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Abstract

Although homogeneous alkali catalysts (e.g., NaOH) are commonly used to produce biodiesel by transesterification of triglycerides (vegetable
oils and animal fats) and methanol, solid acid catalysts, such as acidic resins, are attractive alternatives because they are easy to separate and recover
from the product mixture and also show significant activity in the presence of fatty acid impurities, which are common in low-cost feedstocks.
To better understand solid acid catalyst performance, a fundamental transesterification kinetic study was carried out using triacetin and methanol
on Nafion® (perfluorinated-based ion-exchange resin) catalysts. In particular, Nafion® SAC-13 (silica-supported Nafion) and Nafion® NR50
(unsupported Nafion) were investigated, because both show great promise for biodiesel-forming reactions. The reaction kinetics for a common
homogeneous acid catalyst (HySO,4) were also determined for comparison. Liquid-phase reaction was performed at 60 °C using a stirred batch
reactor. The swelling properties of the resin in solvents of diverse polarity that reflect solutions typically present in a biodiesel synthesis mixture
were examined. The initial reaction rate was greatly affected by the extent of swelling of the resin, where, as expected, a greater effect was
observed for Nafion® NR50 than for the highly dispersed Nafion® SAC-13. The reaction orders for triacetin and methanol on Nafion® SAC-13
were 0.90 and 0.88, respectively, similar to the reaction orders determined for HySO4 (1.02 and 1.00, respectively). The apparent activation
energy for the conversion of triacetin to diacetin was 48.5 kJ/mol for Nafion® SAC-13, comparable to that for HySO4 (46.1 kJ/mol). Selective
poisoning of the Brgnsted acid sites on Nafion® SAC-13 using pyridine before transesterification revealed that only one site was involved in the
rate-limiting step. These results suggest that reaction catalyzed by the ion-exchange resin can be considered to follow a mechanism similar to that
of the homogeneous catalyzed one, where protonated triglyceride (on the catalyst surface) reaction with methanol is the rate-limiting step.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction tal and economic concerns are such that a continuous process
that uses a heterogeneous catalyst is much more desirable. In
particular, solid acid catalysts are ideal because they are able
to catalyze both transesterification and esterification reactions
simultaneously, which becomes important when using lower-
quality feedstocks (e.g., used deep-frying oils) [7-9].

Sulfonic resins compose a group of acid catalysts that
can be classified according to the polymer backbone, namely
polystyrene (e.g., Amberlyst® resins) or perfluorinated alka-
nes (e.g., Nafion® resins) [10]. These acid resins have inher-
ently low surface areas unless a solvent is used to swell the
polymer, thereby exposing additional internal acid sites for
reaction. Because high surface areas are more desirable for
heterogeneous catalysis, increased polymer surface area (with-
out relying on solvent swelling) can be achieved by support-
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Recent concerns about the increasing cost of petroleum-
derived fuels have excited interest in the production of renew-
able fuels, especially biodiesel. Biodiesel consists of fatty acid
alkyl esters that are commonly derived from vegetable oils.
Conversion of these oils, consisting primarily of triglycerides,
to biodiesel fuel is commonly achieved through a series of
transesterification reactions involving the reaction of an alkoxy
group of an ester (i.e., mono-, di-, or triglyceride) with that of
a small alcohol (e.g., methanol or ethanol). This reaction has
traditionally been catalyzed by homogeneous catalysts, such as
alkaline bases or mineral acids [1-6]. However, environmen-
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Table 1
Physicochemical characteristics of Nafion® SAC-13 and Nafion® NR50

Parameter Nafion® SAC-13 Nafion® NR50

Support SiOy None

Composition Fluorosulfonic acid Nafion® polymer (10-20 wt%) on amorphous silica Fluorosulfonic acid
(porous nanocomposite)? Nafion® polymer

Acidic group —CF,CF,SO3H —CF,CF,SO3H

Tonic form HT HT

150 peq/gP (120-1000 peq/g)?
Lobular, lengthwise striations

Exchange capacity
Pellet shape
Pellet size

Pore volume >0.6 mL/g?
Pore diameter >10 nm?

Bulk density 0.4-0.5 g/mL?
Polymer density 2.1 g/mL?
Surface area >200 m?/g?

+20 mesh (diameter ~1 mm, length/diameter = 9.4)¢

>800 peq/g? (>90%)°
Cylindrical and spherical
7-9 mesh (1.6-2.8 mm)d
N/A

N/A

N/A

2.1 g/mL?

General information provided by the manufacturer.

Specific information provided by the manufacturer for the Nafion® SAC-13 utilized (batch # 05729PC).

a
b Specific information provided by the manufacturer for the Nafion® NR50 utilized (batch # 04601MB).
c
d

Catalyst not swelled.

Nafion®NR50 Nafion®SAC-13
[(CF2CF2),CFCF; ]k 0

Silica supported resin

( CFQTF)mOCFzCFlS —OH
[

CF3 o

Fig. 1. Schematic of the Nafion® catalysts: m =1, 2 or 3, n = 6-7, and
x ~1000. Redrawn from Ref. [11].

silica nanocomposite (Fig. 1) that contains 13 wt% Nafion,
which is a copolymer of tetrafluoroethylene and perfluoro-2-
(fluorosulfonylethoxy)propyl vinyl ether. The small (5-30 nm)
Nafion® resin particles [11] are entrapped within the porous sil-
ica matrix. This acid catalyst has been shown to effectively cat-
alyze numerous industrial reactions, including olefin isomeriza-
tions, alkylations, acylations, oligomerizations, esterifications,
and others [11-13]. A more detailed list of the physicochemical
properties of this type of catalyst is provided in Table 1.
Although the use of solid acid catalysts for the continuous
production of biodiesel is promising, only limited information
exists about triglyceride transesterification rates or the extent of
catalyst deactivation [7,14-18]. We previously reported, based
on turnover frequency (TOF) results, that solid acid catalysts,
such as Nafion® NR50, sulphated zirconia (SZ), and tungstated
zirconia (WZ), have sufficient acid site strength to catalyze
biodiesel-forming transesterification reactions as efficiently as
sulfuric acid [15]. In the same study, Nafion® NR50 was found
to give higher selectivity to final products (methyl ester and
glycerol) compared with other solid acid catalysts. Because of
the significant acid strength and selectivity of Nafion® NR50
and improved surface area of Nafion® SAC-13 (without rely-
ing on solvent swelling), these catalysts were chosen for more
detailed kinetic and mechanistic studies of the liquid-phase

transesterification of triacetin (C9H140¢) and methanol. Reac-
tion catalyzed by sulfuric acid was also studied for comparison.
All three catalysts have only Brgnsted acid sites. The consecu-
tive transesterification reactions occurring in the conversion of
triacetin to diglycerides, monoglycerides, glycerol, and esters
have been illustrated elsewhere [15]. Triacetin was used as a
model triglyceride for the detailed kinetic study because it can
be obtained in a pure form and has all carboxylic side groups
identical (acetic acid), thereby facilitating the kinetic analysis of
reaction. Although there is a decrease in reaction rate as the car-
boxylic acid side groups grow larger, preliminary results have
shown that the reaction rates of small triglycerides are directly
related to those of much larger triglycerides.

2. Experimental
2.1. Materials

Nafion® SAC-13, Nafion® NR50, triacetin (99.5 wt%),
methanol (99.9 wt%), acetic acid (99.7 wt%), tetrahydrofu-
ran (99.9 wt%), pyridine (99+ wt%), methyl acetate (99 wt%),
acetins mixture (45 wt% diacetin, 26 wt% monoacetin, 25 wt%
triacetin, and 4 wt% glycerol), and refined olive oil (low acid-
ity) were purchased from Sigma-Aldrich and used as received.
Ethanol solvent (99.5 wt%), toluene (99.8 wt%) internal stan-
dard, and H»SO4 (95-98 wt%) were obtained from Acros Or-
ganics, Fisher Scientific, and EMD, respectively.

2.2. Catalyst characterization

So as to be able to relate the observed kinetic behavior
with catalyst properties, several analytical techniques were used
to probe relevant physicochemical properties of the Nafion®
SAC-13 and Nafion® NR50 catalysts studied. Catalyst total sur-
face area (Sggr) was determined by BET analysis as described
previously [15]. Analogous conditions were used here to de-
termine pore volume and average pore size in a Micromeritics
ASAP 2020 instrument.



D.E. Lopez et al. / Journal of Catalysis 245 (2007) 381-391 383

The number of catalytically available acid sites was deter-
mined by titration, chemisorption, and elemental analysis meth-
ods. The titration technique involved an ion-exchange step, in
which 0.2 g of catalyst was added to 10 mL of a 3.42 M aque-
ous solution of NaCl under stirring. After 30 h of ion exchange
at 28 °C between the catalyst H' ions and the Na*t ions in
solution, the liquid was filtered off and titrated with a 0.05 N
aqueous NaOH solution. The endpoint for titration was deter-
mined using a pH meter (pH ~ 7) and corroborated using pH
paper. Pulse NH3 chemisorption using an Altamira AMI-1 was
also used to quantify the number of surface-exposed acid sites
present in Nafion® SAC-13 and in Nafion® NR50 [15]. Finally,
the total number of acid sites (available and inaccessible) was
determined by elemental sulfur analysis using a combustion
technique in which the sample was heated to ~1000 °C and IR
was used to quantify the resulting SO3 (Galbraith Laboratory,
Knoxville, TN).

Catalyst resin load, thermal stability, and degradation be-
havior were determined by thermogravimetric analysis using
a Pyris 1 TGA (Perkin—Elmer). Sample weight changes were
recorded as the Nafion® SAC-13 (~8 mg) or the Nafion® NR50
(~20 mg) catalyst was heated at a rate of 15 °C/min from room
temperature to 700 °C under both nitrogen and air atmospheres.

The resin-silica nanocomposite morphology of Nafion®
SAC-13 was studied using a Hitachi S-4700 scanning electron
microscope. Before analysis, the samples were mounted on car-
bon stubs using double-stick adhesive tape. The samples were
then coated with a thin layer of platinum in a Hummer 6.2 sput-
tering unit to prevent sample charging during SEM analysis.
Finally, SEM digital images were collected with the electron
beam kept at 5 kV.

2.3. Reaction studies

Before reaction, Nafion® SAC-13 pellets were ground and
sieved to get the desired particle size, and then dried at 90 °C
overnight under a partial vacuum of 280 Torr. Nafion® NR50
and HySO4 were used as received. Unless otherwise speci-
fied, the catalyst was added dry to the reaction mixture to
start the reaction. The transesterification reaction rates were in-
vestigated using an isothermal, well-mixed batch reactor (Parr
model 4590). Typically, the 100 mL stainless steel (316 SS)
reactor was filled with approximately 49 g of the reagent solu-
tion, which contained methanol and triacetin in a 6:1 molar ratio
(13.8 M methanol and 2.3 M triacetin, respectively). The reac-
tants were then heated to the desired temperature, and the solid
catalyst (1 g) or HoSO4 (0.022 g) was added shortly after the
reactor temperature reached steady state, so as to initiate the re-
action. Initial reaction rate kinetics were measured for triacetin
conversion <5%. Sample aliquots (0.1 mL) were withdrawn
periodically from the reactor, quenched to room temperature,
and centrifuged to separate out the solid catalyst to prevent fur-
ther reaction. For the reference experiments using HySO4 as
the catalyst, the samples were placed in an ice bath before GC
analysis. To evaluate catalyst deactivation, the same batch of
solid catalyst (Nafion® SAC-13) was reused several times. In
experiments where the initial concentrations of reactants were
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Fig. 2. Pore size distribution of Nafion® SAC-13 (vacuum dried at 90 °C).

varied to determine the power rate law, tetrahydrofuran (THF)
was used as an inert diluent [19]. Reaction sample concentra-
tions were determined using an HP 6890 gas chromatograph
equipped with flame ionization detector and splitless mode in-
jector as previously reported [15]. Solutions of known concen-
tration of reactants and products were used for determination
of multipoint GC calibration curves. The effect of stirrer speed
and the presence/absence of diffusion effects on the reaction ki-
netics were investigated and are described below.

3. Results and discussion
3.1. Solid catalyst characterization

3.1.1. Catalyst surface area and pore size distribution

For Nafion® SAC-13, the measured BET surface area and
pore volume were 221 #+ 20 m?/g and 0.56 & 0.01 mL/g, re-
spectively (identical within experimental error for ground and
pellet forms of the catalyst). These results are in the range
of previously reported BET surface areas of 150-500 m”/g
[13,20]. In addition, these results compare well with the data
provided by the manufacturer (200 m?/g and 0.60 mL/g). As
shown in Fig. 2, Nafion® SAC-13 exhibited a bimodal dis-
tribution of the pores with average pore diameters of 8 and
19 nm. Nafion® NR50, on the other hand, is known to have
a nonporous structure when dry [10,21]; thus, it exhibited an ex-
tremely low surface area (<1 m? /g) in the unswelled state [13].

3.1.2. Nafion® swelling properties

Here, only Nafion® NR50 was studied, because it is diffi-
cult to distinguish between any slight pore volume changes in
the supported resin and the permanent pore volume of the ma-
trix in Nafion® SAC-13. The swelling properties of the dried
Nafion® resin in different solvents (i.e., methanol, water, and
triglyceride) were examined. Swelling in water was investi-
gated, because it may be present in lower-quality biodiesel feed-
stocks (before or during biodiesel synthesis). Because our final
goal is to understand the kinetics of transesterification of veg-
etable oils, a highly refined olive oil (acid value = 0.04) also
was used here as a solvent for comparison. The catalyst particle
dimensions (obtained with a vernier caliper) and weights were
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Table 2
Results and calculated values for Nafion® NR50 volume increase in different
solvents

Table 3
Reported and measured acid site densities

Technique Nafion® SAC-13 Nafion® NR50
Solvent AlJIR Ad/db AV/V (%) (umol/g) (umol/g)
Based on Based on From the Pulse ammonia chemisorption 41223 37 (not swelled)
pellet di- Eq. (1) literature S elemental analysis 131£3 939 £ 20
mensions [22] Titration 144 +7 1104 £7
Methanol ~ 4647 4744 4362108 429437 209 TGA 138+3 -
Water 1420 1643 6010 6841 43 Manufacturer >150 >800
Triacetin 1+7 5+9 15+29 20+6 - & Overestimated due to adsorption on SiO,.
Olive oil 5+5 2+5 9+12 12+£8 -

4 | = pellet length.
b= pellet diameter.

measured for several Nafion® NR50 cylindrical-shaped pellets
before and after soaking in the pure solvent at 60 °C (typical
transesterification reaction temperature) until equilibrium was
reached. Irreversible swelling after cooling has been proved to
be a good assumption for this type of system [22]. The volume
increase (AV/Vy) was measured and also estimated using the
relationship suggested by Affoune et al. [23], which considers
that the Nafion® and the solvent volumes are additive,

AV [ Vo = (mso1/ psol) / (MNafion/ PNafion) » (D

where AV is the change in volume and Vj is the initial resin
volume. The densities at 20°C of Nafion®, methanol, wa-
ter, triacetin, and olive oil used were 2.1, 0.79, 1, 1.15, and
0.92 g/cm?, respectively. The results obtained using Eq. (1) and
particle dimensions were in good agreement (see Table 2), with
volume increase in the order methanol > water > triacetin ~
olive oil. Comparable results have been obtained for Nafion
117 membranes [22]. The resin treated in methanol resulted in
the highest degree of swelling as a result of physicochemical
changes (i.e., stretching of the polymer chains leading to higher
volumes). Water showed a moderate capability for swelling the
resin, which is advantageous from the standpoint of greater
acid site accessibility. However, water may also lower the acid
strength of the active sites [24] or cause deactivation via hy-
drolysis (formation of sulfuric acid), as has been suggested for
related sulfonic acid catalytic materials (Amberlyst® 15) [25].
It has been reported that mixtures of short-chain alcohols and
water cause a greater degree of swelling than either the short-
chain alcohol or water alone [22]. THF/water mixtures provide
the greatest degree of swelling of the Nafion® resin (as commu-
nicated by DuPont).

Both short-chain (triacetin) and long-chain (olive oil) triglyc-
erides showed essentially no swelling capability for the perfluo-
rinated resin; which is analogous to the swelling characteristics
obtained with free fatty acids, such as oleic acid [26]. A change
in color from transparent to dark amber was observed when
Nafion® NR50 was soaked in either short-chain or long-chain
triglycerides, indicating the presence of possible side reactions
(formation of carbonaceous deposits).

3.1.3. Concentration of acid sites

The initial sulfur content of the resins as determined by el-
emental analysis was 0.42 and 3.02 wt% for Nafion® SAC-13
and Nafion® NR50, respectively. These values were used to es-

timate the maximum potential number of available acid sites,
as there is one mole of H™ per mole of S (-CF,CF,SO3H). The
acid site densities obtained via this method were 131 umol/g
and 939 pmol/g for Nafion® SAC-13 and Nafion® NR50, re-
spectively.

The acid site density calculated from the titration method
was 144 47 umol/g for Nafion® SAC-13 and 1104 47 umol/g
for Nafion® NR50, whereas the acid sites densities measured
using pulsed NH3 chemisorption were 412 umol/g for Nafion®
SAC-13 and 37 umol/g for Nafion® NR50. Note that there is a
significant difference between the acid site densities measured
by titration and NHj3 chemisorption methods for the two cat-
alysts. Interestingly, the number of acid sites measured using
titration and elemental analysis were in good agreement. Thus,
this data suggests that pulse NH3; chemisorption provides an
overestimation of the real number of sites for Nafion® SAC-13,
probably because of the ability of silanol groups (on the SiO;
support) to weakly adsorb the titrating agent. To test this hy-
pothesis, the titration method was repeated leaving the catalyst
in solution before titrating with the aqueous NaOH solution
(0.05 N). The number of sites measured using this variation in
the methodology was 495 £ 26 umol/g, indicating that the ear-
lier suggestion about silanol groups with the ability to weakly
adsorb titrating agents is correct. Thus, the concentration of
sites used in further calculations for Nafion® SAC-13 was an
average value of 138 ueq H*/g. For Nafion® NR50, the large
difference in number of sites measured by both methods can
be explained by increased exposure of catalytic sites on con-
tacting with water due to polymer swelling as shown in the
previous section. The fact that NH3 pulse chemisorption mea-
sures such a low value for Nafion® NR50 (~4% of the expected
from the Nafion® sulfur content) is perfectly logical because
there is no polymer swelling when exposed to the gas phase.
The NH3 acid site accessibility issue was recently addressed
by Siril et al. [27] when comparing macroporous Amberlyst®
15 and gel-type C100H (Purolite). These authors observed that
NH3 adsorption measurements for gel-type resins resulted in a
prediction of less than 10% of the real acid site density, which
makes the value obtained by this means highly dependent on
the catalyst particle size. A summary of the measured acid site
densities of the resin catalysts is given in Table 3.

3.1.4. Thermogravimetric analysis

The catalyst resin load, thermal stability, and degradation
behavior can be determined using thermogravimetric analysis.
Fig. 3 shows the TGA results and the rates of decomposition
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Fig. 3. Weight loss and derivative of weight loss with respect to temperature:
nitrogen, (d) Nafion® SAC-13 in air.

(derivative) for Nafion® NR50 and Nafion® SAC-13 under both
UHP nitrogen and air (zero grade) atmospheres. For Nafion®
NR50, TGA analysis revealed that there was an initial weight
loss (below 250°C), almost certainly due to the loss of ad-
sorbed water [28]. The thermal decomposition of the pure resin
was complete, on being heated in nitrogen, by 580 °C (Fig. 3a);
whereas, the resin was fully decomposed by 540 °C when air
was used (Fig. 3b). Note that the temperature for the maxi-
mum rate of polymer decomposition was decreased by about
105 °C for Nafion® NR50 under the air environment. Thus, the
presence of oxygen had a negative effect on catalyst thermal
stability.

Nafion® SAC-13 had an initial weight loss of about 2 wt%
below 150°C (Figs. 3c and 3d), which is attributable to the
loss of adsorbed water. Comparison of the initial (after weight
loss due to moisture <200 °C) and final (after polymer decom-
position) sample weights suggests that the resin loading was
about 14.7 wt%, which is in agreement with the loading range
reported by the manufacturer (10-20 wt%). The decrease in
weight for Nafion® SAC-13 observed at temperatures greater
than 550 °C (by comparison to the pure resin) is attributable
to silica dehydroxylation, by loss of water from surface silanol
groups (Si—-O-H). TGA results are in good agreement with the
previously reported thermal stability and degradation behavior
of Nafion® [10,13,28].

The intrinsic thermal stability of the resin for both solid
catalysts was found to be the same, 280 °C (<5% resin loss).
The temperature at which Nafion® SAC-13 structure begins to
collapse (according to manufacturer) is about 200 °C. There-
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(a) Nafion® NR50 in nitrogen, (b) Nafion® NR50 in air, (¢) Nafion® SAC-13 in

fore, Nafion® -based catalysts cannot be calcined (especially in
oxygen and for T > 200 °C). Nevertheless, this relatively high
temperature stability makes Nafion® catalysts attractive for
biodiesel synthesis. The reaction temperatures used when using
solid catalysts may have to be higher than that for the traditional
alkali-catalyzed ones (<60 °C) to compensate for the slower
reaction rate per weight of catalyst. For instance, reaction tem-
peratures of 120, 200, and 250 °C have been reported when
using propylsulfonic acid-functionalized silicas [18], mixed ox-
ides (Al and Zn) [29], and WZA [30] catalysts, respectively.
Reaction temperatures below 250 °C are desirable to avoid side
reactions, such as alcohol etherification [31]. Other solid resins,
such as Amberlyst® 15 have been shown to be effective for cat-
alyzing biodiesel forming reactions [15,32]; however, the ther-
mal stability for these polystyrene-based ion-exchange resins is
relatively poor (maximum operating limit equal to 120 °C).

3.1.5. Scanning electron microscopy

A scanning electron microscopy image of Nafion® SAC-13
dried for analysis shows the morphology of the porous silica
matrix (Fig. 4). The pseudospherical particles of silica, which
are approximately 3—6 nm in diameter, were present as ag-
glomerates with an overall diameter of about 20-60 nm. The
formation of these catalyst particle agglomerates was likely the
result of the sample being dried for SEM analysis. Thus, it can
be expected that the size of these agglomerates in the reaction
media would have been smaller (if they existed at all) than those
observed by SEM. Similar images of these types of materials
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Fig. 4. SEM of Nafion® SAC-13.

have been previously obtained using optical microscopy, SEM,
and TEM (resin and support) [10,13].

3.2. Diffusional resistances

To ensure that the observed kinetics were attributable to
those of the transesterification reaction and not the result of
external or internal mass transfer limitations, reaction studies
were conducted with varying degrees of agitation and for a
range of catalyst particle sizes. For all of these studies, the reac-
tant mixture contained a 6:1 methanol-to-triacetin molar ratio,
and the reaction temperature was 60 °C.

3.2.1. External diffusion

External mass transfer limitations on reaction rate were eval-
uated by conducting reaction experiments at different agitation
rates (N = 134, 394, 1283, and 2385 rpm). For these studies,
the catalyst particle size used was +200 mesh (<0.075 mm).
The stirrer speed beyond which there was no effect on reaction
rate was considered to be the minimum stirrer speed required
to eliminate external diffusion effects. Results showed that ex-
ternal diffusion control was negligible (<5%) for stirrer speeds
greater than 800 rpm (data not shown). For stirrer speeds greater
than 1283 rpm, no external mass transfer effects were observed.
For all of the reaction kinetic studies reported, a stirrer speed of
1790 rpm was used. This high agitation speed ensured that the
catalyst was well distributed in the reactor, improved heat trans-
fer within the solution, and reduced the presence of dead zones.
For this system, the Reynolds number can be estimated by

2
Re= 22N ®)
7

where p is the density of the liquid (952 kg/m?), D is the
impeller diameter (0.02 m), N is the angular velocity of the
impeller (29.8 rps), and u is the viscosity of the liquid (8.3 x
10~* Pas), as measured using an Ubbelohde viscometer. For
the conditions used (60 °C), Nre was equal to 13,650.

3.2.2. Internal diffusion
The presence of internal diffusion limitations on reaction
rate was examined for the porous catalyst, Nafion® SAC-13.
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Fig. 5. Variation of triacetin conversion with Nafion® SAC-13 particle size
(Cta,0 =23 M and CpeoH,0 = 13.8 M at 60 °C and 2 wt% catalyst load).

Samples with different average particle sizes (0.075-0.75 mm)
were used in the experiment. Neglecting any volume change
with reaction (liquid phase), the conversion of triacetin (X) is
given by

X =1-Crg/Cr1s,0, 3)

where Ctg and Ctg,o are the triacetin molar concentrations
at a particular time and initially, respectively. Equivalent reac-
tion conversions were achieved in the same amount of time for
systems with catalyst particles <0.75 mm (Fig. 5) even for con-
versions < 10%. This suggests that internal diffusion limitations
were not important for any particle size used in this study; how-
ever, the selectivity to final products (i.e., glycerol) was higher
for the larger catalyst particles. One speculative possibility is
that the glyceride molecules diffusing into the larger Nafion®
SAC-13 particles had a greater probability for the series reac-
tion to occur before the glycerol-containing molecule diffused
back out of the catalyst particle. To avoid any internal mass
transfer effects, all further reactions were carried out with cat-
alyst particles >200 mesh (<0.075 mm) for Nafion® SAC-13
unless otherwise stated.

3.3. Effect of reactant preexposure on initial catalyst activity

Because the physicochemical properties of Nafion® are sig-
nificantly affected by activation conditions (namely, reactant
preexposure), a comparison of the initial transesterification ac-
tivity was investigated as a function of different reaction star-
tups. Insignificant initial reaction rate differences were ob-
served for Nafion® SAC-13 (Fig. 6), regardless of the order of
mixing the catalyst with the reactants, due in large part to the
higher dispersion of the Nafion® resin and the lack of need for
polymer swelling.

As one would expect from the pure perfluorinated resin
swelling experiments, the initial activity (on a weight basis)
for Nafion® NR50 precontacted with the methanol reactant was
found to be substantially higher (4-5 times) than that for the dry
catalyst added directly to the reaction mixture. It can be inferred
that the low activity observed with the dry catalyst resulted from
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Fig. 6. Effect of catalyst preswelling (in different solvents) prior to reaction on
the initial transesterification rate (conversion <10%) on a catalyst (a) weight
basis (catalyst loading = 2 wt%) and (b) site basis (Ccat,sac-13 = 138 pmol/g
and Ceqr NR50 = 939 umol/g).

reaction occurring only on the outermost surface, which at the
beginning of the reaction presents only a moderate number of
active sites. However, it is not obvious why the catalyst pre-
contacted with triacetin, when the degree of resin swelling was
insignificant (Table 2), led to a similar reaction rate as for the
catalyst precontacted with methanol. Similar observations have
been obtained for the preparation of monoglycerides; the reac-
tion rate showed an enhancement by precontacting oleic acid
with the resin (Amberlyst 31, Amberlyst 16, and K1481) be-
fore reaction with glycerol, even when the extent of swelling of
these resins was shown to be insignificant.

A more comprehensive comparison of the catalyst activities
can be done on a rate per-site basis (TOF) rather than a rate/g
catalyst basis (Fig. 6b). One might expect that TOFs on Nafion®
SAC-13 and Nafion® NR50 would be similar because the active
materials are similar. The acid strength reported in the liter-
ature for Nafion® NR50 (Hp ~ —10 to —12 [33]) appears to
be somewhat higher than that of Nafion® SAC-13 (Hy > —12
[10]), probably as a result of the interaction between the sup-
port silanol groups and the highly dispersed resin [34]. Thus,
if all potential sites were available, then the TOF for Nafion®
NRS50 likely would be higher. But this is not the case—in fact,
the TOF is 60-70% lower than Nafion® SAC-13. This leads us

to suggest that even with precontacting with methanol or tri-
acetin, many of the Nafion® NRS50 sites are not available for
reaction. It is clear that a more efficient utilization of the resin
sites, due to greater accessibility of the reacting molecules to
the active sites, is achieved when the resin is highly dispersed
as a nanocomposite (Nafion® SAC-13).

3.4. Reaction rate expressions and activation energies

To determine an appropriate reaction model for the conver-
sion of triglycerides, Nafion® SAC-13 was used because it has
been shown to not have the swelling issues associated with
Nafion® NR50. The reaction temperature was held constant
(60°C) to permit calculation of the apparent reaction orders
with respect to triacetin and methanol, « and 8, respectively.
These reaction orders were obtained by varying one reactant
concentration (MeOH = 0.67-5.2 M or TA = 1.2-2.6 M) while
keeping the other reactant concentration constant and in excess.
The power rate law model can be written as

—ro = kccatC%G,OC{\’;[eOH,O’ (4)

where £ is the reaction rate constant and Cc,; is the catalyst con-
centration (Cea,sac-13 = 2.7 meq H* /Lieaction volume)- 70 T€pre-
sents the initial reaction rate (<5% triacetin conversion), CtG.o
and Cmeon,0 are the initial triglyceride and methanol concen-
trations, respectively.

The apparent reaction orders for the triglyceride (asac-13 =
0.90) and the alcohol (Bsac-13 = 0.88) were calculated from
the slopes of the fitted straight lines in Figs. 7a and 7b,
with correlations for the fitted lines of 0.99 and 0.98, respec-
tively. In addition, k can be determined from the y-intercept
of the fitted lines and was determined to be ksac-13.60°c =
0.050 £ 0.003 L'#/(minmol'®) for Nafion® SAC-13. For
H,SOy4 catalysis, both triacetin (en,s0, = 1.02) and methanol
(BH,s0, = 1.00) exhibited first-order behavior, as expected
from the hypothesized mechanism and the rate-limiting step
(RLS) [7]. (The goodness of fit in determining o and S was
>0.99.) The value obtained for k using Ccat H,50, = 7.5 meq
H+/Lreaction volume Was KkH,504,60°c = 0.064 £ 0.015 Lz/
(minmol?), similar to that obtained for Nafion® SAC-13.

The effect of reaction temperature was investigated in the
30-60°C temperature range. The activation energies (Eqpp)
were estimated from the Arrhenius plots shown in Fig. 8.
Eqpp for the conversion of triacetin to diacetin using Nafion®
SAC-13 was found to be 48.5 & 1.6 kJ/mol, whereas the Epp
for the H»SOy4 catalyzed reaction was 46.1 2.1 kJ/mol. This
result corroborates our previous observation about the reac-
tion not being mass transfer-limited when catalyzed by the
nanocomposite.

3.5. Selective poisoning of Nafion® SAC-13 Brgnsted acid
sites

To obtain more insight into the acid resin-catalyzed trans-
esterification mechanism, selective poisoning of the Brgnsted
acid sites in Nafion® SAC-13 was performed using pyridine
(an organic base) [35]. Before reaction, 1 g of Nafion® SAC-13
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Fig. 7. Effect of reactant concentration on initial reaction rate (conversion <5%)
at 60 °C: (a) triacetin (Cpeon,0 = 13.8 M) and (b) methanol (Ctp o = 2.3 M).
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Fig. 8. Arrhenius plot for the transesterification of triacetin to diacetin using
Nafion® SAC-13 and H,SOy catalysts. Temperature range 30-60 °C and tri-
acetin conversion <10%.

was added to a known concentration of pyridine in methanol.
Poisoning was allowed to proceed for 48 h at 60 °C with con-
tinuous stirring (150 rpm) to guarantee equilibration of the pyri-
dine with the catalytic sites. Then the reaction was carried out.
The results show that the reaction rate dropped linearly with in-
creasing pyridine concentration (Fig. 9). This result indicates
that the RLS involves a single reaction site.

The pyridine poisoning experiments also confirmed the pre-
viously given estimations of the concentration of active sites
available on Nafion® SAC-13. Examination of Fig. 9 reveals

®
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Fig. 9. Selective poisoning of the Brgnsted acid sites on Nafion® SAC-13 us-
ing pyridine adsorption (Cta ¢ = 2.3 M and Cpeon,0 = 13.8 M at 60 °C and
2 wt% catalyst load).

that zero activity was manifested when the poison concentra-
tion was equivalent to 2764 peq H™ /L, which is comparable
(only 3% different) to the estimated concentration of sites,
2680 peq HT /L (Cey = 138 ueq H'/g), based on S elemen-
tal analysis, site titration, and TGA (see Table 3).

3.6. Proposed mechanism for solid acid-catalyzed
transesterification of triglycerides

Although the catalytic activity of solid acid catalysts like
Amberlyst® 15 [32], WZA [30], SO*~/SnO,, and SZ [16] have
been investigated for triglyceride transesterification in recent
years, the complexity of the vegetable oil mixtures used and
the difficulty in obtaining good initial rate data (due to 2-liquid
phase behavior) [5] has made the study of the mechanistic path-
way extremely challenging. In contrast, use of a model triglyc-
eride such as triacetin as the sole triglyceride for reaction in a
detailed kinetic study permits us to form a hypothesis about the
solid acid-catalyzed transesterification mechanism.

It is generally accepted that homogeneous acid-catalyzed
transesterification is initiated via the protonation of the triglyc-
eride carbonyl moiety, followed by the nucleophilic attack of
the alcohol to the protonated triglyceride, and finally proton
migration and breakdown of the intermediate (to form the
diglyceride) [7,36]. The cycle is repeated for the intermedi-
ate products. Because the RLS appears to be the second one,
both reaction orders (with respect to the glyceride and the al-
cohol) are equal to 1. However, in most investigations dealing
with acid catalysis, a much larger excess of methanol (>>6:1
methanol:TG) is used to compensate for the slower reaction
rate [14]. As may be expected, under those conditions the ap-
parent reaction order with respect to methanol goes to zero
(B—0)[37].

Both Nafion® SAC-13 and H,SOy catalysts have only Brgn-
sted acidity and have similar acid site strengths based on the
Hammett indicator method: Hp sac-13 > —12 and Hy H,s0, =
—12 [10]. The fact that both reaction orders with respect
to glyceride and alcohol are close to first order for Nafion®
SAC-13 is indicative that surface reaction is the RLS. In this
study, the selective poisoning of sites with pyridine provided
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Table 4

Scheme for the conversion of triglycerides to diglycerides (neglecting the other reactions in the series)

Step k(—) k—(<) K=k/k_
(1) Triglyceride ad/desorption TG + S <+ TG-S kTG k_1G KtG

(2) Methanol ad/desorption MeOH + S <> MeOH-S kMeOH k_MeOH KmeoH
(3) Surface reaction (RLS) TG-S + MeOH — E-S 4+ DG kg k—g K

(4) Ester ad/desorption ES< E+S ke k—e Ke

Overall reaction

TG + 2MeOH + S <> DG + E + MeOH-S

Note. Here S represents the vacant acid sites, E denotes the ester (i.e., methyl acetate); TG-S, MeOH-S, and E-S designate the adsorbed species; and K and k stand

for the equilibrium and reaction rate constants, respectively.

evidence that the RLS involves a single reaction site. Conse-
quently, there exist two possibilities: either the reaction pro-
ceeds via a protonated triglyceride or a protonated alcohol in-
termediate. For the solid-acid-catalyzed esterification reaction,
most investigators have found that the carboxylic acid first ad-
sorbs on the catalytic surface and then reacts with bulk phase
alcohol [38—41]. This mechanism discrimination procedure has
led us to suggest that the homogeneous and the heterogeneous
catalyzed reactions are likely following a similar mechanism.
Thus, if we assume that the reaction pathway for the conver-
sion of triglyceride to diglyceride on Nafion® SAC-13 mainly
resembles the homogeneous one, then surface reaction between
the protonated triglyceride and bulk alcohol would be the RLS.
Although the mechanism for reaction requires the triglyceride
to first adsorb followed by an Eley-Rideal-type reaction with
methanol from the liquid phase, the competitive adsorption on
the reaction sites of the alcohol (i.e., methanol) must also be in-
cluded based on the order of reaction of methanol being <1.
Therefore, the scheme for the conversion of triglycerides to
diglycerides (neglecting the other reactions in the series) can
be represented by Table 4.

Based on Langmuir—Hinshelwood kinetics with surface re-
action being the RLS, the observed reaction would be

Ces CDG)

K. ®)

rs = ks(CTGSCMeOH -
Initially, when the concentration of products can be ne-
glected, Eq. (5) reduces to

rs,0 = ks (C1G.sCMeOH)- (6)

The concentrations of the adsorbed species can be obtained
considering that the reaction rate constant for the forma-
tion of the intermediates is large compared to the reaction
rate (rrg/ktc = rMeon/ kmeon ~ 0, i.e., pseudoequilibrium).
Therefore,

Cr.s = K16C1GCs @)
and
CmeoH-s = KMeOHCMeOHCs- (8)

Substituting Eq. (7) into Eq. (6) gives

75,0 = ks (K16 C1GCs CMeOH) - )
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Fig. 10. Comparison of experimental data results for the conversion of triacetin
to diacetin to the model obtained using the proposed mechanistic pathway (re-
action temperature 60 °C).

Finally, the concentration of vacant sites (Cs) can be easily ob-
tained from the site mass balance to give

_ ks Ceat K16 C1G CMeOH

1+ K16C16 + KMcoHCMeOH |

Note that Eq. (10) deviates from the classical Eley—Rideal
bimolecular expression [42], as it includes the competitive
methanol adsorption term (KyeonCwmeon) in the denomina-
tor. Further rearrangements of Eq. (10) enable estimation of
the equilibrium constants by varying one reactant concentration
and keeping the other reactant concentration constant. The val-
ues obtained were Ktg = 0.14 M~! and Kpeon = 0.10 M1,
which are very similar, as expected from the reaction orders.
Likewise, the ks value was obtained from the y-intercept of
the linearized equations derived from Eq. (10) and was esti-
mated to be ks = 0.71 £ 0.04 L/(eqmin). To validate the pro-
posed model, a different set of experimental data was fit using
Ceat = 0.016 eq HT /L, C1g = 0.63 M, and Cypeon = 3.81 M.
The solution of Eq. (10) can be easily obtained using any ordi-
nary differential equations solver program, such as MATLAB
and Polymath. Here, we used Polymath 5.1 RKF45 function.
As shown in Fig. 10, the derived model (dashed line) was able
to effectively predict the experimental conversion of triacetin to
diacetin.

rs,0 (10)

3.7. Catalyst deactivation and reusability

Three consecutive 2-h transesterification reaction cycles
were used to determine the extent of Nafion® SAC-13 deactiva-
tion. To facilitate catalyst recovery, the catalyst was used in its
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Fig. 11. Nafion® SAC-13 activity during multiple triacetin transesterification
reaction cycles with decantation of the reaction mixture solvent between cycles:
(a) triacetin conversion and (b) methyl acetate yield.

pellet form. The variation in triacetin conversion and methyl ac-
etate yield between runs was insignificant, as shown in Fig. 11.
The fact that the catalyst showed the same activity through
multiple cycles also indicates that the reaction was truly hetero-
geneously catalyzed (i.e., no leaching out into the liquid phase
of the catalytic species). Nafion® SAC-13 was resieved after
reaction; the results indicated that attrition was not significant
during these runs. For the pure resin, Nafion® NR50 (added dry
to the reaction mixture), the catalytic activity increased after the
first 2 h reaction cycle because of swelling [15].

4. Conclusion

To evaluate the possibility of replacing homogeneous cat-
alysts with solid acids in the synthesis of biodiesel from free
fatty acid-containing feedstocks, a fundamental investigation
of the kinetics of transesterification of triacetin with methanol
was carried out for perfluorinated resin catalysts, and the results
were then compared with the kinetics of HySO4. The activity
for transesterification of Nafion® NR50 was found to strongly
depend on the reactants’ accessibility to the acid sites. The pure
resin exhibited the greatest degree of swelling after pretreat-
ment in methanol (relative to other components in the system),
thereby exposing more sites for reaction. On the other hand,
Nafion® SAC-13 showed no dependence of catalytic activity on
solvent precontacting and also more efficient use of the resin

acid sites (i.e., unrestricted accessibility of the reacting mole-
cules to the active sites).

Based on kinetic analysis, the similarities found between
solid and liquid catalysts (in terms of activation energies and
reaction orders) and the variations in catalyst activity after the
selective poisoning of Brgnsted acid sites in Nafion® SAC-13,
a mechanistic pathway similar to that for homogeneous acid
catalysts was proposed. To the best of our knowledge, this is the
first time that a mechanism has been proposed for the solid acid-
catalyzed transesterification of triglycerides. This mechanism
consists of a triglyceride protonation step, followed by surface
reaction between the protonated triglyceride and liquid-phase
alcohol (which is the RLS) and then a product desorption step.
A deviation from the classical Eley—Rideal bimolecular mech-
anistic expression is obtained due to competitive adsorption of
methanol on the resin acid sites. This mechanistic model was
shown to successfully predict the conversion of triglycerides to
diglycerides. No catalyst deactivation was found under the con-
ditions of this study.
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