University of Nebraska - Lincoln

DigitalCommons@University of Nebraska - Lincoln

Chemical and Biomolecular Engineering

Papers in Biomaterials Research and Publications

September 1996

A Continuous Process for the Conversion of Vegetable Oils into
Biodiesel

Hossein Noureddini
Department of Chemical Engineering, University of Nebraska-Lincoln, hnouredd@unlinotes.unl.edu

D Harkey
Department of Chemical Engineering, University of Nebraska-Lincoln

V Medikonduru
Department of Chemical Engineering, University of Nebraska-Lincoln

Follow this and additional works at: https://digitalcommons.unl.edu/chemeng_biomaterials

0 Part of the Biomaterials Commons

Noureddini, Hossein; Harkey, D; and Medikonduruy, V, "A Continuous Process for the Conversion of
Vegetable Oils into Biodiesel" (1996). Papers in Biomaterials. 17.
https://digitalcommons.unl.edu/chemeng_biomaterials/17

This Article is brought to you for free and open access by the Chemical and Biomolecular Engineering Research and
Publications at DigitalCommons@University of Nebraska - Lincoln. It has been accepted for inclusion in Papers in
Biomaterials by an authorized administrator of DigitalCommons@University of Nebraska - Lincoln.


https://digitalcommons.unl.edu/
https://digitalcommons.unl.edu/chemeng_biomaterials
https://digitalcommons.unl.edu/chemeng_researchpub
https://digitalcommons.unl.edu/chemeng_researchpub
https://digitalcommons.unl.edu/chemeng_biomaterials?utm_source=digitalcommons.unl.edu%2Fchemeng_biomaterials%2F17&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/233?utm_source=digitalcommons.unl.edu%2Fchemeng_biomaterials%2F17&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.unl.edu/chemeng_biomaterials/17?utm_source=digitalcommons.unl.edu%2Fchemeng_biomaterials%2F17&utm_medium=PDF&utm_campaign=PDFCoverPages




Ligquid Fuel and Industrial Products
from
Renewable Rescurces

Proceedings of the
Third Liquid Fuel Conference

Edited by

John §. Cundiff
Earlc E. Gavett
Conly Hansen
Charles Peterson
Matt A. Sanderson
Hosein Shapouri
Donald L. VanDyne

September 15-17, 1996
Nashville, Tennessee



A Continuous Process for the Conversion of
Vegetable Oils into Biodiesel

H. Noureddini, D, Harkey and V. Medikonduru

ABSTRACT

Over the last few years fatty acid methvl esters have agsumed importance as research
bas intensified on the utilization of vegetahle oils and animal fats derivatives from liquid
tuels (better known as biodiesel). Traditional batch processing has been and still is the most
widely used process for this conversion, ¥ew and more efficient processing schemes, for large-
scale production of biodiesel for fuel purposes, is a key for commercialization of bicdiesel. In
this study a continuous process for the transesterification of triglycerides to methyl esters was
investigated. This process is based on a combined high shear and motionless reactor system.
The experimental studies explored the variations in the mixing intensity, stoichiometry and
catalyst concentraticn on the overall conversion.

Keywords. Biodiesel, Vegetahle oils, Pilot plant, Transesterification

INTRODUCTION

The idea of using vegetable oil as a substitnte for diesel fuel iz an old one going
back to the invention of the compression ignition engines. In fact, Rudolph Diesel, the
inventor of the Diesel Engine, operated an engine with peanut «il in & demenstration in
1900. Vegetable-oil fuels have been examined as a possible substitute for diesel fuel by many
vesearchers {e.g., Peterson et al., 1983; Mazed et al., 1985; Samsan et al 1983}, Although the
concept of vegetable-oil fuels has been periodically introduced, it has never heen seriously
considered. This is mostly due to the fact that even though short term tests are satisfactory
{e.g., Mazed et al., 1935; Samgen et al., 1985), long term use of neat vegetable oils leads to
severe engine problems (Fryde. 1983). The durzbility problems have been blamed on the
fuel degradation due to its high viscosity, chemical struciure of triglyceride molecules and
incomplete combustion {Ryan 111 et al.,1984).

Esters of fatty acids have shown the greatest potential as alternative diesel fuels as
2 result of improved viscosity relative to the triglveerides. The viscosity of vegetable ails is
reduced from about 10-13 times that of No. 2 diesel fuel to abont twice that of No. 7 diesel
for methyl esters which is low enough to be used as diesel fuel. Other physical praperties
of fatty acid methyl esters such as cloud point and pour point are considerably higher than
No. 2 diesel fuel which limits its nse as an alternative to diesel fuel, However. up to 30
vol%: of the methyl esters in diesel fuel does not change the cold-fiow properties of the fuel
significantly (Ali et al., 1995; Dunn and Bagby, 1695). Studies have also shown that engines
running on methyl esters emit slightly lower HC and CO and significantly lower particulates
[Mittelbach and Tritthart, 1988). The NO, emissions, however, ace higher for methyl esters
(Clack et al., 1984; Mitielbach and Tritthart, 1688),

Transesterification of bio-oils and fats is the most effective process for transformation
of the larger triglyceride molecules of bio-oils and fats inta smaller, straight-chain molecules
of fatty acid esters. Transesterification involves the reaction between an alcohol and a triglyc-
eride molecules in the presence of an alkaling catal yst.
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The transesterification of vegetable vils {also known as alcoholysis) has been intem -
sively ipvestigated (eg., Tanaka ct al, 1931; Sankaran, 1990; Freedmen et al., 1984; Kusy, -
1982) as widening industrial uses were found for csters (Mefler, 1984]. Variables affecting
the alcohalysis of vegetahle oils snch ag: reaction time and femperature, catalysl type and
concemiration and the molar ratios of the reactants have been studied. Most of the rescarcl -
to date has focused on balch transesterificalion of vegetable oils with methanol or ethanel
at or near the boiling point of the aleohol witl sodinm or potassium hydroxide and 50-300%
axcess alcohol for 1-2 h of reaction time. Nye and Southwell, (1933) studjed the synthesis of
methy] and ethy] esters of rapeseed cil in a bench-scale pracess and reparted better than 929
couversion at roora tempetature. The sffect of other reaction parameters such as catalyst
concentration and mixing inlensity on the vield of esters were also reported. Peterson ard: :
co-workers (1988) have aiso reported high vield of methyl esters at room tempervature for
the alcoholysis of 1apesead oil.. This work was a pilot-scale and was Lo develop the reacticr
parameters and process variables. A low-waste process for the production of methyl este
of rapesesd oil has been recently 1eporied by Ahn and co-workers (1993). Based on tf
technolozy, a 15,000 tons per year planl is in operation in Austria and another 30,000 to
per vear plant is under construction n Czech Repullic, ’

A factor of particular importance in the transesterification provess s the degra
mixing between the alcohol and triglyceride phases. The triglyceride and aleohol plhas
are not raiscilble and form two liquid layers upon their initial introduction into the reacto
Therefore, mixing is expected to play an important role ir. the transesterification react
Although some type of mixing, westly I form of mechauical stirrers, has been appli
most of the research studies, the effect of mixing intensity has mot beer fully addres
Beiter urderstanding about the mixing effects on the fransesterification process will I
vainable tool in the process scale-up and design.

The ohjective of this aricle was o develop 2 continuous process for the produgt
of methyl erters of savbean oil as an alternative to diese} fucl. The effect of mixing inten:
on the transesterification reaction was the primary variable which was invesiigated in
study. The process was equipped with two mixers/reaciors, first a motionless mixer wh
was followed by & high shear mixer. The combined effect of the two reactors as well. é,
individual performance were examined. Other reaction parameters such as: rea,ctson
ratic of the reactants and catalyst concentration were also examined. :

EXPERIMENTAL FPROCEDURE

Matetials

Refined and hleached grade savbean oil was provided by Archer Daniels Mid
Company. The frec fatty acid concentration of the oil was measured according to the
#Ca Sa-40 and was defermined to be 0.03%. Anhyvdrous methy! alcohol was obtaine



Mailinckrodt Baker. Inc. Sodinm hvdroxide (98.4%) was obtained from Fisher Seientific
Company. The standards for the fatiy acid methyl esters and glycerides were obtained
from Sigma Chemical Company, HPLC grade solvents, zcetone and acelanitrile were hath
vbiained from Mallinckrodt Chemical, Ine.

A solution of 25 grams of sodium hydrexide per one liter of methenal was prepared.
Using this concentrated solution, the melar ratios and catalyst vonceniralions were adjnsted
by changing the flow rates of the reactants.

Equipment

The major sections of the pilot plant include the pump station, prehesting; premixing,
mixing, the residence tube, cooling, and settling. A flow diagram for the pilot plant is
presented in Fig. |.
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Figure 1: Flow diagram for the continuous. (MPn], metering pnmps; (SMn). motionless
mixers; (H'T'n). heaters; (M), high shear mixer: (Pn}), pressure transducers; {Tn), thermocon-
ples; {RT), residence tube: (BPR). back pressure regulator; (HEn}, heat exchangers; (ST),
separalory tank. transesterification process.

Pump Station

The pump station consisting of three E Series Pulsatron Pulsafeeder metering purnps.
The in-fine pnmps were counested to a manifold which converged the flow into the pre-mixer,
Ore of these prumps was nsed for saybean oil, one for methano), and one for sodium hydroxide
solution in methanol. The wetted parte of the pnmps used for sodinm hydroxide transfer
were constrncted with 316 stainjess steel and teflon materials and the wetted parts of the
otker pnmnp were made with PVC and teflon materials,

The flow rates of the purnps were varied lineatly by changing the percent stroke rate
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and the percent sircke fength. For example, a pump with a maximara flaw rate of 0.1 L/min
could be adjusted ta 1073 T./min by changing the percert stroke rate and stroke length 1o
10%. The flow accuracy decteased at very low stroke rates and lengihs and they were not
operated helow 10% stroke rate and 10% stroke length.

The percent stroke rates of these pumps were controlled by the computer via a 4-
20 wA signal while the percent stroke lergth was controlled manually. The percent stroke
lengths were adjusied oply for flow rates below 10% of the maximumu fuw ratc. The pomyp
station was capahle of providing flows from 0.38 x 107® L/min to 0.8 L/min against a
maximum pressure of 344.74 kPa (50 psi). These pumps were all calibrated and the flow
rates were found to vary linearly with the percent stroke rate and stroke length.

Preheating /premixing

Once tbe reactants are converged into the punip manifold, they are first mixed in
the in-line static mixers and then sent into the beater. The first static mixer was made
of polypruoylene and was located directly after the mauifold. A second static mixer wa:
installed inside the heater. The heater consists of four 0.3 kW cextridge heaters encased in
an aluminum block with 2 flow 1ube in the middle. These heators (heater 1) were controlle
via a 4-20 mA signal whiclh set the power output from (% to 100%. The static mixe
inside the beater was made out of stainless steel which furiher mixed tbe reactants as welj
as increased the heat transfer from the heaier to the reactants. The sialic mixers wers
purchesed from Koflo Inc, and the heater was purchased from Watlow.

Mixing

A continuous high shear mixer, was used to further mux the reactants. This ki
shear mixer was hased an a rotor-stator design and was excellent for converting inpui poy
inio mechanical and hydrodynamic shear energy. This was particnlerly usein] for mixi
immiscible phases such as msthanoel and sovhean oil. The mixer had z capacity of 600 c\
and could operate at pressures and temperatures as high as 10.3¢ x 10° kPa {150 pa)
204 44 € (400 F}.

The mixer was equipped with a Watlow bausd heater and was used to heat the nn
durjug start-up, This heater (heater 3) was 3.81 em (1.5 in.) wide with 2 3048 cra {127
Jiameter and was rated at 1000 W,

The high shear mixer was connected to a variable frequency drive (VD) many
tured by Utech Systemns Associates Inc., which was connected to the conirol box. The
controlled the power golng into the mixer from 4% ta 100% and a linear relationship be
the percent power inprt and RPM’s was recorded. 100% power represeuted 1570 RPI
this methad, the mixing speed was controlled from the cantral box.

Residence Tube

The residence tube was nsed to increase the residence time of the transesterific
reaction. The residence tube was simply a 38.1 cm (15in.) long hollow stainless steel
em {2 in.) diameter pipe with a capacity of about one liter. ‘I'his tube was heated o
outside with a 7.62 cm (3 in.) wide, 275 W Watlow fexilile sificon rubber tape heater
tape heater was controlled by varying the power output from 0% to 100% from the;
Lox. The reactants leaving the residence tube were found to be homogeneous.

System Cooling

Cooling of the products coming out of the process was done by two riniaf
and tube heat exchangers. The shells of the heat exchangers were 30.48 cm (12
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and 5.05 cm (2 in.} in diameter and confained twelve 0.95 cm (3/8 in.) tubes. The heat
exchangers each had 847.28 cm® (0.912 ft*) of heat transfer surface. The coolant conld be
ran eithe: thraugh the tubes or the shell.

The coclant was supplied hy a consiant temperature circulating bath manufactured by
VWR Scientific, A 30/30 mixture of ethylene glycol and water was used as the coalant. The
cooling system was closed loop as the coolant was constantly recycled back info the consiant
lemperature bath. A three-way valve was installed between the rwo heat exchangers for
sampling.

Settling

Alter couling, the praducts were collected in a 5678 L {15 gal} separatory tank. The
separatory tank was eguipped with a drainage valve on the bottom. The products were
allowed 10 sit for one day to allow the glyceral and methyl esters to separate. After settling,
the glycerol and tuethyl ester phases were separated.

System Pressure

A Tescom 26-1700 Series sell contained spring loaded back pressure regulator was used
to pressnrize the system. The back pressurs regulator was rated for a maximum temperature
and pressure of 220 C and 34.47 x 10° kPa (3500 psi) respectively. The regulator was a
precision relief device that allowed the working fluid to escape at such a rate to maintain the
desived system pressure. The back pressure regulator was installed hetween the residence
wube and the heat exchangers,

To monitor the pressure of the system, the pilot plant was equipped with two Rose-
mount (model 1151GP) gage pressure transducers. Due to the sensitivity of these pressure
wangducers to high temperatures., they were placed in a 1emote position to the flow and did
not come in contact with the working fluid. The transducers transmitted a 4-20 mut signal
to the control hox which in turn trausmitted real-time daia to the computer. The pressures
were measured in the line hefore and after the high shear mixer.

Control System:

A control box was purchased from Landis and Gyr aud was controlled by Procomm
Plus for Windows on a personal computer. The control box had the ability to control the
pumps, heaters and mixer aud could also read varions temperatures and pressures from the
thermmacouples atd pressure transducers. The hox was equipped with eleven separate power
and controller modules.

PILOT PLANT OFERATION

Preparation

e The control bex had jts own control language called the Power's Frocess Control Lar-
guage (FYCL) developed by Landis and Gyr Powers Incorporated. Various control uptivns
: such as setting up a P1D controller on the heaters, using calibration constants io raleulate
f{oyv rates and installiug safecy shutoffs were programmed. Meta kevs were used in Procomm
¢ Jomake quick systern changes for each run. L'he meta keys were macros which perform a
~ specific operation(s) when activated. The meta kevs were used to avoid the individual input
of Various process variables into the control box.

" Usmg the Powers Process Control Language (PPCL), a program was writter. specifi-
L Gally for pilat plant operation. For each run, the desired flow rates and set point temperatures
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were programined inte meta keys in Procomm Plus to allow for quick system changes during
the o, The PLY coutroller’s gain values were optimized 1o obtain iemperature control
wiihin £ & C of the set poinl temperatures.

Start-Up

The Higlt shear mixer was initially heated for five minutes by the hand heater. Theu
the mixer, preheater, and residence tube heater were heated for au additivial five mminutes
with 100% power for the preheater and 50% power for the residence vube heater. Using the
mcte keys, the snybean oll flow and the temperature controllers for the high shear mixer |
heater and residence tube heater were activated simultaneouzly. Once the femperatures
before and after the high shear mixer (T3 and T4) excceded 70 C, and the temperature
after the residence tube (T5) exceeded 63 C, the methancl and sodium hydroxide dows were -
statted. The system temperature and pressurc were set to 80 C and 172.37 kPa [25 psi)
respectively. The heating process took about 20 ro 30 minutes. The coolant for the heat
exchangers was set to 13 C.

Steady State Operation

The systern was operaied for a period of time which would allow six liters of material?
to pass through the svstem beluie a sample was taken. This was approximately fwo time
the syster volume. On a series of consecutive runs, this would allow the svstem to come ¢t
near steady-state conditions as well as to completely fiush out the material from the previou:
ran before sampling. The samples were collecled in a conical flask. Afier each sample w
taken, the meta keys were used to change the desired system parameters including flow rates
and mixing speeds. :

Each sample was covered and was allowed (o stand for oue day before aeparat,m t
methyl esters from the glycercl. After one day, the methiyl esters were remaved, neu?;rahze
and then placed in a vial for further analysis,

ANALYEIS

A high pressure liguid ehromatography sysiem consisting of a pump {model no..
manufactured by 1SCO and a refractive index detector (Refracto Monitor IV} mad
Thermo Separation Produets was used for analyzing the samples. A spherixorh OO
colun 250 x 4.6mm with 80 micton pove size and 3 micrometer particle size was uge
the separation. Temperature of the column was maintained at 2 constant value of 35
a Brinkman RC 5§ temperature bath. Dasa collection and analysic were performed
Hewlett-Packard’s Chemstation. The mohile phase lor the system was a 30/50 volumy
ratio of acetone and acetonitrile, The mobile phase was degassed for about 20 pain bef
use in the system. o

The flow rate of the mobile plase was set to 0.7 mT/min. The temperature
column was maintained at 35 C. About § ml of degassed HPLL mobile phase was'u
dissolve about 2-3 drops of the methyl esters sample. Once tha above conditions we
the system was allowed to stabilize.

The components measnred by the HPLC included methyl esiers, monmglyce
digtycerides, and triglycerides. The percent conversion was taken as the conversion of
erides to methy’ eaters. The relative HPLC areas and component masses were ca
using stancdard samples of known compositions.
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RESULTS AND DISCUSSION

Experiments were performed to sindy the effects of catalyst concentration, 1esidence
time and the mixing irtensity on triglyceride conversion. The results are surrimarized in the
following sections.

Eftect of Catalyst Concentration

Pilot plart rurs were conducted to study tbe effect of catalyst concentration. The
mixing intensity and the flaw rate were held constant at 25% power and 0.3 L/min respec-
tively. Figure 2 summarizes the experimental results for the effect of vatiations in the catalyst
concentrations from 0.1-1.0 wt% (based ou soybean oil} on the reaction conversion for molar
ratios of 6:1 aud 8:1 [methanol:soyhean oil). This figure shows that as the catalyst con-
centration increases, the triglyceride conversion also increases. However, at higher catalyst
concentrations, this effect becomes minimal. The upper limit io the catalyst effectiveness is
reached al a much lower catalyst coucentration for larger alcohol excess levels.

: Fa
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Figure 2: The effect of variations i the catalyst concentration on ihe overall conversion
subject to the reactants molar ratios of 6:1 and #:1. {A), 6:1 reactants molar ratio; (&},
8:1 reactants molar ratio.

Although higher conversions are achieved at larger ratalvst concentrations under oth-
erwise identical flow and stoichiometric conditions, there are drawbacks to the excessive use
of alkaline catalyst iu the tragesterilication reactivn. Higher catalvst concentrations iucreases
the solubility of methyl esters in the glycercl phase in the final product. As a result. a sig-
nificant amount of methyl esters remaius in the glycerol phase afier the phase separation.
Batch experiments were performed to observe this phenomena. The ratio of the weight of
the top phase {methy] esters) to bottom phase was monitared as the catalyst concentrations
was varied. These experiments were conducted nsing catalyst in both agueous (50 wt%%j and
solid form. The results are summarized in Fiz. 3. The results reveal that as the catalyst
“concentration wes varied from 0.1 to 1.0 wt%, the top layer decreased from about 85 wi%
to about 75 wt% of the total product. No significant reduction in the amount of methy!
esters was observed in the 0.1-0.4 wi% range for solid catalyst. Moreaver, usage of aqueous
catalyst resulted in a significantiy lower methyl ester layer. The formation of soap may be
responsible for this behavior.
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Figure 3: The effect of variations i the catalyst concentration and form on the product
distribution. {B), ayuecus catalyst; (&), solid catalyar.

?

In the trangesterification process, separation of products by pravity settling is véy
desirable. Therefore, sohid form of the alkaline catalyst at lesz than 0.4 wi% was considers
for further investigations.

Effect of Molar Ratio

Even though the stoichiomerric molar ratio of methanol to triglveende for tragses
terificatinn i3 3:1, higher molar ratios are used to echance the solubility and to increase
contact between the iriglyceride and aicohol molecules. Fxperiments were canducted w
mnlar ratiog of £:1 and 6:1 for mixing intensities at 0-100% of the high shear mixer. Figtn
4 represents the vesults of these experiments. The figure shuws that for all miving level

rmolar ratio of §:1 has hetter conversions than 6:1.
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Figure 4: The offect of variations in reactante melar ratios on the overall ¢on
varlous mixing iutensities. (8], 6:1 reactants molar ratio: (&), §:1 reaclants mo



Effect of Flow Rate

The pilot plant was aperated al flow rates rapging from 0.250-0.350 L/min to study
its effect on triglyceride conversion, Figure 3 shows that conversion was not significantly
atfected by the flow rate.
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Figure 5: The effect of variations in fiow rate: on the overall conversion af various mixing
intensities. (&), 0.25 L/min: (&),n.30 L/nvn; (@}, 0.35 L/min.

Fffect of Mixing

The effect of mixing intensity at varivus calalyst concentrations was exarnined first
These experiments were conducted with motionless mixers in the process while the high
shear mixing intensity was varied. Several experiments at catalyst concentrations of 0.1-0.4
wt% were conducted with varying mixing and molar rarios. These results ave presented
in Figs. 6 and 7. As these figures indicate higher mixing intensities and larger catalvst
concentraticns hoth have favorable effects on the overall conversion. There is an upper limit
to both the catalyst concentration and mixing intensity where almost complete conversion of
triglycerides to methyl esters is achieved. This limit is reached mmuch fasier for larger alcohal
excess levels, An upper limit of 0.3 wt% and 0.4 wi% for the catalyst concentration was
picked for the molar ratios of 8:1 and 6:1 respectively.

The next set of experiments examined the effect of the static mixers in the process.
ALLA wi% and 0.3 wt% catalyst concentration for £:) and &1 molar ratios of the resctants,
experiments were performed with and withaut the presence of motionless mixers in the
processing line. The infeusity of the high shear mixer was varied from 0 ta 75 % of the
maximum ontput of the mixer. The results are summarized in Figs. 8 and 9. The vesulis
" 'show that both the static mixer and the high shear mixer are capah’e of converting soybean
ail to methyl esters, Conversions in excess of 99% are passible. Larger excess amounts of
alochol favors higher conversions. Figures also shew that significant reaction vecurs even
withont static mixers and the static mixer.
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Figure 9: The effect of the motionless mixers on the overzll conversion sabject 1o the
reactants molar ratio of &1. [B), with static mixer; (4&), without static mixer.
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