the SS-HMS-NH2 spheres; (4) DS-HMS-NH2 nanosphere is obtained by 210 

removing CTAB and APTES in calcination; (5) the divalent iron (Fe (II)) was incorporated 211 



onto the surface of DS-HMS-NH2 by a traditional wet impregnation technique, and the 212 

Fe/DS-HMS-NH2 nanosphere is obtained. 213 

Figure 1 214 

 215 

3.2 Characterization of Fe/DS-HMS-NH2 catalysts 216 

Figure 2a, c–d present the SEM and TEM images of the Fe/DS-HMS-NH2 217 

catalyst synthesized by the co-condensation technique. The catalyst is spherical with a 218 

uniform size at ca. 156 nm (Figure 2a). Notably, Fe/DS-HMS-NH2 is composed of two shell 219 

layers, indicated by the darker color of the inner shell in Figure 2c-d. Its hollow-core 220 

structure is clearly presented with the diameter of 86 nm (Figure 2d). The shell thicknesses 221 

of the inner and outer layer of Fe/DS-HMS-NH2, are 22 nm and 13 nm, respectively. The 222 

impregnation of Fe (II) on the surface of the silica layer was successful, evidenced from the 223 

EDX result showing a percentage of 2.87% (Figure 2b). Based on the fabrication procedure, 224 

it was reasonable to consider that the Fe (II) sites and basic amino sites were spatially 225 

isolated and located in different shells. 226 

The textural properties of Fe/DS-HMS-NH2 analyzed by the nitrogen sorption are 227 

presented in Table 2 and Figure 2e. The nitrogen adsorption and desorption isotherm of the 228 

catalyst exhibits a typical type-IV isotherm, indicating the presence of a mesoporous 229 

structure with worm-like capillary pores molded by the CTAB micelles. The pore size of the 230 

mesoporous structure is found to be 2.43 nm (Figure 2e (inset)). A steep increase of the 231 

nitrogen adsorption amount at p/p
0
 close to unity also suggests that there are macropores 232 

structure within the particle, corresponding to the hollow core. Similar adsorption and 233 

desorption profile also pointed out that the pores are highly accessible. The specific surface 234 



area SBET obtained in this study was 782.84 m
2
/g, lower than the value 1100 – 1350 m

2
/g for 235 

a similar double shelled hollow mesoporous silica [42]. Such a discrepancy was likely due 236 

to the reason that it was strongly influenced by the shell thickness. Zhou et al. (2014) 237 

reported that when the thickness of hollow mesoporous silica nanoparticles (HMSN) 238 

increases from 46 nm to 82 nm, the surface area of HMSN particles was declined from 986 239 

m
2
/g to 614 m

2
/g 

 
[48]. Zhou et al. (2014) and Cao et al. (2011) also observed that an 240 

increase in the particle mass due to the addition of TEOS and CTAB in the synthesis of the 241 

second shell lowers the surface area, since the amount of TEOS during the fabrication is 242 

directly proportional to the thickness of the shell [48,49]. Meanwhile, the pore volume of 243 

Fe/DS-HMS-NH2 (0.64 cm
3
/g) was found to be slightly higher than that reported by You et 244 

al. (2018) (0.61 cm
3
/g) [42]. Based on its textural analysis, Fe/DS-HMS-NH2 possesses 245 

comparable specific surface area and pore volume with those of existing heterogeneous 246 

catalysts which usually range from 200 – 1300 cm
2
/g and 0.18 – 1.68 cm

3
/g respectively 247 

[42,50–52].  248 

Table 2 249 

To demonstrate the feasibility of Fe/DS-HMS-NH2 for the reactions at an elevated 250 

temperature, its thermal stability was investigated. The TGA profile in Figure 2f shows a 20% 251 

decrease in weight up to the temperature of 100°C, attributed to the removal of free moisture 252 

content. Further heating up to 800 °C does not significantly decrease the mass of Fe/DS-253 

HMS-NH2, suggesting that the catalyst is stable at high temperatures [53]. Therefore, our 254 

Fe/DS-HMS-NH2 can be considered as a promising heterogeneous catalyst for the in-situ 255 

esterification/transesterification reaction.  256 



Figure 2 257 

 258 

3.3 The catalytic activity of Fe/DS-HMS-NH2 in the in-situ esterification/transesterification 259 

of DPO 260 

The characteristics of DPO as the raw material for biodiesel preparation are 261 

presented in Table 3. As homogenous catalysts are sensitive to impurities, the conversion of 262 

DPO to FAME for biodiesel production usually requires two reaction steps, namely acid-263 

catalyzed esterification to lower the FFA content by converting them into FAME, and basic 264 

catalyzed transesterification to convert the acyl glycerides into FAME. However, 265 

heterogeneous catalysts can have good tolerance towards the FFA and water content in the 266 

lipid materials [31]; for Fe/DS-HMS-NH2, its two spatial shells with different active sites 267 

can facilitate the above two reactions in a one-pot process, and therefore efficient 268 

conversion from DPO to FAME is achieved in a single step.  269 

Table 3 270 

Figure 3 presents the FAME yield obtained at various Fe/DS-HMS-NH2 loadings 271 

at the condition of T = 60 °C, t= 4.5 h and rm/o = 10:1. The results indicate that the yield of 272 

FAME is proportional to the number of active sites offered by the Fe/DS-HMS-NH2 [54,55]; 273 

therefore YF increases with mc when the latter is within 6% (w/w). This agrees well with 274 

previous work on biodiesel production using different catalysts [45,54,55]. A maximum 275 

yield 85.24% (w/w) is obtained when the catalyst loading mc = 6% (w/w). Further increase 276 

of the Fe/DS-HMS-NH2 results in a reduced yield of FAME, which is probably due to the 277 

aggregation and inconsistent dispersity of the catalyst in the reaction system of an enhanced 278 

viscosity [56–60].  279 



 Figure 3 280 

At a constant catalyst loading mc = 6% (w/w), Figure 4 and Table 1 present the 281 

FAME yield YF at various reaction time t, temperature T, and mass ratio of methanol to DPO 282 

rm/o. The maximum YF = 85.36% (w/w) (with a purity of 97.89% (w/w)) is obtained at the 283 

condition of T = 60 °C, t= 4.5 h, rm/o = 6:1. The reaction time t was the most significant 284 

factor, followed by rm/o and T, which is supported by the Pareto chart of the standardized 285 

effect in Figure 5 showing that t, rm/o, and the two-way interaction between t and T are the 286 

three significant parameters in the reaction system.  287 

Figure 4 288 

Figure 5 289 

The effect of reaction temperature on the production of biodiesel using Fe/DS-290 

HMS-NH2 is shown in Figure 4a–b. An increased reaction temperature contributes to a 291 

higher yield, with the maximum achieved at 60°C, which is related to the fact that both 292 

esterification and transesterification reaction are endothermic and reversible [61,62]. At a 293 

higher reaction temperature, the kinetic energy and mobility of reactant molecules increase, 294 

promoting the collisions between the molecules and Fe/DS-HMS-NH2 particles which then 295 

increases the reaction rate constant and shift the reaction towards the product [61,63–65]. 296 

Moreover, the mass transfer of the reactant molecules through the boundary layer of Fe/DS-297 

HMS-NH2 is also accelerated at an elevated temperature, resulting in the faster diffusion of 298 

the reactants into the pore of catalyst; hence, improving the FAME yield.   299 

Specifically, Figures 4a and c show a significant increase of the FAME yield by 300 

extending the duration of the biodiesel synthesis from 0.5 h to 4.5 h, at a constant 301 

temperature or mass ratio of methanol to DPO. Longer reaction time provides sufficient 302 

time for the reactants to reach the active sites of Fe/DS-HMS-NH2 through adsorption and 303 



diffusion, and convert DPO into FAME [66]. Meanwhile, prolonged duration of reaction 304 

also gives the catalyst more time to adsorb the reactant and desorb the reaction product [52]. 305 

Wei et al. (2009) also mentioned that adsorption and desorption of reactants from the 306 

catalyst is the rate-determining step in the overall reaction [67]. Therefore, allowing longer 307 

contact between the reactant molecules and the catalyst ensures high conversions of FFA 308 

and acyl glycerides to FAME.  309 

Stochiometrically, three moles of methanol are required to react with one mole of 310 

triglycerides in the transesterification reaction, while one mole of methanol is needed to 311 

react with one mole of free fatty acids in the esterification reaction [68,69]. Both reactions 312 

are known to be reversible; thus, the amount of methanol in the two reactions is usually 313 

provided in excess to shift the reaction equilibrium to the product side. As seen from Figure 314 

4b–c, having excess methanol from rm/o = 2:1 to rm/o = 6:1 contributes to a higher FAME 315 

yield, while further addition up to rm/o = 10:1 has no improvement. While most studies agree 316 

that excess methanol is desirable to allow more frequent interactions between the lipid and 317 

methanol triggering the formation of FAME, Pangestu et al. (2019) found that excess 318 

methanol may also accelerate the production of glycerol despite the higher yield of FAME 319 

[52]. As the esterification and transesterification are both reversible, a higher concentration 320 

of glycerol in the reaction system may induce a reverse reaction to the reactant side, creating 321 

an equilibrium between the products and reactants [52]. Hayyan et al. (2011) also reported 322 

that an excessive amount of methanol causes higher solubility of glycerol in the FAME 323 

phase that could lead to a complicated separation between biodiesel and glycerol [70]. 324 

Moreover, from the techno-economic viewpoint, the higher mass ratio of methanol to DPO 325 

also increases the material and processing cost [47,70]. Therefore, it can be concluded that 326 

the optimum level is rm/o = 6:1.  327 



The fuel properties of the final FAME product are presented in Table 4. The 328 

measurement results indicate that the product resulted in this study has a comparable 329 

combustion and flow properties with those of the commercial biodiesel. The calorific value 330 

(45.143 MJ/kg) is also within the range required in the common petrodiesel (42-46 MJ/kg). 331 

Table 4  332 

 333 

3.4 Recyclability of Fe/DS-HMS-NH2 334 

An important feature of using heterogeneous catalysts for biodiesel preparation is 335 

its recyclability. In order to determine the recyclability of Fe/DS-HMS-NH2, several 336 

reaction cycles were conducted in series using the operating condition of mc = 6% (w/w), T 337 

= 60 °C, t = 4.5 h, rm/o = 6:1. Fe/DS-HMS-NH2 was recovered following the method 338 

described in section 2.4, while fresh methanol and DPO were used in every cycle. The 339 

catalytic ability of the recycled Fe/DS-HMS-NH2 for in-situ esterification/transesterification 340 

process is presented in Figure 6. The result indicates that recycled Fe/DS-HMS-NH2 can 341 

maintain a high yield of FAME above 80% (w/w) until the third cycle, close to the yield of 342 

fresh catalyst 85.36% (w/w). The purity of FAME for the first three cycles are 97.89%, 343 

97.66% and 98.01% (w/w) respectively, higher than the commercial purity (96.5%, w/w). 344 

These results indicate that the catalytic activity of Fe/DS-HMS-NH2 is maintained at a high 345 

level after regeneration. A significant drop in catalytic ability is observed from the forth 346 

cycle in Figure 6; similar performance has been reported for some other heterogeneous 347 

catalysts where three cycles seem to be an average number in term of their recyclability 348 

[71,72]. The catalytic deactivation of Fe/DS-HMS-NH2 is generally due to the pore 349 

blockage caused by the contact between active sites on the catalyst surface and the 350 

deactivation-induced components, namely free glycerol, acyl glycerides, and biodiesel. 351 



Moreover, the high content of FFA in DPO also plays an important role in the deactivation 352 

of Fe/DS-HMS-NH2 catalyst because FFA tends to neutralize the basic sites in the inner 353 

shell of Fe/DS-HMS-NH2 [73], resulting in the generation of amine-carboxylate that induces 354 

the formation of emulsion.  355 

Figure 6 356 

 357 

3.5 The reaction mechanism of the in-situ esterification/transesterification of DPO using 358 

Fe/DS-HMS-NH2 359 

In the preparation of biodiesel from DPO, Fe/DS-HMS-NH2 acts as both acid and 360 

base catalysts to facilitate the esterification of FFA and the transesterification of acyl 361 

glycerides. The main steps for the reaction mechanism catalyzed by Fe/DS-HMS-NH2 are 362 

the nucleophilic attack [74–76] and electron delocalisation [74] as depicted in Figure 7. The 363 

detailed description is as follows: 364 

Step 1: Acyl glycerides, FFA and methanol enter the surface of catalyst through the 365 

adsorption process to reach the outer shell impregnated by the divalent iron. In this step, 366 

FFA undergoes the electron delocalization to form a carbocation and a carbanion, where the 367 

latter binds to the iron embedded on the catalyst.  368 

Step 2: The reaction continues as the methoxide anion of methanol attacks the carbocation, 369 

whereas the hydronium cation attaches to the hydroxyl group of FFA to form water.  370 

Step 3: Through the electron delocalization of the carbon atom, the water is released from 371 

the complex with FAME and the iron-embedded catalyst, followed by the release of FAME 372 

from the catalyst. 373 



Step 4: The reaction continues when the acyl glycerides and methanol diffuse further to the 374 

amine-functionalized inner shell. The oxygen atom in the carbonyl group of acyl glycerides 375 

readily binds to the amine active sites.  376 

Step 5: Subsequently, the methoxide anion of the methanol attacks the carbon atom in the 377 

carbonyl group of acyl glycerides, while the protonated H
+
 binds to the alkoxy group (RO-) 378 

of the acyl glycerides to form a complex of amine-functionalized catalyst with FAME and 379 

glycerol. 380 

Step 6: Again, through the delocalization of oxygen in the complex, the glycerol and amine-381 

functionalized catalyst are successively released from the complex.  382 

Step 7: All three products, including FAME, glycerol, and water are then desorbed to the 383 

surface of the Fe/DS-HMS-NH2 catalyst.  384 

Figure 7 385 

 386 

Conclusions 387 

Fe/DS-HMS-NH2 is synthesized through the two-step condensation technique and 388 

successfully employed as a heterogeneous catalyst for preparing biodiesel from DPO, a lipid 389 

source with significant FFA and moisture content. The obtained Fe/DS-HMS-NH2 has a 390 

uniform spherical shape with a particle size of 156 nm and hollow diameter of 86 nm. It is 391 

composed of two spatial silica shells with different active sites, and their thickness are 22 392 

nm for the inner shell and 13 nm for the outer shell. Fe/DS-HMS-NH2 has a specific surface 393 

area of 782.84 m
2
/g with a pore volume of 0.64 cm

3
/g, comparable with the existing solid 394 

catalysts. In the in-situ esterification/transesterification process using the Fe/DS-HMS-NH2 395 

catalyst, reaction time t is the variable with most significant influence on the yield of FAME 396 

YF, followed by the reaction temperature T and the mass ratio of methanol to DPO rm/o. The 397 



maximum YF is 85.36% (w/w), obtained at the following conditions: T = 60
o
C, t = 4.5 h, and 398 

rm/o = 6:1, with a catalyst loading of 6% (w/w). Notably, Fe/DS-HMS-NH2 catalyst shows a 399 

good recyclability, with the yield staying above 80% for three reaction cycles. Therefore, 400 

Fe/DS-HMS-NH2 is a promising heterogeneous catalyst to obtain biodiesel from DPO or 401 

other lipid materials with high FFA and water content. 402 
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636 



Table 1. Experimental matrix at the optimum catalyst loading mc = 6% (w/w) 637 

Run 
Input Parameters 

YF (%, w/w) 
T (°C) t (h) rm/o 

1 60 4.5 10:1 85.24 

2 40 0.5 10:1 40.27 

3 40 2.5 6:1 55.09 

4 50 4.5 6:1 75.15 

5 50 2.5 10:1 60.07 

6 40 0.5 2:1 35.19 

7 40 4.5 10:1 70.22 

8 50 2.5 2:1 67.03 

9 60 4.5 2:1 80.11 

10 50 2.5 6:1 65.16 

11 50 2.5 6:1 66.96 

12 50 2.5 6:1 65.87 

13 50 0.5 6:1 65.01 

14 60 4.5 6:1 85.36 

15 50 2.5 6:1 63.21 

16 60 0.5 10:1 70.01 

17 50 2.5 6:1 63.20 

18 50 2.5 6:1 67.18 

19 60 0.5 2:1 69.09 

20 40 4.5 2:1 59.11 

 638 

  639 



Table 2. Textural properties of Fe/DS-HMS-NH2. 640 

Material SBET (cm
2
/g) Pore volume (cm

3
/g) Pore size (nm) 

Fe/DS-HMS-NH2 782.84 0.64 2.43 

641 



Table 3. Characteristics of DPO. 642 

Parameter Value 

FFA (%, w/w) 5.54 

Moisture Content (%, w/w) 0.20 

Saponification Value (mg KOH/g DPO) 234.08 

Acid Value (mg KOH/g DPO) 12.04 

Molecular weight (g/mol) 756.62 

 643 

  644 



Table 4. Fuel properties of the final FAME product 645 

Properties Methods Unit Final FAME 

product 

ASTM D6751 

Kinematic 

viscosity (at 

40°C) 

ASTM D445 mm
2
/s 2.64 1.9 – 6.0 

Flashpoint ASTM D93 °C 164.2 93 min 

Cetane number ASTM D613 - 55.7 47 min 

Acid value ASTM D664 mg KOH/g 0.24 0.5 max 

Calorific value ASTM D240 MJ/kg 45.143 - 

 646 

 647 

 648 



 649 
Figure 1. The mechanism scheme of Fe/DS-HMS-NH2 fabrication. 650 

 651 



 652 
Figure 2. (a) SEM image, (b) Elemental composition, (c) – (d) TEM images at various magnifications, (c) BJH pore size distribution 653 

curve, (e) Nitrogen adsorption-desorption isotherm with BJH pore size distribution curve (inset), (f) Thermogravimetric profile of the 654 

Fe/DS-HMS-NH2 catalyst.  655 
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 657 

Figure 3. The yield of FAME at various Fe/DS-HMS-NH2 loadings with the reaction condition 658 
of T = 60 °C, t = 4.5 h and rm/o = 10:1.  659 

 660 

  661 



 662 

Figure 4. The FAME yield YF (%, w/w) at various (a) T and t, (b) T and rm/o, and (c) t and rm/o. 663 

  664 



 665 

 666 
Figure 5. Pareto chart of the standardized effect for the biodiesel preparation with Fe/DS-HMS-667 

NH2, using YF as the response at a 95% confidence interval where A = T, B = t, C = rm/o. 668 
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 671 

Figure 6. Recyclability of Fe/DS-HMS-NH2 in the in-situ esterification/transesterification of 672 

DPO. 673 
  674 



 675 

Figure 7. The reaction mechanism of the in-situ esterification/transesterification of DPO using Fe/DS-HMS-NH2. 676 
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 The fuel properties of the final FAME product conform to ASTM D6751 

 Fe/DS-HMS-NH2 shows a good recyclability with FAME yield > 80% up to the third 
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Abstract 1 

To promote the use of low-quality oils in producing biodiesel, a bifunctional acid-base 2 

catalyst Fe/DS-HMS-NH2 is fabricated using the two-step condensation technique. The obtained 3 

Fe/DS-HMS-NH2 is of a doubled shell structure in spherical shape with a uniform size of 156 nm. 4 

Its hollow core (with a diameter of 86 nm) and two spatial shells with different active sites enables 5 

the esterification and transesterification reactions to be accomplished in a one-pot synthesis. The 6 

influences of four independent reaction variables on the yield of fatty acid methyl esters YF was 7 

studied, including catalyst loading mc, reaction time t, reaction temperature T, and the methanol to 8 

degummed palm oil mass ratio rm/o. The highest yield was obtained at 85.36% (w/w) when mc = 9 

6% (w/w), t = 4.5 h, T = 60 oC, and rm/o = 6:1. The Fe/DS-HMS-NH2 shows a good recyclability 10 

with YF > 80% (w/w) up to three reaction cycles.  11 

Keywords: bifunctional catalyst; biodiesel; renewable energy; hollow mesoporous silica; iron 12 

impregnation; amine functionalization   13 
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1. Introduction1 14 

The global fuel demand is growing rapidly as it undergoes an extensive urbanization. 15 

Our heavy reliance on fossil fuel brings the risk of unstable market price and reduced fuel 16 

availability. The gas emission from fossil fuel combustion also causes environmental concerns. 17 

Therefore, developing an alternative fuel that is biodegradable, sustainable and with a low 18 

carbon emission is the most significant energy and environmental challenge for us in the 19 

coming decades [1,2]. Since 2006, the Indonesian government has been committed to reducing 20 

carbon emissions by replacing fossil fuels with biodiesel [3]. It is also declared that the use of 21 

biodiesel in diesel blend will be increased from B20 to B30 starting from 2020 [4], with a 22 

strategy to boost the domestic use of palm oil and lower down energy imports. Usually, 23 

biodiesel is obtained through the conventional transesterification process of refined oil [5]. 24 

However, the technologies of utilizing non-refined oil, specifically the low-quality oil, have 25 

currently attracted extensive interests and are being developed. Various types of low-quality 26 

oil have been studied to produce high-quality biodiesel using sundry of technical routes, 27 

including the two steps acidic esterification followed by basic transesterification [6], 28 

                                                           
1  

FFA  Free fatty acids 

FAME  Fatty acid methyl esters 

DPO  Degummed palm oil 

CPO  Crude palm oil 

SS-HMS-NH2  Single-shelled hollow mesoporous silica 

DS-HMS-NH2  Double-shelled hollow mesoporous silica 

Fe/DS-HMS-NH2  Iron (II) impregnated double-shelled hollow mesoporous silica 
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noncatalytic transesterification using alcohol under subcritical [7] and supercritical conditions 29 

[8], enzymatic transesterification [9] and solid-catalyzed transesterification [10]. Among the 30 

available routes, the use of heterogeneous (solid) catalysts has been attracting a growing 31 

interest in recent years, as it has the advantage of easier separation, tolerance to impurities 32 

(i.e., FFA, water and other minor compounds), and good reusability [11] which means 33 

minimal waste and toxic water production [12] and environmentally friendly [13]. Boey et al. 34 

(2011) and Lam et al. (2010) also stated that heterogeneous catalysts lower the product 35 

contamination level, and reduce the corrosion problem [14,15]. Various solid catalysts and 36 

their modifications have been reported, such as zirconia [16], silica impregnated with zinc 37 

stearate (ZS/Si) [17], heterogeneous KF/ZnO catalyst [18], heterogeneous Zn/I2 catalyst [12]. 38 

However, despite their insensitivity to impurities, these catalysts solely act as the mono 39 

functional catalysts, depending on their acidity nature and have the following disadvantages 40 

during the conversion of low-quality oil to biodiesel: (1) the reaction carried out in the 41 

presence of an acidic heterogeneous catalyst is slow, and at the same time, requires large 42 

amount of alcohol [19], meanwhile (2) the basic heterogeneous catalysts usually result in a 43 

lower biodiesel yield and purity, since this type of catalyst leaves the FFA unreacted during 44 

the reaction.  45 

In this paper, we prepared and characterized a new class of heterogeneous catalyst, 46 

the double-shelled hollow mesoporous silica impregnated with divalent iron metal (Fe/DS-47 

HMS-NH2), to be used as an acid-base bifunctional catalyst in the production of biodiesel 48 

from a low-quality oil. This catalyst enables a simple process of converting low-quality oil to 49 

biodiesel by combining the two processes of esterification and transesterification into a single-50 

stage process. This is achieved by having double active surface layers that facilitate the two 51 

reactions to run simultaneously. The primary (inner) shell is designed to promote the 52 
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transesterification reaction by adding –NH2 as the basic site, while the outer layer is 53 

impregnated with the divalent iron (Fe (II)), which is selected as the impregnated metals due 54 

to its nature as a strong Lewis acid, and its ability to change the oxidation level and activate 55 

the substance during the process [20]. 56 

The synthesis, characterization and catalytic activity of the Fe/DS-HMS-NH2 will be 57 

investigated in this paper. Its performance as an acid-base bifunctional catalyst for biodiesel 58 

preparation will be examined at various conditions, including catalyst loading mc (%, w/w), 59 

reaction temperature T (°C), reaction time t (h), and the mass ratio of methanol to oil rm/o. In 60 

this present research, degummed palm oil (DPO) is selected as the lipid material. With similar 61 

content of FFA and moisture as the crude palm oil (CPO), DPO is also classified as a low-62 

quality oil, along with industrial fats, oils and greases, and other crude/waste lipids. Therefore, 63 

it is considered as a suitable raw material to determine the catalytic ability of Fe/DS-HMS-64 

NH2 in converting both FFA and triglycerides in DPO into biodiesel. We will also show that 65 

the Fe/DS-HMS-NH2 can be regenerated and reused, which is regarded as an important feature 66 

for heterogeneous catalysts as it will reduce the cost for production and pollutant discharges 67 

[21,22]. The recyclability of the catalyst will be investigated at the operating condition giving 68 

the highest yield of fatty acid methyl esters (FAME) YF.  69 

 70 

2. Materials and methods 71 

2.1 Materials 72 

CPO was collected from the local manufacturer in Indonesia. Prior to use, CPO was 73 

degummed using 1% (w/w) phosphoric acid (PA, 85% purity) at a temperature of 80 – 90℃ 74 

for 30 min to reduce the phosphorus content. Several important characteristics of the 75 

degummed CPO (i.e., DPO), namely free fatty acid content, acid value, saponification value, 76 
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and moisture content were analyzed in accordance with the standard method of AOCS Ca 5a-77 

40, Cd 3d-63, Cd 3d-25, and Ca 2e-84, respectively.  78 

3-aminopropyl-triethoxysilane (APTES) was purchased from Fisher Scientific 79 

(Pittsburgh, USA), while other chemicals required for the fabrication of Fe/DS-HMS, namely 80 

iron (II) sulfate heptahydrate (FeSO4.7H2O, 99.99% purity), tetraethylorthosilicate (TEOS), 81 

cetyltrimethylammonium bromide (CTAB), ethanol (98% purity), methanol (99,9% purity), 82 

hydrochloric acid (HCl, 37% purity), ammonium hydroxide solution (NH4OH, 25% purity), 83 

and n-hexane (95% purity) were obtained from Merck (Merck, Germany). The FAMEs 84 

standard (47885 U) containing 37 components FAME mix was procured from Supelco 85 

(Bellefonte, PA, USA). Ultra-high purity nitrogen gas (> 99.0% purity) was purchased from 86 

Aneka Gas Industry Pty. Ltd., Indonesia. All chemicals used in this study were of analytical 87 

grade and required no further purification. 88 

 89 

2.2 Preparation of DS-HMS-NH2  90 

In a typical synthesis, 0.14 g of CTAB, 20 ml of ethanol, 50 ml of deionized water and 91 

1 ml of NH4OH solution were simultaneously introduced into a glass beaker and mixed for 15 92 

minutes at room temperature. Then 1 ml of TEOS was slowly added into the above solution 93 

and kept stirring for 24 hours. The precipitates were collected through centrifugation at 4500 94 

rpm for 30 min, triplicate ethanol washing, and drying at 120 oC overnight. After the 95 

calcination at 550°C for 6 h, the single shelled hollow mesoporous silica (SS-HMS-NH2) was 96 

obtained.  97 

The outer shell of the particle was fabricated using a multilevel scheme based on SS-98 

HMS-NH2. In a typical synthesis, 0.5 g CTAB, 18 ml deionized water, and 50 ml of ethanol 99 

were introduced into a beaker glass. Meanwhile, 0.063 g of SS-HMS-NH2 was added into a 100 
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mixture of 4 ml deionized water and 8.5 ml of 25% (w/w) NH4OH solution. The above two 101 

solutions were then combined and stirred for 15 min at 250 rpm, after which 100 µl TEOS 102 

and 21 µl APTES were slowly added into it and the mixture was kept stirring for 24 h to allow 103 

the condensation reaction of silica. Finally, the solid product was collected by centrifugation 104 

at 4500 rpm for 15 min, which was then repeatedly washed with 60 ml of ethanol and 4 ml of 105 

HCl, and oven-dried at 120℃. The dried product was calcined at 550 ℃ for 6 h to obtain 106 

double-shelled hollow mesoporous silica (DS-HMS-NH2). 107 

 108 

2.3 Iron (II) impregnation onto DS-HMS-NH2 surface 109 

The impregnation of divalent iron onto the DS-HMS-NH2 surface was achieved as 110 

follows to fabricate Fe/DS-HMS-NH2 catalysts. In a typical synthesis, 0.1 g DS-HMS-NH2 111 

was mixed with 50 ml of deionized water under sonication for 30 minutes at room temperature. 112 

Meanwhile, two separate solutions were prepared: (1) 5 mg of FeSO4.7H2O was dissolved in 113 

50 ml of deionized water, and (2) 0.2 g of CTAB was dissolved in 10 ml ethanol. Solution (1) 114 

and (2) were then added into the DS-HMS-NH2 solution and stirred for 12 hours at ambient 115 

conditions. The Fe/DS-HMS-NH2 precipitates were separated by a centrifugation at 4500 rpm 116 

for 15 min, and then dried at 120 °C for 12 h and calcined at 550 ℃ for 5 hours to obtain the 117 

Fe/DS-HMS-NH2 powder. 118 

 119 

2.4. Catalytic activity of Fe/DS-HMS-NH2 at various reaction conditions 120 

The in-situ esterification/transesterification reactions from DPO to FAME were carried 121 

out in a glass flask equipped with a reflux condenser and external heater under constant 122 

magnetic stirring (250 rpm) at various conditions. Specifically, the influence of four reaction 123 

parameters were investigated due to their relevance to industrial applications: catalyst loading 124 
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mc (%, w/w), reaction temperature T (°C), reaction time t (h), and the mass ratio of methanol 125 

to DPO rm/o. To determine the amount of Fe/DS-HMS-NH2 catalyst that produces the 126 

maximum FAME yield YF, a few reactions were carried out with different amounts of Fe/DS-127 

HMS-NH2 (mc = 2%, 4%, 6%, 8%, w/w) at the following condition: T = 60 °C, t= 4.5 h and 128 

rm/o = 10:1. Once the optimum catalyst loading is obtained, the catalytic activity of Fe/DS-129 

HMS-NH2 was investigated within an experimental matrix defined by T = 40 °C, 50 °C, 60 °C, 130 

t = 0.5 h, 2.5 h, 4.5 h, and rm/o =2:1, 6:1, 10:1. The experimental runs were designed in a 131 

random order using face centered-central composite design (CCF-CCD) as listed in Table 1. 132 

All the experimental runs were conducted with the same procedure.  133 

Table 1. Experimental matrix at the optimum catalyst loading mc = 6% (w/w) 134 

Run 
Input Parameters 

YF (%, w/w) 
T (°C) t (h) rm/o 

1 60 4.5 10:1 85.24 ± 1.19 

2 40 0.5 10:1 40.27 ± 0.58 

3 40 2.5 6:1 55.09 ± 0.76 

4 50 4.5 6:1 75.15 ± 0.65 

5 50 2.5 10:1 60.07 ± 0.44 

6 40 0.5 2:1 35.19 ± 0.92 

7 40 4.5 10:1 70.22 ± 1.01 

8 50 2.5 2:1 67.03 ± 0.51 

9 60 4.5 2:1 80.11 ± 0.68 

10 50 2.5 6:1 65.16 ± 0.47 

11 50 2.5 6:1 66.96 ± 0.73 

12 50 2.5 6:1 65.87 ± 0.79 

13 50 0.5 6:1 65.01 ± 0.37 

14 60 4.5 6:1 85.36 ± 0.62 

15 50 2.5 6:1 63.21 ± 0.42 

16 60 0.5 10:1 70.01 ± 0.56 

17 50 2.5 6:1 63.20 ± 0.69 

18 50 2.5 6:1 67.18 ± 0.45 

19 60 0.5 2:1 69.09 ± 0.53 

20 40 4.5 2:1 59.11 ± 0.78 

 135 

After the reaction completed, Fe/DS-HMS-NH2 catalyst was recovered by 136 

centrifugation at 4500 rpm for 15 min, and calcination at 550 ℃ for 5 h. The liquid product 137 
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was subjected to a two-stage liquid-liquid extraction using methanol and n-hexane 138 

sequentially for purification. Then the FAME-rich phase was separated from the by-products 139 

(i.e., glycerol, excess methanol, soap, and the other unwanted materials) and evaporated under 140 

vacuum to obtain the final FAME product. As  an evaluation of the catalytic activity of Fe/DS-141 

HMS-NH2, the yield of FAME was calculated by the following equation: 142 

YF (%, w/w) = 
𝑚F 𝑝F

𝑚s
× 100 (1) 

Where mF is the mass of the final FAME product (g), pF is the FAME purity (%, w/w) 143 

obtained from equation (2) shown in the next section, and mS is the total mass of the DPO (g).  144 

 145 

2.5 Characterization of Fe/DS-HMS-NH2 catalyst and FAME 146 

The characterization of Fe/DS-HMS-NH2 was conducted using field-emission 147 

scanning electron microscopy with energy dispersive X-Ray spectroscopy (FESEM/EDX), 148 

transmission electron microscopy (TEM), nitrogen sorption, and thermogravimetric analysis 149 

(TGA). The FESEM/EDX images were taken on a JEOL JSM-6500 F (Jeol Ltd., Japan) 150 

running at 15 kV with a working distance of 12.4 mm, while TEM was carried out on JEOL 151 

JEM-2100 with an accelerating voltage of 200 kV. Nitrogen sorption analysis was conducted 152 

at 77 K on a Micrometrics ASAP 2010 Sorption Analyzer. The sample was degassed at 423 153 

K prior to analysis. To determine the thermal stability and volatile component fraction of the 154 

Fe/DS-HMS-NH2 catalyst, a TGA analysis was performed using TG/DTA Diamond 155 

instrument (Perkin-Elmer, Japan). 156 

The final FAME product characteristics, including its kinematic viscosity (at 40°C), 157 

flashpoint, cetane number, acid value and calorific value were determined according to the 158 

standard methods of ASTM D445, ASTM D93, ASTM D613, ASTM D664, and ASTM D240, 159 

respectively. The purity of FAME (pF) in the final product was analyzed using a gas 160 
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chromatograph (Shimadzu GC-2014) equipped with a split/splitless injector and a flame 161 

ionization detector (FID). The stationary phase used for separation was the narrow bore non-162 

polar DB-WAX column (30 m × 0.25 mm ID × 0.25 μm film thickness, Agilent Technology, 163 

CA), and the temperature profile for the analysis was in accordance with the study conducted 164 

by Harijaya et al. (2019) [23]. Methyl heptadecanoate (MH) was used as an internal standard, 165 

while an external FAME reference (47885 U, containing 37 components FAME standard mix) 166 

was used to obtain the FAME compositional profile. pF is calculated by the following equation: 167 

𝑝F (%, w w⁄ ) =  (
∑ 𝐴F − 𝐴MH

𝐴MH
) (

𝑉MH𝐶MH

𝑚F
) × 100 

(2) 

Where ΣAF is the total peak area of FAME, AMH is the corresponding area of methyl 168 

heptadecanoate (MH) peak, VMH is the volume of MH solution (ml), CMH is the actual 169 

concentration of MH solution (g/ml), and mF is the actual mass of the final FAME product 170 

(g).  171 

 172 

2.6 Recyclability of Fe/DS-HMS-NH2 173 

Fe/DS-HMS-NH2 was repeatedly used for the transesterification process at the 174 

operating condition where the maximum yield of FAME was obtained. The recyclability of 175 

Fe/DS-HMS-NH2 was determined by the number of repetitions until when the yield became 176 

lower than 80% (w/w). The purity and yield of FAME were analyzed according to the 177 

procedures in section 2.4-2.5. All experiments were carried out in triplicates to verify the 178 

results. 179 

 180 

3. Result and Discussions 181 

3.1 The mechanism scheme of Fe/DS-HMS-NH2 fabrication 182 
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The Fe/DS-HMS-NH2 was synthesized by a two-step co-condensation technique. 183 

The mechanism scheme in Figure 1 illustrates the fabrication route: (1) firstly, TEOS and 184 

CTAB undergo a co-condensation reaction along with the ammonium solution; (2) then 185 

CTAB, the soft template of the core, is removed by calcination, and the SS-HMS-NH2 is thus 186 

formed; (3) TEOS, APTES, and CTAB undergo another co-condensation reaction on the outer 187 

surface of the SS-HMS-NH2 spheres; (4) DS-HMS-NH2 nanosphere is obtained by removing 188 

CTAB and APTES in calcination; (5) the divalent iron (Fe (II)) was incorporated onto the 189 

surface of DS-HMS-NH2 by a traditional wet impregnation technique, and the Fe/DS-HMS-190 

NH2 nanosphere is obtained. 191 

 192 

Figure 1. The mechanism scheme of Fe/DS-HMS-NH2 fabrication. 193 

 194 

3.2 Characterization of Fe/DS-HMS-NH2 catalysts 195 
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Figure 2a, c–d present the SEM and TEM images of the Fe/DS-HMS-NH2 catalyst 196 

synthesized by the co-condensation technique. The catalyst is spherical with a uniform size at 197 

ca. 156 nm (Figure 2a). Notably, Fe/DS-HMS-NH2 is composed of two shell layers, indicated 198 

by the darker color of the inner shell in Figure 2c-d. Its hollow-core structure is clearly 199 

presented with the diameter of 86 nm (Figure 2d). The shell thicknesses of the inner and outer 200 

layer of Fe/DS-HMS-NH2, are 22 nm and 13 nm, respectively. The impregnation of Fe (II) on 201 

the surface of the silica layer was successful, evidenced from the EDX result showing a 202 

percentage of 2.87% (Figure 2b). Based on the fabrication procedure, it was reasonable to 203 

consider that the Fe (II) sites and basic amino sites were spatially isolated and located in 204 

different shells. 205 

The textural properties of Fe/DS-HMS-NH2 analyzed by the nitrogen sorption are 206 

presented in Table 2 and Figure 2e. The nitrogen adsorption and desorption isotherm of the 207 

catalyst exhibits a typical type-IV isotherm, indicating the presence of a mesoporous structure 208 

with worm-like capillary pores molded by the CTAB micelles. The pore size of the 209 

mesoporous structure is found to be 2.43 nm (Figure 2e (inset)). A steep increase of the 210 

nitrogen adsorption amount at p/p0 close to unity also suggests that there are macropores 211 

structure within the particle, corresponding to the hollow core. Similar adsorption and 212 

desorption profile also pointed out that the pores are highly accessible. The specific surface 213 

area SBET obtained in this study was 782.84 m2/g, lower than the value 1100 – 1350 m2/g for 214 

a similar double shelled hollow mesoporous silica [22]. Such a discrepancy was likely due to 215 

the reason that it was strongly influenced by the shell thickness. Zhou et al. (2014) reported 216 

that when the thickness of hollow mesoporous silica nanoparticles (HMSN) increases from 217 

46 nm to 82 nm, the surface area of HMSN particles was declined from 986 m2/g to 614 m2/g  218 
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[24]. Zhou et al. (2014) and Cao et al. (2011) also observed that an increase in the particle 219 

mass due to the addition of TEOS and CTAB in the synthesis of the second shell lowers the 220 

surface area, since the amount of TEOS during the fabrication is directly proportional to the 221 

thickness of the shell [24,25]. Meanwhile, the pore volume of Fe/DS-HMS-NH2 (0.64 cm3/g) 222 

was found to be slightly higher than that reported by You et al. (2018) (0.61 cm3/g) [22]. 223 

Based on its textural analysis, Fe/DS-HMS-NH2 possesses comparable specific surface area 224 

and pore volume with those of existing heterogeneous catalysts (i.e., HMS-Al@MS-NH2 [22], 225 

char-based catalyst [26], γ-alumina industrial-grade catalyst [27], and copper-based metal-226 

organic framework [28]), which usually range from 200 – 1300 cm2/g and 0.18 – 1.68 cm3/g 227 

respectively.  228 

Table 2. Textural properties of Fe/DS-HMS-NH2. 229 

Material SBET (cm2/g) Pore volume (cm3/g) Pore size (nm) 

Fe/DS-HMS-NH2 782.84 0.64 2.43 

To demonstrate the feasibility of Fe/DS-HMS-NH2 for the reactions at an elevated 230 

temperature, its thermal stability was investigated. The TGA profile in Figure 2f shows a 20% 231 

decrease in weight up to the temperature of 100°C, attributed to the removal of free moisture 232 

content. Further heating up to 800 °C does not significantly decrease the mass of Fe/DS-HMS-233 

NH2, suggesting that the catalyst is stable at high temperatures [29]. Therefore, our Fe/DS-234 

HMS-NH2 can be considered as a promising heterogeneous catalyst for the in-situ 235 

esterification/transesterification reaction.  236 

  237 
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 238 
Figure 2. (a) SEM image, (b) Elemental composition, (c) – (d) TEM images at various magnifications, (c) BJH pore size distribution 239 

curve, (e) Nitrogen adsorption-desorption isotherm with BJH pore size distribution curve (inset), (f) Thermogravimetric profile of the 240 

Fe/DS-HMS-NH2 catalyst.  241 
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3.3 The catalytic activity of Fe/DS-HMS-NH2 in the in-situ esterification/transesterification 242 

of DPO 243 

The characteristics of DPO as the raw material for biodiesel preparation are 244 

presented in Table 3. As homogenous catalysts are sensitive to impurities, the conversion of 245 

DPO to FAME for biodiesel production usually requires two reaction steps, namely acid-246 

catalyzed esterification to lower the FFA content by converting them into FAME, and basic 247 

catalyzed transesterification to convert the acyl glycerides into FAME. However, 248 

heterogeneous catalysts can have good tolerance towards the FFA and water content in the 249 

lipid materials [10]; for Fe/DS-HMS-NH2, its two spatial shells with different active sites can 250 

facilitate the above two reactions in a one-pot process, and therefore efficient conversion from 251 

DPO to FAME is achieved in a single step.  252 

Table 3. Characteristics of DPO. 253 

Parameter Value 

FFA (%, w/w) 5.54 

Moisture Content (%, w/w) 0.20 

Saponification Value (mg KOH/g DPO) 234.08 

Acid Value (mg KOH/g DPO) 12.04 

Molecular weight (g/mol) 756.62 

 254 

Figure 3 presents the FAME yield obtained at various Fe/DS-HMS-NH2 loadings 255 

at the condition of T = 60 °C, t= 4.5 h and rm/o = 10:1. The results indicate that the yield of 256 

FAME is proportional to the number of active sites offered by the Fe/DS-HMS-NH2 [30,31]; 257 

therefore YF increases with mc when the latter is within 6% (w/w). This agrees well with 258 

previous work on biodiesel production using different solid catalysts, e.g., pomacea sp. shell-259 

based CaO [30], sulfonated biochar [31], and KI/mesoporous silica [32]. A maximum yield 260 

85.24% (w/w) is obtained when the catalyst loading mc = 6% (w/w). Further increase of the 261 

Fe/DS-HMS-NH2 results in a reduced yield of FAME, which is probably due to the 262 
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aggregation and inconsistent dispersity of the catalyst in the reaction system of an enhanced 263 

viscosity [33,34]. Cai et al. (2018) and Samart et al. (2010) also mentioned that excess catalyst 264 

may also disturbed the mixing between the reactants, due to stronger adsorption of the 265 

reactants to the catalyst [35,36]. 266 
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Figure 3. The yield of FAME at various Fe/DS-HMS-NH2 loadings with the reaction 268 

condition of T = 60 °C, t = 4.5 h and rm/o = 10:1.  269 

 270 

At a constant catalyst loading mc = 6% (w/w), Figure 4 and Table 1 present the 271 

FAME yield YF at various reaction time t, temperature T, and mass ratio of methanol to DPO 272 

rm/o. The maximum YF = 85.36% (w/w) (with a purity of 97.89% (w/w)) is obtained at the 273 

condition of T = 60 °C, t= 4.5 h, rm/o = 6:1. This result indicates that Fe/DS-HMS-NH2 is 274 

superior, specifically in terms of reaction time and temperature, compared with the existing 275 

catalysts reported in the literatures. Pal et al. (2011) mentioned that 94% (w/w) FAME yield 276 
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was achieved only after 24 h reaction using 7% Zn-doped mesoporous silica as the catalyst 277 

loading [17]. Long reaction time (8 h) were also reported by Xie and Li (2006) using alumina-278 

supported KI [37]. Meanwhile, Omar and Amin (2011) stated that the transesterification of 279 

waste cooking oil over alkaline/zirconia catalyst requires high temperature (115.5°C) to 280 

achieve 79.7% (w/w) FAME yield [16].  281 

 282 

Figure 4. The FAME yield YF (%, w/w) at various (a) T and t, (b) T and rm/o, and (c) t and rm/o. 283 

 284 
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 285 
Figure 5. Pareto chart of the standardized effect for the biodiesel preparation with Fe/DS-286 
HMS-NH2, using YF as the response at a 95% confidence interval where A = T, B = t, C = 287 

rm/o. 288 
 289 

Based on the experimental results, the reaction time t was the most significant factor, 290 

followed by rm/o and T, which is supported by the Pareto chart of the standardized effect in 291 

Figure 5 showing that t, rm/o, and the two-way interaction between t and T are the three 292 

significant parameters in the reaction system. The effect of reaction temperature on the 293 

production of biodiesel using Fe/DS-HMS-NH2 is shown in Figure 4a–b. An increased 294 

reaction temperature contributes to a higher yield, with the maximum achieved at 60°C, which 295 

is related to the fact that both esterification and transesterification reaction are endothermic 296 

and reversible [38,39]. At a higher reaction temperature, the kinetic energy and mobility of 297 

reactant molecules increase, promoting the collisions between the molecules and Fe/DS-298 

HMS-NH2 particles which then increases the reaction rate constant and shift the reaction 299 

towards the product [38,40]. Moreover, the mass transfer of the reactant molecules through 300 

the boundary layer of Fe/DS-HMS-NH2 is also accelerated at an elevated temperature, 301 

resulting in the faster diffusion of the reactants into the pore of catalyst; hence, improving the 302 

FAME yield.   303 
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Specifically, Figures 4a and c show a significant increase of the FAME yield by 304 

extending the duration of the biodiesel synthesis from 0.5 h to 4.5 h, at a constant temperature 305 

or mass ratio of methanol to DPO. Longer reaction time provides sufficient time for the 306 

reactants to reach the active sites of Fe/DS-HMS-NH2 through adsorption and diffusion, and 307 

convert DPO into FAME [41]. Meanwhile, prolonged duration of reaction also gives the 308 

catalyst more time to adsorb the reactant and desorb the reaction product [28]. Wei et al. (2009) 309 

also mentioned that adsorption and desorption of reactants from the catalyst is the rate-310 

determining step in the overall reaction [42]. Therefore, allowing longer contact between the 311 

reactant molecules and the catalyst ensures high conversions of FFA and acyl glycerides to 312 

FAME.  313 

Stochiometrically, three moles of methanol are required to react with one mole of 314 

triglycerides in the transesterification reaction, while one mole of methanol is needed to react 315 

with one mole of free fatty acids in the esterification reaction [43,44]. Both reactions are 316 

known to be reversible; thus, the amount of methanol in the two reactions is usually provided 317 

in excess to shift the reaction equilibrium to the product side. As seen from Figure 4b–c, 318 

having excess methanol from rm/o = 2:1 to rm/o = 6:1 contributes to a higher FAME yield, 319 

while further addition up to rm/o = 10:1 has no improvement. While most studies agree that 320 

excess methanol is desirable to allow more frequent interactions between the lipid and 321 

methanol triggering the formation of FAME, Pangestu et al. (2019) found that excess 322 

methanol may also accelerate the production of glycerol despite the higher yield of FAME 323 

[28]. As the esterification and transesterification are both reversible, a higher concentration 324 

of glycerol in the reaction system may induce a reverse reaction to the reactant side, creating 325 

an equilibrium between the products and reactants [28]. Hayyan et al. (2011) also reported 326 

that an excessive amount of methanol causes higher solubility of glycerol in the FAME phase 327 
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that could lead to a complicated separation between biodiesel and glycerol [45]. Moreover, 328 

from the techno-economic viewpoint, the higher mass ratio of methanol to DPO also increases 329 

the material and processing cost [23,45]. Therefore, it can be concluded that the optimum 330 

level is rm/o = 6:1.  331 

The fuel properties of the final FAME product are presented in Table 4. The 332 

measurement results indicate that the product resulted in this study has a comparable 333 

combustion and flow properties with those of the commercial biodiesel. The calorific value 334 

(45.143 MJ/kg) is also within the range required in the common petrodiesel (42-46 MJ/kg). 335 

Table 4. Fuel properties of the final FAME product 336 

Properties Methods Unit Final FAME 

product 

ASTM D6751 

Kinematic 

viscosity (at 

40°C) 

ASTM D445 mm2/s 2.64 1.9 – 6.0 

Flashpoint ASTM D93 °C 164.2 93 min 

Cetane number ASTM D613 - 55.7 47 min 

Acid value ASTM D664 mg KOH/g 0.24 0.5 max 

Calorific value ASTM D240 MJ/kg 45.143 - 

 337 

Meanwhile, its compositional profile is obtained by comparing the methyl ester 338 

peaks in the chromatogram with those in the external FAME standard (47885 U, containing 339 

37 components FAME standard mix). The 12 identified peaks are 3.05% myristoleic acid 340 

methyl ester (C14:1), 2.37% cis-10-pentadecanoic acid methyl ester (C15:1), 35.78% palmitic 341 

acid methyl ester (C16:0), 8.13% palmitoleic acid methyl ester (C16:1), 8.36% stearic acid 342 

methyl ester (C18:0), 32.57% oleic acid methyl ester (C18:1n9c), 3.05% elaidic acid methyl 343 

ester (C18:1n9t), 1.17% cis-8,11,14-eicosatrienoic acid methyl ester (C20:3n6), 2.48% 344 

arachidonic acid methyl ester (C20:4n6), 0.52% cis-5,8,11,14,17-eicosapentaenoic acid 345 

methyl ester (C20:5n3), 1.07% erucic acid methyl ester (C22:1n9), 1.45 % cis-13,16-346 

docosadienoic acid methyl ester (C22:2). 347 
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 348 

3.4 Recyclability of Fe/DS-HMS-NH2 349 

An important feature of using heterogeneous catalysts for biodiesel preparation is 350 

its recyclability. In order to determine the recyclability of Fe/DS-HMS-NH2, several reaction 351 

cycles were conducted in series using the operating condition of mc = 6% (w/w), T = 60 °C, t 352 

= 4.5 h, rm/o = 6:1. Fe/DS-HMS-NH2 was recovered following the method described in section 353 

2.4, while fresh methanol and DPO were used in every cycle. The catalytic ability of the 354 

recycled Fe/DS-HMS-NH2 for in-situ esterification/transesterification process is presented in 355 

Figure 6. The result indicates that recycled Fe/DS-HMS-NH2 can maintain a high yield of 356 

FAME above 80% (w/w) until the third cycle, close to the yield of fresh catalyst 85.36% 357 

(w/w). The purity of FAME for the first three cycles are 97.89%, 97.66% and 98.01% (w/w) 358 

respectively, higher than the commercial purity (96.5%, w/w). These results indicate that the 359 

catalytic activity of Fe/DS-HMS-NH2 is maintained at a high level after regeneration. A 360 

significant drop in catalytic ability is observed from the forth cycle in Figure 6; similar 361 

performance has been reported for some other heterogeneous catalysts where three cycles 362 

seem to be an average number in term of their recyclability [46,47]. The catalytic deactivation 363 

of Fe/DS-HMS-NH2 is generally due to the pore blockage caused by the contact between 364 

active sites on the catalyst surface and the deactivation-induced components, namely free 365 

glycerol, acyl glycerides, and biodiesel. Moreover, the high content of FFA in DPO also plays 366 

an important role in the deactivation of Fe/DS-HMS-NH2 catalyst because FFA tends to 367 

neutralize the basic sites in the inner shell of Fe/DS-HMS-NH2 [48], resulting in the 368 

generation of amine-carboxylate that induces the formation of emulsion.  369 
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 370 

Figure 6. Recyclability of Fe/DS-HMS-NH2 in the in-situ esterification/transesterification 371 

of DPO. 372 

 373 

3.5 The reaction mechanism of the in-situ esterification/transesterification of DPO using 374 

Fe/DS-HMS-NH2 375 

In the preparation of biodiesel from DPO, Fe/DS-HMS-NH2 acts as both acid and 376 

base catalysts to facilitate the esterification of FFA and the transesterification of acyl 377 

glycerides. The main steps for the reaction mechanism catalyzed by Fe/DS-HMS-NH2 are the 378 

formation of nucleophilic alkoxides, the nucleophilic attack on the electrophilic part of the 379 

carbonyl group of the triglycerides, and electron delocalisation [49,50] as depicted in Figure 380 

7. The detailed description is as follows: 381 

Step 1: Acyl glycerides, FFA and methanol enter the surface of catalyst through the 382 

adsorption process to reach the outer shell impregnated by the divalent iron. In this step, FFA 383 
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undergoes the electron delocalization to form a carbocation and a carbanion, where the latter 384 

binds to the iron embedded on the catalyst.  385 

Step 2: The reaction continues as the methoxide anion of methanol attacks the carbocation, 386 

whereas the hydronium cation attaches to the hydroxyl group of FFA to form water.  387 

Step 3: Through the electron delocalization of the carbon atom, the water is released from the 388 

complex with FAME and the iron-embedded catalyst, followed by the release of FAME from 389 

the catalyst. 390 

Step 4: The reaction continues when the acyl glycerides and methanol diffuse further to the 391 

amine-functionalized inner shell. The oxygen atom in the carbonyl group of acyl glycerides 392 

readily binds to the amine active sites.  393 

Step 5: Subsequently, the methoxide anion of the methanol attacks the carbon atom in the 394 

carbonyl group of acyl glycerides, while the protonated H+ binds to the alkoxy group (RO-) 395 

of the acyl glycerides to form a complex of amine-functionalized catalyst with FAME and 396 

glycerol. 397 

Step 6: Again, through the delocalization of oxygen in the complex, the glycerol and amine-398 

functionalized catalyst are successively released from the complex.  399 

Step 7: All three products, including FAME, glycerol, and water are then desorbed to the 400 

surface of the Fe/DS-HMS-NH2 catalyst.  401 

  402 
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 403 

Figure 7. The reaction mechanism of the in-situ esterification/transesterification of DPO using Fe/DS-HMS-NH2. 404 

  405 
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Conclusions 406 

Fe/DS-HMS-NH2 is synthesized through the two-step condensation technique and 407 

successfully employed as a heterogeneous catalyst for preparing biodiesel from DPO, a lipid 408 

source with significant FFA and moisture content. The obtained Fe/DS-HMS-NH2 has a 409 

uniform spherical shape with a particle size of 156 nm and hollow diameter of 86 nm. It is 410 

composed of two spatial silica shells with different active sites, and their thickness are 22 nm 411 

for the inner shell and 13 nm for the outer shell. Fe/DS-HMS-NH2 has a specific surface area 412 

of 782.84 m2/g with a pore volume of 0.64 cm3/g, comparable with the existing solid catalysts. 413 

In the in-situ esterification/transesterification process using the Fe/DS-HMS-NH2 catalyst, 414 

reaction time t is the variable with most significant influence on the yield of FAME YF, 415 

followed by the reaction temperature T and the mass ratio of methanol to DPO rm/o. The 416 

maximum YF is 85.36% (w/w), obtained at the following conditions: T = 60oC, t = 4.5 h, and 417 

rm/o = 6:1, with a catalyst loading of 6% (w/w). Notably, Fe/DS-HMS-NH2 catalyst shows a 418 

good recyclability, with the yield staying above 80% for three reaction cycles. Therefore, 419 

Fe/DS-HMS-NH2 is a promising heterogeneous catalyst to obtain biodiesel from DPO or other 420 

lipid materials with high FFA and water content. Further study on (1) the extension of the 421 

catalyst lifetime by creating a technique suitable for its regeneration, and also (2) the design 422 

of a plausible route between the current research and its industrial application should be the 423 

main focus for future research expansion. 424 
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Abstract 1 

To promote the use of low-quality oils in producing biodiesel, a bifunctional acid-base 2 

catalyst Fe/DS-HMS-NH2 is fabricated using the two-step condensation technique. The obtained 3 

Fe/DS-HMS-NH2 is of a doubled shell structure in spherical shape with a uniform size of 156 nm. 4 

Its hollow core (with a diameter of 86 nm) and two spatial shells with different active sites enables 5 

the esterification and transesterification reactions to be accomplished in a one-pot synthesis. The 6 

influences of four independent reaction variables on the yield of fatty acid methyl esters YF was 7 

studied, including catalyst loading mc, reaction time t, reaction temperature T, and the methanol to 8 

degummed palm oil mass ratio rm/o. The highest yield was obtained at 85.36% (w/w) when mc = 9 

6% (w/w), t = 4.5 h, T = 60 oC, and rm/o = 6:1. The Fe/DS-HMS-NH2 shows a good recyclability 10 

with YF > 80% (w/w) up to three reaction cycles.  11 

Keywords: bifunctional catalyst; biodiesel; renewable energy; hollow mesoporous silica; iron 12 

impregnation; amine functionalization   13 
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1. Introduction1 14 

The global fuel demand is growing rapidly as it undergoes an extensive urbanization. 15 

Our heavy reliance on fossil fuel brings the risk of unstable market price and reduced fuel 16 

availability. The gas emission from fossil fuel combustion also causes environmental concerns. 17 

Therefore, developing an alternative fuel that is biodegradable, sustainable and with a low 18 

carbon emission is the most significant energy and environmental challenge for us in the 19 

coming decades [1,2]. Since 2006, the Indonesian government has been committed to reducing 20 

carbon emissions by replacing fossil fuels with biodiesel [3]. It is also declared that the use of 21 

biodiesel in diesel blend will be increased from B20 to B30 starting from 2020 [4], with a 22 

strategy to boost the domestic use of palm oil and lower down energy imports. Usually, 23 

biodiesel is obtained through the conventional transesterification process of refined oil [5]. 24 

However, the technologies of utilizing non-refined oil, specifically the low-quality oil, have 25 

currently attracted extensive interests and are being developed. Various types of low-quality 26 

oil have been studied to produce high-quality biodiesel using sundry of technical routes, 27 

including the two steps acidic esterification followed by basic transesterification [6], 28 

                                                           
1  

FFA  Free fatty acids 

FAME  Fatty acid methyl esters 

DPO  Degummed palm oil 

CPO  Crude palm oil 

SS-HMS-NH2  Single-shelled hollow mesoporous silica 

DS-HMS-NH2  Double-shelled hollow mesoporous silica 

Fe/DS-HMS-NH2  Iron (II) impregnated double-shelled hollow mesoporous silica 
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noncatalytic transesterification using alcohol under subcritical [7] and supercritical conditions 29 

[8], enzymatic transesterification [9] and solid-catalyzed transesterification [10]. Among the 30 

available routes, the use of heterogeneous (solid) catalysts has been attracting a growing 31 

interest in recent years, as it has the advantage of easier separation, tolerance to impurities 32 

(i.e., FFA, water and other minor compounds), and good reusability [11] which means 33 

minimal waste and toxic water production [12] and environmentally friendly [13]. Boey et al. 34 

(2011) and Lam et al. (2010) also stated that heterogeneous catalysts lower the product 35 

contamination level, and reduce the corrosion problem [14,15]. Various solid catalysts and 36 

their modifications have been reported, such as zirconia [16], silica impregnated with zinc 37 

stearate (ZS/Si) [17], heterogeneous KF/ZnO catalyst [18], heterogeneous Zn/I2 catalyst [12]. 38 

However, despite their insensitivity to impurities, these catalysts solely act as the mono 39 

functional catalysts, depending on their acidity nature and have the following disadvantages 40 

during the conversion of low-quality oil to biodiesel: (1) the reaction carried out in the 41 

presence of an acidic heterogeneous catalyst is slow, and at the same time, requires large 42 

amount of alcohol [19], meanwhile (2) the basic heterogeneous catalysts usually result in a 43 

lower biodiesel yield and purity, since this type of catalyst leaves the FFA unreacted during 44 

the reaction.  45 

In this paper, we prepared and characterized a new class of heterogeneous catalyst, 46 

the double-shelled hollow mesoporous silica impregnated with divalent iron metal (Fe/DS-47 

HMS-NH2), to be used as an acid-base bifunctional catalyst in the production of biodiesel 48 

from a low-quality oil. This catalyst enables a simple process of converting low-quality oil to 49 

biodiesel by combining the two processes of esterification and transesterification into a single-50 

stage process. This is achieved by having double active surface layers that facilitate the two 51 

reactions to run simultaneously. The primary (inner) shell is designed to promote the 52 
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transesterification reaction by adding –NH2 as the basic site, while the outer layer is 53 

impregnated with the divalent iron (Fe (II)), which is selected as the impregnated metals due 54 

to its nature as a strong Lewis acid, and its ability to change the oxidation level and activate 55 

the substance during the process [20]. 56 

The synthesis, characterization and catalytic activity of the Fe/DS-HMS-NH2 will be 57 

investigated in this paper. Its performance as an acid-base bifunctional catalyst for biodiesel 58 

preparation will be examined at various conditions, including catalyst loading mc (%, w/w), 59 

reaction temperature T (°C), reaction time t (h), and the mass ratio of methanol to oil rm/o. In 60 

this present research, degummed palm oil (DPO) is selected as the lipid material. With similar 61 

content of FFA and moisture as the crude palm oil (CPO), DPO is also classified as a low-62 

quality oil, along with industrial fats, oils and greases, and other crude/waste lipids. Therefore, 63 

it is considered as a suitable raw material to determine the catalytic ability of Fe/DS-HMS-64 

NH2 in converting both FFA and triglycerides in DPO into biodiesel. We will also show that 65 

the Fe/DS-HMS-NH2 can be regenerated and reused, which is regarded as an important feature 66 

for heterogeneous catalysts as it will reduce the cost for production and pollutant discharges 67 

[21,22]. The recyclability of the catalyst will be investigated at the operating condition giving 68 

the highest yield of fatty acid methyl esters (FAME) YF.  69 

 70 

2. Materials and methods 71 

2.1 Materials 72 

CPO was collected from the local manufacturer in Indonesia. Prior to use, CPO was 73 

degummed using 1% (w/w) phosphoric acid (PA, 85% purity) at a temperature of 80 – 90℃ 74 

for 30 min to reduce the phosphorus content. Several important characteristics of the 75 

degummed CPO (i.e., DPO), namely free fatty acid content, acid value, saponification value, 76 
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and moisture content were analyzed in accordance with the standard method of AOCS Ca 5a-77 

40, Cd 3d-63, Cd 3d-25, and Ca 2e-84, respectively.  78 

3-aminopropyl-triethoxysilane (APTES) was purchased from Fisher Scientific 79 

(Pittsburgh, USA), while other chemicals required for the fabrication of Fe/DS-HMS, namely 80 

iron (II) sulfate heptahydrate (FeSO4.7H2O, 99.99% purity), tetraethylorthosilicate (TEOS), 81 

cetyltrimethylammonium bromide (CTAB), ethanol (98% purity), methanol (99,9% purity), 82 

hydrochloric acid (HCl, 37% purity), ammonium hydroxide solution (NH4OH, 25% purity), 83 

and n-hexane (95% purity) were obtained from Merck (Merck, Germany). The FAMEs 84 

standard (47885 U) containing 37 components FAME mix was procured from Supelco 85 

(Bellefonte, PA, USA). Ultra-high purity nitrogen gas (> 99.0% purity) was purchased from 86 

Aneka Gas Industry Pty. Ltd., Indonesia. All chemicals used in this study were of analytical 87 

grade and required no further purification. 88 

 89 

2.2 Preparation of DS-HMS-NH2  90 

In a typical synthesis, 0.14 g of CTAB, 20 ml of ethanol, 50 ml of deionized water and 91 

1 ml of NH4OH solution were simultaneously introduced into a glass beaker and mixed for 15 92 

minutes at room temperature. Then 1 ml of TEOS was slowly added into the above solution 93 

and kept stirring for 24 hours. The precipitates were collected through centrifugation at 4500 94 

rpm for 30 min, triplicate ethanol washing, and drying at 120 oC overnight. After the 95 

calcination at 550°C for 6 h, the single shelled hollow mesoporous silica (SS-HMS-NH2) was 96 

obtained.  97 

The outer shell of the particle was fabricated using a multilevel scheme based on SS-98 

HMS-NH2. In a typical synthesis, 0.5 g CTAB, 18 ml deionized water, and 50 ml of ethanol 99 

were introduced into a beaker glass. Meanwhile, 0.063 g of SS-HMS-NH2 was added into a 100 
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mixture of 4 ml deionized water and 8.5 ml of 25% (w/w) NH4OH solution. The above two 101 

solutions were then combined and stirred for 15 min at 250 rpm, after which 100 µl TEOS 102 

and 21 µl APTES were slowly added into it and the mixture was kept stirring for 24 h to allow 103 

the condensation reaction of silica. Finally, the solid product was collected by centrifugation 104 

at 4500 rpm for 15 min, which was then repeatedly washed with 60 ml of ethanol and 4 ml of 105 

HCl, and oven-dried at 120℃. The dried product was calcined at 550 ℃ for 6 h to obtain 106 

double-shelled hollow mesoporous silica (DS-HMS-NH2). 107 

 108 

2.3 Iron (II) impregnation onto DS-HMS-NH2 surface 109 

The impregnation of divalent iron onto the DS-HMS-NH2 surface was achieved as 110 

follows to fabricate Fe/DS-HMS-NH2 catalysts. In a typical synthesis, 0.1 g DS-HMS-NH2 111 

was mixed with 50 ml of deionized water under sonication for 30 minutes at room temperature. 112 

Meanwhile, two separate solutions were prepared: (1) 5 mg of FeSO4.7H2O was dissolved in 113 

50 ml of deionized water, and (2) 0.2 g of CTAB was dissolved in 10 ml ethanol. Solution (1) 114 

and (2) were then added into the DS-HMS-NH2 solution and stirred for 12 hours at ambient 115 

conditions. The Fe/DS-HMS-NH2 precipitates were separated by a centrifugation at 4500 rpm 116 

for 15 min, and then dried at 120 °C for 12 h and calcined at 550 ℃ for 5 hours to obtain the 117 

Fe/DS-HMS-NH2 powder. 118 

 119 

2.4. Catalytic activity of Fe/DS-HMS-NH2 at various reaction conditions 120 

The in-situ esterification/transesterification reactions from DPO to FAME were carried 121 

out in a glass flask equipped with a reflux condenser and external heater under constant 122 

magnetic stirring (250 rpm) at various conditions. Specifically, the influence of four reaction 123 

parameters were investigated due to their relevance to industrial applications: catalyst loading 124 
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mc (%, w/w), reaction temperature T (°C), reaction time t (h), and the mass ratio of methanol 125 

to DPO rm/o. To determine the amount of Fe/DS-HMS-NH2 catalyst that produces the 126 

maximum FAME yield YF, a few reactions were carried out with different amounts of Fe/DS-127 

HMS-NH2 (mc = 2%, 4%, 6%, 8%, w/w) at the following condition: T = 60 °C, t= 4.5 h and 128 

rm/o = 10:1. Once the optimum catalyst loading is obtained, the catalytic activity of Fe/DS-129 

HMS-NH2 was investigated within an experimental matrix defined by T = 40 °C, 50 °C, 60 °C, 130 

t = 0.5 h, 2.5 h, 4.5 h, and rm/o =2:1, 6:1, 10:1. The experimental runs were designed in a 131 

random order using face centered-central composite design (CCF-CCD) as listed in Table 1. 132 

All the experimental runs were conducted with the same procedure.  133 

Table 1. Experimental matrix at the optimum catalyst loading mc = 6% (w/w) 134 

Run 
Input Parameters 

YF (%, w/w) 
T (°C) t (h) rm/o 

1 60 4.5 10:1 85.24 ± 1.19 

2 40 0.5 10:1 40.27 ± 0.58 

3 40 2.5 6:1 55.09 ± 0.76 

4 50 4.5 6:1 75.15 ± 0.65 

5 50 2.5 10:1 60.07 ± 0.44 

6 40 0.5 2:1 35.19 ± 0.92 

7 40 4.5 10:1 70.22 ± 1.01 

8 50 2.5 2:1 67.03 ± 0.51 

9 60 4.5 2:1 80.11 ± 0.68 

10 50 2.5 6:1 65.16 ± 0.47 

11 50 2.5 6:1 66.96 ± 0.73 

12 50 2.5 6:1 65.87 ± 0.79 

13 50 0.5 6:1 65.01 ± 0.37 

14 60 4.5 6:1 85.36 ± 0.62 

15 50 2.5 6:1 63.21 ± 0.42 

16 60 0.5 10:1 70.01 ± 0.56 

17 50 2.5 6:1 63.20 ± 0.69 

18 50 2.5 6:1 67.18 ± 0.45 

19 60 0.5 2:1 69.09 ± 0.53 

20 40 4.5 2:1 59.11 ± 0.78 

 135 

After the reaction completed, Fe/DS-HMS-NH2 catalyst was recovered by 136 

centrifugation at 4500 rpm for 15 min, and calcination at 550 ℃ for 5 h. The liquid product 137 
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was subjected to a two-stage liquid-liquid extraction using methanol and n-hexane 138 

sequentially for purification. Then the FAME-rich phase was separated from the by-products 139 

(i.e., glycerol, excess methanol, soap, and the other unwanted materials) and evaporated under 140 

vacuum to obtain the final FAME product. As  an evaluation of the catalytic activity of Fe/DS-141 

HMS-NH2, the yield of FAME was calculated by the following equation: 142 

YF (%, w/w) = 
𝑚F 𝑝F

𝑚s
× 100 (1) 

Where mF is the mass of the final FAME product (g), pF is the FAME purity (%, w/w) 143 

obtained from equation (2) shown in the next section, and mS is the total mass of the DPO (g).  144 

 145 

2.5 Characterization of Fe/DS-HMS-NH2 catalyst and FAME 146 

The characterization of Fe/DS-HMS-NH2 was conducted using field-emission 147 

scanning electron microscopy with energy dispersive X-Ray spectroscopy (FESEM/EDX), 148 

transmission electron microscopy (TEM), nitrogen sorption, and thermogravimetric analysis 149 

(TGA). The FESEM/EDX images were taken on a JEOL JSM-6500 F (Jeol Ltd., Japan) 150 

running at 15 kV with a working distance of 12.4 mm, while TEM was carried out on JEOL 151 

JEM-2100 with an accelerating voltage of 200 kV. Nitrogen sorption analysis was conducted 152 

at 77 K on a Micrometrics ASAP 2010 Sorption Analyzer. The sample was degassed at 423 153 

K prior to analysis. To determine the thermal stability and volatile component fraction of the 154 

Fe/DS-HMS-NH2 catalyst, a TGA analysis was performed using TG/DTA Diamond 155 

instrument (Perkin-Elmer, Japan). 156 

The final FAME product characteristics, including its kinematic viscosity (at 40°C), 157 

flashpoint, cetane number, acid value and calorific value were determined according to the 158 

standard methods of ASTM D445, ASTM D93, ASTM D613, ASTM D664, and ASTM D240, 159 

respectively. The purity of FAME (pF) in the final product was analyzed using a gas 160 
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chromatograph (Shimadzu GC-2014) equipped with a split/splitless injector and a flame 161 

ionization detector (FID). The stationary phase used for separation was the narrow bore non-162 

polar DB-WAX column (30 m × 0.25 mm ID × 0.25 μm film thickness, Agilent Technology, 163 

CA), and the temperature profile for the analysis was in accordance with the study conducted 164 

by Harijaya et al. (2019) [23]. Methyl heptadecanoate (MH) was used as an internal standard, 165 

while an external FAME reference (47885 U, containing 37 components FAME standard mix) 166 

was used to obtain the FAME compositional profile. pF is calculated by the following equation: 167 

𝑝F (%, w w⁄ ) =  (
∑ 𝐴F − 𝐴MH

𝐴MH
) (

𝑉MH𝐶MH

𝑚F
) × 100 

(2) 

Where ΣAF is the total peak area of FAME, AMH is the corresponding area of methyl 168 

heptadecanoate (MH) peak, VMH is the volume of MH solution (ml), CMH is the actual 169 

concentration of MH solution (g/ml), and mF is the actual mass of the final FAME product 170 

(g).  171 

 172 

2.6 Recyclability of Fe/DS-HMS-NH2 173 

Fe/DS-HMS-NH2 was repeatedly used for the transesterification process at the 174 

operating condition where the maximum yield of FAME was obtained. The recyclability of 175 

Fe/DS-HMS-NH2 was determined by the number of repetitions until when the yield became 176 

lower than 80% (w/w). The purity and yield of FAME were analyzed according to the 177 

procedures in section 2.4-2.5. All experiments were carried out in triplicates to verify the 178 

results. 179 

 180 

3. Result and Discussions 181 

3.1 The mechanism scheme of Fe/DS-HMS-NH2 fabrication 182 
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The Fe/DS-HMS-NH2 was synthesized by a two-step co-condensation technique. 183 

The mechanism scheme in Figure 1 illustrates the fabrication route: (1) firstly, TEOS and 184 

CTAB undergo a co-condensation reaction along with the ammonium solution; (2) then 185 

CTAB, the soft template of the core, is removed by calcination, and the SS-HMS-NH2 is thus 186 

formed; (3) TEOS, APTES, and CTAB undergo another co-condensation reaction on the outer 187 

surface of the SS-HMS-NH2 spheres; (4) DS-HMS-NH2 nanosphere is obtained by removing 188 

CTAB and APTES in calcination; (5) the divalent iron (Fe (II)) was incorporated onto the 189 

surface of DS-HMS-NH2 by a traditional wet impregnation technique, and the Fe/DS-HMS-190 

NH2 nanosphere is obtained. 191 

 192 

Figure 1. The mechanism scheme of Fe/DS-HMS-NH2 fabrication. 193 

 194 

3.2 Characterization of Fe/DS-HMS-NH2 catalysts 195 
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Figure 2a, c–d present the SEM and TEM images of the Fe/DS-HMS-NH2 catalyst 196 

synthesized by the co-condensation technique. The catalyst is spherical with a uniform size at 197 

ca. 156 nm (Figure 2a). Notably, Fe/DS-HMS-NH2 is composed of two shell layers, indicated 198 

by the darker color of the inner shell in Figure 2c-d. Its hollow-core structure is clearly 199 

presented with the diameter of 86 nm (Figure 2d). The shell thicknesses of the inner and outer 200 

layer of Fe/DS-HMS-NH2, are 22 nm and 13 nm, respectively. The impregnation of Fe (II) on 201 

the surface of the silica layer was successful, evidenced from the EDX result showing a 202 

percentage of 2.87% (Figure 2b). Based on the fabrication procedure, it was reasonable to 203 

consider that the Fe (II) sites and basic amino sites were spatially isolated and located in 204 

different shells. 205 

The textural properties of Fe/DS-HMS-NH2 analyzed by the nitrogen sorption are 206 

presented in Table 2 and Figure 2e. The nitrogen adsorption and desorption isotherm of the 207 

catalyst exhibits a typical type-IV isotherm, indicating the presence of a mesoporous structure 208 

with worm-like capillary pores molded by the CTAB micelles. The pore size of the 209 

mesoporous structure is found to be 2.43 nm (Figure 2e (inset)). A steep increase of the 210 

nitrogen adsorption amount at p/p0 close to unity also suggests that there are macropores 211 

structure within the particle, corresponding to the hollow core. Similar adsorption and 212 

desorption profile also pointed out that the pores are highly accessible. The specific surface 213 

area SBET obtained in this study was 782.84 m2/g, lower than the value 1100 – 1350 m2/g for 214 

a similar double shelled hollow mesoporous silica [22]. Such a discrepancy was likely due to 215 

the reason that it was strongly influenced by the shell thickness. Zhou et al. (2014) reported 216 

that when the thickness of hollow mesoporous silica nanoparticles (HMSN) increases from 217 

46 nm to 82 nm, the surface area of HMSN particles was declined from 986 m2/g to 614 m2/g  218 
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[24]. Zhou et al. (2014) and Cao et al. (2011) also observed that an increase in the particle 219 

mass due to the addition of TEOS and CTAB in the synthesis of the second shell lowers the 220 

surface area, since the amount of TEOS during the fabrication is directly proportional to the 221 

thickness of the shell [24,25]. Meanwhile, the pore volume of Fe/DS-HMS-NH2 (0.64 cm3/g) 222 

was found to be slightly higher than that reported by You et al. (2018) (0.61 cm3/g) [22]. 223 

Based on its textural analysis, Fe/DS-HMS-NH2 possesses comparable specific surface area 224 

and pore volume with those of existing heterogeneous catalysts (i.e., HMS-Al@MS-NH2 [22], 225 

char-based catalyst [26], γ-alumina industrial-grade catalyst [27], and copper-based metal-226 

organic framework [28]), which usually range from 200 – 1300 cm2/g and 0.18 – 1.68 cm3/g 227 

respectively.  228 

Table 2. Textural properties of Fe/DS-HMS-NH2. 229 

Material SBET (cm2/g) Pore volume (cm3/g) Pore size (nm) 

Fe/DS-HMS-NH2 782.84 0.64 2.43 

To demonstrate the feasibility of Fe/DS-HMS-NH2 for the reactions at an elevated 230 

temperature, its thermal stability was investigated. The TGA profile in Figure 2f shows a 20% 231 

decrease in weight up to the temperature of 100°C, attributed to the removal of free moisture 232 

content. Further heating up to 800 °C does not significantly decrease the mass of Fe/DS-HMS-233 

NH2, suggesting that the catalyst is stable at high temperatures [29]. Therefore, our Fe/DS-234 

HMS-NH2 can be considered as a promising heterogeneous catalyst for the in-situ 235 

esterification/transesterification reaction.  236 

  237 
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 238 
Figure 2. (a) SEM image, (b) Elemental composition, (c) – (d) TEM images at various magnifications, (c) BJH pore size distribution 239 

curve, (e) Nitrogen adsorption-desorption isotherm with BJH pore size distribution curve (inset), (f) Thermogravimetric profile of the 240 

Fe/DS-HMS-NH2 catalyst.  241 
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3.3 The catalytic activity of Fe/DS-HMS-NH2 in the in-situ esterification/transesterification 242 

of DPO 243 

The characteristics of DPO as the raw material for biodiesel preparation are 244 

presented in Table 3. As homogenous catalysts are sensitive to impurities, the conversion of 245 

DPO to FAME for biodiesel production usually requires two reaction steps, namely acid-246 

catalyzed esterification to lower the FFA content by converting them into FAME, and basic 247 

catalyzed transesterification to convert the acyl glycerides into FAME. However, 248 

heterogeneous catalysts can have good tolerance towards the FFA and water content in the 249 

lipid materials [10]; for Fe/DS-HMS-NH2, its two spatial shells with different active sites can 250 

facilitate the above two reactions in a one-pot process, and therefore efficient conversion from 251 

DPO to FAME is achieved in a single step.  252 

Table 3. Characteristics of DPO. 253 

Parameter Value 

FFA (%, w/w) 5.54 

Moisture Content (%, w/w) 0.20 

Saponification Value (mg KOH/g DPO) 234.08 

Acid Value (mg KOH/g DPO) 12.04 

Molecular weight (g/mol) 756.62 

 254 

Figure 3 presents the FAME yield obtained at various Fe/DS-HMS-NH2 loadings 255 

at the condition of T = 60 °C, t= 4.5 h and rm/o = 10:1. The results indicate that the yield of 256 

FAME is proportional to the number of active sites offered by the Fe/DS-HMS-NH2 [30,31]; 257 

therefore YF increases with mc when the latter is within 6% (w/w). This agrees well with 258 

previous work on biodiesel production using different solid catalysts, e.g., pomacea sp. shell-259 

based CaO [30], sulfonated biochar [31], and KI/mesoporous silica [32]. A maximum yield 260 

85.24% (w/w) is obtained when the catalyst loading mc = 6% (w/w). Further increase of the 261 

Fe/DS-HMS-NH2 results in a reduced yield of FAME, which is probably due to the 262 
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aggregation and inconsistent dispersity of the catalyst in the reaction system of an enhanced 263 

viscosity [33,34]. Cai et al. (2018) and Samart et al. (2010) also mentioned that excess catalyst 264 

may also disturbed the mixing between the reactants, due to stronger adsorption of the 265 

reactants to the catalyst [35,36]. 266 
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Figure 3. The yield of FAME at various Fe/DS-HMS-NH2 loadings with the reaction 268 

condition of T = 60 °C, t = 4.5 h and rm/o = 10:1.  269 

 270 

At a constant catalyst loading mc = 6% (w/w), Figure 4 and Table 1 present the 271 

FAME yield YF at various reaction time t, temperature T, and mass ratio of methanol to DPO 272 

rm/o. The maximum YF = 85.36% (w/w) (with a purity of 97.89% (w/w)) is obtained at the 273 

condition of T = 60 °C, t= 4.5 h, rm/o = 6:1. This result indicates that Fe/DS-HMS-NH2 is 274 

superior, specifically in terms of reaction time and temperature, compared with the existing 275 

catalysts reported in the literatures. Pal et al. (2011) mentioned that 94% (w/w) FAME yield 276 
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was achieved only after 24 h reaction using 7% Zn-doped mesoporous silica as the catalyst 277 

loading [17]. Long reaction time (8 h) were also reported by Xie and Li (2006) using alumina-278 

supported KI [37]. Meanwhile, Omar and Amin (2011) stated that the transesterification of 279 

waste cooking oil over alkaline/zirconia catalyst requires high temperature (115.5°C) to 280 

achieve 79.7% (w/w) FAME yield [16].  281 

 282 

Figure 4. The FAME yield YF (%, w/w) at various (a) T and t, (b) T and rm/o, and (c) t and rm/o. 283 

 284 
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 285 
Figure 5. Pareto chart of the standardized effect for the biodiesel preparation with Fe/DS-286 
HMS-NH2, using YF as the response at a 95% confidence interval where A = T, B = t, C = 287 

rm/o. 288 
 289 

Based on the experimental results, the reaction time t was the most significant factor, 290 

followed by rm/o and T, which is supported by the Pareto chart of the standardized effect in 291 

Figure 5 showing that t, rm/o, and the two-way interaction between t and T are the three 292 

significant parameters in the reaction system. The effect of reaction temperature on the 293 

production of biodiesel using Fe/DS-HMS-NH2 is shown in Figure 4a–b. An increased 294 

reaction temperature contributes to a higher yield, with the maximum achieved at 60°C, which 295 

is related to the fact that both esterification and transesterification reaction are endothermic 296 

and reversible [38,39]. At a higher reaction temperature, the kinetic energy and mobility of 297 

reactant molecules increase, promoting the collisions between the molecules and Fe/DS-298 

HMS-NH2 particles which then increases the reaction rate constant and shift the reaction 299 

towards the product [38,40]. Moreover, the mass transfer of the reactant molecules through 300 

the boundary layer of Fe/DS-HMS-NH2 is also accelerated at an elevated temperature, 301 

resulting in the faster diffusion of the reactants into the pore of catalyst; hence, improving the 302 

FAME yield.   303 
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Specifically, Figures 4a and c show a significant increase of the FAME yield by 304 

extending the duration of the biodiesel synthesis from 0.5 h to 4.5 h, at a constant temperature 305 

or mass ratio of methanol to DPO. Longer reaction time provides sufficient time for the 306 

reactants to reach the active sites of Fe/DS-HMS-NH2 through adsorption and diffusion, and 307 

convert DPO into FAME [41]. Meanwhile, prolonged duration of reaction also gives the 308 

catalyst more time to adsorb the reactant and desorb the reaction product [28]. Wei et al. (2009) 309 

also mentioned that adsorption and desorption of reactants from the catalyst is the rate-310 

determining step in the overall reaction [42]. Therefore, allowing longer contact between the 311 

reactant molecules and the catalyst ensures high conversions of FFA and acyl glycerides to 312 

FAME.  313 

Stochiometrically, three moles of methanol are required to react with one mole of 314 

triglycerides in the transesterification reaction, while one mole of methanol is needed to react 315 

with one mole of free fatty acids in the esterification reaction [43,44]. Both reactions are 316 

known to be reversible; thus, the amount of methanol in the two reactions is usually provided 317 

in excess to shift the reaction equilibrium to the product side. As seen from Figure 4b–c, 318 

having excess methanol from rm/o = 2:1 to rm/o = 6:1 contributes to a higher FAME yield, 319 

while further addition up to rm/o = 10:1 has no improvement. While most studies agree that 320 

excess methanol is desirable to allow more frequent interactions between the lipid and 321 

methanol triggering the formation of FAME, Pangestu et al. (2019) found that excess 322 

methanol may also accelerate the production of glycerol despite the higher yield of FAME 323 

[28]. As the esterification and transesterification are both reversible, a higher concentration 324 

of glycerol in the reaction system may induce a reverse reaction to the reactant side, creating 325 

an equilibrium between the products and reactants [28]. Hayyan et al. (2011) also reported 326 

that an excessive amount of methanol causes higher solubility of glycerol in the FAME phase 327 
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that could lead to a complicated separation between biodiesel and glycerol [45]. Moreover, 328 

from the techno-economic viewpoint, the higher mass ratio of methanol to DPO also increases 329 

the material and processing cost [23,45]. Therefore, it can be concluded that the optimum 330 

level is rm/o = 6:1.  331 

The fuel properties of the final FAME product are presented in Table 4. The 332 

measurement results indicate that the product resulted in this study has a comparable 333 

combustion and flow properties with those of the commercial biodiesel. The calorific value 334 

(45.143 MJ/kg) is also within the range required in the common petrodiesel (42-46 MJ/kg). 335 

Table 4. Fuel properties of the final FAME product 336 

Properties Methods Unit Final FAME 

product 

ASTM D6751 

Kinematic 

viscosity (at 

40°C) 

ASTM D445 mm2/s 2.64 1.9 – 6.0 

Flashpoint ASTM D93 °C 164.2 93 min 

Cetane number ASTM D613 - 55.7 47 min 

Acid value ASTM D664 mg KOH/g 0.24 0.5 max 

Calorific value ASTM D240 MJ/kg 45.143 - 

 337 

Meanwhile, its compositional profile is obtained by comparing the methyl ester 338 

peaks in the chromatogram with those in the external FAME standard (47885 U, containing 339 

37 components FAME standard mix). The 12 identified peaks are 3.05% myristoleic acid 340 

methyl ester (C14:1), 2.37% cis-10-pentadecanoic acid methyl ester (C15:1), 35.78% palmitic 341 

acid methyl ester (C16:0), 8.13% palmitoleic acid methyl ester (C16:1), 8.36% stearic acid 342 

methyl ester (C18:0), 32.57% oleic acid methyl ester (C18:1n9c), 3.05% elaidic acid methyl 343 

ester (C18:1n9t), 1.17% cis-8,11,14-eicosatrienoic acid methyl ester (C20:3n6), 2.48% 344 

arachidonic acid methyl ester (C20:4n6), 0.52% cis-5,8,11,14,17-eicosapentaenoic acid 345 

methyl ester (C20:5n3), 1.07% erucic acid methyl ester (C22:1n9), 1.45 % cis-13,16-346 

docosadienoic acid methyl ester (C22:2). 347 
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 348 

3.4 Recyclability of Fe/DS-HMS-NH2 349 

An important feature of using heterogeneous catalysts for biodiesel preparation is 350 

its recyclability. In order to determine the recyclability of Fe/DS-HMS-NH2, several reaction 351 

cycles were conducted in series using the operating condition of mc = 6% (w/w), T = 60 °C, t 352 

= 4.5 h, rm/o = 6:1. Fe/DS-HMS-NH2 was recovered following the method described in section 353 

2.4, while fresh methanol and DPO were used in every cycle. The catalytic ability of the 354 

recycled Fe/DS-HMS-NH2 for in-situ esterification/transesterification process is presented in 355 

Figure 6. The result indicates that recycled Fe/DS-HMS-NH2 can maintain a high yield of 356 

FAME above 80% (w/w) until the third cycle, close to the yield of fresh catalyst 85.36% 357 

(w/w). The purity of FAME for the first three cycles are 97.89%, 97.66% and 98.01% (w/w) 358 

respectively, higher than the commercial purity (96.5%, w/w). These results indicate that the 359 

catalytic activity of Fe/DS-HMS-NH2 is maintained at a high level after regeneration. A 360 

significant drop in catalytic ability is observed from the forth cycle in Figure 6; similar 361 

performance has been reported for some other heterogeneous catalysts where three cycles 362 

seem to be an average number in term of their recyclability [46,47]. The catalytic deactivation 363 

of Fe/DS-HMS-NH2 is generally due to the pore blockage caused by the contact between 364 

active sites on the catalyst surface and the deactivation-induced components, namely free 365 

glycerol, acyl glycerides, and biodiesel. Moreover, the high content of FFA in DPO also plays 366 

an important role in the deactivation of Fe/DS-HMS-NH2 catalyst because FFA tends to 367 

neutralize the basic sites in the inner shell of Fe/DS-HMS-NH2 [48], resulting in the 368 

generation of amine-carboxylate that induces the formation of emulsion.  369 
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 370 

Figure 6. Recyclability of Fe/DS-HMS-NH2 in the in-situ esterification/transesterification 371 

of DPO. 372 

 373 

3.5 The reaction mechanism of the in-situ esterification/transesterification of DPO using 374 

Fe/DS-HMS-NH2 375 

In the preparation of biodiesel from DPO, Fe/DS-HMS-NH2 acts as both acid and 376 

base catalysts to facilitate the esterification of FFA and the transesterification of acyl 377 

glycerides. The main steps for the reaction mechanism catalyzed by Fe/DS-HMS-NH2 are the 378 

formation of nucleophilic alkoxides, the nucleophilic attack on the electrophilic part of the 379 

carbonyl group of the triglycerides, and electron delocalisation [49,50] as depicted in Figure 380 

7. The detailed description is as follows: 381 

Step 1: Acyl glycerides, FFA and methanol enter the surface of catalyst through the 382 

adsorption process to reach the outer shell impregnated by the divalent iron. In this step, FFA 383 
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undergoes the electron delocalization to form a carbocation and a carbanion, where the latter 384 

binds to the iron embedded on the catalyst.  385 

Step 2: The reaction continues as the methoxide anion of methanol attacks the carbocation, 386 

whereas the hydronium cation attaches to the hydroxyl group of FFA to form water.  387 

Step 3: Through the electron delocalization of the carbon atom, the water is released from the 388 

complex with FAME and the iron-embedded catalyst, followed by the release of FAME from 389 

the catalyst. 390 

Step 4: The reaction continues when the acyl glycerides and methanol diffuse further to the 391 

amine-functionalized inner shell. The oxygen atom in the carbonyl group of acyl glycerides 392 

readily binds to the amine active sites.  393 

Step 5: Subsequently, the methoxide anion of the methanol attacks the carbon atom in the 394 

carbonyl group of acyl glycerides, while the protonated H+ binds to the alkoxy group (RO-) 395 

of the acyl glycerides to form a complex of amine-functionalized catalyst with FAME and 396 

glycerol. 397 

Step 6: Again, through the delocalization of oxygen in the complex, the glycerol and amine-398 

functionalized catalyst are successively released from the complex.  399 

Step 7: All three products, including FAME, glycerol, and water are then desorbed to the 400 

surface of the Fe/DS-HMS-NH2 catalyst.  401 

  402 
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 403 

Figure 7. The reaction mechanism of the in-situ esterification/transesterification of DPO using Fe/DS-HMS-NH2. 404 

  405 



24 
 

Conclusions 406 

Fe/DS-HMS-NH2 is synthesized through the two-step condensation technique and 407 

successfully employed as a heterogeneous catalyst for preparing biodiesel from DPO, a lipid 408 

source with significant FFA and moisture content. The obtained Fe/DS-HMS-NH2 has a 409 

uniform spherical shape with a particle size of 156 nm and hollow diameter of 86 nm. It is 410 

composed of two spatial silica shells with different active sites, and their thickness are 22 nm 411 

for the inner shell and 13 nm for the outer shell. Fe/DS-HMS-NH2 has a specific surface area 412 

of 782.84 m2/g with a pore volume of 0.64 cm3/g, comparable with the existing solid catalysts. 413 

In the in-situ esterification/transesterification process using the Fe/DS-HMS-NH2 catalyst, 414 

reaction time t is the variable with most significant influence on the yield of FAME YF, 415 

followed by the reaction temperature T and the mass ratio of methanol to DPO rm/o. The 416 

maximum YF is 85.36% (w/w), obtained at the following conditions: T = 60oC, t = 4.5 h, and 417 

rm/o = 6:1, with a catalyst loading of 6% (w/w). Notably, Fe/DS-HMS-NH2 catalyst shows a 418 

good recyclability, with the yield staying above 80% for three reaction cycles. Therefore, 419 

Fe/DS-HMS-NH2 is a promising heterogeneous catalyst to obtain biodiesel from DPO or other 420 

lipid materials with high FFA and water content. Further study on (1) the extension of the 421 

catalyst lifetime by creating a technique suitable for its regeneration, and also (2) the design 422 

of a plausible route between the current research and its industrial application should be the 423 

main focus for future research expansion. 424 
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Abstract 1 

To promote the use of low-quality oils in producing biodiesel, a bifunctional acid-base 2 

catalyst Fe/DS-HMS-NH2 is fabricated using the two-step condensation technique. The obtained 3 

Fe/DS-HMS-NH2 is of a doubled shell structure in spherical shape with a uniform size of 156 nm. 4 

Its hollow core (with a diameter of 86 nm) and two spatial shells with different active sites enables 5 

the esterification and transesterification reactions to be accomplished in a one-pot synthesis. The 6 

influences of four independent reaction variables on the yield of fatty acid methyl esters YF was 7 

studied, including catalyst loading mc, reaction time t, reaction temperature T, and the methanol to 8 

degummed palm oil mass ratio rm/o. The highest yield was obtained at 85.36% (w/w) when mc = 9 

6% (w/w), t = 4.5 h, T = 60 oC, and rm/o = 6:1. The Fe/DS-HMS-NH2 shows a good recyclability 10 

with YF > 80% (w/w) up to three reaction cycles.  11 

Keywords: bifunctional catalyst; biodiesel; renewable energy; hollow mesoporous silica; iron 12 

impregnation; amine functionalization   13 
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1. Introduction1 14 

The global fuel demand is growing rapidly as it undergoes an extensive urbanization. 15 

Our heavy reliance on fossil fuel brings the risk of unstable market price and reduced fuel 16 

availability. The gas emission from fossil fuel combustion also causes environmental concerns. 17 

Therefore, developing an alternative fuel that is biodegradable, sustainable and with a low 18 

carbon emission is the most significant energy and environmental challenge for us in the 19 

coming decades [1,2]. Since 2006, the Indonesian government has been committed to reducing 20 

carbon emissions by replacing fossil fuels with biodiesel [3]. It is also declared that the use of 21 

biodiesel in diesel blend will be increased from B20 to B30 starting from 2020 [4], with a 22 

strategy to boost the domestic use of palm oil and lower down energy imports. Usually, 23 

biodiesel is obtained through the conventional transesterification process of refined oil [5]. 24 

However, the technologies of utilizing non-refined oil, specifically the low-quality oil, have 25 

currently attracted extensive interests and are being developed. Various types of low-quality 26 

oil have been studied to produce high-quality biodiesel using sundry of technical routes, 27 

including the two steps acidic esterification followed by basic transesterification [6], 28 

                                                           
1  

FFA  Free fatty acids 

FAME  Fatty acid methyl esters 

DPO  Degummed palm oil 

CPO  Crude palm oil 

SS-HMS-NH2  Single-shelled hollow mesoporous silica 

DS-HMS-NH2  Double-shelled hollow mesoporous silica 

Fe/DS-HMS-NH2  Iron (II) impregnated double-shelled hollow mesoporous silica 
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noncatalytic transesterification using alcohol under subcritical [7] and supercritical conditions 29 

[8], enzymatic transesterification [9] and solid-catalyzed transesterification [10]. Among the 30 

available routes, the use of heterogeneous (solid) catalysts has been attracting a growing 31 

interest in recent years, as it has the advantage of easier separation, tolerance to impurities 32 

(i.e., FFA, water and other minor compounds), and good reusability [11] which means 33 

minimal waste and toxic water production [12] and environmentally friendly [13]. Boey et al. 34 

(2011) and Lam et al. (2010) also stated that heterogeneous catalysts lower the product 35 

contamination level, and reduce the corrosion problem [14,15]. Various solid catalysts and 36 

their modifications have been reported, such as zirconia [16], silica impregnated with zinc 37 

stearate (ZS/Si) [17], heterogeneous KF/ZnO catalyst [18], heterogeneous Zn/I2 catalyst [12]. 38 

However, despite their insensitivity to impurities, these catalysts solely act as the mono 39 

functional catalysts, depending on their acidity nature and have the following disadvantages 40 

during the conversion of low-quality oil to biodiesel: (1) the reaction carried out in the 41 

presence of an acidic heterogeneous catalyst is slow, and at the same time, requires large 42 

amount of alcohol [19], meanwhile (2) the basic heterogeneous catalysts usually result in a 43 

lower biodiesel yield and purity, since this type of catalyst leaves the FFA unreacted during 44 

the reaction.  45 

In this paper, we prepared and characterized a new class of heterogeneous catalyst, 46 

the double-shelled hollow mesoporous silica impregnated with divalent iron metal (Fe/DS-47 

HMS-NH2), to be used as an acid-base bifunctional catalyst in the production of biodiesel 48 

from a low-quality oil. This catalyst enables a simple process of converting low-quality oil to 49 

biodiesel by combining the two processes of esterification and transesterification into a single-50 

stage process. This is achieved by having double active surface layers that facilitate the two 51 

reactions to run simultaneously. The primary (inner) shell is designed to promote the 52 
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transesterification reaction by adding –NH2 as the basic site, while the outer layer is 53 

impregnated with the divalent iron (Fe (II)), which is selected as the impregnated metals due 54 

to its nature as a strong Lewis acid, and its ability to change the oxidation level and activate 55 

the substance during the process [20]. 56 

The synthesis, characterization and catalytic activity of the Fe/DS-HMS-NH2 will be 57 

investigated in this paper. Its performance as an acid-base bifunctional catalyst for biodiesel 58 

preparation will be examined at various conditions, including catalyst loading mc (%, w/w), 59 

reaction temperature T (°C), reaction time t (h), and the mass ratio of methanol to oil rm/o. In 60 

this present research, degummed palm oil (DPO) is selected as the lipid material. With similar 61 

content of FFA and moisture as the crude palm oil (CPO), DPO is also classified as a low-62 

quality oil, along with industrial fats, oils and greases, and other crude/waste lipids. Therefore, 63 

it is considered as a suitable raw material to determine the catalytic ability of Fe/DS-HMS-64 

NH2 in converting both FFA and triglycerides in DPO into biodiesel. We will also show that 65 

the Fe/DS-HMS-NH2 can be regenerated and reused, which is regarded as an important feature 66 

for heterogeneous catalysts as it will reduce the cost for production and pollutant discharges 67 

[21,22]. The recyclability of the catalyst will be investigated at the operating condition giving 68 

the highest yield of fatty acid methyl esters (FAME) YF.  69 

 70 

2. Materials and methods 71 

2.1 Materials 72 

CPO was collected from the local manufacturer in Indonesia. Prior to use, CPO was 73 

degummed using 1% (w/w) phosphoric acid (PA, 85% purity) at a temperature of 80 – 90℃ 74 

for 30 min to reduce the phosphorus content. Several important characteristics of the 75 

degummed CPO (i.e., DPO), namely free fatty acid content, acid value, saponification value, 76 
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and moisture content were analyzed in accordance with the standard method of AOCS Ca 5a-77 

40, Cd 3d-63, Cd 3d-25, and Ca 2e-84, respectively.  78 

3-aminopropyl-triethoxysilane (APTES) was purchased from Fisher Scientific 79 

(Pittsburgh, USA), while other chemicals required for the fabrication of Fe/DS-HMS, namely 80 

iron (II) sulfate heptahydrate (FeSO4.7H2O, 99.99% purity), tetraethylorthosilicate (TEOS), 81 

cetyltrimethylammonium bromide (CTAB), ethanol (98% purity), methanol (99,9% purity), 82 

hydrochloric acid (HCl, 37% purity), ammonium hydroxide solution (NH4OH, 25% purity), 83 

and n-hexane (95% purity) were obtained from Merck (Merck, Germany). The FAMEs 84 

standard (47885 U) containing 37 components FAME mix was procured from Supelco 85 

(Bellefonte, PA, USA). Ultra-high purity nitrogen gas (> 99.0% purity) was purchased from 86 

Aneka Gas Industry Pty. Ltd., Indonesia. All chemicals used in this study were of analytical 87 

grade and required no further purification. 88 

 89 

2.2 Preparation of DS-HMS-NH2  90 

In a typical synthesis, 0.14 g of CTAB, 20 ml of ethanol, 50 ml of deionized water and 91 

1 ml of NH4OH solution were simultaneously introduced into a glass beaker and mixed for 15 92 

minutes at room temperature. Then 1 ml of TEOS was slowly added into the above solution 93 

and kept stirring for 24 hours. The precipitates were collected through centrifugation at 4500 94 

rpm for 30 min, triplicate ethanol washing, and drying at 120 oC overnight. After the 95 

calcination at 550°C for 6 h, the single shelled hollow mesoporous silica (SS-HMS-NH2) was 96 

obtained.  97 

The outer shell of the particle was fabricated using a multilevel scheme based on SS-98 

HMS-NH2. In a typical synthesis, 0.5 g CTAB, 18 ml deionized water, and 50 ml of ethanol 99 

were introduced into a beaker glass. Meanwhile, 0.063 g of SS-HMS-NH2 was added into a 100 



6 
 

mixture of 4 ml deionized water and 8.5 ml of 25% (w/w) NH4OH solution. The above two 101 

solutions were then combined and stirred for 15 min at 250 rpm, after which 100 µl TEOS 102 

and 21 µl APTES were slowly added into it and the mixture was kept stirring for 24 h to allow 103 

the condensation reaction of silica. Finally, the solid product was collected by centrifugation 104 

at 4500 rpm for 15 min, which was then repeatedly washed with 60 ml of ethanol and 4 ml of 105 

HCl, and oven-dried at 120℃. The dried product was calcined at 550 ℃ for 6 h to obtain 106 

double-shelled hollow mesoporous silica (DS-HMS-NH2). 107 

 108 

2.3 Iron (II) impregnation onto DS-HMS-NH2 surface 109 

The impregnation of divalent iron onto the DS-HMS-NH2 surface was achieved as 110 

follows to fabricate Fe/DS-HMS-NH2 catalysts. In a typical synthesis, 0.1 g DS-HMS-NH2 111 

was mixed with 50 ml of deionized water under sonication for 30 minutes at room temperature. 112 

Meanwhile, two separate solutions were prepared: (1) 5 mg of FeSO4.7H2O was dissolved in 113 

50 ml of deionized water, and (2) 0.2 g of CTAB was dissolved in 10 ml ethanol. Solution (1) 114 

and (2) were then added into the DS-HMS-NH2 solution and stirred for 12 hours at ambient 115 

conditions. The Fe/DS-HMS-NH2 precipitates were separated by a centrifugation at 4500 rpm 116 

for 15 min, and then dried at 120 °C for 12 h and calcined at 550 ℃ for 5 hours to obtain the 117 

Fe/DS-HMS-NH2 powder. 118 

 119 

2.4. Catalytic activity of Fe/DS-HMS-NH2 at various reaction conditions 120 

The in-situ esterification/transesterification reactions from DPO to FAME were carried 121 

out in a glass flask equipped with a reflux condenser and external heater under constant 122 

magnetic stirring (250 rpm) at various conditions. Specifically, the influence of four reaction 123 

parameters were investigated due to their relevance to industrial applications: catalyst loading 124 
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mc (%, w/w), reaction temperature T (°C), reaction time t (h), and the mass ratio of methanol 125 

to DPO rm/o. To determine the amount of Fe/DS-HMS-NH2 catalyst that produces the 126 

maximum FAME yield YF, a few reactions were carried out with different amounts of Fe/DS-127 

HMS-NH2 (mc = 2%, 4%, 6%, 8%, w/w) at the following condition: T = 60 °C, t= 4.5 h and 128 

rm/o = 10:1. Once the optimum catalyst loading is obtained, the catalytic activity of Fe/DS-129 

HMS-NH2 was investigated within an experimental matrix defined by T = 40 °C, 50 °C, 60 °C, 130 

t = 0.5 h, 2.5 h, 4.5 h, and rm/o =2:1, 6:1, 10:1. The experimental runs were designed in a 131 

random order using face centered-central composite design (CCF-CCD) as listed in Table 3. 132 

All the experimental runs were conducted with the same procedure.  133 

After the reaction completed, Fe/DS-HMS-NH2 catalyst was recovered by 134 

centrifugation at 4500 rpm for 15 min, and calcination at 550 ℃ for 5 h. The liquid product 135 

was subjected to a two-stage liquid-liquid extraction using methanol and n-hexane 136 

sequentially for purification. Then the FAME-rich phase was separated from the by-products 137 

(i.e., glycerol, excess methanol, soap, and the other unwanted materials) and evaporated under 138 

vacuum to obtain the final FAME product. As an evaluation of the catalytic activity of Fe/DS-139 

HMS-NH2, the yield of FAME was calculated by the following equation: 140 

YF (%, w/w) = 
𝑚F 𝑝F

𝑚s
× 100 (1) 

Where mF is the mass of the final FAME product (g), pF is the FAME purity (%, w/w) 141 

obtained from equation (2) shown in the next section, and mS is the total mass of the DPO (g).  142 

 143 

2.5 Characterization of Fe/DS-HMS-NH2 catalyst and FAME 144 

The characterization of Fe/DS-HMS-NH2 was conducted using field-emission 145 

scanning electron microscopy with energy dispersive X-Ray spectroscopy (FESEM/EDX), 146 

transmission electron microscopy (TEM), nitrogen sorption, and thermogravimetric analysis 147 
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(TGA). The FESEM/EDX images were taken on a JEOL JSM-6500 F (Jeol Ltd., Japan) 148 

running at 15 kV with a working distance of 12.4 mm, while TEM was carried out on JEOL 149 

JEM-2100 with an accelerating voltage of 200 kV. Nitrogen sorption analysis was conducted 150 

at 77 K on a Micrometrics ASAP 2010 Sorption Analyzer. The sample was degassed at 423 151 

K prior to analysis. To determine the thermal stability and volatile component fraction of the 152 

Fe/DS-HMS-NH2 catalyst, a TGA analysis was performed using TG/DTA Diamond 153 

instrument (Perkin-Elmer, Japan). 154 

The final FAME product characteristics, including its kinematic viscosity (at 40°C), 155 

flashpoint, cetane number, acid value and calorific value were determined according to the 156 

standard methods of ASTM D445, ASTM D93, ASTM D613, ASTM D664, and ASTM D240, 157 

respectively. The purity of FAME (pF) in the final product was analyzed using a gas 158 

chromatograph (Shimadzu GC-2014) equipped with a split/splitless injector and a flame 159 

ionization detector (FID). The stationary phase used for separation was the narrow bore non-160 

polar DB-WAX column (30 m × 0.25 mm ID × 0.25 μm film thickness, Agilent Technology, 161 

CA), and the temperature profile for the analysis was in accordance with the study conducted 162 

by Harijaya et al. (2019) [23]. Methyl heptadecanoate (MH) was used as an internal standard, 163 

while an external FAME reference (47885 U, containing 37 components FAME standard mix) 164 

was used to obtain the FAME compositional profile. pF is calculated by the following equation: 165 

𝑝F (%, w w⁄ ) =  (
∑ 𝐴F − 𝐴MH

𝐴MH
) (

𝑉MH𝐶MH

𝑚F
) × 100 

(2) 

Where ΣAF is the total peak area of FAME, AMH is the corresponding area of methyl 166 

heptadecanoate (MH) peak, VMH is the volume of MH solution (ml), CMH is the actual 167 

concentration of MH solution (g/ml), and mF is the actual mass of the final FAME product 168 

(g).  169 
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 170 

2.6 Recyclability of Fe/DS-HMS-NH2 171 

Fe/DS-HMS-NH2 was repeatedly used for the transesterification process at the 172 

operating condition where the maximum yield of FAME was obtained. The recyclability of 173 

Fe/DS-HMS-NH2 was determined by the number of repetitions until when the yield became 174 

lower than 80% (w/w). The purity and yield of FAME were analyzed according to the 175 

procedures in section 2.4-2.5. All experiments were carried out in triplicates to verify the 176 

results. 177 

 178 

3. Result and Discussions 179 

3.1 The mechanism scheme of Fe/DS-HMS-NH2 fabrication 180 

The Fe/DS-HMS-NH2 was synthesized by a two-step co-condensation technique. 181 

The mechanism scheme in Figure 1 illustrates the fabrication route: (1) firstly, TEOS and 182 

CTAB undergo a co-condensation reaction along with the ammonium solution; (2) then 183 

CTAB, the soft template of the core, is removed by calcination, and the SS-HMS-NH2 is thus 184 

formed; (3) TEOS, APTES, and CTAB undergo another co-condensation reaction on the outer 185 

surface of the SS-HMS-NH2 spheres; (4) DS-HMS-NH2 nanosphere is obtained by removing 186 

CTAB and APTES in calcination; (5) the divalent iron (Fe (II)) was incorporated onto the 187 

surface of DS-HMS-NH2 by a traditional wet impregnation technique, and the Fe/DS-HMS-188 

NH2 nanosphere is obtained. 189 
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 190 

Figure 1. The mechanism scheme of Fe/DS-HMS-NH2 fabrication. 191 

 192 

3.2 Characterization of Fe/DS-HMS-NH2 catalysts 193 

Figure 2a, c–d present the SEM and TEM images of the Fe/DS-HMS-NH2 catalyst 194 

synthesized by the co-condensation technique. The catalyst is spherical with a uniform size at 195 

ca. 156 nm (Figure 2a). Notably, Fe/DS-HMS-NH2 is composed of two shell layers, indicated 196 

by the darker color of the inner shell in Figure 2c-d. Its hollow-core structure is clearly 197 

presented with the diameter of 86 nm (Figure 2d). The shell thicknesses of the inner and outer 198 

layer of Fe/DS-HMS-NH2, are 22 nm and 13 nm, respectively. The impregnation of Fe (II) on 199 

the surface of the silica layer was successful, evidenced from the EDX result showing a 200 

percentage of 2.87% (Figure 2b). Based on the fabrication procedure, it was reasonable to 201 
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consider that the Fe (II) sites and basic amino sites were spatially isolated and located in 202 

different shells. 203 

The textural properties of Fe/DS-HMS-NH2 analyzed by the nitrogen sorption are 204 

presented in Table 1 and Figure 2e. The nitrogen adsorption and desorption isotherm of the 205 

catalyst exhibits a typical type-IV isotherm, indicating the presence of a mesoporous structure 206 

with worm-like capillary pores molded by the CTAB micelles. The pore size of the 207 

mesoporous structure is found to be 2.43 nm (Figure 2e (inset)). A steep increase of the 208 

nitrogen adsorption amount at p/p0 close to unity also suggests that there are macropores 209 

structure within the particle, corresponding to the hollow core. Similar adsorption and 210 

desorption profile also pointed out that the pores are highly accessible. The specific surface 211 

area SBET obtained in this study was 782.84 m2/g, lower than the value 1100 – 1350 m2/g for 212 

a similar double shelled hollow mesoporous silica [22]. Such a discrepancy was likely due to 213 

the reason that it was strongly influenced by the shell thickness. Zhou et al. (2014) reported 214 

that when the thickness of hollow mesoporous silica nanoparticles (HMSN) increases from 215 

46 nm to 82 nm, the surface area of HMSN particles was declined from 986 m2/g to 614 m2/g  216 

[24]. Zhou et al. (2014) and Cao et al. (2011) also observed that an increase in the particle 217 

mass due to the addition of TEOS and CTAB in the synthesis of the second shell lowers the 218 

surface area, since the amount of TEOS during the fabrication is directly proportional to the 219 

thickness of the shell [24,25]. Meanwhile, the pore volume of Fe/DS-HMS-NH2 (0.64 cm3/g) 220 

was found to be slightly higher than that reported by You et al. (2018) (0.61 cm3/g) [22]. 221 

Based on its textural analysis, Fe/DS-HMS-NH2 possesses comparable specific surface area 222 

and pore volume with those of existing heterogeneous catalysts (i.e., HMS-Al@MS-NH2 [22], 223 

char-based catalyst [26], γ-alumina industrial-grade catalyst [27], and copper-based metal-224 
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organic framework [28]), which usually range from 200 – 1300 cm2/g and 0.18 – 1.68 cm3/g 225 

respectively.  226 

Table 1. Textural properties of Fe/DS-HMS-NH2. 227 

Material SBET (cm2/g) Pore volume (cm3/g) Pore size (nm) 

Fe/DS-HMS-NH2 782.84 0.64 2.43 

To demonstrate the feasibility of Fe/DS-HMS-NH2 for the reactions at an elevated 228 

temperature, its thermal stability was investigated. The TGA profile in Figure 2f shows a 20% 229 

decrease in weight up to the temperature of 100°C, attributed to the removal of free moisture 230 

content. Further heating up to 800 °C does not significantly decrease the mass of Fe/DS-HMS-231 

NH2, suggesting that the catalyst is stable at high temperatures [29]. Therefore, our Fe/DS-232 

HMS-NH2 can be considered as a promising heterogeneous catalyst for the in-situ 233 

esterification/transesterification reaction.  234 

  235 
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 236 
Figure 2. (a) SEM image, (b) Elemental composition, (c) – (d) TEM images at various magnifications, (c) BJH pore size distribution 237 

curve, (e) Nitrogen adsorption-desorption isotherm with BJH pore size distribution curve (inset), (f) Thermogravimetric profile of the 238 

Fe/DS-HMS-NH2 catalyst.  239 
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3.3 The catalytic activity of Fe/DS-HMS-NH2 in the in-situ esterification/transesterification 240 

of DPO 241 

The characteristics of DPO as the raw material for biodiesel preparation are 242 

presented in Table 2. As homogenous catalysts are sensitive to impurities, the conversion of 243 

DPO to FAME for biodiesel production usually requires two reaction steps, namely acid-244 

catalyzed esterification to lower the FFA content by converting them into FAME, and basic 245 

catalyzed transesterification to convert the acyl glycerides into FAME. However, 246 

heterogeneous catalysts can have good tolerance towards the FFA and water content in the 247 

lipid materials [10]; for Fe/DS-HMS-NH2, its two spatial shells with different active sites can 248 

facilitate the above two reactions in a one-pot process, and therefore efficient conversion from 249 

DPO to FAME is achieved in a single step.  250 

Table 2. Characteristics of DPO. 251 

Parameter Value 

FFA (%, w/w) 5.54 

Moisture Content (%, w/w) 0.20 

Saponification Value (mg KOH/g DPO) 234.08 

Acid Value (mg KOH/g DPO) 12.04 

Molecular weight (g/mol) 756.62 

 252 

Figure 3 presents the FAME yield obtained at various Fe/DS-HMS-NH2 loadings 253 

at the condition of T = 60 °C, t= 4.5 h and rm/o = 10:1. The results indicate that the yield of 254 

FAME is proportional to the number of active sites offered by the Fe/DS-HMS-NH2 [30,31]; 255 

therefore YF increases with mc when the latter is within 6% (w/w). This agrees well with 256 

previous work on biodiesel production using different solid catalysts, e.g., pomacea sp. shell-257 

based CaO [30], sulfonated biochar [31], and KI/mesoporous silica [32]. A maximum yield 258 

85.24% (w/w) is obtained when the catalyst loading mc = 6% (w/w). Further increase of the 259 

Fe/DS-HMS-NH2 results in a reduced yield of FAME, which is probably due to the 260 
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aggregation and inconsistent dispersity of the catalyst in the reaction system of an enhanced 261 

viscosity [33,34]. Cai et al. (2018) and Samart et al. (2010) also mentioned that excess catalyst 262 

may also disturbed the mixing between the reactants, due to stronger adsorption of the 263 

reactants to the catalyst [35,36]. 264 

Table 3. Experimental matrix at the optimum catalyst loading mc = 6% (w/w) 265 

Run 
Input Parameters 

YF (%, w/w) 
T (°C) t (h) rm/o 

1 60 4.5 10:1 85.24 ± 1.19 

2 40 0.5 10:1 40.27 ± 0.58 

3 40 2.5 6:1 55.09 ± 0.76 

4 50 4.5 6:1 75.15 ± 0.65 

5 50 2.5 10:1 60.07 ± 0.44 

6 40 0.5 2:1 35.19 ± 0.92 

7 40 4.5 10:1 70.22 ± 1.01 

8 50 2.5 2:1 67.03 ± 0.51 

9 60 4.5 2:1 80.11 ± 0.68 

10 50 2.5 6:1 65.16 ± 0.47 

11 50 2.5 6:1 66.96 ± 0.73 

12 50 2.5 6:1 65.87 ± 0.79 

13 50 0.5 6:1 65.01 ± 0.37 

14 60 4.5 6:1 85.36 ± 0.62 

15 50 2.5 6:1 63.21 ± 0.42 

16 60 0.5 10:1 70.01 ± 0.56 

17 50 2.5 6:1 63.20 ± 0.69 

18 50 2.5 6:1 67.18 ± 0.45 

19 60 0.5 2:1 69.09 ± 0.53 

20 40 4.5 2:1 59.11 ± 0.78 

 266 



16 
 

m
c
 (%, w/w)

0 2 4 6 8 10

Y
F
 (

%
, 

w
/w

)

0

20

40

60

80

100

 267 
Figure 3. The yield of FAME at various Fe/DS-HMS-NH2 loadings with the reaction 268 

condition of T = 60 °C, t = 4.5 h and rm/o = 10:1.  269 

 270 

At a constant catalyst loading mc = 6% (w/w), Figure 4 and Table 3 present the 271 

FAME yield YF at various reaction time t, temperature T, and mass ratio of methanol to DPO 272 

rm/o. The maximum YF = 85.36% (w/w) (with a purity of 97.89% (w/w)) is obtained at the 273 

condition of T = 60 °C, t= 4.5 h, rm/o = 6:1. Based on the experimental results, the reaction 274 

time t was the most significant factor, followed by rm/o and T, which is supported by the Pareto 275 

chart of the standardized effect in Figure 5 showing that t, rm/o, and the two-way interaction 276 

between t and T are the three significant parameters in the reaction system. 277 
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 278 

Figure 4. The FAME yield YF (%, w/w) at various (a) T and t, (b) T and rm/o, and (c) t and rm/o. 279 

 280 

 281 
Figure 5. Pareto chart of the standardized effect for the biodiesel preparation with Fe/DS-282 
HMS-NH2, using YF as the response at a 95% confidence interval where A = T, B = t, C = 283 

rm/o. 284 

 285 
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The effect of reaction temperature on the production of biodiesel using Fe/DS-286 

HMS-NH2 is shown in Figure 4a–b. An increased reaction temperature contributes to a higher 287 

yield, with the maximum achieved at 60°C, which is related to the fact that both esterification 288 

and transesterification reaction are endothermic and reversible [38,39]. At a higher reaction 289 

temperature, the kinetic energy and mobility of reactant molecules increase, promoting the 290 

collisions between the molecules and Fe/DS-HMS-NH2 particles which then increases the 291 

reaction rate constant and shift the reaction towards the product [38,40]. Moreover, the mass 292 

transfer of the reactant molecules through the boundary layer of Fe/DS-HMS-NH2 is also 293 

accelerated at an elevated temperature, resulting in the faster diffusion of the reactants into 294 

the pore of catalyst; hence, improving the FAME yield.   295 

Specifically, Figures 4a and c show a significant increase of the FAME yield by 296 

extending the duration of the biodiesel synthesis from 0.5 h to 4.5 h, at a constant temperature 297 

or mass ratio of methanol to DPO. Longer reaction time provides sufficient time for the 298 

reactants to reach the active sites of Fe/DS-HMS-NH2 through adsorption and diffusion, and 299 

convert DPO into FAME [41]. Meanwhile, prolonged duration of reaction also gives the 300 

catalyst more time to adsorb the reactant and desorb the reaction product [28]. Wei et al. (2009) 301 

also mentioned that adsorption and desorption of reactants from the catalyst is the rate-302 

determining step in the overall reaction [42]. Therefore, allowing longer contact between the 303 

reactant molecules and the catalyst ensures high conversions of FFA and acyl glycerides to 304 

FAME.  305 

Stochiometrically, three moles of methanol are required to react with one mole of 306 

triglycerides in the transesterification reaction, while one mole of methanol is needed to react 307 

with one mole of free fatty acids in the esterification reaction [43,44]. Both reactions are 308 

known to be reversible; thus, the amount of methanol in the two reactions is usually provided 309 
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in excess to shift the reaction equilibrium to the product side. As seen from Figure 4b–c, 310 

having excess methanol from rm/o = 2:1 to rm/o = 6:1 contributes to a higher FAME yield, 311 

while further addition up to rm/o = 10:1 has no improvement. While most studies agree that 312 

excess methanol is desirable to allow more frequent interactions between the lipid and 313 

methanol triggering the formation of FAME, Pangestu et al. (2019) found that excess 314 

methanol may also accelerate the production of glycerol despite the higher yield of FAME 315 

[28]. As the esterification and transesterification are both reversible, a higher concentration 316 

of glycerol in the reaction system may induce a reverse reaction to the reactant side, creating 317 

an equilibrium between the products and reactants [28]. Hayyan et al. (2011) also reported 318 

that an excessive amount of methanol causes higher solubility of glycerol in the FAME phase 319 

that could lead to a complicated separation between biodiesel and glycerol [45]. Moreover, 320 

from the techno-economic viewpoint, the higher mass ratio of methanol to DPO also increases 321 

the material and processing cost [23,45]. Therefore, it can be concluded that the optimum 322 

level is rm/o = 6:1.  323 

A comparison of the FAME yield produced using Fe/DS-HMS-NH2 with other 324 

existing catalysts is given in Table 4. It is notable that although the value of YF is higher when 325 

the refined feedstock is used as the reactant, the reaction time and the mass ratio of methanol 326 

to oil used in this study are lower. Moreover, among the studies using low-quality oil as raw 327 

lipid material, Fe/DS-HMS-NH2 shows a higher catalytic activity compared with the other 328 

catalysts reported by Omar and Amin (2011), and Bala et al. (2017). This shows that Fe/DS-329 

HMS-NH2, as a bifunctional catalyst, is able to enhance the yield of biodiesel at a comparable 330 

operating condition, which is due to its ability to convert not only triglycerides but also FFA 331 

into FAME in a one-pot system. The analysis result of the final FAME product shows that the 332 

conversion of FFA after reaction reaches 95.6%. 333 
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Table 4. The comparison of catalytic activity of several heterogeneous catalysts 334 

for biodiesel production 335 

Catalyst  Reactants Operating condition Yield (%) References 

Mesoporous zinc-

doped silica 

Cyanoacetate 

ester 

T = 60°C, t = 24 h, rm/o = 

10:1, mc = 7% (w/w) 

94.0 [17] 

Alumina-supported 

KI 

Refined soybean 

oil 

t = 8 h, rm/o = 15:1, mc = 

2.5% (w/w) 

96.0 [37] 

Sr/ZrO2 Waste cooking 

oil 

T = 115.5°C, t = 169 min, 

rm/o = 29:1 (mol/mol), mc = 

2.7% (w/w) 

79.7 [16] 

Phosphotungstic 

acid-loaded KIT-5  

Waste cooking 

oil 

T = 70°C, t = 4 h, rm/o = 

2:1 (v/v), mc = 26.5% 

(w/w) 

83 [21] 

Fe/DS-HMS-NH2 DPO T = 60°C, t = 4.5 h, rm/o = 

6:1 (v/v), mc = 6% (w/w) 

85.36 This study 

 336 

The fuel properties of the final FAME product are presented in Table 5. The 337 

measurement results indicate that the product resulted in this study has comparable 338 

combustion and flow properties with those of the commercial biodiesel. The calorific value 339 

(45.143 MJ/kg) is also within the range required in the common petrodiesel (42-46 MJ/kg). 340 

Table 5. Fuel properties of the final FAME product 341 

Properties Methods Unit Final FAME 

product 

ASTM D6751 

Kinematic 

viscosity (at 

40°C) 

ASTM D445 mm2/s 2.64 1.9 – 6.0 

Flashpoint ASTM D93 °C 164.2 93 min 

Cetane number ASTM D613 - 55.7 47 min 

Acid value ASTM D664 mg KOH/g 0.24 0.5 max 

Calorific value ASTM D240 MJ/kg 45.143 - 

 342 

Meanwhile, its compositional profile is obtained by comparing the methyl ester 343 

peaks in the chromatogram with those in the external FAME standard (47885 U, containing 344 

37 components FAME standard mix). The 12 identified peaks are 3.05% myristoleic acid 345 

methyl ester (C14:1), 2.37% cis-10-pentadecanoic acid methyl ester (C15:1), 35.78% palmitic 346 

acid methyl ester (C16:0), 8.13% palmitoleic acid methyl ester (C16:1), 8.36% stearic acid 347 
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methyl ester (C18:0), 32.57% oleic acid methyl ester (C18:1n9c), 3.05% elaidic acid methyl 348 

ester (C18:1n9t), 1.17% cis-8,11,14-eicosatrienoic acid methyl ester (C20:3n6), 2.48% 349 

arachidonic acid methyl ester (C20:4n6), 0.52% cis-5,8,11,14,17-eicosapentaenoic acid 350 

methyl ester (C20:5n3), 1.07% erucic acid methyl ester (C22:1n9), 1.45 % cis-13,16-351 

docosadienoic acid methyl ester (C22:2). 352 

 353 

3.4 Recyclability of Fe/DS-HMS-NH2 354 

An important feature of using heterogeneous catalysts for biodiesel preparation is 355 

its recyclability. In order to determine the recyclability of Fe/DS-HMS-NH2, several reaction 356 

cycles were conducted in series using the operating condition of mc = 6% (w/w), T = 60 °C, t 357 

= 4.5 h, rm/o = 6:1. Fe/DS-HMS-NH2 was recovered following the method described in section 358 

2.4, while fresh methanol and DPO were used in every cycle. The catalytic ability of the 359 

recycled Fe/DS-HMS-NH2 for in-situ esterification/transesterification process is presented in 360 

Figure 6. The result indicates that recycled Fe/DS-HMS-NH2 can maintain a high yield of 361 

FAME above 80% (w/w) until the third cycle, close to the yield of fresh catalyst 85.36% 362 

(w/w). The purity of FAME for the first three cycles are 97.89%, 97.66% and 98.01% (w/w) 363 

respectively, higher than the commercial purity (96.5%, w/w). These results indicate that the 364 

catalytic activity of Fe/DS-HMS-NH2 is maintained at a high level after regeneration. A 365 

significant drop in catalytic ability is observed from the forth cycle in Figure 6; similar 366 

performance has been reported for some other heterogeneous catalysts where three cycles 367 

seem to be an average number in term of their recyclability [46,47]. The catalytic deactivation 368 

of Fe/DS-HMS-NH2 is generally due to the pore blockage caused by the contact between 369 

active sites on the catalyst surface and the deactivation-induced components, namely free 370 

glycerol, acyl glycerides, and biodiesel. Moreover, the high content of FFA in DPO also plays 371 
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an important role in the deactivation of Fe/DS-HMS-NH2 catalyst because FFA tends to 372 

neutralize the basic sites in the inner shell of Fe/DS-HMS-NH2 [48], resulting in the 373 

generation of amine-carboxylate that induces the formation of emulsion.  374 
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 375 

Figure 6. Recyclability of Fe/DS-HMS-NH2 in the in-situ esterification/transesterification 376 
of DPO. 377 

 378 

3.5 The reaction mechanism of the in-situ esterification/transesterification of DPO using 379 

Fe/DS-HMS-NH2 380 

In the preparation of biodiesel from DPO, Fe/DS-HMS-NH2 acts as both acid and 381 

base catalysts to facilitate the esterification of FFA and the transesterification of acyl 382 

glycerides. The main steps for the reaction mechanism catalyzed by Fe/DS-HMS-NH2 are the 383 

formation of nucleophilic alkoxides, the nucleophilic attack on the electrophilic part of the 384 

carbonyl group of the triglycerides, and electron delocalisation [49,50] as depicted in Figure 385 

7. The detailed description is as follows: 386 



23 
 

Step 1: Acyl glycerides, FFA and methanol enter the surface of catalyst through the 387 

adsorption process to reach the outer shell impregnated by the divalent iron. In this step, FFA 388 

undergoes the electron delocalization to form a carbocation and a carbanion, where the latter 389 

binds to the iron embedded on the catalyst.  390 

Step 2: The reaction continues as the methoxide anion of methanol attacks the carbocation, 391 

whereas the hydronium cation attaches to the hydroxyl group of FFA to form water.  392 

Step 3: Through the electron delocalization of the carbon atom, the water is released from the 393 

complex with FAME and the iron-embedded catalyst, followed by the release of FAME from 394 

the catalyst. 395 

Step 4: The reaction continues when the acyl glycerides and methanol diffuse further to the 396 

amine-functionalized inner shell. The oxygen atom in the carbonyl group of acyl glycerides 397 

readily binds to the amine active sites.  398 

Step 5: Subsequently, the methoxide anion of the methanol attacks the carbon atom in the 399 

carbonyl group of acyl glycerides, while the protonated H+ binds to the alkoxy group (RO-) 400 

of the acyl glycerides to form a complex of amine-functionalized catalyst with FAME and 401 

glycerol. 402 

Step 6: Again, through the delocalization of oxygen in the complex, the glycerol and amine-403 

functionalized catalyst are successively released from the complex.  404 

Step 7: All three products, including FAME, glycerol, and water are then desorbed to the 405 

surface of the Fe/DS-HMS-NH2 catalyst.  406 

  407 
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 408 

Figure 7. The reaction mechanism of the in-situ esterification/transesterification of DPO using Fe/DS-HMS-NH2. 409 

  410 
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Conclusions 411 

Fe/DS-HMS-NH2 is synthesized through the two-step condensation technique and 412 

successfully employed as a heterogeneous catalyst for preparing biodiesel from DPO, a lipid 413 

source with significant FFA and moisture content. The obtained Fe/DS-HMS-NH2 has a 414 

uniform spherical shape with a particle size of 156 nm and hollow diameter of 86 nm. It is 415 

composed of two spatial silica shells with different active sites, and their thickness are 22 nm 416 

for the inner shell and 13 nm for the outer shell. Fe/DS-HMS-NH2 has a specific surface area 417 

of 782.84 m2/g with a pore volume of 0.64 cm3/g, comparable with the existing solid catalysts. 418 

In the in-situ esterification/transesterification process using the Fe/DS-HMS-NH2 catalyst, 419 

reaction time t is the variable with most significant influence on the yield of FAME YF, 420 

followed by the reaction temperature T and the mass ratio of methanol to DPO rm/o. The 421 

maximum YF is 85.36% (w/w), obtained at the following conditions: T = 60oC, t = 4.5 h, and 422 

rm/o = 6:1, with a catalyst loading of 6% (w/w). Notably, Fe/DS-HMS-NH2 catalyst shows a 423 

good recyclability, with the yield staying above 80% for three reaction cycles. Therefore, 424 

Fe/DS-HMS-NH2 is a promising heterogeneous catalyst to obtain biodiesel from DPO or other 425 

lipid materials with high FFA and water content. Further study on (1) the extension of the 426 

catalyst lifetime by creating a technique suitable for its regeneration, and also (2) the design 427 

of a plausible route between the current research and its industrial application should be the 428 

main focus for future research expansion. 429 
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Abstract 1 

To promote the use of low-quality oils in producing biodiesel, a bifunctional acid-base 2 

catalyst Fe/DS-HMS-NH2 is fabricated using the two-step condensation technique. The obtained 3 

Fe/DS-HMS-NH2 is of a doubled shell structure in spherical shape with a uniform size of 156 nm. 4 

Its hollow core (with a diameter of 86 nm) and two spatial shells with different active sites enables 5 

the esterification and transesterification reactions to be accomplished in a one-pot synthesis. The 6 

influences of four independent reaction variables on the yield of fatty acid methyl esters YF was 7 

studied, including catalyst loading mc, reaction time t, reaction temperature T, and the methanol to 8 

degummed palm oil mass ratio rm/o. The highest yield was obtained at 85.36% (w/w) when mc = 9 

6% (w/w), t = 4.5 h, T = 60 oC, and rm/o = 6:1. The Fe/DS-HMS-NH2 shows a good recyclability 10 

with YF > 80% (w/w) up to three reaction cycles.  11 

Keywords: bifunctional catalyst; biodiesel; renewable energy; hollow mesoporous silica; iron 12 

impregnation; amine functionalization   13 
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1. Introduction1 14 

The global fuel demand is growing rapidly as it undergoes an extensive urbanization. 15 

Our heavy reliance on fossil fuel brings the risk of unstable market price and reduced fuel 16 

availability. The gas emission from fossil fuel combustion also causes environmental concerns. 17 

Therefore, developing an alternative fuel that is biodegradable, sustainable and with a low 18 

carbon emission is the most significant energy and environmental challenge for us in the 19 

coming decades [1,2]. Since 2006, the Indonesian government has been committed to reducing 20 

carbon emissions by replacing fossil fuels with biodiesel [3]. It is also declared that the use of 21 

biodiesel in diesel blend will be increased from B20 to B30 starting from 2020 [4], with a 22 

strategy to boost the domestic use of palm oil and lower down energy imports. Usually, 23 

biodiesel is obtained through the conventional transesterification process of refined oil [5]. 24 

However, the technologies of utilizing non-refined oil, specifically the low-quality oil, have 25 

currently attracted extensive interests and are being developed. Various types of low-quality 26 

oil have been studied to produce high-quality biodiesel using sundry of technical routes, 27 

including the two steps acidic esterification followed by basic transesterification [6], 28 

                                                           
1  

FFA  Free fatty acids 

FAME  Fatty acid methyl esters 

DPO  Degummed palm oil 

CPO  Crude palm oil 

SS-HMS-NH2  Single-shelled hollow mesoporous silica 

DS-HMS-NH2  Double-shelled hollow mesoporous silica 

Fe/DS-HMS-NH2  Iron (II) impregnated double-shelled hollow mesoporous silica 
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noncatalytic transesterification using alcohol under subcritical [7] and supercritical conditions 29 

[8], enzymatic transesterification [9] and solid-catalyzed transesterification [10]. Among the 30 

available routes, the use of heterogeneous (solid) catalysts has been attracting a growing 31 

interest in recent years, as it has the advantage of easier separation, tolerance to impurities 32 

(i.e., FFA, water and other minor compounds), and good reusability [11] which means 33 

minimal waste and toxic water production [12] and environmentally friendly [13]. Boey et al. 34 

(2011) and Lam et al. (2010) also stated that heterogeneous catalysts lower the product 35 

contamination level, and reduce the corrosion problem [14,15]. Various solid catalysts and 36 

their modifications have been reported, such as zirconia [16], silica impregnated with zinc 37 

stearate (ZS/Si) [17], heterogeneous KF/ZnO catalyst [18], heterogeneous Zn/I2 catalyst [12]. 38 

However, despite their insensitivity to impurities, these catalysts solely act as the mono 39 

functional catalysts, depending on their acidity nature and have the following disadvantages 40 

during the conversion of low-quality oil to biodiesel: (1) the reaction carried out in the 41 

presence of an acidic heterogeneous catalyst is slow, and at the same time, requires large 42 

amount of alcohol [19], meanwhile (2) the basic heterogeneous catalysts usually result in a 43 

lower biodiesel yield and purity, since this type of catalyst leaves the FFA unreacted during 44 

the reaction.  45 

In this paper, we prepared and characterized a new class of heterogeneous catalyst, 46 

the double-shelled hollow mesoporous silica impregnated with divalent iron metal (Fe/DS-47 

HMS-NH2), to be used as an acid-base bifunctional catalyst in the production of biodiesel 48 

from a low-quality oil. This catalyst enables a simple process of converting low-quality oil to 49 

biodiesel by combining the two processes of esterification and transesterification into a single-50 

stage process. This is achieved by having double active surface layers that facilitate the two 51 

reactions to run simultaneously. The primary (inner) shell is designed to promote the 52 
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transesterification reaction by adding –NH2 as the basic site, while the outer layer is 53 

impregnated with the divalent iron (Fe (II)), which is selected as the impregnated metals due 54 

to its nature as a strong Lewis acid, and its ability to change the oxidation level and activate 55 

the substance during the process [20]. 56 

The synthesis, characterization and catalytic activity of the Fe/DS-HMS-NH2 will be 57 

investigated in this paper. Its performance as an acid-base bifunctional catalyst for biodiesel 58 

preparation will be examined at various conditions, including catalyst loading mc (%, w/w), 59 

reaction temperature T (°C), reaction time t (h), and the mass ratio of methanol to oil rm/o. In 60 

this present research, degummed palm oil (DPO) is selected as the lipid material. With similar 61 

content of FFA and moisture as the crude palm oil (CPO), DPO is also classified as a low-62 

quality oil, along with industrial fats, oils and greases, and other crude/waste lipids. Therefore, 63 

it is considered as a suitable raw material to determine the catalytic ability of Fe/DS-HMS-64 

NH2 in converting both FFA and triglycerides in DPO into biodiesel. We will also show that 65 

the Fe/DS-HMS-NH2 can be regenerated and reused, which is regarded as an important feature 66 

for heterogeneous catalysts as it will reduce the cost for production and pollutant discharges 67 

[21,22]. The recyclability of the catalyst will be investigated at the operating condition giving 68 

the highest yield of fatty acid methyl esters (FAME) YF.  69 

 70 

2. Materials and methods 71 

2.1 Materials 72 

CPO was collected from the local manufacturer in Indonesia. Prior to use, CPO was 73 

degummed using 1% (w/w) phosphoric acid (PA, 85% purity) at a temperature of 80 – 90℃ 74 

for 30 min to reduce the phosphorus content. Several important characteristics of the 75 

degummed CPO (i.e., DPO), namely free fatty acid content, acid value, saponification value, 76 
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and moisture content were analyzed in accordance with the standard method of AOCS Ca 5a-77 

40, Cd 3d-63, Cd 3d-25, and Ca 2e-84, respectively.  78 

3-aminopropyl-triethoxysilane (APTES) was purchased from Fisher Scientific 79 

(Pittsburgh, USA), while other chemicals required for the fabrication of Fe/DS-HMS, namely 80 

iron (II) sulfate heptahydrate (FeSO4.7H2O, 99.99% purity), tetraethylorthosilicate (TEOS), 81 

cetyltrimethylammonium bromide (CTAB), ethanol (98% purity), methanol (99,9% purity), 82 

hydrochloric acid (HCl, 37% purity), ammonium hydroxide solution (NH4OH, 25% purity), 83 

and n-hexane (95% purity) were obtained from Merck (Merck, Germany). The FAMEs 84 

standard (47885 U) containing 37 components FAME mix was procured from Supelco 85 

(Bellefonte, PA, USA). Ultra-high purity nitrogen gas (> 99.0% purity) was purchased from 86 

Aneka Gas Industry Pty. Ltd., Indonesia. All chemicals used in this study were of analytical 87 

grade and required no further purification. 88 

 89 

2.2 Preparation of DS-HMS-NH2  90 

In a typical synthesis, 0.14 g of CTAB, 20 ml of ethanol, 50 ml of deionized water and 91 

1 ml of NH4OH solution were simultaneously introduced into a glass beaker and mixed for 15 92 

minutes at room temperature. Then 1 ml of TEOS was slowly added into the above solution 93 

and kept stirring for 24 hours. The precipitates were collected through centrifugation at 4500 94 

rpm for 30 min, triplicate ethanol washing, and drying at 120 oC overnight. After the 95 

calcination at 550°C for 6 h, the single shelled hollow mesoporous silica (SS-HMS-NH2) was 96 

obtained.  97 

The outer shell of the particle was fabricated using a multilevel scheme based on SS-98 

HMS-NH2. In a typical synthesis, 0.5 g CTAB, 18 ml deionized water, and 50 ml of ethanol 99 

were introduced into a beaker glass. Meanwhile, 0.063 g of SS-HMS-NH2 was added into a 100 
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mixture of 4 ml deionized water and 8.5 ml of 25% (w/w) NH4OH solution. The above two 101 

solutions were then combined and stirred for 15 min at 250 rpm, after which 100 µl TEOS 102 

and 21 µl APTES were slowly added into it and the mixture was kept stirring for 24 h to allow 103 

the condensation reaction of silica. Finally, the solid product was collected by centrifugation 104 

at 4500 rpm for 15 min, which was then repeatedly washed with 60 ml of ethanol and 4 ml of 105 

HCl, and oven-dried at 120℃. The dried product was calcined at 550 ℃ for 6 h to obtain 106 

double-shelled hollow mesoporous silica (DS-HMS-NH2). 107 

 108 

2.3 Iron (II) impregnation onto DS-HMS-NH2 surface 109 

The impregnation of divalent iron onto the DS-HMS-NH2 surface was achieved as 110 

follows to fabricate Fe/DS-HMS-NH2 catalysts. In a typical synthesis, 0.1 g DS-HMS-NH2 111 

was mixed with 50 ml of deionized water under sonication for 30 minutes at room temperature. 112 

Meanwhile, two separate solutions were prepared: (1) 5 mg of FeSO4.7H2O was dissolved in 113 

50 ml of deionized water, and (2) 0.2 g of CTAB was dissolved in 10 ml ethanol. Solution (1) 114 

and (2) were then added into the DS-HMS-NH2 solution and stirred for 12 hours at ambient 115 

conditions. The Fe/DS-HMS-NH2 precipitates were separated by a centrifugation at 4500 rpm 116 

for 15 min, and then dried at 120 °C for 12 h and calcined at 550 ℃ for 5 hours to obtain the 117 

Fe/DS-HMS-NH2 powder. 118 

 119 

2.4. Catalytic activity of Fe/DS-HMS-NH2 at various reaction conditions 120 

The in-situ esterification/transesterification reactions from DPO to FAME were carried 121 

out in a glass flask equipped with a reflux condenser and external heater under constant 122 

magnetic stirring (250 rpm) at various conditions. Specifically, the influence of four reaction 123 

parameters were investigated due to their relevance to industrial applications: catalyst loading 124 
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mc (%, w/w), reaction temperature T (°C), reaction time t (h), and the mass ratio of methanol 125 

to DPO rm/o. To determine the amount of Fe/DS-HMS-NH2 catalyst that produces the 126 

maximum FAME yield YF, a few reactions were carried out with different amounts of Fe/DS-127 

HMS-NH2 (mc = 2%, 4%, 6%, 8%, w/w) at the following condition: T = 60 °C, t= 4.5 h and 128 

rm/o = 10:1. Once the optimum catalyst loading is obtained, the catalytic activity of Fe/DS-129 

HMS-NH2 was investigated within an experimental matrix defined by T = 40 °C, 50 °C, 60 °C, 130 

t = 0.5 h, 2.5 h, 4.5 h, and rm/o =2:1, 6:1, 10:1. The experimental runs were designed in a 131 

random order using face centered-central composite design (CCF-CCD) as listed in Table 3. 132 

All the experimental runs were conducted with the same procedure.  133 

After the reaction completed, Fe/DS-HMS-NH2 catalyst was recovered by 134 

centrifugation at 4500 rpm for 15 min, and calcination at 550 ℃ for 5 h. The liquid product 135 

was subjected to a two-stage liquid-liquid extraction using methanol and n-hexane 136 

sequentially for purification. Then the FAME-rich phase was separated from the by-products 137 

(i.e., glycerol, excess methanol, soap, and the other unwanted materials) and evaporated under 138 

vacuum to obtain the final FAME product. As an evaluation of the catalytic activity of Fe/DS-139 

HMS-NH2, the yield of FAME was calculated by the following equation: 140 

YF (%, w/w) = 
𝑚F 𝑝F

𝑚s
× 100 (1) 

Where mF is the mass of the final FAME product (g), pF is the FAME purity (%, w/w) 141 

obtained from equation (2) shown in the next section, and mS is the total mass of the DPO (g).  142 

 143 

2.5 Characterization of Fe/DS-HMS-NH2 catalyst and FAME 144 

The characterization of Fe/DS-HMS-NH2 was conducted using field-emission 145 

scanning electron microscopy with energy dispersive X-Ray spectroscopy (FESEM/EDX), 146 

transmission electron microscopy (TEM), nitrogen sorption, and thermogravimetric analysis 147 
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(TGA). The FESEM/EDX images were taken on a JEOL JSM-6500 F (Jeol Ltd., Japan) 148 

running at 15 kV with a working distance of 12.4 mm, while TEM was carried out on JEOL 149 

JEM-2100 with an accelerating voltage of 200 kV. Nitrogen sorption analysis was conducted 150 

at 77 K on a Micrometrics ASAP 2010 Sorption Analyzer. The sample was degassed at 423 151 

K prior to analysis. To determine the thermal stability and volatile component fraction of the 152 

Fe/DS-HMS-NH2 catalyst, a TGA analysis was performed using TG/DTA Diamond 153 

instrument (Perkin-Elmer, Japan). 154 

The final FAME product characteristics, including its kinematic viscosity (at 40°C), 155 

flashpoint, cetane number, acid value and calorific value were determined according to the 156 

standard methods of ASTM D445, ASTM D93, ASTM D613, ASTM D664, and ASTM D240, 157 

respectively. The purity of FAME (pF) in the final product was analyzed using a gas 158 

chromatograph (Shimadzu GC-2014) equipped with a split/splitless injector and a flame 159 

ionization detector (FID). The stationary phase used for separation was the narrow bore non-160 

polar DB-WAX column (30 m × 0.25 mm ID × 0.25 μm film thickness, Agilent Technology, 161 

CA), and the temperature profile for the analysis was in accordance with the study conducted 162 

by Harijaya et al. (2019) [23]. Methyl heptadecanoate (MH) was used as an internal standard, 163 

while an external FAME reference (47885 U, containing 37 components FAME standard mix) 164 

was used to obtain the FAME compositional profile. pF is calculated by the following equation: 165 

𝑝F (%, w w⁄ ) =  (
∑ 𝐴F − 𝐴MH

𝐴MH
) (

𝑉MH𝐶MH

𝑚F
) × 100 

(2) 

Where ΣAF is the total peak area of FAME, AMH is the corresponding area of methyl 166 

heptadecanoate (MH) peak, VMH is the volume of MH solution (ml), CMH is the actual 167 

concentration of MH solution (g/ml), and mF is the actual mass of the final FAME product 168 

(g).  169 
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 170 

2.6 Recyclability of Fe/DS-HMS-NH2 171 

Fe/DS-HMS-NH2 was repeatedly used for the transesterification process at the 172 

operating condition where the maximum yield of FAME was obtained. The recyclability of 173 

Fe/DS-HMS-NH2 was determined by the number of repetitions until when the yield became 174 

lower than 80% (w/w). The purity and yield of FAME were analyzed according to the 175 

procedures in section 2.4-2.5. All experiments were carried out in triplicates to verify the 176 

results. 177 

 178 

3. Result and Discussions 179 

3.1 The mechanism scheme of Fe/DS-HMS-NH2 fabrication 180 

The Fe/DS-HMS-NH2 was synthesized by a two-step co-condensation technique. 181 

The mechanism scheme in Figure 1 illustrates the fabrication route: (1) firstly, TEOS and 182 

CTAB undergo a co-condensation reaction along with the ammonium solution; (2) then 183 

CTAB, the soft template of the core, is removed by calcination, and the SS-HMS-NH2 is thus 184 

formed; (3) TEOS, APTES, and CTAB undergo another co-condensation reaction on the outer 185 

surface of the SS-HMS-NH2 spheres; (4) DS-HMS-NH2 nanosphere is obtained by removing 186 

CTAB and APTES in calcination; (5) the divalent iron (Fe (II)) was incorporated onto the 187 

surface of DS-HMS-NH2 by a traditional wet impregnation technique, and the Fe/DS-HMS-188 

NH2 nanosphere is obtained. 189 
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 190 

Figure 1. The mechanism scheme of Fe/DS-HMS-NH2 fabrication. 191 

 192 

3.2 Characterization of Fe/DS-HMS-NH2 catalysts 193 

Figure 2a, c–d present the SEM and TEM images of the Fe/DS-HMS-NH2 catalyst 194 

synthesized by the co-condensation technique. The catalyst is spherical with a uniform size at 195 

ca. 156 nm (Figure 2a). Notably, Fe/DS-HMS-NH2 is composed of two shell layers, indicated 196 

by the darker color of the inner shell in Figure 2c-d. Its hollow-core structure is clearly 197 

presented with the diameter of 86 nm (Figure 2d). The shell thicknesses of the inner and outer 198 

layer of Fe/DS-HMS-NH2, are 22 nm and 13 nm, respectively. The impregnation of Fe (II) on 199 

the surface of the silica layer was successful, evidenced from the EDX result showing a 200 

percentage of 2.87% (Figure 2b). Based on the fabrication procedure, it was reasonable to 201 
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consider that the Fe (II) sites and basic amino sites were spatially isolated and located in 202 

different shells. 203 

The textural properties of Fe/DS-HMS-NH2 analyzed by the nitrogen sorption are 204 

presented in Table 1 and Figure 2e. The nitrogen adsorption and desorption isotherm of the 205 

catalyst exhibits a typical type-IV isotherm, indicating the presence of a mesoporous structure 206 

with worm-like capillary pores molded by the CTAB micelles. The pore size of the 207 

mesoporous structure is found to be 2.43 nm (Figure 2e (inset)). A steep increase of the 208 

nitrogen adsorption amount at p/p0 close to unity also suggests that there are macropores 209 

structure within the particle, corresponding to the hollow core. Similar adsorption and 210 

desorption profile also pointed out that the pores are highly accessible. The specific surface 211 

area SBET obtained in this study was 782.84 m2/g, lower than the value 1100 – 1350 m2/g for 212 

a similar double shelled hollow mesoporous silica [22]. Such a discrepancy was likely due to 213 

the reason that it was strongly influenced by the shell thickness. Zhou et al. (2014) reported 214 

that when the thickness of hollow mesoporous silica nanoparticles (HMSN) increases from 215 

46 nm to 82 nm, the surface area of HMSN particles was declined from 986 m2/g to 614 m2/g  216 

[24]. Zhou et al. (2014) and Cao et al. (2011) also observed that an increase in the particle 217 

mass due to the addition of TEOS and CTAB in the synthesis of the second shell lowers the 218 

surface area, since the amount of TEOS during the fabrication is directly proportional to the 219 

thickness of the shell [24,25]. Meanwhile, the pore volume of Fe/DS-HMS-NH2 (0.64 cm3/g) 220 

was found to be slightly higher than that reported by You et al. (2018) (0.61 cm3/g) [22]. 221 

Based on its textural analysis, Fe/DS-HMS-NH2 possesses comparable specific surface area 222 

and pore volume with those of existing heterogeneous catalysts (i.e., HMS-Al@MS-NH2 [22], 223 

char-based catalyst [26], γ-alumina industrial-grade catalyst [27], and copper-based metal-224 
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organic framework [28]), which usually range from 200 – 1300 cm2/g and 0.18 – 1.68 cm3/g 225 

respectively.  226 

Table 1. Textural properties of Fe/DS-HMS-NH2. 227 

Material SBET (cm2/g) Pore volume (cm3/g) Pore size (nm) 

Fe/DS-HMS-NH2 782.84 0.64 2.43 

To demonstrate the feasibility of Fe/DS-HMS-NH2 for the reactions at an elevated 228 

temperature, its thermal stability was investigated. The TGA profile in Figure 2f shows a 20% 229 

decrease in weight up to the temperature of 100°C, attributed to the removal of free moisture 230 

content. Further heating up to 800 °C does not significantly decrease the mass of Fe/DS-HMS-231 

NH2, suggesting that the catalyst is stable at high temperatures [29]. Therefore, our Fe/DS-232 

HMS-NH2 can be considered as a promising heterogeneous catalyst for the in-situ 233 

esterification/transesterification reaction.  234 

  235 
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 236 
Figure 2. (a) SEM image, (b) Elemental composition, (c) – (d) TEM images at various magnifications, (c) BJH pore size distribution 237 

curve, (e) Nitrogen adsorption-desorption isotherm with BJH pore size distribution curve (inset), (f) Thermogravimetric profile of the 238 

Fe/DS-HMS-NH2 catalyst.  239 
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3.3 The catalytic activity of Fe/DS-HMS-NH2 in the in-situ esterification/transesterification 240 

of DPO 241 

The characteristics of DPO as the raw material for biodiesel preparation are 242 

presented in Table 2. As homogenous catalysts are sensitive to impurities, the conversion of 243 

DPO to FAME for biodiesel production usually requires two reaction steps, namely acid-244 

catalyzed esterification to lower the FFA content by converting them into FAME, and basic 245 

catalyzed transesterification to convert the acyl glycerides into FAME. However, 246 

heterogeneous catalysts can have good tolerance towards the FFA and water content in the 247 

lipid materials [10]; for Fe/DS-HMS-NH2, its two spatial shells with different active sites can 248 

facilitate the above two reactions in a one-pot process, and therefore efficient conversion from 249 

DPO to FAME is achieved in a single step.  250 

Table 2. Characteristics of DPO. 251 

Parameter Value 

FFA (%, w/w) 5.54 

Moisture Content (%, w/w) 0.20 

Saponification Value (mg KOH/g DPO) 234.08 

Acid Value (mg KOH/g DPO) 12.04 

Molecular weight (g/mol) 756.62 

 252 

Figure 3 presents the FAME yield obtained at various Fe/DS-HMS-NH2 loadings 253 

at the condition of T = 60 °C, t= 4.5 h and rm/o = 10:1. The results indicate that the yield of 254 

FAME is proportional to the number of active sites offered by the Fe/DS-HMS-NH2 [30,31]; 255 

therefore YF increases with mc when the latter is within 6% (w/w). This agrees well with 256 

previous work on biodiesel production using different solid catalysts, e.g., pomacea sp. shell-257 

based CaO [30], sulfonated biochar [31], and KI/mesoporous silica [32]. A maximum yield 258 

85.24% (w/w) is obtained when the catalyst loading mc = 6% (w/w). Further increase of the 259 

Fe/DS-HMS-NH2 results in a reduced yield of FAME, which is probably due to the 260 
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aggregation and inconsistent dispersity of the catalyst in the reaction system of an enhanced 261 

viscosity [33,34]. Cai et al. (2018) and Samart et al. (2010) also mentioned that excess catalyst 262 

may also disturbed the mixing between the reactants, due to stronger adsorption of the 263 

reactants to the catalyst [35,36]. 264 

Table 3. Experimental matrix at the optimum catalyst loading mc = 6% (w/w) 265 

Run 
Input Parameters 

YF (%, w/w) 
T (°C) t (h) rm/o 

1 60 4.5 10:1 85.24 ± 1.19 

2 40 0.5 10:1 40.27 ± 0.58 

3 40 2.5 6:1 55.09 ± 0.76 

4 50 4.5 6:1 75.15 ± 0.65 

5 50 2.5 10:1 60.07 ± 0.44 

6 40 0.5 2:1 35.19 ± 0.92 

7 40 4.5 10:1 70.22 ± 1.01 

8 50 2.5 2:1 67.03 ± 0.51 

9 60 4.5 2:1 80.11 ± 0.68 

10 50 2.5 6:1 65.16 ± 0.47 

11 50 2.5 6:1 66.96 ± 0.73 

12 50 2.5 6:1 65.87 ± 0.79 

13 50 0.5 6:1 65.01 ± 0.37 

14 60 4.5 6:1 85.36 ± 0.62 

15 50 2.5 6:1 63.21 ± 0.42 

16 60 0.5 10:1 70.01 ± 0.56 

17 50 2.5 6:1 63.20 ± 0.69 

18 50 2.5 6:1 67.18 ± 0.45 

19 60 0.5 2:1 69.09 ± 0.53 

20 40 4.5 2:1 59.11 ± 0.78 

 266 
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 267 
Figure 3. The yield of FAME at various Fe/DS-HMS-NH2 loadings with the reaction 268 

condition of T = 60 °C, t = 4.5 h and rm/o = 10:1.  269 

 270 

At a constant catalyst loading mc = 6% (w/w), Figure 4 and Table 3 present the 271 

FAME yield YF at various reaction time t, temperature T, and mass ratio of methanol to DPO 272 

rm/o. The maximum YF = 85.36% (w/w) (with a purity of 97.89% (w/w)) is obtained at the 273 

condition of T = 60 °C, t= 4.5 h, rm/o = 6:1. Based on the experimental results, the reaction 274 

time t was the most significant factor, followed by rm/o and T, which is supported by the Pareto 275 

chart of the standardized effect in Figure 5 showing that t, rm/o, and the two-way interaction 276 

between t and T are the three significant parameters in the reaction system. 277 
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 278 

Figure 4. The FAME yield YF (%, w/w) at various (a) T and t, (b) T and rm/o, and (c) t and rm/o. 279 

 280 

 281 
Figure 5. Pareto chart of the standardized effect for the biodiesel preparation with Fe/DS-282 
HMS-NH2, using YF as the response at a 95% confidence interval where A = T, B = t, C = 283 

rm/o. 284 

 285 
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The effect of reaction temperature on the production of biodiesel using Fe/DS-286 

HMS-NH2 is shown in Figure 4a–b. An increased reaction temperature contributes to a higher 287 

yield, with the maximum achieved at 60°C, which is related to the fact that both esterification 288 

and transesterification reaction are endothermic and reversible [38,39]. At a higher reaction 289 

temperature, the kinetic energy and mobility of reactant molecules increase, promoting the 290 

collisions between the molecules and Fe/DS-HMS-NH2 particles which then increases the 291 

reaction rate constant and shift the reaction towards the product [38,40]. Moreover, the mass 292 

transfer of the reactant molecules through the boundary layer of Fe/DS-HMS-NH2 is also 293 

accelerated at an elevated temperature, resulting in the faster diffusion of the reactants into 294 

the pore of catalyst; hence, improving the FAME yield.   295 

Specifically, Figures 4a and c show a significant increase of the FAME yield by 296 

extending the duration of the biodiesel synthesis from 0.5 h to 4.5 h, at a constant temperature 297 

or mass ratio of methanol to DPO. Longer reaction time provides sufficient time for the 298 

reactants to reach the active sites of Fe/DS-HMS-NH2 through adsorption and diffusion, and 299 

convert DPO into FAME [41]. Meanwhile, prolonged duration of reaction also gives the 300 

catalyst more time to adsorb the reactant and desorb the reaction product [28]. Wei et al. (2009) 301 

also mentioned that adsorption and desorption of reactants from the catalyst is the rate-302 

determining step in the overall reaction [42]. Therefore, allowing longer contact between the 303 

reactant molecules and the catalyst ensures high conversions of FFA and acyl glycerides to 304 

FAME.  305 

Stochiometrically, three moles of methanol are required to react with one mole of 306 

triglycerides in the transesterification reaction, while one mole of methanol is needed to react 307 

with one mole of free fatty acids in the esterification reaction [43,44]. Both reactions are 308 

known to be reversible; thus, the amount of methanol in the two reactions is usually provided 309 
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in excess to shift the reaction equilibrium to the product side. As seen from Figure 4b–c, 310 

having excess methanol from rm/o = 2:1 to rm/o = 6:1 contributes to a higher FAME yield, 311 

while further addition up to rm/o = 10:1 has no improvement. While most studies agree that 312 

excess methanol is desirable to allow more frequent interactions between the lipid and 313 

methanol triggering the formation of FAME, Pangestu et al. (2019) found that excess 314 

methanol may also accelerate the production of glycerol despite the higher yield of FAME 315 

[28]. As the esterification and transesterification are both reversible, a higher concentration 316 

of glycerol in the reaction system may induce a reverse reaction to the reactant side, creating 317 

an equilibrium between the products and reactants [28]. Hayyan et al. (2011) also reported 318 

that an excessive amount of methanol causes higher solubility of glycerol in the FAME phase 319 

that could lead to a complicated separation between biodiesel and glycerol [45]. Moreover, 320 

from the techno-economic viewpoint, the higher mass ratio of methanol to DPO also increases 321 

the material and processing cost [23,45]. Therefore, it can be concluded that the optimum 322 

level is rm/o = 6:1.  323 

A comparison of the FAME yield produced using Fe/DS-HMS-NH2 with other 324 

existing catalysts is given in Table 4. It is notable that although the value of YF is higher when 325 

the refined feedstock is used as the reactant, the reaction time and the mass ratio of methanol 326 

to oil used in this study are lower. Moreover, among the studies using low-quality oil as raw 327 

lipid material, Fe/DS-HMS-NH2 shows a higher catalytic activity compared with the other 328 

catalysts reported by Omar and Amin (2011), and Bala et al. (2017). This shows that Fe/DS-329 

HMS-NH2, as a bifunctional catalyst, is able to enhance the yield of biodiesel at a comparable 330 

operating condition, which is due to its ability to convert not only triglycerides but also FFA 331 

into FAME in a one-pot system. The analysis result of the final FAME product shows that the 332 

conversion of FFA after reaction reaches 95.6%. 333 
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Table 4. The comparison of catalytic activity of several heterogeneous catalysts 334 

for biodiesel production 335 

Catalyst  Reactants Operating condition Yield (%) References 

Mesoporous zinc-

doped silica 

Cyanoacetate 

ester 

T = 60°C, t = 24 h, rm/o = 

10:1, mc = 7% (w/w) 

94.0 [17] 

Alumina-supported 

KI 

Refined soybean 

oil 

t = 8 h, rm/o = 15:1, mc = 

2.5% (w/w) 

96.0 [37] 

Sr/ZrO2 Waste cooking 

oil 

T = 115.5°C, t = 169 min, 

rm/o = 29:1 (mol/mol), mc = 

2.7% (w/w) 

79.7 [16] 

Phosphotungstic 

acid-loaded KIT-5  

Waste cooking 

oil 

T = 70°C, t = 4 h, rm/o = 

2:1 (v/v), mc = 26.5% 

(w/w) 

83 [21] 

Fe/DS-HMS-NH2 DPO T = 60°C, t = 4.5 h, rm/o = 

6:1 (v/v), mc = 6% (w/w) 

85.36 This study 

 336 

The fuel properties of the final FAME product are presented in Table 5. The 337 

measurement results indicate that the product resulted in this study has comparable 338 

combustion and flow properties with those of the commercial biodiesel. The calorific value 339 

(45.143 MJ/kg) is also within the range required in the common petrodiesel (42-46 MJ/kg). 340 

Table 5. Fuel properties of the final FAME product 341 

Properties Methods Unit Final FAME 

product 

ASTM D6751 

Kinematic 

viscosity (at 

40°C) 

ASTM D445 mm2/s 2.64 1.9 – 6.0 

Flashpoint ASTM D93 °C 164.2 93 min 

Cetane number ASTM D613 - 55.7 47 min 

Acid value ASTM D664 mg KOH/g 0.24 0.5 max 

Calorific value ASTM D240 MJ/kg 45.143 - 

 342 

Meanwhile, its compositional profile is obtained by comparing the methyl ester 343 

peaks in the chromatogram with those in the external FAME standard (47885 U, containing 344 

37 components FAME standard mix). The 12 identified peaks are 3.05% myristoleic acid 345 

methyl ester (C14:1), 2.37% cis-10-pentadecanoic acid methyl ester (C15:1), 35.78% palmitic 346 

acid methyl ester (C16:0), 8.13% palmitoleic acid methyl ester (C16:1), 8.36% stearic acid 347 
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methyl ester (C18:0), 32.57% oleic acid methyl ester (C18:1n9c), 3.05% elaidic acid methyl 348 

ester (C18:1n9t), 1.17% cis-8,11,14-eicosatrienoic acid methyl ester (C20:3n6), 2.48% 349 

arachidonic acid methyl ester (C20:4n6), 0.52% cis-5,8,11,14,17-eicosapentaenoic acid 350 

methyl ester (C20:5n3), 1.07% erucic acid methyl ester (C22:1n9), 1.45 % cis-13,16-351 

docosadienoic acid methyl ester (C22:2). 352 

 353 

3.4 Recyclability of Fe/DS-HMS-NH2 354 

An important feature of using heterogeneous catalysts for biodiesel preparation is 355 

its recyclability. In order to determine the recyclability of Fe/DS-HMS-NH2, several reaction 356 

cycles were conducted in series using the operating condition of mc = 6% (w/w), T = 60 °C, t 357 

= 4.5 h, rm/o = 6:1. Fe/DS-HMS-NH2 was recovered following the method described in section 358 

2.4, while fresh methanol and DPO were used in every cycle. The catalytic ability of the 359 

recycled Fe/DS-HMS-NH2 for in-situ esterification/transesterification process is presented in 360 

Figure 6. The result indicates that recycled Fe/DS-HMS-NH2 can maintain a high yield of 361 

FAME above 80% (w/w) until the third cycle, close to the yield of fresh catalyst 85.36% 362 

(w/w). The purity of FAME for the first three cycles are 97.89%, 97.66% and 98.01% (w/w) 363 

respectively, higher than the commercial purity (96.5%, w/w). These results indicate that the 364 

catalytic activity of Fe/DS-HMS-NH2 is maintained at a high level after regeneration. A 365 

significant drop in catalytic ability is observed from the forth cycle in Figure 6; similar 366 

performance has been reported for some other heterogeneous catalysts where three cycles 367 

seem to be an average number in term of their recyclability [46,47]. The catalytic deactivation 368 

of Fe/DS-HMS-NH2 is generally due to the pore blockage caused by the contact between 369 

active sites on the catalyst surface and the deactivation-induced components, namely free 370 

glycerol, acyl glycerides, and biodiesel. Moreover, the high content of FFA in DPO also plays 371 
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an important role in the deactivation of Fe/DS-HMS-NH2 catalyst because FFA tends to 372 

neutralize the basic sites in the inner shell of Fe/DS-HMS-NH2 [48], resulting in the 373 

generation of amine-carboxylate that induces the formation of emulsion.  374 
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 375 

Figure 6. Recyclability of Fe/DS-HMS-NH2 in the in-situ esterification/transesterification 376 
of DPO. 377 

 378 

3.5 The reaction mechanism of the in-situ esterification/transesterification of DPO using 379 

Fe/DS-HMS-NH2 380 

In the preparation of biodiesel from DPO, Fe/DS-HMS-NH2 acts as both acid and 381 

base catalysts to facilitate the esterification of FFA and the transesterification of acyl 382 

glycerides. The main steps for the reaction mechanism catalyzed by Fe/DS-HMS-NH2 are the 383 

formation of nucleophilic alkoxides, the nucleophilic attack on the electrophilic part of the 384 

carbonyl group of the triglycerides, and electron delocalisation [49,50] as depicted in Figure 385 

7. The detailed description is as follows: 386 
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Step 1: Acyl glycerides, FFA and methanol enter the surface of catalyst through the 387 

adsorption process to reach the outer shell impregnated by the divalent iron. In this step, FFA 388 

undergoes the electron delocalization to form a carbocation and a carbanion, where the latter 389 

binds to the iron embedded on the catalyst.  390 

Step 2: The reaction continues as the methoxide anion of methanol attacks the carbocation, 391 

whereas the hydronium cation attaches to the hydroxyl group of FFA to form water.  392 

Step 3: Through the electron delocalization of the carbon atom, the water is released from the 393 

complex with FAME and the iron-embedded catalyst, followed by the release of FAME from 394 

the catalyst. 395 

Step 4: The reaction continues when the acyl glycerides and methanol diffuse further to the 396 

amine-functionalized inner shell. The oxygen atom in the carbonyl group of acyl glycerides 397 

readily binds to the amine active sites.  398 

Step 5: Subsequently, the methoxide anion of the methanol attacks the carbon atom in the 399 

carbonyl group of acyl glycerides, while the protonated H+ binds to the alkoxy group (RO-) 400 

of the acyl glycerides to form a complex of amine-functionalized catalyst with FAME and 401 

glycerol. 402 

Step 6: Again, through the delocalization of oxygen in the complex, the glycerol and amine-403 

functionalized catalyst are successively released from the complex.  404 

Step 7: All three products, including FAME, glycerol, and water are then desorbed to the 405 

surface of the Fe/DS-HMS-NH2 catalyst.  406 

  407 
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 408 

Figure 7. The reaction mechanism of the in-situ esterification/transesterification of DPO using Fe/DS-HMS-NH2. 409 

  410 
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Conclusions 411 

Fe/DS-HMS-NH2 is synthesized through the two-step condensation technique and 412 

successfully employed as a heterogeneous catalyst for preparing biodiesel from DPO, a lipid 413 

source with significant FFA and moisture content. The obtained Fe/DS-HMS-NH2 has a 414 

uniform spherical shape with a particle size of 156 nm and hollow diameter of 86 nm. It is 415 

composed of two spatial silica shells with different active sites, and their thickness are 22 nm 416 

for the inner shell and 13 nm for the outer shell. Fe/DS-HMS-NH2 has a specific surface area 417 

of 782.84 m2/g with a pore volume of 0.64 cm3/g, comparable with the existing solid catalysts. 418 

In the in-situ esterification/transesterification process using the Fe/DS-HMS-NH2 catalyst, 419 

reaction time t is the variable with most significant influence on the yield of FAME YF, 420 

followed by the reaction temperature T and the mass ratio of methanol to DPO rm/o. The 421 

maximum YF is 85.36% (w/w), obtained at the following conditions: T = 60oC, t = 4.5 h, and 422 

rm/o = 6:1, with a catalyst loading of 6% (w/w). Notably, Fe/DS-HMS-NH2 catalyst shows a 423 

good recyclability, with the yield staying above 80% for three reaction cycles. Therefore, 424 

Fe/DS-HMS-NH2 is a promising heterogeneous catalyst to obtain biodiesel from DPO or other 425 

lipid materials with high FFA and water content. Further study on (1) the extension of the 426 

catalyst lifetime by creating a technique suitable for its regeneration, and also (2) the design 427 

of a plausible route between the current research and its industrial application should be the 428 

main focus for future research expansion. 429 
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