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Abstract
To facilitate the magnetic separation, phosphate group is embedded onto silica-coated Fe3O4 magnetic nanoparticles to prepare

Fe3O4@SiO2@PO4
3− solid catalyst for the glycerol esteri�cation with acetic acid. The catalyst was characterized by powder X-ray

diffraction (XRD), transmission electron microscopy (TEM), vibrating magnetic spectroscopy (VSM) and Fourier Transform Infrared
(FTIR) spectroscopy. The Fe3O4@SiO2@PO4

3− magnetic catalyst during the glycerol esteri�cation with acetic acid was found to
demonstrate excellent glycerol conversion levels (97 %) while retaining 92 % triacetin selectivity. The plausible mechanism of glycerol
esteri�cation suggests the initiation of the reaction by the protonation of the acetic acid. The catalyst was recovered from the
reaction mixture under the in�uence of external magnetic �eld and reused during 4 consecutive reaction cycles.

1. Introduction
At the beginning of the twentieth century, biodiesel (BD) has emerged as an alternative fuel to combat the issues related to climate
change, air pollution, energy demand and energy security. Ever increasing BD production also lead to generate enormous amount of
crude glycerol (CGL) which would be approximately one tenth of BD produced. Disposal and puri�cation of this excess CGL may
pose serious threat to the environment and may cause water as well as soil pollution (Mufrodi et al 2020; Testa et al. 2013).
Therefore, for the past few years, researchers are exploring various methods for e�cient utilization of CGL (Okoye et al. 2017). The
CGL possesses a meagre economic value because of the impurities present (methanol, catalyst, BD, trig-, di-, and mono-glycerides).
Moreover, puri�cation of CGL is quite expensive and may generate huge amount e�uents, which is challenging to dispose of and
may cause the environmental pollution (Chozhavendhan et al. 2020). One of the most suitable application of this CGL could be as
precursor for the synthesis of �ne chemicals for nonedible application. Glycerol (GL) esteri�cation with acetic acid in presence of
acidic acid leads to the formation of acetins viz., monoacetin (MA), diacetin (DA), and triacetin (TA) (Nda-Umar et al. 2020) as shown
in scheme 1. TA has a variety of industrial application in pharmaceuticals, cosmetics, polymers, cryogenics, and fuels as an anti-
knock additive for gasoline, and cold �ow and viscosity improver additive for BD (Testa et al. 2019).

For TA synthesis most popular approach is homogeneous Brønsted acid (H2SO4, H3PO4, HClO4 etc.) catalysed GL esteri�cation, with
acetic acid (AcA), which is a low cost eco-friendly and non-hazardous chemical in comparison to acetic anhydride (AcAn) (Nda-Umar
et al. 2020). Homogeneous Acid catalysts demonstrate better reactivity and product selectivity, however, they are highly corrosive,
needed neutralization and removal from the reaction mixture, and are non-reusable. Thus, e�uents generated during the product
washing, to remove the catalyst, need to be disposed of safely to avoid any kind of environmental pollution. To simplify the issues
associated with homogeneous catalysts, many researchers, in recent past, have paid additional attention in developing
heterogeneous acidic catalysts. Such catalysts are easy to separate from the reaction mixture, stable and reusable (Testa et al.
2019). In case of TA synthesis, the product selectivity was found to be a function of acidic strength of the catalyst, AcA/GL molar
ratio and reaction duration. The Brønsted acidic sites (e.g. PO4

3−, SO4
2− etc.) in reported solid catalysts have been frequently

incorporated onto the silica surface (Maria et al. 2019; Kulkarni et al. 2020). To facilitate the magnetic separation of the catalysts,
Fe3O4 magnetic nano particles (MNPs) have been embedded within the silica shell (Caon et al. 2020). Magnetic catalysts could be
removed from the reaction mixture under the in�uence of an external magnetic �eld and thus overcomes the problems of frequently
applied and time consuming centrifugation and �ltration procedures. Additionally, due to the nano size of catalysts, large surface
area facilitates the more exposure the of active sites to impart the high catalytic activity (Ajala et al. 2020). A variety of matrix (metal
oxide, silica, ion exchange resins, carbon, MNPs, and zeolite) functionalized with acidic groups (PO4

3− or SO4
2− etc.) have been

employed for TA synthesis via GL esteri�cation and reactivity of a few of them are summarized in Table 1.
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Table 1
Activity of the literatures reported heterogeneous acidic catalysts for the GL esteri�cation with AcA.

Catalyst wt%

(w.r.t.
GL)

AcA/GL

(mol/mol)

Temp
(oC)

Time
(h)

MA
%

DA
%

TA % GLC
conversion
%

Catalyst
reusability

(# of
cycles)

Reference

Zr(SO4)2 5.0 3:1 105 1.0 - - - 40.0 NR Maria et al.
2019

Zr3(PO4)4 5.0 3:1 105 1.0 - - - 81.0 NR Maria et al.
2019

Zr4(PO4)2(SO4)5 5.0 3:1 105 1.0 15.0 48.0 39.0 100 5 Maria et al.
2019

SiO2-H3PO4 5.0 9:1 100 4.0 - - 22.84 100 NR Manurung et
al. 2020

SO4
2−@SiO2@Fe3O4

5 6:1 80 0.6 - - 100 100 6 Abida et al.
2012

Fe4SiW12O40 6.0 3:1 60 8.0 24.0 69 7 100 NR Silva et al
2016

Fe-Sn-Ti/SO4
2− 5 - 80 0.5 - - 99 100 4 Sun et al.

2016

PO4
3−SiO2

2.0 6:1 110 5.0 20.0 50.0 30.0 100 NR Ghoreishi et
al. 2014

SO4
2−-SiO2

2.0 6:1 110 5.0 40.0 50.0 10.0 100 NR Ghoreishi et
al. 2014

MCM-41-10Ru10Cu 8.0 10:1 120 5.0 2.4 45.2 50.4 99.1 NR Ramalingam
et al.2020

Amberlyst-45 7 3:1 70 7 68.9 29.8 1.3 75.3 NR Jiang et al.
2019

Amberlyst-36P - 7:1 120 - 30 50 17 100 NR Aghbashlo
et al. 2019

S-Glycerol - 6:1 110 2 21.0 56.0 23.0 97.0 6 Malaika et
al. 2021

MS-Carbon 4.5 10.4:1 126 3 4.9 27.8 66.5 97.0 5 Nda-Umar et
al. 2021

ZSM-5/MCM-41 1.5 9:1 125 24 55.9 23.4 20.7 92.6 NR Liu at al.
2019

HZSM-5 2.65 9:1 110 4.5 - 25.7 7.7 85.6 NR Zhou et al.
2013

w.r.t. = with respect to, GL = glycerol, AcA = acetic acid, temp = reaction temperature, MA = monoacetin, DA = diacetin, TA = triacetin,
GLC = glycerol conversion, h = hour, NR = not reported, MS = mesoporous silica, S = sulfur, and P = pressure

Recently, Zr(SO4)2 and Zr3(PO4)4 catalysts have been utilized during GL esteri�cation to obtain up to 81 % GL conversion levels on
employing 3:1 AcA/GL molar ratio and 3 wt% catalyst at 105°C reaction temperature (Maria et al. 2019). The catalyst with phosphate
group was found to show better activity compared to the one with sulphate group. Testa et al. anchored both sulphate and phosphate
over the zirconia surface to obtain the Zr4(PO4)2(SO4)5 catalyst for the GL esteri�cation with AcA. However, TA selectivity (39 %) was
not very promising while maintaining 100 % GL conversion at 105°C within 1 h of reaction duration (Maria et al. 2019). This catalyst
was reused 5 times under optimized reaction conditions; however, a decline in catalyst activity and TA/DA selectivity was observed
even during the 2nd cycle. In most cases, the catalyst deactivation was associated either with the active site blockage or by the
leaching of active components, such as sulphate group, from the catalyst surface (Rane et al. 2016; Yang et al. 1997). Recently, our
group has prepared the magnetic catalyst by attaching the sulphate group over the silica coated magnetic (SiO2@Fe3O4)
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nanoparticles to prepare SO4
2−@SiO2@Fe3O4 catalyst. The catalyst demonstrated the excellent TA selectivity (100 %) as well GL

conversion (100 %) levels, isolated under the in�uence of external magnetic �eld from the reaction mixture and reused during six
consecutive reaction cycles (Abida et al. 2020). 

The literature review shows that most of the heterogeneous acidic catalysts, employed in GL esteri�cation, needed a high reaction
temperature (up to 120°C) and longer reaction duration (up to 24 h) to yield high GL conversion level and higher TA selectivity. In
most of the cases, the low TA selectivity and poor catalyst reusability remain issues which need to be addressed. Moreover, to the
best of our knowledge, phosphate based magnetic heterogeneous catalysts have not yet been explored for the GL esteri�cation to
obtain TA. Therefore, the present study aims to develop phosphate group containing magnetic catalyst for the GL esteri�cation to
produce TA.

2. Materials And Method

2.1 Materials
All the chemicals employed in present study were used as obtained without any additional puri�cation step. Ferrous sulphate
heptahydrate (99 %), Ferric chloride hexahydrate (97 %), sodium acetate (99 %), glycerol (99 %) and acetic acid (99 %) were obtained
from Loba Chemie Ltd. (India), polyethylene glycol (M W ~ 10,000) was procured from HiMedia Laboratories Pvt. Ltd. (India), ethylene
glycol (99 %), isopropanol (HPLC grade) and hexane (HPLC grade) were purchased from Spectrochem Pvt. Ltd. (India), ammonia
solution (25 %, v/v) was procured from Merck Life Science Pvt. Ltd. (India), ethanol (95 %), tetraethyl orthosilicate (98 %), and
phosphoric acid (85 %) were obtained from Sigma Aldrich (USA).

2.2 Instrumentation
Powder X-ray diffraction data of the prepared samples was collected on a PANalytical’s X’Pert Pro using Cu-Kα radiation (  = 0.15406
nm) in the 2θ range of 10 to 80°. The phases present in the samples were identi�ed by comparing the diffraction pattern with the
JCPDS (Joint Committee of the Powder Diffraction Standards) database �les. The Fourier transform-infrared spectra (FTIR) spectra
of the samples were recorded in a KBr matrix on an Agilent Cary-660 spectrophotometer in the range of 400–4000 cm-1.

To study the nature of the catalytic acidic (Brønsted or Lewis acid) sites, the samples were saturated with pyridine at room
temperature and then dried at 50°C for 2 h and further heated at 300°C in a mu�e furnace for 10 min. Finally, the diffuse re�ectance
FTIR (DRIFT) spectra of the pyridine treated catalyst samples were recorded in KBr matrix in the mid IR range (400–4000 cm-1).

The surface acidity of the samples were calculated by conducting a temperature programmed desorption study of NH3 (NH3-TPD)
using a Microtrac-BEL Corporation BELCAT II instrument which utilizes a thermo coupled detector (TCD) for detecting the evolved
gases.

The speci�c surface area was measured by the Brunauer–Emmett–Teller (BET) method and the pore size by the BJH method using a
BEL mini-II, instrument. Prior to the analysis, the samples were heated at 100°C for 3 h under vacuum to remove any adsorbed
molecules from the catalyst surface.

Scanning electron microscopy coupled with energy dispersive X-ray spectrometry (SEM-EDS) was performed on a JEOL JSM 6510LV
instrument and transmission electron microscopy (TEM) images were recorded on a Hitachi 7500 instrument.

The organic products have been quanti�ed by high-performance liquid chromatography (HPLC) over an Agilent In�nity 1200
instrument. During the analysis iso-propanol (IPA)/hexane (60/40; v/v) was employed as the mobile phase with a �ow rate of 0.6 mL
min− 1, the RX-SIL column (4.6 × 250 mm, 5 µ) as the stationary phase and the peaks were identi�ed by using a refractive index (RI)
detector. All samples were analysed by maintaining a column temperature of 35°C and injecting a �xed sample volume of 20 µL.

2.3 Preparation of Fe3O4 MNPs
MNPs were synthesized by following the literature reported procedure with a slight modi�cation (Kazemifard et al. 2018). In a typical
preparation, as shown in Fig. 1, 0.6 g FeSO4.7H2O, 1.16 g FeCl3.6H2O, 1 g polyethylene glycol (PEG), and 2.64 g sodium acetate were
added to 50 ml of ethylene glycol. The resulted colloidal solution was stirred vigorously for 30 min at room temperature. The mixture
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was then sealed into 50 mL Te�on lined stainless-steel autoclave and heated at 200°C for 24 h. After the stipulated time, the
autoclave was allowed to cool down to room temperature, the supernatant was decanted off, Fe3O4 MNPs obtained in the form of
black particles were washed with ethanol multiple times, and �nally dried in the oven at 60°C for 6 h.

2.4 Preparation of Fe3O4@SiO2

The silica coated magnetic nanoparticles (Fe3O4@SiO2) were prepared according to the literature reported method with slight
modi�cation (Wang et al. 2015), as shown in Scheme 2a. In a typical preparation, 1 g of MNPs was suspended into 300 ml
isopropanol (IPA) and 50 ml ammonia solution in a 500 ml round-bottom �ask. The reaction mixture was sonicated for 15 min to
disperse the MNPs. To this 5 ml tetraethyl orthosilicate (TEOS) in 30 ml of IPA was added drop-wise under constant stirring for 4 h.
The prepared Fe3O4@SiO2 MNPs were collected from the reaction mixture with the help of external magnetic force, washed with
ethanol multiple times, and dried at 80°C for 4 h.

2.5 Preparation of Fe3O4@SiO2@PO4
3−

To anchor the PO4
3− species group over the matrix (Scheme 2b), 0.5 g of Fe3O4@SiO2 particles were suspended in 20 ml

dichloromethane, sonicated for 30 min. To this, H3PO4 (0.5 ml) was added drop-wise, and the resulting reaction mixture was allowed

to stir for 12 h. The phosphate impregnated MNPs (Fe3O4@SiO2@PO4
3−) were isolated, washed with ethanol multiple times, dried in

air for 24 h, and �nally calcined at 600°C.

2.6 Esteri�cation of glycerol
The esteri�cation of GL with AcA was performed in a 50 ml double necked-round bottomed �ask equipped with a magnetic stirrer and
temperature controller. The optimum reaction conditions for the esteri�cation of GL was established by varying the molar ratio of
AcA/GL in the range of 1–9, reaction temperature (30–100°C) and catalyst amount (1–5 wt% concerning GL). The products obtained
during the reaction were quanti�ed by the HPLC technique. A typical HPLC chromatogram of the reaction products obtained under the
optimized reaction condition is shown in Fig. S1, indication a maximum of 97 % GL conversion with 92 % TA selectivity.

To evaluate the catalyst reusability, it was recovered from the reaction mixture by applying external magnetic force (Fig. 2), washed
with ethanol, and calcined at 600°C. The recovered catalyst was reused four times under similar regeneration and experimental
conditions.

3. Results And Discussion

3.1 X-ray diffraction (XRD)
The structure of Fe3O4 and Fe3O4@SiO2@PO4

3− catalyst was characterized by X-ray diffraction technique as shown in Fig. 3. For
Fe3O4 particles, diffraction peaks at 2θ = 30.31, 35.61, 43.27, 53.97 and 62.84 ° support the cubic phase with inverse spinel structure
(JCPDS card no. 01-075-0449). In reported work, the diffraction peak for Fe3O4 inverse spinel phase has been observed at 2θ = 35.70
° (Naeimi et al. 2014; Elsayed et al. 2018). Upon phosphate impregnation over the Fe3O4@SiO2 MNPs, XRD diffraction patterns show
new peaks at 2θ = 25.81, 33.06, 41.30, 64.14, and 75.91 ° corresponding to hexagonal phase of iron phosphate (FePO4; JCPDS card
no. 00-017-0837) and an increase in the intensity of peak at 2θ = 35.61 and 53.97 ° was observed which corresponds to monoclinic
silicon phosphate (SiP2O7; JCPDS card no. 01-070-2245). A broad hump at 20 ° is observed (Fig. 3b), to indicate the presence of
amorphous silica over these particles. The FTIR study also con�rmed silica coating over the MNPs, as will be discussed in the
subsequent section. The average crystallite size of the Fe3O4@SiO2@PO4

3− particles calculated from Debye–Scherrer equation was
found to be 143 nm.

3.2 FTIR Analysis
The FTIR spectrum of Fe3O4 particles shows a typical band at 562 cm− 1 associated to Fe—O bond as shown in Fig. 4a (Abida et al.

2020). The incorporation of silica over these particles is supported by the appearance of a new broad band at 1063 cm− 1 due to Si—
O—Si stretching vibrations, as indicated in Fig. 4b (Pourjavadi et al. 2012; Khan et al. 2017). Incorporation of phosphate group over
Fe3O4@SiO2 is supported by the presence of new bands at 3450 and 1638 cm− 1 related to O—H deforming vibrations of P—OH
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group. The band at 813 cm− 1 can be ascribed to P = O vibrations while at 477, 600 and 636 cm− 1 are associated with O—P—O
bending vibrations (Klahn et al 2004).

3.3 Pyridine adsorption study
In the FTIR spectra of pyridine saturated Fe3O4 as well as Fe3O4@SiO2 particles (Fig. 5), a peak at 1627 cm− 1 was observed to
indicate the covalent interaction between Lewis (L) acidic sites and pyridine molecule. However, the incorporation of phosphate group
over the matrix leads to the formation of Brønsted (B) acidic sites. Interaction of these sites with pyridine leads to the formation of
pyridinium ion which is characterized by the band at ~ 1546 cm− 1. The band at ~ 1490 cm− 1 is assigned to the interaction of pyridine
on B and L sites over the catalyst surface.

3.4 NH3-TPD analysis
The strength of acidic sites over the catalyst surface and total acidity was calculated with the help of NH3-TPD analysis. The TPD

pro�les of the MNPs (Fe3O4), and phosphated silica coated MNPs (Fe3O4@SiO2@PO4
3−) are compared in Fig. 6. Both the samples

showed a broad peak at 190 oC owing to the desorption of physisorbed gases from the surface of these particles. However, upon
phosphate group incorporation, formation of strong acidic sites over the Fe3O4@SiO2@PO4

3−catalyst are indicated by the desorption

peak at 522°C, with a total acidity of 6.51 mmol g− 1. In case of reported sulphated silica-zirconia or sulphated zirconia catalysts the
desorption peaks in the temperature range of 100–290°C and 460–600°C indicate the presence of weak acidic and strong acidic
sites, respectively, over the catalyst surface (Chen et al. 2007). Deshmane and Adewuyi, in case of sulphated zirconia catalyst, also
reported the desorption peaks in the temperature range of 480 to 560°C corresponding to the strong acidic sites (Deshmane et al.
2013).

3.5 BET analysis
The nitrogen adsorption-desorption isotherms of Fe3O4 and Fe3O4@SiO2@PO4

3− are shown in Fig. 7, which reveal the surface

porosity and pore size behaviour of these nanoparticles. Fe3O4 and Fe3O4@SiO2@PO4
3− were found to show type-IV adsorption-

desorption isotherms having the H1 type hysteresis loops. The Fe3O4 MNPs show the hysteresis loops at p/p0 = 0.3–1.0, and

relatively large pore size of 9.23 nm as measured from the BJH plot. In Fe3O4@SiO2@PO4
3− particles, the hysteresis loop shifts to

relatively low pressure of p/p0 = 0.25–0.9 with a pore size of 1.21 nm, as shown in the corresponding BJH plot. The quantity of
adsorbed nitrogen also decreases upon silica and phosphate impregnation over the Fe3O4 MNPs due to the reduction in surface area

from 28.1 m2 g− 1 to 9.05 m2 g− 1. The decrease in the surface area could also be ascribed to the partial blockage of the silica pores
due to phosphate group anchoring. Ward et al. reported that the sulphate and zirconia impregnation over the silica nanoparticles were
also found to reduce the pore volume and the pore diameter due to the pore blockage of the particles (Ward et al. 2011).

3.6 Magnetization e�ciency of the catalyst
The magnetic property of the magnetic particles were studied with the help of vibrating sample magnetometer (VSM). Hysteresis
loops (M-H) of Fe3O4 and Fe3O4@SiO2@PO4

3− was measured at room temperature (Fig. 8). All magnetic particles show the

ferromagnetic behaviour with the saturation magnetization (MS) for Fe3O4 and Fe3O4@SiO2@PO4
3− at 46.04 and 30.85 emu/g− 1,

respectively. The lower MS value for Fe3O4@SiO2@PO4
3− is due to the effective increase in the non-magnetic mass (silica and

phosphate) over the Fe3O4 MNPs. As shown in Fig. 8, coercivity (HC) (from 32 to 31.17 G) and retentivety (MR) (from 2.16 to 1.48

emu/g− 1) values also decrease with the phosphate and silica loading over the MNPs. Owing to the strong magnetization of
Fe3O4@SiO2@PO4

3− (30.85 emu g− 1) it is possible to separate it out from the reaction mixture by applying external magnetic force.
These observations were quite similar to the reports by Naeimi and Nazif for the Fe3O4 magnetic catalyst, where MS value decreased

(from 50.86 to 15 emu/g− 1) after incorporating sulphonic acid over the silica coated Fe3O4 particles (Naeimi et al. 2013; Dong et al.

2020). Goyal et al. also reported that saturation magnetization of CoFe2O4 (19.4 emu/g− 1) decreases upon the non-magnetic

aluminium coating over the CoFe2O4 MNPs (3.7 emu/g− 1) (Goyal et al 2017).

3.7 SEM and TEM analysis
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The surface morphology of Fe3O4 and Fe3O4@SiO2@PO4
3− was compared by SEM technique, as shown in Fig. 9. The SEM images of

the Fe3O4 (Fig. 9a) show the formation of ~ 100 nm sized spherical particles which undergo the clustering to form particles of
irregular geometry upon phosphate and silica incorporation over Fe3O4 (Fig. 9b). The TEM analysis shows that Fe3O4 spheres

(Fig. 9c) are the clusters of ~ 147 nm sized particles. While Fe3O4@SiO2@PO4
3− agglomerates are also made up of spherical particles

(~ 156 nm) as shown in Fig. 9d. The silica coating of 10.58 nm thickness over Fe3O4 particles could also be observed (Fig. 9d). The

crystallite size (143 nm) of Fe3O4@SiO2@PO4
3− particles calculated from the XRD data is close to the particle size (156 nm)

calculated from the TEM imaging to con�rm the formation of nano sized catalyst particles.

3.8 Catalyst Screening
The catalytic activity of Fe3O4@SiO2@PO4

3− catalyst was investigated for the GL esteri�cation with AcA. The reaction parameters
screened includes, AcA/GL molar ratio, reaction temperature, reaction duration, and catalyst amount for obtaining the best catalytic
activity. In order to demonstrate the necessity of the catalyst and its various component, various blank and control experiments were
performed during the GL esteri�cation (Fig. 10). For instance, GL esteri�cation performed either in absence of catalyst or in presence
of bare MNPs/silica coated MNPs, was found to yield negligible GL conversion levels into acetins. However, GL acetylation in
presence of Fe3O4@SiO2@PO4

3− catalyst under optimized reaction conditions was found to yield almost ~ 97 % GL conversion with
92 % TA selectivity (Fig. 10). These experiments clearly underline the role of phosphate group as a catalytically active species during
the GL esteri�cation. These observations could also be correlated with the literature reports, where Ma and co-workers suggested that
impregnation of Brønsted acid, sulphate group, over titanium coated MNPs was found to impart the esteri�cation activity of the
catalyst (Ma et al. 2011).

During esteri�cation of GL with AcA, one or more -OH groups of the GL molecule can react with AcA. Therefore, up to three esters viz.,
MA, DA and TA may be formed depending on the conditions set for the reaction. In order to optimize the reaction parameters to
achieve the maximum TA selectivity, out of reagent ratio, catalyst concentration, reaction duration and reaction temperature, one
variable has been changed at a time as discussed below. The catalyst performance was evaluated on the basis of percentage GL
conversion (= moles of all the products/moles of GL taken) × 100) and percentage TA selectivity (= moles of TA/moles of all the
products) × 100).

3.8.1 AcA/GL molar ratio
The in�uence of AcA/GL ratio on the GL esteri�cation over the prepared catalyst was investigated by performing the reaction in the
presence of 5 wt% catalyst (with respect to GL) at 80°C, for 80 min and varying the AcA/GL molar ratio 1:1 to 9:1 (Fig. 11a). It can be
observed that at 3:1 AcA/GL molar ratio, MA was found to be the main product, which gradually decreases while the TA selectivity
increases as the reactant ratio was increased from 3:1 to 6:1. At reactant ratio of 6:1, the observed GL conversion was as high as 97
% and selectivity towards TA was found to be ~ 92 %. A further rise in the AcA/GL ratio was not found to enhance the TA selectivity or
GL conversion levels. In earlier reports, the sulphate functionalized CeO2-ZrO2 employed for the GL esteri�cation with AcA (Kulkarni et
al. 2020). During the study, the catalyst was found to yield higher MA selectivity (52 %) but lower TA selectivity of 5 % while
employing AcA/GL molar ratio of 3 at 100°C for 3 h of reaction duration. The TA selectivity gradually increases with increase in AcA
concentration and at 10 molar ratio of AcA/GL, TA selectivity was found to be 34 % along with 99.12 % GL conversion.

3.8.2 Catalyst amount
Figure 11b shows the in�uence of catalyst amount over GL conversion and selectivity towards MA, DA and TA when the reaction was
performed for 80 min, at AcA/GL molar ratio of 6:1, at reaction temperature 80°C and varying the catalyst amount from 1 to 7 wt%
(concerning GL). From the result, it was observed that GL conversion increased sharply along with catalyst amount, from 0 to 5 wt%,
and then remained constant from 5 wt% to 7 wt%. At 1 wt%, MA was the main product which decreases gradually on increasing the
catalyst amount. Thus, the TA selectivity was found to be maximum, 92 %, at 5 wt% catalyst amount in the reaction mixture. In case
of AcA/GL (10:1 molar ratio) esteri�cation in the presence of SO4

2−/CeO2-ZrO2 catalyst, the TA selectivity was found to increase
gradually from 7.32 to 21.26 % with the increase in catalyst amount (from 1 to 5 wt%, concerning GL) (Kulkarni et al. 2020). Thus
extent of GL esteri�cation as well TA selectivity was found to be a function of active (acidic) sites, which would be more at higher
catalyst concentration in the reaction mixture.

3.8.3 Reaction temperature
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The GL esteri�cation was found to be endothermic in nature and hence, a higher reaction temperature favours the esteri�cation to
obtain TA (Li et al.2020). The effect of reaction temperature over acetin selectivity and GL conversion was studied by performing the
reaction in presence of 5 wt% catalyst (concerning GL), AcA/GL molar ratio 6:1, at 80 min and varying the reaction temperature from
35 to 100°C as shown in Fig. 11c. At room temperature (35°C), the major product formed was MA which decreases with increasing
temperature. As the temperature is increased to 80°C, the TA selectivity touches the highest value of 92 % and remains the same even
at an elevated temperature of 100°C. Dizoglu and Sert also reports the same observation, while studying the activated carbon/UiO-66
as catalyst for GL esteri�cation with AcA employing 6 wt% of catalyst amount, 6:1 of AcA/GL molar ratio, while the optimum
temperature was being 90°C to obtain the TA selectivity of 17.9 % (Dizoglu and Sert 2020). In the literature, very few reports claim 
90 % TA selectivity (Abida et al. 2020; Sun et al. 2016). At a high reaction temperature (110°C) the formation of the acylium ion from
AcA was found to be facilitated which ultimately acts as the source of acetylating agent for the acetin formation from GL (Malaika et
al. 2021; Nda-Umar et al. 2020).

3.8.4 Reaction duration
An increase in reaction time also found to in�uence the acetin selectivity when the reaction was performed in the presence of 5 wt%
catalyst (concerning GL) at 80°C, employing AcA/GL molar ratio of 6:1 and varying the reaction time from 20 to 80 min as shown in
Fig. 11d. As expected, the conversion of GL into acetins gradually increases with the reaction duration. On increasing the reaction
time from 0 to 60 min, the selectivity of MA and DA increases gradually while the TA concentration almost remains constant. After 80
min, the TA selectivity reaches the maximum value of 92 % at the expense of MA and DA. A further increase in reaction duration, upto
100 min, was not found to increase the TA selectivity. The observation is indicating the stepwise GL esteri�cation involving the
formation of MA initially followed by DA and TA. Magar et al. studied the extent of GL esteri�cation at various time intervals
employing modi�ed heteropoly acid as a catalyst at 110 oC utilizing 20:1 AcA/GL molar ratio. They observed 30 %, 42 % and 23 %
selectivity of MA, DA, and TA, respectively, in 2 h of reaction duration (Magar et al. 2020). However, the DA and TA selectivity was
found to increase to 54 % and 34 %, respectively, while the MA selectivity reduced to 12 % after 6 h of reaction duration. Thus our
study as well as literature report supported the stepwise GL esteri�cation and increase in DA and TA yield on increasing the reaction
duration. Thus, the study supports that three –OH groups of GL are esteri�ed in a stepwise fashion.

3.9 Reusability study
The ease of catalyst separation and reusability are the main advantages of heterogeneous catalysts over homogeneous one. The
magnetic catalyst was employed for the GL esteri�cation under the optimized reaction conditions and after the completion of the
reaction; it was removed from the reaction mixture under the in�uence of an external magnetic �eld as shown in Fig. 1. The recovered
catalyst was washed with ethanol, dried, and calcined at 600°C for 3 h. The regenerated catalyst was further reused during four
cycles under similar regeneration and experimental conditions. During the reusability experiments, the TA selectivity was found to
decline up to 42 % in the second cycle and then remain 20 % during the next two consecutive cycles (Fig. 12). The reason for the
decline in catalyst activity may be the leaching of the active sites from the catalyst surface.

The XRD spectra (Fig. 13) of fresh and reused catalysts revealed that the PO4
3− moiety has partially detached from the catalyst

surface. A comparison of EDX data of fresh and reused catalyst (Fig. S2) also supports the decrease in phosphorous contents (from
10.7 % to 1.6 %) in the used catalyst, to indicate the loss of phosphate group from the catalyst upon its successive reuse. Thus,
catalyst decomposition was found to be the primary reason behind the loss in its activity.

3.10 Proposed mechanism for the GL esteri�cation with AcA
GL esteri�cation in absence of catalyst resulted in partial conversion levels into acetins even after a prolonged reaction duration of
4.5 h. However, in the presence of the magnetic Fe3O4@SiO2@PO4

3− catalyst, reaction duration of 80 min is required to achieve 97 %
GL esteri�cation. This observation indicates that phosphate group is the catalytically active species in the GL esteri�cation with AcA.
Homogeneous phosphoric or sulfuric acid catalyzed esteri�cation of mono- as well tri-alcohol (GL) has been reported to follow the
�rst-order kinetic model (Beula et al. 2013). In such reactions, the rate of the reaction was found to be a function of AcA
concentration. During the present study when the AcA concentration was varied, TA selectivity was also found to �uctuate. However,
the same was not found to be effected when the GL concentration was varied. The effect of time on the course of reaction indicates
the stepwise esteri�cation of –OH groups of GL.
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On the basis above mentioned experimental study as well literature reports, the plausible mechanism should involve the protonation
of the AcA, to form a carbocation (II), in the �rst step (Kong et al. 2016) where the proton is furnished by the magnetic heterogeneous
acidic catalyst as shown in Scheme 3. Now, carbocation (II), reacts with one alcoholic –O–H group of GL to form intermediate (III). A
water molecule has been given away by intermediate (III) to generate a new carbocation (IV) which ultimately disintegrate into
catalyst and MA (V). The remaining two alcoholic groups of the MA would react with AcA, following a similar mechanism as
described above, to form a TA molecule.

4. Conclusions
A Brønsted acid based heterogeneous acidic magnetic catalyst (Fe3O4@SiO2-PO4

3−) was prepared for the glycerol esteri�cation with
acetic acid. The glycerol esteri�cation was performed over various concentrations of acetic acid/glycerol (1–9) and various
temperatures (35–100°C). The results showed that it is essential to use excess amount of acetic acid to attain the highest glycerol
conversion as well as TA selectivity. A 97 % GL conversion with 92 % TA selectivity was obtained using the Fe3O4@SiO2-PO4

3−

catalyst at 80°C for 80 min while employing 5 wt% of catalyst amount. The catalyst was separated from the reaction mixture under
the in�uence of a magnetic �eld and reused during the four reaction cycles. Efforts are in progress to further improve the catalyst
stability and reusability.
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Figures

Figure 1

Preparation method of Fe3O4 magnetic nanoparticles.
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Figure 2

Separation of the magnetic catalyst with the help of external magnetic force.

Figure 3

X-ray diffraction analysis of (a) Fe3O4, and (b) Fe3O4@SiO2@PO43-.

Figure 4

The FTIR spectra of the synthesized (a) Fe3O4, (b) Fe3O4@SiO2 and (c) Fe3O4@SiO2-PO43-.
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Figure 5

FTIR spectra of pyridine adsorbed on (a) Fe3O4, (b) Fe3O4@SiO2 and (c) Fe3O4@SiO2@PO43-.

Figure 6

NH3-TPD pro�les for (a) Fe3O4, and (b) Fe3O4@SiO2@PO43-.
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Figure 7

N2 adsorption-desorption isotherms and Pore distribution branch of the nitrogen isotherm by the BJH.

Figure 8

Magnetization curves of (a) Fe3O4 and (b) Fe3O4@SiO2@PO43-.
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Figure 9

SEM images of (a) Fe3O4 and (b) Fe3O4@SiO2@PO43-, and TEM images of (c) Fe3O4 and (d) Fe3O4@SiO2@PO43-.

Figure 10
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Effect of the various catalysts over the esteri�cation of glycerol. [Reaction conditions: AcA/GL molar ratio = 6:1, catalyst amount = 5
wt% (with respect to GL), 80 °C = reaction temperature, and reaction time = 80 min]

Figure 11

Effect of the various reaction parameters on GL esteri�cation: (a) AcA/GL molar ratio, (b) catalyst amount, (c) reaction duration and
(d) reaction temperature.
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Figure 12

Study of the Fe3O4@SiO2@PO43- reusability during the glycerol esteri�cation with acetic acid. [Reaction conditions: AcA/GL molar
ratio = 6:1, catalyst amount = 5 wt% (with respect to GL), 80 °C = reaction temperature, and reaction time = 80 min]

Figure 13

Comparison of XRD spectra of fresh and reused catalyst.
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