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Abstract: The pore structural properties and catalytic activity of SBA-15 post synthetically functionalized with
organo sulfomc acid and with sulfated zircoma are presented. The SBA-15 incorporated with 3-(mercaptopropyl)
trimethoxysilane (MPTMS) was prepared by post synthesis-grafting. Mild oxidation was carried out to obtain
an acid catalyst (HSO,SBA-15). Whilst SBA-15 immobilized with sulfated zirconia was prepared by reacting
SBA-15 with solution of zirconumoxychloride and urea at 90°C to ZrO,-SBA-15. S7Z.SBA-15 acid catalyst was
obtained by sulfation of the ZrO,-SBA-15 with H,S0, solution at rcom temperature. The catalysts were
characterized by surface area analysis, EDX, SEM, Fourier transform infrared (FTIR) spectroscopy and pulse
chemisorptions of NH,, followed by TPD of NH,. The organo sulfonic acid functionalized SBA-15 catalysts
(HSO,SBA-15) were found to be more efficient solid acid catalysts for the esterification of glycerol with lauric
acid to monolaurin at 160°C for 6 h using molar ratio of fatty acid to glycerol of 1:4. Excellent lauric acid
conversion (94%) with high selectivity to monolaurin (70%) can be achieved using organo sulfonic acid
functionalized SBA-15 catalyst with preparation condition of 20 h reflux time and MPTMS amownt of 1 mL g™
SBA-15.
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INTRODUCTION

Glycerol 18 a key co-product of biodiesel mdustry.
Presently, rapid increase in biodiesel production is
followed by an excess of glycerol generated. The
oversupply of glycerol reduces its price. The low cost and
the increase in glycerol availability make it attractive to
exploit glycerol for synthesis of valuable products. For
example, glycerol has been converted into high yield of
1,2-propanediol in the presence of Pt impregnated Na¥
zeolite as a catalyst and acrolein has been synthesized via
dehydration of glycerol performed on a WO,/ZrQ,
catalyst i a continuous flow fixed bed reactor (Ulgen and
Hoelderich, 2009). Glycerol is also used for commercial
production of menoglyceride through transesterification
of glycerol with fat (triglyceride) or with Fatty Acid
Methyl Ester (FAME) using homogeneous basic catalyst.
Besides of that, monoglyceride is also produced
industrially via esterification of glycerol with fatty acid.

Currently, direct esterification of glycerols with fatty
acids for monoglyceride production relies on
homogeneous catalysts typically strong mineral acids
(Corma and Kumar, 1998; Formo, 1958). However, this
technology creates large amounts of by- products and
waste and utilizes high energy (Nakamura et al., 2008).

Solid acid catalysts can offer advantages m the process
design and may improve yield and selectivity to the
desired product (Corma ef al., 2005).

Acidic resins and zeolites have been used as solid
acid catalyst for this application (Pouilloux ef al., 1999,
Aracil et al., 1992; Heykants et al., 1997). However, they
were unfavorable for the monoglyceride production
due to small pore diameter less than 8 A, which makes
them unsuitable for reactions involving the bulky
molecule like fatty acid for monoglyceride formation
(Perez-Pariente et al., 2003). On the other hand, MFI
zeolite loaded with Pt was useful for fatty acid chemistry
1.e., hydrogenating methyl elaidate (trans isomer) from an
equimolar mixture with methyl oleate (cis isomer) as
recently reported in the literature (Philippaerts et al,
2010). According to Wilson and Clark (2000), the effective
solid acids having pore sizes between 20-100 A were
required for liquid phase reactions

Mesoporous silica SBA-15 having suface area
(500-1500 m? g™, large pore size (50-100 A) with narrow
pore size distribution and thermal stability has been
incorporated with sulfated zirconia on their surface to
generate solid acid catalyst via direct synthesis or post
synthesis route. Tt exhibited high activity for esterification
reactions such as reaction of fatty acid with methanol for
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biodiesel (Chen et al., 2007), cyclohexanol with acetic acid
(Garg et al., 2009) and acetic acid with n-butanol, as well
as for transesterification of triacetin with methanol
(Du et ai., 2009). However, sulfated zirconia functionalized
SBA-15 catalyst for the direct esterification of glycerols
with fatty acids to monoglyceride has not been reported
so far.

Moreover, mesoporous silicas of MCM-41 and HMS
functionalized with organosulfonic acid were found to be
excellent catalysts for formation of bisfurylalkanes and
polyol esters (Van Rhijn et al., 1998). Meanwhile, SBA-15
functionalized with organosulfoic acid wvia direct
synthesis route, followed by an oxidation step to create
HSO,SBA-15 catalyst has also been studied. The
HSO,SBA-15 catalyst was applied for esterification of
fatty acid with glycerol (Diaz et al., 2001). It was found
that the catalyst gave 50 and 57% selectivity to
monoglyceride in the esterification at 120°C for 24 h
reaction. Furthermore, in the esterification at 150°C for
6 h, the HSO,SBA-15 catalyst gave 93% fatty acid
conversion but lower selectivity to monoglyceride
(around 20%). The poor performance of the SBA-15
catalysts was caused by the existence of organosulfonic
acids in the high presence of structural micropores, so
that the esterification would be slowed down. This finding
1s consistent with that reported by the other researchers
(Huo et al., 1995; Zhou et al., 1998).

Post synthesis modification (grafting) that involves
synthesizing SBA-15 silica materials before surface
fimetionalization allows the synthesis of modified SBA-15
with highly ordered silica geometries even at moderately
high organic loadings after the fimctionalization
(Hoffmann et al., 2006, Garcia et al., 2007). Herein, we
compared the pore structural properties between SBA-15
functionalized with organo sulfonic acid via post
synthesis-grafting and SBA-15 mcorporated with sulfated
zirconia and we also studied their catalytic activity in
esterification of glycerol with fatty acid at 160°C for 6 h
reaction.

MATERIALS AND METHODS

Preparation of SBA-15: The SBA-15 materials used in
this paper have been synthesized according to the
method ascribed in literature (Zhao et al., 1998) with
modifications. In a typical preparation, Pluronic P123 (4 g)
was dissolved in water (30 mL) and 2 M HC1 (120 mL)
added at room temperature. The solution temperature was
raised to 60°C. TEOS (8.50 g) was added to the solution
upon a rapid stirrng for 30 min and a precipitated product
appeared. The stirring rate was then decreased and kept
under this condition for further 20 h. The contents, then,
were transferred to a polyethylene bottle and aged at 80°C

for 48 h in an oven at static condition. After cooling to
room temperature, the solid product was filtered, washed
with deionized water and dried in air at room temperature
for 12 hand at 100°C for 12 h. Calemation was carried out
in static air at 300°C for 0.5 hand 550°C for 6 hto SBA-15.

Preparation of HSO,SBA-15: Two gram of SBA-15
(evacuated at 120°C for 4 h) was dissolvedin
50 mL of dry toluene under mild stirring. 3-
{mercaptopropyltrimethoxy) silane (MPTMS) with varied
amount (2, 6 and 10 mL.) was added and the resulting
mixture was refluxed for 20 h. The solid (-SH) was filtered,
washed with acetone. The material was subjected to
soxhlet extraction with ethanol for 24 h and then, dried in
air. The -SH groups were converted to SO,H groups by
oxidation with 40 mL of 30 wt.% H,0, solution with
continuous stirring at 60°C for 24 h. The solid was filtered
off, washed with water and ethancl, then acidified under
refhux condition with 35 mL of 10% (w/w)H,S0,, followed
by thorough washing with water, filtered off and dried at
333K for 12 h. Hereafter, the synthesized catalysts will be
denoted as HSO,(1)SBA-15, HSO,(3)SBA-15 and
HSO,(5)SBA-15 where values in the brackets represent
MPTMS proportion (mL) per gram of SBA-15.

Preparation of SZSBA-15: SBA-15 functionalized with
sulfated zirconia was synthesis as described previously
(Garg et al., 2009). Four gram of SBA-15 (evacuated at
120°C for 4 h) was added to solution of 1.1622 g of
Zircomum oxychloride (ZrOCL,.8H,0, Fisher product) and
1.083 g of urea in 120 mL of distilled water. The mixture
was refluxed under stirring at 90°C for 5 h. The resultant
product (ZrO,SBA-15), was then filtered, washed with
distilled water, dried at 100°C for 24 h and calcined in
the air at 550°C for 6 h with a slow temperature mcrease of
1°Cmin "

The obtained solid was subjected to sulfation with
1 (N)H,3O,(15 mL g ') at room temperature for 3 h. The
resultant solid was filtered, dried at 100°C and finally
caleined 1n air at 550°C for 3 h with a slow temperature
increase of 1°C min~' to SBA-15 immobilized with sulfated
zircoma (SZSBA-15).

Characterization techniques: The resulting catalysts

were characterized by N, physorption using
Quantachrome Autosorb-1  equipment for surface
analysis, Transmission Hlectron Microscopy (TEM)

using a Phullips CM 12, Scanmng Electron Microscopy
(SEM), Fourier transform infrared (FTIR) spectroscopy
using a Perkan-Elmer 2000 system and EDX in conjunction
with SEM.

Characterization of acidity of the catalysts imnvolved

pulse chemisorption of ammoma, followed by a
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Temperature Programmed Desorption (TPD) of ammonia
using Micromeritics autochem TT 2920 instrument. The
sample was activated first by heating to 150°C n an inert
helum environment for 2 h, then cooling to 127°C. The
activation of the catalysts was followed by pulse
chemisorptions of ammonia. During this step, 5 injections
of ammonia were dosed onto the sample (to ensure the
sample was saturated) by means of helium, flowmng
through a 5 cm’ loop. Finally, a temperature-programmed
desorption (TPD) of ammonia was carried out by
increasing the temperature. At this step, the TCD (thermal
conductivity detector) began scarming for ammoma. Data
of signal was collected during a temperature ramp from
127-427°C for HSO,SBA-15 and from 127-527°C for
SZSBA-15. To obtain quantitative data, the signal was
calibrated by myjecting a known volume of the gas to be
detected. The peak area of the signal can be obtained
using the AutoChem peak editing software.

Activity studies: The catalytic activity of HSO,SBA-15
catalysts for direct esterification of glycerols with lauric
acids was carried out mn a two-necked flask reactor
equipped with a stirrer, a thermometer and a tube
connected with a vacuum pump. The desired working
pressure was maintained by the vacuum pump. This
system readily permitted the elimination of water without
significant variation of reaction volume (Sanchez et al.,
1997). The reactor was immersed in a constant temperature
bath.

The reactants, lauric acid (0.026 mol), glycerol
(0.105 mol) and catalyst (0.7 g), were added to the reactor.
Before an experiment was started, the system was flushed
with nitrogen. The reaction mixture was heated to 160°C,
when the reduced pressure was reached (50.8 cm Hg).
Stirring was started and the reactants were stirred for 6 h.

Mono-, di- and
triglycerides were analyzed by gas chromatography
using a Hewlett Packard 5890ATl witha (15m = 0.32 mim x
0.10 pm CP Sil 5CB) capillary column. The detector and
injector temperatures were 380 and 250°C, respectively.
The column temperature was set to 80°C for 1 min and was
then programmed at 15°C min~' to 330°C, which was
mamtained constant for 2 min. The sample of 100 puL. was
withdrawn from the reactor into a sample vial containing
100 ul, water and 100 ul. methyl acetate. The contents
were vortexed and the organic phase was separated by
means of centrifugation. Twenty milliliter orgamc phase
was dissolved in 480 ul. aceton and 100 pl. of 0.2 M
pentadecanoic acid as internal standard and then a direct
ijection was carried out into the gas chromatograph. The
conversion was expressed with regard to the lauric acid

Gas chromatography analysis:

transformation using the reaction coefficient for the
formation of mono-, di- and triglycerides (Pouilloux et al.,
1999), as shown in Eq. 1. In the same approach, the
selectivity of mono-, di- and trilaurin was expressed by the
ratio of the esters to all the various reaction products
(corrected by the reaction coefficients) as seen in Eq. 2-4.

C +2C gyrerise T3C

C (%) = Monogyceride Trighyceride 100 (1)
CMnmglycende + 2CD1g1ycet1de +3CTng1ycende TChia
CMm:gycmde
MS (%) = %100 2
Morngyeetide” 2CD1glyceﬁde IS 3CTnglycanda
2C
DS (%) = Digyouice %100 (3)
Monsglycerids 2CD1g1yv:ende IS 3CTng1ycende
3C
TS (%) _ Triglyceride %100 (4)
Menogiyeeride * chigycmde It 3CTxig1ycende
Where:
C = Lawric acid conversion (%)
MS = Monoglyceride selectivity (%)
Ds = Diglyceride selectivity (%)
TS = Triglyceride selectivity (%)
Caa = Concentration of lauric acid (mol L™
Chtomogyemiae = Concentration of monoglyceride (mol L™)
Chigyeerise = Concentration of diglyceride (mol L™)
Crigyeense  — Concentration of triglyceride (mol L")
RESULT AND DISCUSSION

Characterization of catalysts: The evidence for the
presence of organosulfonic acid group in SBA-15 was
confirmed by FT-IR spectra, as shown in Fig. 1. The

820 500

1060
SBA-15 /\/ \/

650
T 2852

2928 1 HSO,(1)SBA-15

1260

Transmittance (a.u.)
1 ]
—_—

¥ 1 1 Ll 1l
3200 2800 2400 2000 1600 1200 800 400

Wave number (cm™ ')

Fig. 1. FTIR spectra of SBA-15 and SBA-15
functionalized with organosulfonic acid
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vibrations at 2928 and 2852 cm™" are attributed to C-H
stretching vibrations, while the band at 650 cm™ relates
to the C-SO.H stretching vibrations. On the other hand,
these peaks were absent m the parent SBA-15 FT-IR
peaks at around 1060-1260, 850 and 500 cm™" indicated
Si-0-51 stretching vibration of the SBA-15 base materials.
These observations are consistent with the literature
(Saikia et al., 2007, Shon et af., 2007). Incorporation of
sulfated zirconia in SBA-15 or SZSBA-15 was monitored
by in situ EDX in conjunction with the SEM. According
to the EDX analysis the SZSBA-15 contaned Zr, as
shown in Fig. 2.

The amount of acid sites of SBA-15 functionalized
with propyl sulfonic acid via direct synthesis had been
attempted by Zheng et al. (2005) using TPD ammonia
performed in the temperature range from 50 to 527°C.
They found that the SBA-15 functionalized with organo
sulfonic acid catalysts showed two peaks of acid sites i.e.,
weak and medium acid sites m the NH,-TPD curves
related to the desorption of NH, on the region of
127-427°C. At the higher temperature (427-527°C), the
propylsulfonic group began to decompose. Whilst TPD
of NH, for determimng the acidity of sulfated zirconia
functionalized SBA-15 has been performed m the region
of 120-600°C by Chen et al. (2007), they found a peak
mainly distributed on the region of 120-290 corresponding
to weak acid sites and another peak at about 458°C
indicating strong acid sites in the SZSBA-15 prepared by
direct synthesis method.

In this study, the acid site concentrations of the
SBA-15 post synthetically modified with propylsulfonic
acid and sulfated zirconia determined by the pulse
chemisorption of NH,, followed by NH,TPD in
temperature region of 127-427°C for HSO,3BA-15 and in
temperature region of 127-527°C for SZSBA-15 are shown
in Table 1. It was found that trend of the amount acid sites
of SBA-15 silicas modified with organosulfonic acid
decreased with the amount of MPTMS indicating that
stacking fault was likely to increase with the quantity of
MPTMS. The amount acid sites ranged between
24-42 umol g~ While the catalyst of SBA-15 incorporated
with sulfated zirconia having strong acid site has an acid
site concentration of 37 umol g—'. NH,-TPD profiles of
HSO, (1)SBA-15 and SZ SBA-15, as shown m Fig. 3,

Table 2: Surface characteristic of the parent and modified SBA-15

showed peaks that are in agreement with those reported
in the litareature (Zheng et al., 2005; Chen et al., 2007).
The textural properties of mesoporous silica of
SBA-15 and SBA-15 functionalized either with different
loadings of MPTMS or with sulfated zirconia are shown
in Table 2. The average pore diameters of the modified
samples are igher than the corresponding values for the

250+
200

150

100

50

Fig. 22 EDX spectrum in combination with SEM of
SBA-15 functionalized with sulfated zirconia

(SZSBA-15)
HSO,(1)SBA-15
//,A\\\
-~ /// \
é / \\\
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= ! \
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Fig. 3: NH, temperature-programmed desorption profiles
of HSO,(1)SBA-15 and SZSBA-15

Table 1: Acidic properties of the parent and modified SBA-15 materials
Acid site concentration®

Silica materials (umol g™
SBA-15 -
HSO,(1)SBA-15 42
HSO:(3)SBA-15 24
HSO.(S)SBA-15 27
SZSBA-15 37

*Determined from pulse chemisorption of NH;, followed by NH; TPD

Total surface area®

Micro pore area®

Meso pore area Average diameter Total pore volume

Silica material (m’ g™y A (ccg™

SBA-15 542 149 393 59 0.795
H30; (1)8BA-15 607 79 528 67 1.018
HS0O4(3)SBA-15 449 72 337 66 0.736
HI(:(5)SBA-15 494 6l 433 66 0.814
SZSBA-15 503 73 430 71 0.643

*Using the BET equation (Spgr), "Using the correlation of t-Harkins and Jura (t-plot method)
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parent SBA-15. This observation was comparable to a
previous publication (Rac et al., 2006) suggesting that the
reaction conditions applied affect significantly the
structure of SBA-15. The increase in the pore diameter
after the functionalization via post synthesis method
indicated that organosulfonic acid had indeed bheen
located in the opening or outer surface of the mesoporous
silica (Park and Prasetyanto, 2009) and that the sulfated
zirconia is mainly incorporated into the wall of the silica
rather than in the pores or the channels. Tt should be
noted that besides relatively narrow pore distribution, the
HSO, (1) SBA-15 had the highest total surface area,
mesopore area and pore veolume. This shows that the
HSO, (1) SBA-15 has the most well defined structure as
presented by pore size distribution curves m Fig. 4.

N, adsorption-desorption isotherms of the parent
SBA-15 and the modified silica material are presented in
Fig. 5. All of them exhibit type TV isotherms implying their
ordered mesosttucture with relatively narrow pore
distribution. This result exposes that the mesoporous
nature of the material is preserved even though the
grafting had occurred. Although, the micropore volumes
(Table 2) in all the modified silica materials were lower
compared to that in the raw matenial, the structures were
maintained.

TEM images of the parent and modified SBA-15 were
presented in Fig. 6. All of TEM mmages 1.e., parent SBA-15
(Fig. 6a), HSO,(1)SBA-15 (Fig. 6b) and SZSBA-15
(Fig. 6¢) showed the presence of well ordered mesoporous
materials. SEM images of parent SBA-15, HSO,(1)SBA-15
and SZSBA-15 presented in Fig. 6d, 6e and 6f,
respectively, indicated as fibrous-type morphology of the
parent and modified SBA-15 catalysts.

Activity of the modified SBA-15 catalysts: Esterification
of glycerol with fatty acid to produce monoglyceride 1s a
reversible reaction and stoichiometry of the esterification
requires glycerol/fatty acid molar ratio of 1:1. Tn the
present study, the glycerol esterification was carried out
under the use of glycerol excess with the continuous
removal of water from the reaction system. On the basis of
this reaction condition, reaction steps for the glycerol
esterification with fatty acid were wreversible parallel
reactions to produce monoglyceride and by-product of
diglyceride and triglyceride (Fig. 7), as reported in the
literature (Sanchez et ai., 1997).

The catalytic activity of the modified SBA-15
catalysts for esterification of glycerols and lauric acids to
monolaurin in the solvent free condition at 160°C for 6 h
is presented in Table 3. All the SBA-15 post synthetically
modified with different amounts of organosulforuc acid
(MPTMS) showed fatty acid conversion to be more than

12+
—— SZBA-15
—a— SBA-15
-a=- HSO,(1)SBA-15
10 =—e= HSO,(3)SBA-15 A
—

HSO,(5)SBA-15

Desorption Dv (log d) (cc g )
f=2)
1

l/
60 90 120

Pore size distribution (A)

Fig. 4: Pore size distribution curve of the parent SBA-15
and modified SBA-15 catalysts

—— SZBA-15

-8- SBA-15

- HSO,(1)SBA-15
- HSO,(3)SBA-15
-8~ HSO,(5)SBA-15

AAAAAAAAAA

Volume (a.u.)

a4

P/Po

Fig. 5: N, adsorption-desorption 1sotherms of parent
SBA-15 and modified SBA-15 catalysts

900%. The trend of selectivity to monolaurin was found to
decrease with the amount of MPTMS used in the catalyst
preparation and the highest selectivity to monolaurin that
could be reached was 70% using HSO,(1)SBA-15 with
94% fatty acid conversion. This can be explained by the
higher mesopore surface area and the amount of site of
the HSO,(1)SBA-15 compared with the other organo
sulfonic acid modified SBA-15 catalysts, as shown in
Table 1 and 2. The amount of acid sites present and
mesopore surface area m the organo sulfonic acid

functionalized SBA-15 decreased m the order
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Table 3: Activity of modified SBA-15 catatysts in esterificarion of ghycerol with lauric acid

Acid site conc. Fatty acid Relec.to Mono- Relec. to Relec. to
Catalysts (umol g conv. (%) laurin (%0) Di-laurin (%) Tri-laurin (%0)
HS8O: (1)SBA-15 42 a4 70 30 0
H S0:(3)SBA-15 23 93 53 43 4
H 8O:(5)8BA-15 27 96 57 43 0
SZSBA-15 36 62 68 32 0

Fig. 6: TEM mmage of SBA-15: (&), HSO,(1)SBA-15 (b); SZSBA-15: (¢) and SEM mmage of SBA-15: (d); HSO{1) SBA-15:
(e), SZSBA-15: ()

/O
0 OH 0—C—R
4 + OH
R—C—OH — OH . HO
OH OH
Fatty acid Glycerol Monoglyceride Water
(0]
Il
P OH 0—C—R o
JR—C—OH  + 7
}OH —»%O—C—R + 2H,0
OH OH
Tatty acid Glycerol Diglyceride Water
(0]
OH )
/ 0—C— R/o
3R—C—OH * OH —3» 4
0—C—R + 3H,0
OH pZ
o—cZ
Fatty acid Glycerol Triglyceride Water

Fig. 7. Direct esterification of glycerols with fatty acid for monoglyceride and the formation of di-glyceride and tri-
glyceride as by-product
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HSO,(1)SBA-15>HSO,(5)SBA-15>HSO,(3)SBA-15.
Therefore, the selectivity to monolaurin also decreased in
the similar order. Tn summary, catalytic activities of the
solid acid catalysts were maimnly influenced by both their
active sites and surface area.

Although the amount of acid sites of HSO,(1)SBA-15
was higher than that of SZSBA-15, HSO,(1)SBA-15 had
not strong acid sites like SZSBA-15. However activity of
HSO,(1)SBA-15 was much higher than the corresponding
SBA-15 functionalized with sulfated zirconia (SZSBA-15).
The S7Z.SBA-15 gave 61% fatty acid conversion with 67%
selectivity to monolaurin. Besides of the ligher mesopore
swtace area of HSO(1)SBA-15 compared with SZSBA-15,
this could be the consequence of its sufficient acidity for
the esterification reaction.

Previously, it 1s reported that HSOHMS prepared by
co-condensation for the esterification of glycerol with
lauric for monolawrin gave about 80% fatty acid
conversion and 52% selectivity at 112°C for 10.8 h
(Bossaert ef al., 1999). Moreover, H30,SBA-15 prepared
by co-condensation used for the esterification of glycerol
with oleic acid offered about 90% conversion and around
2004 selectivity to monoglyceride at 150°C for 6 h reaction
(Diaz et al, 2001). The fatty acid conversion and
selectivity has been reported to be lower than the
HSO,(1)SBA-15 reported here.

CONCLUSION

We have shown that SBA-15 based solid acids
prepared by post synthesis functionalized with varied
proportions of organo sulfonic acid were efficient
catalysts for esterification of fatty glycerol with lauric acid
towards monoglyceride at 160°C for 6 h and gave more
than 90% lauric acid conversion. The selectivity to
monolaurin increased in the order HSO,(3)SBA-15 <
HSO,(5)SBA-15< H3O,(1)SBA-15 because the mesopore
suface area of catalyst and the amount of acid sites follow
the same order. The highest selectivity to monolaurin that
could be reached here was 70% with 94% lauric acid
conversion using HSO,(1)SBA-15 catalyst.

Furthermore, the catalytic performance of
HSO,(1)SBA-15 was much better than that of SZ3SBA-15
i the same reaction. This could be due to the lgher
mesopore surface area and acid site concentration in the
HSO0,(1)SBA-15 compared to those in the SZSBA-15. The
SZSBA-15 gave 67% selectivity to monolaurin and 61%
fatty acid conversion in the glycerol esterification.
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