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Abstract

Researches have been undertaken to find a form of valorization of the surplus
production of vegetable oils in Cote d’Ivoire for their use as a substitute diesel.
The first tests of the use of crude oils-diesel blends by the company Palmin-
dustrie faced enormous difficulties. We have therefore undertaken a campaign
of pyrolysis of Tropical Straight Vegetable Oils: palm, copra, peanut, cotton,
cabbage palm and shea, between 400°C and 600°C under atmospheric pres-
sure. A silica support was used in co-catalysis either with water or with me-
thylcyclohexane, which is a model compound of cetanes contained in gas oil.
This compound has the advantage, unlike the gas oil itself, of not masking the
peaks of the pyrolysis recombinates of oils in the chromatograms. The con-
densed organic phase consists mainly of hydrocarbons including paraffins,
olefins, alkylbenzenes and styrenes. The yields of liquid hydrocarbons vary
between 72% and 86%. A comparative study of coke precursors and gas pro-
duction was carried out. A discussion on the parameters to be considered for a
large-scale implementation was undertaken.

Keywords

Straight Vegetable Oils (Palm, Copra, Peanut, Palm Kernel, Cotton and Shea),
Hydrocarbons, Coke

1. Introduction

The devaluation of the 1994 CFA franc has severely depressed the trade balance,
sometimes resulting in a shortage of foreign exchange in developing countries.

This situation has aroused interest in research into the use of biomass for energy
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purposes.

During the periods of overproduction, low prices for agricultural products
lead to an impoverishment of producers. A technology to quickly switch over-
production of oilseeds on the fuel market would maintain a flat price indexed on
diesel. Taking into account the very high tax on petroleum products, a govern-
ment can decide to impose a much higher oil price on the national level than oil
to support its agriculture.

For a country like Cote d’Ivoire, by sacrificing about three thousandth of its
tax rent on the total sale of fuels, the government would for example guarantee
the producer a price of 250FCFA/liter when the price of palm oil falls to
200FCFA without the consumer feeling the slightest price increase at the pump.
So that this surplus of oil can be hoisted to the rank of fuel, the proposed formu-
lation should be perfectly compatible with engines working with petroleum
products.

Two ways of converting vegetable oils into fuels are possible: direct route by
mixing with gasoil [1] [2], and chemical conversion to hydrocarbons [3]. The
first has been implemented several years ago by small companies, especially in
North America and France that have captive fleets of vehicles.

The mixture of vegetable oils with diesel, as we have previously done, gives
better results when the oil content is lower than 30%, beyond this limit, this
practice would become problematic [1]. In any case, the implementation makes
users highly dependent on fossil fuels. In addition, results of vegetable oils pyro-
lysis could be applied to waste oil mills and even to inedible oils such as rubber
seeds that have so far been unexploited although produced in large quantities
[4]. Most rubber seeds rot under the tree as described by Edmond K. [5].

In this article, we will consider the path of chemical conversion for all these
reasons mentioned.

Works on the conversion of vegetable oils into fuel was initiated in the 1920s
by researchers including Mailhe et al. [6]. They studied the conversion of vege-
table oils, fats, and soaps to hydrocarbons. In all these studies, no precise analy-
sis was made of the obtained products.

The first studies of the mechanism reactions were carried out by Laurant et al.
[7] who study the cut of the ester function.

Pyrolysis work carried out at the Surface Reactivity Laboratory of the Univer-
sity of Paris VI is mainly oriented in the synthesis of MoO,/y-Al,O;, Ru/SiO,
and NiO-MoO,/y-Al,O; as catalysts [8]. Even if the results of their work done at
200 bars seem to be attractive, the conditions are very severe and these catalysts
will be out of reach for African farmers. For these reasons, other researchers are
now proposing the cracking of vegetable oil mixtures with fuel or fossil heavy
residues at atmospheric pressure in the presence of catalysts that are simple to
implement, such as zeolites [9].

Our present work of pyrolysis concerns the proposal of a continuous process

allowing the transformation of vegetable oils into hydrocarbons. In this tech-
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nique, we use like in our previous works [3], in addition to the silica support ei-
ther water or the methylcyclohexane in order to reduce the formation of coke

contained in the heavy and viscous residue [10], without using hydrogen.

2. Material and Methods
2.1. Material

1) Biological material

The different vegetable oils used are the palm, copra, palm kernel, cotton,
peanut and shea oil produced in Cote d’Ivoire. Their chemical characteristics are
shown in Table 1, and their fatty acid composition summarized in Table 2.

2) Analysis Equipment

For the analysis of pyrolysis results, we have a GC/MS: Gas chromatography

Table 1. Chemical characteristics of used oils.

Chemical index Units Palm PalmSG Copra Groundnut Cotton Cabbage Shea

g of
1,/100 g

Iodine index 65.5 60.8 11.2 96.6 112.4 20.8 329

Saponification mg of

. 195 to 205195 to 205255 to 267 186 to 196 190 to 198 246 to 254 -
index KOH/g

o meq
Peroxide index 2.45 7.85 4.41 31.37 16.91 2.72 35.10
O,/kg
f
Acidindex 2O 144 67.8 35 33 25 9.7 185
KOH/g

Palme GS: Secondary grade palm oil.

Table 2. Fatty acid compositions of the oils used (in % mass).

Fatty acids Palm Palm SG Copra Cabbage Groundnut  Shea Cotton
Caprylic - - 7.22 7.56 - - -
Capric - - 6.96 4.08 - - -
Lauric 1.17 0.38 26.63 24.86 0.26 0.39 0.26
Myristic 2.50 1.81 19.40 17.85 0.13 0.67 2.22
Palmitic 23.39 25.99 12.40 12.15 10.67 6.29 17.73
Linoleic 10.12 7.69 1.02 2.34 9.18 3.29 25.59
Oleic 36.10 36.05 11.59 22.00 35.19 44.32 22.46
Stearic 11.05 12.94 5.78 6.09 7.93 39.43 6.79
Linolenic 2.58 2.31 0.72 0.50 2.68 0.75 4.85
Arachidic 1.67 1.26 - - 4.54 1.49 0.82
Behenic 0.14 - - - 6.75 - -
% Saturated 39.92 42.36 78.39 72.59 30.27 48.27 27.82

Source: State thesis of A. Abollé [11].
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STAR 3400CX coupled to a mass spectrometer: Varian SATURN 4D-GC/MS.
The HPCHEM software of Agillent Technology was used for the exploitation of
chromatogram.

Furnace programming:

From 40°C to 300°C, a ramp of 4°C/min, followed by a plateau at 300°C until
all the compounds have eluted completely (for 35 min). The time required for
the complete elution of the compounds which can be vaporized according to

these conditions is 100 minutes.

2.2. Methods

1) Pyrolysis Unit

Figure 1 gives the block diagram of the pyrolysis unit, the different parts of
which are:

- Injection of the load: it is carried out by the pump JASCO PU 980i (Intelli-
gent HPLC pump). The molten oil is aspirated from a 150 ml beaker over

<

Nitrogen
Tubular Furnace x| N Pump
Reactor
(Catalytic bed)

Water

(cooling)

Crude oil

Condenser

Liquid phase

Figure 1. Schematic diagram of continuous pyrolysis.
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a height of 1.5 m and injected into the reactor. For the injection of the carrier
gas, we have a bottle of nitrogen under 200 bars. Extended to about ten bars, the
nitrogen allows making tests under pressure of the reactor before the launch of
the operation. At the beginning of each manipulation, the pressure will be ad-
justed close to the atmosphere to initiate the passage of the oil through the cata-
lytic bed.

- Heating and evaporation of the products and reactions in the reactor: the
reactor is immersed vertically in a tubular furnace. The pyrolysis reactions take
place under the combined effect of catalysts and heat.

Trapping of the condensable products at the reactor outlet: the reactor efflu-
ent is condensed. Two phases are then obtained: one liquid and the other gas.

2) Operating protocol

a) Preheating and reactor temperature rise

This operation conditions the life of the heated elements. A too rapid rise in
the temperature of the reactor could lead to a rapid deterioration of the latter.
The temperature peaks vary between 400°C and 600°C. The tubular furnace
temperature used is set at the nominal value £5°C.

Moreover, between two manipulations (for the same type of oil), the furnace
is left at 400°C. For some cases, the assembly is done at room temperature to re-
new the catalytic bed and make a mass balance.

At the beginning of each experiment the preheating temperature is set at
400°C for about 15 minutes to dehydrate the silica-loaded catalyst bed by
sweeping the latter with nitrogen. This operation permits to better adjust the
flow rate of the carrier gas between 10 and 15 minutes.

b) Preheating the load

The load is preheated to a moderate temperature of 60°C on a CIMAREC 2
agitator heater plate.

¢) Priming the pump

The pump is first primed with acetone before the preheated oil passes
through. Next comes the setting of the flow rate of the oil to which the reactor
will be supplied.

d) Obtaining the steady state in the reactor

Once the flow rates have been adjusted, the charge (liquid oil) is injected into
the reactor via the oil pump. The low flow rate of the charge (0.25 to 0.50
cm’/min) allows rapid thermal stabilization at the nominal temperature in the
reactor. When the flow rate of the feedstock and the carrier gas are constant, the
steady state in the reactor is reached.

The main parameters governing the pyrolysis conditions of the samples are

given in Table 3, the operating pressure being the atmosphere.

3. Results and Discussion
3.1. Mass Balance

The mass balances are made by pyrolysis. On 100 g of starting oil, we have the

following distribution at the reactor outlet at 550°C. Table 4 summarizes pyro-
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lysis mass balance.

The proportions of gas are less than 6% except for secondary grade palm oil
where this value reaches that published by Brigdwater [12] who obtains 13% in
the case of rapid pyrolysis corresponding to our temperature conditions. The
higher value for the secondary quality palm case could be due to the high pro-
portion of free fatty acid (acid index: 67.8) in this oil. These free fatty acids
would have a strong tendency to decompose into light products compared to
pure triglycerides. Our previous results [3] showed that water remarkably re-

duced the proportion of gas.

Table 3. Parameters of pyrolysis carried out.

Qils Temperature ("C) Inifrcl;g;?te Porosity (cm?) (51)11113?:1;:’1) stay (s)
400 0.25 11 19.08 34.59
450 0.25 11 20.49 32.20
Copra
530 0.409 11 37.24 24.16
550 0.409 11 37.94 23.72
400 0.25 11 15.97 41.32
500 0.409 11 30.01 21.99
Palm 530 0.4 11 30.49 21.64
550 0.409 11 32.34 20.40
600 0.35 15 28.96 31.06
450 0.25 11 16.01 41.20
Groundnut 470 0.25 11 16.46 40.09
500 0.25 11 17.12 38.54
500 0.37 15 31.22 28.82
Cabbage
550 0.383 15 34.41 26.15
500 0.35 15 25.45 35.36
Cotton
550 0.35 15 26.76 33.62
Shea 550 0.37 15 26.73 33.66
Table 4. Pyrolysis mass balance.
Oils Copra Palm SG Shea Cotton Cabbage
Condensed phase 96.18 84.58 86.99 93.27 91.49
Water 13.16 6.53 6.99 7.24
organic phase 86.56 72.13 80.46 86.28 84.25
Gaz 13.89 2.79 4.17
Coke 1.52 3.95 4.33
Total 100.00 100.00 100.00 100.00
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The coke synthesis rates we found are less than 5% except shea butter oil
which gives a rate of 7.05%. Our values are much lower than those of Brigdwa-
ter, which obtained more than twice as much as 12% as a solid residue. French
[13] who practiced catalytic pyrolysis of the biomass for the production of bio-
fuel between 400°C and 600°C, obtained between 22% and 31% of coke. Howev-
er, coke synthesis encountered in the use of crude oils in conventional engines in
Cote d’Ivoire came mainly from the deposits of gums, combustion residue, on
the sensitive organs. To circumvent these difficulties, Hossain et al [14] pro-
posed that the engine should run first with conventional fuel before the pyrolysis
of oil blended with biodiesel.

The pyrolysis of heavy oils in the presence of subcritical water was carried out
by Chun-Chun et al. [15] at a temperature far from the rupture of the C-C bond.
They concluded that the pyrolysis of heavy oils in water is dominated by an ionic
mechanism and that water can be approximated as inert during pyrolysis. How-
ever, this result does not conform to ours, which show different conversion rates
for the case of the oil without additive and in the case of the water-in-oil emul-

sion.

3.2. Study of the Compounds Obtained According to the
Saturation Rate of the Oils

For each starting oil, we calculated the averages of the hydrocarbon compounds
formed. These normalized values for all the hydrocarbons give these results
grouped together in Table 5.

In a first approximation, the reactor effluents have almost the same propor-
tions of hydrocarbons. We obtain on average:

- 25% paraffins,

- 60% of alkenes of which more than 40% are di-alkenes,

- 12% alkyl benzene,

- 3% of styrenes.

This distribution is independent of pyrolysis temperature, oils saturation rate
and the conversion rates as we have previously observed [3].

In the second order, when the saturation rate is higher than 60%, the propor-
tion of alkenes decreases sharply. This result is predictable since, at high satura-

tion, there are fewer double bonds responsible for the formation of olefins.

Table 5. Average values of the hydrocarbon compounds (% mass).

Pyrolyzed Oils Groundnut  Copra Palm  Cotton  Cabbage Shea

Saturation rate 33.63 84.07 47.10 31.96 74.18 54.88

paraffin 20.90 25.74 21.97 10.44 25.87 22.81
alkenes 61.70 49.78 59.96 61.32 58.00 62.09

Hydrocarbons

alkyl benzene 11.12 16.44 15.35 21.32 12.84 12.19

styrene 2.95 3.11 2.72 6.92 3.30 291
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Unlike cokes precursors which are quasi-constant, the representative curves of
paraffins and alkylbenzenes show a gentle growth. This is justified by the fact
that the production of paraffins and alkenes are positively correlated with the
progression of the pyrolysis reaction because these compounds come directly
from the decomposition of the triglycerides composing the crude oils. While pa-
raffins would grow continuously, some of the alkenes would first be transformed
into alkylbenzenes, then into styrene and finally into coke. The transformation
of alkenes into alkylbenzenes seems to be a faster step in this process.

1) Influence of the conversion rate

In order to determine the influence of hydrocarbon conversion rates on the
results obtained, we studied the evolution of the proportions of the compounds
as a function of the progress of the reactions. Table 6 gives the evolution of mass
proportions of the compounds according to the conversion rate for groundnut
and palm oils, and the curves are shown in Figure 2.

If the results corresponding to the low conversion rates (less than 6%) are not
taken into account, the proportions of the various compounds neither correlate
with oils saturation degree, nor their distribution in fatty acids.

2) Study of the influence of hydrogen donors: water and methyl-cyclohexane

In order to reduce the proportions of gases, light products and the formation
of cokes, we have studied the effect of the hydrogen donors: water and methyl
cyclohexane. Table 7 gives the mass proportions of alkyl benzenes compared to
those of the styrenes (cokes precursors) for three vegetable oils at different tem-
peratures. The evolutions of these two compounds according to the temperatu-
reare given in Figure 3.

Irrespective of the type of oil, the proportions in styrene are growing with
those of alkyl benzenes. This is particularly true when the conversion rate is
greater than 4%.

The analysis of the results shows that the addition of methylcyclohexane to the

Table 6. Evolution of the mass proportions of the compounds according to the conver-

sion rate.
Groundnut

Conversion rate (%) Styrenes Alkylbezenes Paraffins Alkenes
7.05 8 13 40 38
16 0.3 9 21 64
37 1.5 10 25 63
68 3 11 20 64

Palm

Conversion rate (%) Styrenes Alkylbezenes Paraffins Alkenes
3.5 0 42 27 32
27 1 17 12 69
56.5 2 12 20 60
60.05 4 15 13 58
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Figure 2. Representation of the proportions of the hydrocarbons as a function of reac-
tions rate.

Table 7. Evolution of the mass proportions of the compounds according to the conver-

sion rate.

Temperature Styrenes Alkylb Styrenes Alkylb Styrenes Alkylb
Q) (Groundnut) (Groundnut) (Copra) (Copra) (Palm) (Palm)
400 0 0 1.4 0 1.4
450 0.4 0.6 0.2 1.7 0 2.6
475 0.4 1 0.4 2.4 0.15 3
500 0.4 3 0.5 3.1 0.4 4
530 - - 1.2 4 1.4 7
550 - - - - 2 8.6
600 - - - - 3.5 12.4

feedstock does not affect the proportions of the gum precursors. Water, on the

other hand, permits to remarkably reduce the proportion of these unconjugated
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Figure 3. Distribution of the proportions of alkylbenzenes and styrenes as a function of
temperature.

pi binding carriers, especially when the temperatures exceed 500°C.

The results show that pyrolysis produced from 500°C contain coke precursors
such as aromatics and styrene which are detrimental to the fuel formulation.
These results are consistent with those of Lu Qiang et al [16] who emphasize
that the presence of cyclic aromatic hydrocarbons in the reactor effluent requires
a lot of attention due to their carcinogenic properties.

The addition of methylcyclohexane only leads to the formation of branched
paraffins. The n-paraffins are thus transformed to give compounds which give
the hydrocarbon cut a good stability in the liquid phase.

The methylcyclohexane used as a hydrogen donor effectively reduces the
proportion of coke.

This result is consistent with previous studies conducted by Doronin et al. [9]
who cracked mixtures of hydrocarbons (cyclohexane, methylcyclohexane, and
naphthenic hydrocarbons) either with oleic or stearic acids. They confirmed the
role of hydrogen donor methylcyclohexane in their work.

4) Influence of temperature

The study of the influence of temperature on the conversion rates, graphs
drawn on Figure 4 gives the evolution according to each oil.

As a first approximation, the conversion rates would evolve linearly with the
temperature for each oil.

In a comparative analysis between oil, from 400°C to 475°C, we have respec-
tively in order of increasing conversion rate, groundnut oil, palm oil and copra
oil. There would be a correlation between the conversion rate and the molar
mass of the oil since oil of groundnut is heavier than the palm one which is
heavier than the copra one. Above 475°C, the trends of the curves show an in-

version placing the groundnut more reactive than the palm which is in turn
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Figure 4. Evolution of conversion rates according to the temperature.

more than the copra. This justifies the fact that the latter favors more recombi-
nation of esters [3] than palm oil and groundnut oil. That is why Taufiqqurrah-
mi et al [17] reported that the product quality is highly dependent on the type of
vegetable oil used.

When extrapolating the evolutionary curves of the conversion rates as a func-
tion of temperature, we obtain for palm oil a plateau around 550°C. This result
is perfectly in agreement with those of our previous tests [3] which confirmed
that the maximum rate during pyrolysis is reached for a temperature close to

550°C. For this palm oil the limit conversion rate is 90%.

4. Conclusions

During the pyrolysis of the oils, the rate of gas, especially hydrocarbon, must be
reduced in order to minimize the loss of energy to the condensed organic phase.
When temperatures are high, poly-alkenes react with alkyl benzenes to effect
electrophilic polymerization to give unsaturated aromatics, including styrene,
which are responsible for cokes. The production of coke plays against the possi-
ble industrialization of the pyrolysis due to a high frequency of maintenance of
the organs of the unit.

Polyolefins are formed. They rapidly polymerize to form gum, causing the
many problems encountered during our first trials of the use of crude oils as a
diesel substitute fuel.

The polyolefins, with a proportion of about 30%, could be used for the syn-
thesis of long chain alkyl benzenes (detergents or surfactants) by acid-catalyzed
pyrolysis.

An interesting route would therefore be to make the pyrolysis a water-diesel-
oil emulsion which could give interesting results, since the formation of coke
would be inhibited to the maximum in this emulsion. This would benefit both

the properties of the water and those of the petroleum derivative.
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