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Abstract: Production of fatty acid esters from stearic, gleand palmitic acids and
short-chain alcohols (methanol, ethanol, propaaoll butanol) for the production of
biodiesel was investigated in this work. A seriésnontmorillonite-based clays catalysts
(KSF, KSF/0, KP10, and K10) were used as acidialgstis. The influence of the specific
surface area and the acidity of the catalysts eretterification rate were investigated. The
best catalytic activities were obtained with KSE#lalyst. The esterification reaction has
been carried out efficiently in a semi-continuoaaator at 150°C temperature higher than
the boiling points of water and alcohol. The reaced enabled the continuous removal of
water and esterification with hydrated alcohol &bl 95%) without affecting the original
activity of the clay.
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1. Introduction

The fatty acid esters constitute a group of uselfi@mical intermediates in the synthesis of several
products such as amides, sulfonates and fatty alleofhese compounds can be applied as solvents,
spreading or softening agents in polymers. Theyadse used in the textile, cosmetic and rubber
industries [1]. Recently, long-chain fatty acidydlksters have spurred a great deal of intereghen
synthesis of biodiesel [2].
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Actually, the most attractive biofuel is representy biodiesel, which is a mixture of fatty acid
methyl or ethyl esters, produced by a transestatifin reaction performed on vegetable oils with
methanol or ethanol. The catalysts that are modelywiused, and which are the most effective in this
step of the process, are sodium and potassium Xiger¢3,4]. However, some severe drawbacks must
be accounted for in this case: the presence oftareisand free acidity that strongly influences the
process performance and economics. In fact, botervead free fatty acids (FFA) rapidly react with
the catalyst, consuming it and giving way to lomgia soaps whose tenside properties do not allow an
efficient separation of the pure glycerol byprodutthe case of oil with a high content of FFAeli
usually happens in waste materials, a pretreatesgtification step must be considered as mandatory
in order to eliminate the free acidity that must teeluced below 1%. Esterification of FFA to
alkyl esters in the presence of an acidic catadyst route to improving the use of high FFA oils in
biodiesel production.

Esterification is normally carried out in the horeagus phase in the presence of acid catalysts such
as sulfuric acid, hydrochloric acid apetoluenesulfonic acidpt TsOH). The use of such catalysts has
many inconvenients that include corrosion, lossatélyst and environmental problems [5,6].

Efforts have therefore been made to develop eeondty heterogeneous catalysts for the synthesis
of fatty acid esters. The most popular solid addtalyst used to produce esters were ion-exchange
organic resins, such as Amberlyst-15 [7,8], zeslit®-11], and silica-supported heteropoly
acids [12,13]. Nevertheless, they have shown limoma in applicability for catalyzing esterificatio
due to low thermal stability (Amberlyst-15 < 140);@nass transfer resistance (zeolites) [14,15], or
loss of active acid sites in the presence of arpo&dium (HPA/silica) [13].

Clay catalysts have received considerable attentiondifferent organic syntheses due to
their environmental compatibility, low cost, higkelectivity, thermal stability and reusability [16].
Acid-activated clays are one of the most widelydsd solid acid catalysts for many organic
transformations such as alkylation [17, 18], cors@¢ion [19], dimerisation [20], isomerisation [21],
ether formation [22] and transesterification reawsi [23], but they are rarely used as catalyst in
esterification reactions.

The esterification of fatty acids is usually cadrieut by short chain anhydrous alcohols having low
boiling points. The water formation during the M@t remains the principal handicap to
develop suitable synthesis processes for fattyresiéhe elimination of this water using azeotropic
solvents (i.e., xylene) or using large excess oftal was the major solutions applied to achievedgo
fatty ester yields.

In the present work, we report on the esterificatid stearic, palmitic and oleic acids with short
chain alcohols (methanol, ethanol, propanol anérmnlj over acidic clays. The reaction was carried
out under atmospheric pressure in a semi-continoeastor which can operate at high temperatures
(150 °C) above the boiling point of the alcohol amdter and with a continuous constant flow of
alcohol being added to the reaction mixture. Uridese reaction conditions, the fatty acid amourd wa
in excess compared to that of alcohol. The formedewwas eliminated during the reaction time
enhancing thus the fatty ester production. A var@tmontmorillonite catalysts (KSF, KSF/0, KP10
and K10) have been tested. The possibility of dgteg the fatty acids with hydrated alcohol (95%
ethanol) was also investigated.
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2. Experimental Section

2.1 Materials

The four commercials clays (Montmorillonite KSF/Olay; Montmorillonite KSF clay,
Montmorillonite KP10 clay, and Montmorillonite K16lay) used as catalysts in this study were
purchased from Fluka and used as received withothdr treatment. The relevant physico-chemical
properties of the catalysts used are given in Talj]. Stearic acid, palmitic acid and oleic awiere
purchased from Sigma Aldrich. All the other cherhreagents and solvents such as sodium hydroxide
pellets (97%), hexane, methanol, propanol, 1-butétibutanol and absolute ethanol were purchased

from Prolabo, ethanol (95%) was produced by Chemarma.

Table 1.Some characteristic data of the investigated cstea[24].

Textural characteristics Acidity
Catalysts Specific Average pore Surface acidity(mmol g*)
surface (nf/g) | diameter (A) pH Bronsted Lewis
KSF/0 117 74 1.3 1.03 0.20
KSF 30 50 1.5 0.59 0.15
KP10 169 71 1.8 0.49 0.09
K10 249 56 4.5 0.33 0.29

2.2. General reaction procedure

Catalysis tests were carried out in a semi-contisueactor [25-27] composed of a three-neck flask
(100 mL) equipped with a water-cooler condenséneamometer and a magnetic stirrer (Figure 1).

Figure 1. Schematic representation of the semi-continucastoe used for this study.

1: alcohol; 2: fatty acid + clay; 3: alcohol + wate
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Two grams of fatty acid (stearic, oleic or palmiéicid) was introduced into the reactor and then
heated at 150 °C. After that, 350 mL of absoluteetl was added dropwise during the reaction time
(300 min) with a constant flow of 2 x Zomol min*. The alcohol, as well as the produced water were
continuously removed from the reaction medium aftemdensation and recovered at the exit of the
reactor. When the first drop of ethanol was recedem the recovery flask, the catalyst was
immediately introduced into the reaction mixtur@isTmoment was considered as the starting time of
the reaction (equilibrium startup mode) [26, 27@dnfples were withdrawn at different time intervals t
determine the remaining amount of fatty acid byatibon with a sodium hydroxide solution
(0.017 mol Y. The conversion of fatty acid was calculatedhsyfollowing formula [28]:

R(%):ﬂ[(loo)
a
where ais the initial acidity of the mixture andia the acidity at a time “t".

2.3. Effect of catalyst loading

To study the effect of catalyst loading, 2 g ofasie acid was esterified with diverse catalyst
loadings varying from 0.02 g to 0.4 g, which copasd to a mass ratio of 0.01-0.2 w/w. All
experiments were realised with montmorillonite K&&f 150 °C during 4 h.

2.4. Esterification with others alcohols

In this section, the effect of the length of theadllol carbon chain and the influence of the locatio
of the alcoholic group were studied. 2 g of steattd was esterified in the presence of 0.2 g of
montmorillonite KSF/0 (€= 0.1w/w) at 150 °C during 4 h using differentalols. To have the same
flow of alcohol (2 x 10?mol min %) and therefore a constant molar ratio acid/alcoin reactor was
charged with different alcohol volumes: 195, 28603445 and 445 mL for methanol, ethanol,
propanol, 1-butanol and 2-butanol, respectively.

2.5. Catalyst regeneration

The clay was separated from the reaction mixturéltogtion, washed with hexane, dried at 80 °C
for 24 h, and reused to study its activity for gsterification reaction carried out in both convemel
and semi-continuous reactors. The conventionakoeazas composed of a two-neck flask (100 mL)
equipped with a vapor condenser and a thermombt&y.g of stearic acid and 50 mL of ethanol were
charged in the reactor and heated at the boilingt md alcohol (78 °C). The reaction medium was
stirred vigorously with a magnetic stirrer. Theadgst was added (0.1 w/w) when the temperature of
the reaction mixture reached a constant value s€h@-continuous reactor is described above.

3. Results and Discussion
3.1. Catalytic activity of acid clays

A variety of montmorillonite catalysts KSF, KSFKRP10 and K10 have been investigated in the
esterification of stearic acid with ethanol. Figzeshows the conversion profiles relative to the
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reaction times at 150 °C over the studied catalf&ts w/w). It can be noticed that the reactiore rat
increases according to the following order: KSF/&SF > KP10 > K10. No correlation was found
between surface area, average pore diameter watlegterification activity of the catalysts. Indeed,
K10 with the higher surface area (24%/g) leads to the slower reaction rate. This regilin
agreement with the report of Pushpaletitaal on the correlation between surface properties and
catalytic activity of montmorillonite catalysts [RExcept for the KP10 catalyst sample, it seenas th
the catalytic activity increases with the totalfaoe acidity. Besides, a decrease of clay pH lta@ds
increase of esterification rate, for all cataly@table 1). A total conversion of acid was obtaimadigr
240 min with KSF/0 which has the lowest pH valud #me highest Bronsteatidity. At the same time,
the yield of esterification was about 85% and 80#iem operating with KSF and KP10, respectively;
whereas it was lower than 60% in the K10 case.

Figure 2. Conversion profiles of the esterification of steaacid with ethanol over
different acidic clay catalysts (T = 150 °C and @/W).
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Generally, the homogenous catalysts (sulphuric, getdluenesulfonic acid) were better than the
heterogeneous catalysts, displaying faster kinetind$ higher reactivity. However, the KSF/O clay
allows a conversion higher than 70% of the inii@gdty acid in 1 h and 93% after 3 h. Hagthal, have
obtained the same ethyl oleate conversion aftestitting and the same ethyl stearate conversianr aft
3 h ultrasound irradiation using sulphuric acid casalyst [30]. The esterification over acid clays
proceed at lower temperature than transesterificatiin fact, the transesterification using
heterogeneous catalysts requires usually temperatugxcess of 200 °C to achieve >90% conversion
within the timescale of the experiments [31].

3.2. Effect of catalyst loading

The effect of the clay loading on conversion ofsteacid with ethanol, at 150 °C, for 4 h, over
KSF/0 as catalyst was studied. Figure 3 presemtddatty acid conversion as a function of catalyst
concentration € (where G is the weight of catalyst/initial weight of fatgcid) which shows two
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different domains. In the first part, the estemarsion increases proportionally with thg ®hereas it
is found to be independent of the catalyst conaeéintr above 0.1 w/w (97% of fatty acid was
converted). The results obtained suggest thatriii@liactivity increases with total number of aeti
catalytic available sites.

Figure 3. Conversion (%) of esterification of stearic acidhwethanol over KSF/0 catalyst
versus catalyst concentration at 150 °C.
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3.3. Esterification of other fatty acids

Montmorillonite KSF/0O was also used as catalysthia esterification of oleic and palmitic acids
with ethanol. Figure 4 shows the conversion ofyfattid as a function of time. Although there weoe n
significant differences in the length chains of thtty acids, a slight increase on the conversias w
observed for the stearic acid (C18). These resaiés in agreement with those obtained on the
esterification of palmitic, stearic, and oleic acidith methanol using PVA-SSA40 as catalyst carried
out by Caetanet al.[32].

Figure 4. Conversion profiles of the esterification of stegpalmitic and oleic acid with
ethanol over 0.1 w/w KSF/0 catalyst at 150 °C.
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3.4. Effect of the length of the alcohol’s carbdio

To compare the effect of the alcohol carbon chaithe reaction yield, four different alcohols have
been used: methanol, ethanol, propanol and butdihe.operational conditions were similar for all
experiments. The reaction was carried out using miearic acid and montmorillonite KSF/0 as
catalyst. It seems that the yield of esterificati@actions is strongly dependent to the physical
properties of the alcohol used (Table 2). Butahals the higher boiling point temperature, thus it
evaporates at 150 °C but at a lower rate than ther alcohols. Consequently, the instantaneous
residual amount of butanol exceeded that of propaviuich was also higher than that of ethanol. The
esterification with butanol will therefore be faedrby the presence of a greater amount of alcohol i
the reaction mixture.

Table 2. Esterification yields of stearic acid with diffatealcohols over KSF/O catalyst
(0.1 w/w) at 150 °C.

Fatty acid Alcohol Boiling point R (%)
Stearic acid methanol 65 °C 96
Stearic acid ethanol 78.5 °C 97
Stearic acid propanol 97.5°C 98.5
Stearic acid butanol 117.5°C 99.9
Stearic acid 2-butanol 114.7 °C 40

To evaluate the influence of the location of theohblic group on the esterification yield, 2-butbno
was also used. A net increase can be seen inrtAkecibnversion of 1-butanol compared to 2-butanol
(Table 2). This effect might be due to a sterieetffon the secondary alcohol [33]. However, theesam
yield (40%) was obtained by Haehhal. after 5 h of ultrasound irradiation [30].

3.5. Esterification with hydrated alcohol

The esterification reaction is usually carried butanhydrous alcohols to increase the conversion
rate of fatty acids. Indeed, the presence of wptemotes the reverse reaction. In this study, we
suggested the use of the low cost industrial gedldanol (95%), as it would be beneficial to be dble
conduct this reaction under certain water-contgingonditions without influencing the original
activity. Our results (Table 3) show high yieldsesterification in the presence of ethanol 95%albr
fatty acids studied. This result is very promiscgmpared to the one found in a former study [33].
Indeed, the esterification of oleic acid with etblaf6% reduces the esterification yield from 15% to
only 4 % after 150 min reaction. Further, the rered mixture (ethanol+ water) can be reused without
substantial loss of the conversion yield (97% aftez cycle and 95% after two cycles).

The esterification in semi-continuous reactor lead$ only to the continuous removal of the
produced water from the reactor, but also the iéistion with hydrated alcohol without any decreas
in the final conversion.
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Table 3. Effect of water contained in ethanol: esterifioatof stearic, oleic, and palmitic
acid with ethanol 99 and ethanol 95.

Fatty acid alcohol R (%)
Stearic acid Ethanol 99 97
Stearic acid Ethanol 99 97
Stearic acid Ethanol 99 95
Stearic acid Ethanol 95 97

Oleic acid Ethanol 99 92

Oleic acid Ethanol 95 92
Palmitic acid Ethanol 99 94
Palmitic acid Ethanol 95 94

*recovered ethanol after one cycle
**recovered ethanol after two cycles

3.6. Catalyst stability and reusability

The reusability of solid catalysts is one of the@in advantages compared to liquid homogeneous
catalysts. To evaluate this characteristic fordlag catalysts, the esterification reactions oasteacid
with ethanol were investigated by running conseeutieaction cycles under the same reaction
conditions. The yields of the esterification reawtiduring four cycles and those obtained with a
conventional reactor (according to the general gulace described in the Experimental section) are
presented in Figure 5.

Figure 5. Catalytic activity of the esterification of stearacid with ethanol, in four
consecutive experiments in the conventional and-sentinuous reactor.

100 4

80 1

@ Semis-continuous
reacor

40 4
aconventional reactor

Conversion (%)

20 A

Cycles

With the presence of excess alcohol, it was refdhat clays lose their catalytic activities afbele
cycle of reaction and should be re-impregnateddiy #or use in a second cycle of reaction [34].sThi
same phenomenon was observed in a conventiondbraawder reflux in the presence of ethanol in
excess (Figure 5). The esterification, with reduaetbunts of alcohol, in a semi-continuous reactor,
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limits the rapid release of acidity and enablesr#diention of the catalytic activity of the catdlgslid
for several cycles of reaction (84% after thredas)c

4. Conclusions

The esterification of fatty acid with short chaileahols over acid clays was efficiently carried out

in a semi-continuous reactor. The montmorillonit8A0 has proven to be the most effective of the
tested catalysts. Besides the catalytic activityhaf catalyst type, the influence of various reacti

parameters, such as catalyst loading and typecohal, was studied. The semi-continuous reactor
operating above the boiling point of water and #heohol enables the continuous removal of the
formed water causing a shift in equilibrium towattle esterification. On the other hand, it allows
operating in the presence of a very low alcoholkeoitration to prevent the degradation of the cataly
by the rapid release of the clay acidity. The pannce of the semi-continuous reactor was also
demonstrated by the possibility to esterify withdigted alcohol without any decrease of ester yield
compared to anhydrous alcohol.
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