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ABSTRACT

bian heavy crude oil, with a Total Acid Number (TAN) of 7,33 mgKOH/g, in a batch type reactor.

Temperature was changed between 150 - 250°C while the ratio moles of methanol per mole of car-
boxylic groups, remained constant in 20:1. The reaction time was varied from 0 - 600 minutes. Reduction
in the concentration of naphthenic acids in the reactor is determined by the measurement of Number Total
Acid (TAN), ASTM D 664. Naphthenic acids were extracted from the crude and structurally characterized by
Fourier Transform Infrared Spectroscopy (FTIR), Nuclear Magnetic Resonance (NMR) and Gel Permeation
Chromatography (GPC).

This article presents the kinetic study of the esterification reaction of naphthenic acids from a Colom-

The esterified oil was analyzed by FTIR, to identify the variation of the main functional groups. After determining
the activation energy, frequency factor and, reaction order, a kinetic law was proposed for the esterification
of naphthenic acids in Colombian heavy oil. Finally, it was evaluated the effect of esterification of naph-
thenic acids on the corrosion of steel ASTM A106 Gr.B. The corrosion of steel was reduced from 34,16 to
3,08 mils per year, (mpy), after esterification of naphthenic acids.
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RESUMEN

de un crudo pesado colombiano, con un Nomero Total Acido (TAN) de 7,33 mgKOH/g, en un reactor

de mezcla completa en operacién por lotes. La temperatura de reaccién se varié entre 150 - 250°C,
y el fiempo entre O - 600 minutos. La reaccién se llevé a cabo con un exceso molar de metanol de 20
moles por cada mol del grupo carboxilico. Los dcidos nafténicos fueron extraidos del crudo de alta acidez y
caracterizados estructuralmente mediante Espectroscopia de Infrarrojo con Transformada de Fourier (FTIR),
Resonancia Magnética Nuclear (RMN) y Cromatografia de Permeacion en Gel (GPC).

I : n este articulo se presenta el estudio cinético de la reaccién de esterificacién de los dcidos nafténicos

Se evalué la reduccién de la acidez del crudo esterificado por titulacién potenciométrica siguiendo la norma
ASTM D 664. El crudo esterificado fue analizado con FTIR, con el fin de identificar la variacién de los princi-
pales grupos funcionales. A partir de la determinacién de la energia de activacién, el factor de frecuencia y el
orden de la reaccién, se propuso la ley de velocidad para la esterificaciéon de dcidos nafténicos de un crudo
pesado colombiano, en un reactor de mezcla completa en operacién por lotes. La cinética de esterificacion
se ajusté a una ley de velocidad de segundo orden con respecto a la concentracién de dcidos nafténicos. La
energia de activacién de la reaccién de esterificacion fue calculada en 72,27 kJ/mol. Finalmente, se evalué
el efecto de la esterificacién de los dcidos nafténicos del crudo pesado sobre la corrosién de un acero ASTM
A106Gr.B. La velocidad de corrosién del acero disminuyé de 34,16 a 3,08 milésimas de pulgada por afio
(mpy), después de la esterificacion de los dcidos nafténicos.

Palabras clave: Esterificacién, Acidos nafténicos, Crudos pesados, Acidez, Corrosién.

RESUMO

cru pesado colombiano, com um Ndmero Total Acido (TAN) de 7,33 mgKOH/g, em um reator de

mistura completa em operacdo por lotes. A femperatura de reacéo variou-se entre 150 - 250°C, e
o tempo entre 0 - 600 minutos. A reacéo realizou-se com um excesso molar de metanol de 20 moles por
cada mol do grupo carboxilico. Os écidos nafténicos foram extraidos do cru de alta acidez e caracterizados
estruturalmente mediante Espectroscopia de Infravermelho com Transformada de Fourier (FTIR), Ressonéncia
Magnética Nuclear (RMN) e Cromatografia de Permeacéo em Gel (GPC).

Nesfe artigo apresenta-se o estudo cinético da reacéo de esterificacdo dos dcidos nafténicos de um

Avaliou-se a reducéo da acidez do cru esterificado por titulagéo potenciométrica seguindo a norma ASTM
D 664. O cru esterificado foi analisado com FTIR, com a finalidade de identificar a variacéo dos principais
grupos funcionais. A partir da determinacéo da energia de ativagéo, o fator de frequéncia e a ordem da
reacdo, propds-se a lei de velocidade para a esterificacdo de dcidos nafténicos de um cru pesado colom-
biano, em um reator de mistura completa em operacdo por lotes. A cinética de esterificacdo ajustou-se
a uma lei de velocidade de segunda ordem com relacdo & concentracéo de dcidos nafténicos. A energia
de ativacéo da reagédo de esterificacdo foi calculada em 72,27 kJ/mol. Finalmente, avaliou-se o efeito da
esterificacdo dos dcidos nafténicos do cru pesado sobre a corrosdo de um aco ASTM A106 Gr.B. A velo-
cidade de corrosdo do aco diminuiu de 34,16 a 3,08 milésimas de polegada por Ano (mpy), depois da
esterificacdo dos dcidos nafténicos.

Palavras chave: Esterificagdo, Acidos nafténicos, Crus pesados, Acidez, Corroséo.
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A KINETIC STUDY OF ESTERIFICATION OF NAPHTHENIC ACIDS FROM A COLOMBIAN HEAVY CRUDE OIL

1. INTRODUCTION

Corrosion problems in refinery equipment arise dur-
ing the processing of high acidity crude oils. Corrosion
due to naphthenic acids occurs at temperatures between
200 and 400°C and primarily affects the transfer pipes
between the heating furnaces and atmospheric and
vacuum distillation units (Qu & Zheng, 2006). Thermal
decomposition of the naphthenic acids becomes signifi-
cant at temperatures above 400°C, therefore generating
corrosion problems are not evident over that temperature
(Kane & Cayard, 2002).

Acids from oil consist primarily of monocarboxylic
acids, including aliphatic, naphthenic, and aromatic
acids. Naphthenic acids are predominantly found in im-
mature heavy crudes due to the fact that they come from
the biodegradation in petroleum hydrocarbon reservoirs
(Biryukova, Fedorak & Quideau, 2007). Acidity of
crude oil is associated with de TAN, and it is expressed
in milligrams KOH necessary in order to neutralize one
gram of crude. Crude oils with acidity levels above
0,5 mgKOH]/g are considered potentially corrosive for
refinery units (Alvisi & Lins, 2011; Dettman, Li, Luo &
Wickramasinghe, 2010). Aside from the corrosive effect,
naphthenic acids lead to formation of stable emulsions
by forming metallic naphthenates that reduce interfacial
tension, affecting the processes that involve phase sepa-
ration stages (Ding et al., 2009). Additionally, calcium
naphthenates precipitate along the preheating train and
furnaces, promoting coke formation (Simon, Nordgérd,
Bruheim & Sjoblom, 2008).

Naphthenic acid removal is one of the most important
aspects in safe processing of opportunity crudes. The
study and implementation of naphthenic acid removal
processes is of vital importance for the adequate exploita-
tion of Colombian heavy crude oil reserves containing
high acidity. Investigations regarding acidity reduction in
crudes include non-destructive processes such as solvent
extraction and adsorption (Wang et al., 2006; Gaikar &
Maiti, 1996).

Solvent extraction leads to the generation of excessive
quantities of secondary industrial wastewater. Addition-
ally, water/crude emulsions of difficult separation are
generated during the process (Ding et al., 2009).
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Adsorption using ionic exchange resins or other ad-
sorbent materials such as clays may only be applied when
dealing with light crudes and light distillation fractions.

Thermal and catalyst decarboxylation of naphthenic
acids is an alternative for the processing of high acidity
crudes (Zhang et al., 2006; Ding et al., 2009). However,
in order to obtain noticeable reduction percentages, it is
necessary to operate at temperatures above 250°C, which
could lead to corrosion problems in these units. Esteri-
fication is a promising alternative for safe processing
of these types of opportunity crudes because it is pos-
sible to reach significant acidity reduction percentages
at temperatures below 250°C even in the absence of a
catalyst (Sartori, 2001).

Some studies concerning acid reduction through
esterification have been performed with light distilla-
tion currents and obtained satisfactory results. Wang,
Sun, Liu and Liu (2007) used SnO/A1,0; as a catalyst
for the esterification of a diesel current, obtaining an
acidity reduction from 1,7 to less than 0,1 mgKOH/g.
The tests were performed using a fixed bed reactor, a
methanol/crude ratio of 0,010; and an optimum reaction
temperature of 280°C.

Wang, Liu and Liu (2008) performed a kinetic study
of the esterification reaction of naphthenic acids in a
diesel fuel. The study was carried out in a dynamic
autoclave and aimed to evaluate the influence of the
presence of SnO catalyst upon the reaction’s kinetic
parameters. Due to the differences in the concentration
and molecular structure of acids between crudes, the
kinetic reactions for esterification must be determined
for each type of crude.

The purpose of this study was to determine the kinet-
ics of esterification naphthenic acids in Colombian heavy
crude oil of high acidity in the absence of a catalyst. The
effects of the presence of a catalyst in the esterification
reaction were not quantified in order to establish the
reference values under experimental conditions for
further study.

Finally, the effects of the esterification of acids in
relation to corrosion reduction rates for carbon steel
were evaluated.
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2. EXPERIMENTAL METHODOLOGY

Colombian heavy crude oil of high acidity was
used in this kinetic study. The basic physical-chemical
properties are established in Table 1.

Table 1. Basic physical-chemical properties
of Colombian heavy crude oil of high acidity.

Property Standard Result
TAN

g KOM/g ASTM D 664 7,33
APl at 15,6°C ASTM D 287 11,3
Sulfur (%W) ASTM D 1552 1,552
Density at 15°C, g/cm3 ASTM D 5002 0,9906

Extraction of Naphthenic Acids

The extraction method used was the solvent extrac-
tion method proposed in literature (Hoeiland, Barth,
Blokhus & Skauge, 2001; dos Santos, Mohamed, Ban-
nwart & Loh, 2006). Approximately 100 mL of crude
is dissolved in light naphtha at a rate of 1:1 by volume.
Three consecutive washes are performed using an
aqueous solution of 1M NaOH. The aqueous solution
containing the salts of the naphthenic acids is washed
with hexane, in order to remove the remaining traces
of hydrocarbons from the first stage of contact. The
aqueous solution is then acidified up to pH<2 using
HCI. The extraction of naphthenic acids is obtained
by successive washes using dicloromethane. Finally,
the dicloromethane solution is dried out using calcium
carbonate as a molecular sieve. The dicloromethane
is then evaporated and the acid fraction is obtained
and characterized.

Structural Characterization of the Obtained Acidic
Fraction

The extracted naphthenic acids were analyzed
through infrared spectroscopy using a SHIMADZU
84008, in order to identify and monitor the represen-
tative functional groups in the acidic fraction. The
distribution of the molecular weight in the acidic
fraction was determined by GPC in a Waters 2414
refractive index detector, at a column temperature

24

of 40°C, mobile phase, Tetrahydrofuran (THF). Ad-
ditionally, the naphthenic acids underwent a proton
NMR analysis in a BRUKER 400 MHz spectrometer
using deuterateddicloromethane as solvent.

Kinetics of the Esterification of Naphthenic Acids

The kinetic study of esterification was performed in a
Hastelloy C276, Parr Instruments reactor, with a total
capacity of 2000 mL. The tests were performed at
150; 200 and 250°C. The reaction time varied between
0 - 600 minutes and the agitation speed was 600 rpm.
The reactor was loaded with 1200 mL of heavy crude
and Merck anhydrous methanol at a molar rate of 20:1
alcohol per mol of carboxylic group. A catalyst was
not used during this kinetic study.

After each reaction, the reactor was taken to 100°C
and maintained at that temperature for a period of six
hours in order to remove any remaining methanol. In
order to establish the acidity reduction percentage, the
TAN in the treated crude was determined per ASTM
D 664.

The infrared analysis was then carried out for the
esterified crude at 150; 200 and 250°C and after 600
minutes reaction time in order to verify that the reduc-
tion in the TAN of the crude after treatment was due
to the formation of esters.

Evaluation of the Corrosiveness of the Esterified
Crude

The objective of this experimental stage was to
determine the effects of acidity reduction due to es-
terification of naphthenic acids as measured of carbon
steel cuopons through the weight loss measurement
technique ASTM G1. The tests were performed in a
Hastelloy 4572 dynamic autoclave by Parr Instruments,
at 300°C, during 480 minutes of exposure.

According to the agitation conditions, the physical-
chemical properties of the fluid and the internal dimen-
sions of the reactor, the corrosion tests were carried
out with a shear stress of 3,78 m-kg/s? on the material
surface.
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3. RESULTS AND ANALYSIS

The infrared spectrum of the extracted acidic frac-
tion is shown in Figure 1. An intense band is observed
at 1705 cm-! which corresponds to the stretching of the
C=0 group in the carboxylic acids and a band between
2500 and 3500 cm! which corresponds to tension vibra-
tion of the O-H group associated to the acidic function.
The absorption due to out-of-plane bending of the OH
bond produces the band observed at 945 cm-!.

The asymmetric and symmetric stretching of the
CH, methylene groups is shown at 2924 and 2866 cm!,
respectively. The signal at 1377 cm-! corresponds to out-
of-plane bending of the C-O-H group, a characteristic
of carboxylic acids. The signal corresponding to C-O
bond stretching is observed at 1265 cm-!. The signals
corresponding to the vibrations of the methylene group
are shown at 1378 and 1472 cm-!. The band correspond-
ing to vibration balancing of the CH, group at 720 cm-!,
indicates the presence of this group in carbon chains of
more than 4 carbons. The C=C absorption stretching in
aromatic bonds was not observed between 1595 - 1620
cmrl. The band corresponding to the presence of aromat-
ics generally presents low intensity which could make
its identification by means of infrared spectroscopy
difficult (Rikka, 2007).

The average molecular weight, My, determined
from the information obtained from the GPC was 405
g/mol. The polydispersity index was: 1,18. The average
molecular weight for the extracted acidic fraction cor-
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Figure 1. Infrared spectrum of the acidic fraction extracted
from the Colombian heavy crude oil.
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responds to the value determined by Borges and Ace-
vedo (2007), 418 g/mol, for an acidic fraction soluble
in heptanes for extra-heavy crude from Carabobo. The
molecular weight distribution for the extracted acidic
fraction is presented in Figure 2.

80 1
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Percentage (%)

20 A

0

100 400 700 1000 1300 1600 1900 2200 2500

Molecular weight (g/mol)

Figure 2. Molecular weight distribution of the naphthenic acids
extracted from the Colombian heavy crude oil.

The naphthenic acids extracted from the Colombian
heavy crude oil present a molecular weight interval be-
tween 180 — 2400 g/mol. According to Dettman et al.,
(2010), the structural characteristics of the naphthenic
acids significantly influence corrosion rates in materials.
Messer, Beaton, Tarleton and Phillips (2004), proposed
that the corrosive effect of naphthenic acids could be
classified according to the distribution of their molecular
weight, considering any fraction below 400 g/mol as
highly corrosive; and the other fraction as non-corrosive
or inhibiting in some cases. 60% by weight of the ex-
tracted fraction of the Colombian heavy crude oil has
molecular weights above 400 g/mol. From the average
molecular weight of the acidic fraction and the TAN for
the crude, it was estimated that the fraction corresponds
to aproximately 5,31% by weight of the crude.

The molar balance was performed for the distillation
cuts of the high acidity crude while aiming to determine
the molar distribution of the naphthenic acids (Table
2). The thermal decomposition of the naphthenic acids,
occurring at temperatures above 300°C was evidenced
due to molar losses in the carboxylic groups.
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Table 2. Molar distribution of the naphthenic acids
in the atmospheric distillation cuts of the Colombian heavy crude oil.

Cut Moles COOH (%)
PIE-199°C 0,00

199-250°C 0,03

250-315°C 1,77

315-371°C 12,26

+371°C 53,98

Thermal decomposition 31,96

Figure 3 presents the proton nuclear magnetic
resonance of the extracted acid fraction. The signal
corresponding to hydrogen in the carboxyl group is
observed at approximately d: 10,97 ppm. The hydrogen
in the dicloromethane molecule, used as solvent, pre-
sented itself at 5,47 ppm. The chemical displacement
signal observed between 6,2 - 9,0 ppm, indicates that
the naphthenic acid molecules contain an aromaticity
of 8,95%. The intensity of the signal between 0 — 3,0
ppm indicates the presence of CH; and CH,in aliphatic
chains and naphthenic rings.

10,941
[

T T T T T T T T T T
10,0 5,0 0,0
Chemical displacement 6 (ppm)

Figure 3. Proton RMN spectrum of the acidic fraction extracted from
the Colombian heavy crude oil.

Figure 4 presents the conversion results obtained
from the esterification reaction of the naphthenic ac-
ids. The increase in acid reduction percentage with the
increase of temperature indicates that the esterification
reaction is endothermic.

The infrared spectrums presented in Figure 5 show
the acidity reduction due to ester formation. The spec-
trums show a reduction in the carboxyl group band,
1705 - 1710 cm!, stretching C=0.
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Figure 4. The effect of temperature on the acidity reduction percent-
age in the esterification reaction of the naphthenic acids. Molar relation
methanol/acid: 20/1.

Esterification causes a displacement in the C=0
band of the acids towards 1730 - 1740 cm-! aproxi-
mately. The relationship between band intesities of
these functional groups confirms the reduction in
acidity due to esterification of the naphthenic acids.

—~—_o o TAN=733
HC// HC// (mgKOH/q)
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1690 1710 1730 1750 1770 1790

Wavelength (cm-')

Figure 5. Infrared spectrum of the heavy crude oil before and after the
esterification reaction. Reaction time: 600 minutes. Reaction Temperature:

150; 200 and 250°C.
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Assuming that the molecules of the naphthenic
acids are monocarboxylic, it is possible to calculate
the concentration of the naphthenic acids during the
reaction from the neutralization reaction employed in
the determination of the TAN.

Iy

v/ c—c
Nok T HO

Cc—C
_I_
Ny T KOH—>-

The moles contained in the carboxylic groups in the
crude are determined by the following formula:

TAN - p,
mol ,,, =

V(:Yrudo ( ] )

rudo

56000

The crude density, p_,,4.» €xpressed in g/cm3 was
specified in Table 1. The crude volume in the reactor,
Vo rude> Was 1200 cm3. Figure 6 represents the variation
in the acid mole content in the crude during the course

of the reaction.

While keeping the molar excess of methanol in
mind, and assuming the only reaction in which the
acids interfere is esterification, the following rate law
for the complete mix reactor may be proposed for batch
operation:

-
2
o
£
3
S \ I
S 0,06
'E
2 0,04
£ \i\
S 0,02 —4
z
000 4ty e ey
0 50 100 150 200 250 300 350 400 450 500 550 600
Time (min)
—— 150°C —— 200°C —— 250°C

Figure 6. Linearization of the second order velocity reaction for the esteri-
fication of naphthenic acids. Molar ratio methanol/acid: 20/1, 600 rpm.
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dCyy = k'CZN )]

Where C,, mol/cm?3, is the concentration of naph-
thenic acids in the crude, determined from the informa-
tion in Figure 6, the density and the volume of crude
employed; £ is the kinetic constant in the reaction, and
n is the order of the reaction. The order of the reaction
was determined using the integral method, during which
an order is assumed and rate law is integrated. For
reactions of order 0; 1 or 2; the function of concentra-
tion vs. time was graphed. The function’s linearity was
obtained assuming a second order reaction. The results
are shown in Figure 7.

120 1

100 1

fes]
o

1/Ca (L/mol)
3

40 1

20 1

B
0 100 200 300 400 500 600
Time (min)
| —-250°C —+-200°C —=-150°C

Figure 7. Effects of temperature in the kinetic constant of the
esterification reaction of naphthenic acids in a Colombian heavy
crude oil.

The slope of the lines obtained in Figure 7 corre-
sponds to the reaction constants for each temperature.
The mathematical correlation of the data presented in
Figure 7 is specified in Table 3.

Table 3. Mathematical correlation of the rate law for esterification
reaction in naphthenic acids.

Temperature °C  Correlation R2

150 y =0,1903 X + 8,2467 0,91
200 y =0,0187 X+ 7,8132 0,99
250 y = 0,0036 X + 8,0202 0,99
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The linearization of the Arrhenius equation (Figure
8) was performed in order to determine the kinetic pa-
rameters of the reaction, such as the frequency factor
and the activation energy.

1,90E-03 2,06E-03 2,22E-03 2,38E-03

0,0

10T = .8718,28x + 14,81
00 1% R?= 0,98

In K

30 1
-4,0 .
50 1

60 1

-70 +
1/T (1/K)

Figure 8. Effects of temperature in the kinetic constant of the
esterification reaction of naphthenic acids in a Colombian heavy
crude oil.

The slope of the linearized Arrhenius equation cor-
responds to -Fa/ R, and the intercept to In A, A being
the frequency factor of the reaction. R is the ideal gas
constant 8,3145 J/mol-K. The activation energy for the
reaction was 72,27 kJ/mol and the frequency factor was
2,7087x106 L/mol-min. The rate law for the esterifica-
tion reaction was:

-72,27x10°

_ dCAN RT JijN (3)

=2,7087x10° e[

The value of the activation energy obtained during
this study is lower than the one determined by other
authors for naphthenic acids in light distillation frac-
tions (Wang et al., 2008).

This demonstrates the effect of heterogeneity in the
molecular structure of the naphthenic acids in the esteri-
fication reaction. Table 4 shows the kinetic and thermo-
dynamic parameters for the rate laws obtained during
this study and the ones determined by other researchers.

Figure 9 shows that the corrosion rate for steel as
per ASTM A106 Gr.B, in contact with esterified crude,
presents a reduction of 90,90% in comparison to non-
treated crude.

This test used esterified crude at 250°C with a reac-
tion time of 600 minutes. The standard deviation for
the corrosion trials for the treated and non-treated crude
were: 0,56 y 0,74 mpy, respectively.

40
35
30
25
20
15
10

5

0

Corrosion (mpy)

Non-treated acid crude Treated crude

Figure 9. Effects of naphthenic acid esterification in crude upon the
corrosion rate of steel as per ASTM A106 Gr.B. Non-treated crude
TAN:7,33 mgKOH/g, Esterified crude TAN:0,47 mgKOH/g.

The corrosiveness of high acidity crudes depends on
the concentration and types of naphthenic acids (Y¢épez,
2007; Li & Luo, 2009). Therefore, it is not necessary
to completely reduce the acidity of the crude in order
to make it processable without causing damage to the
operation equipment.

Table 4. Mathematical correlation of the rate law.

Without catalyst-Diesel (Wang et al., 2008) 7,15x1014 153,7
3,69 19,11
With catalyst (SnO) Diesel (Wang et al., 2008) 1,70x101 104,2
Colombian heavy crude oil 7,33 11,30 2,71x106 72,27
28 CT&F - Ciencia, Tecnologia y Futuro - Vol. 4 Num.5  Jun. 2012



A KINETIC STUDY OF ESTERIFICATION OF NAPHTHENIC ACIDS FROM A COLOMBIAN HEAVY CRUDE OIL

4. CONCLUSIONS

The kinetics of the esterification process of naph-
thenic acids in Colombian heavy crude oil using
methanol and in the absence of a catalyst at tempera-
tures between 150-250°C was adjusted to a second
order rate law with respect to the concentration of
naphthenic acids.

The activation energy of the esterification reaction
of naphthenic acids in Colombian heavy crude oil
of 72,27 kJ/mol, is lower than that calculated by
other authors (Wang et al., 2008). These authors
used naphthenic acids from a vacum distillation
fraction, which indicates that they were acids with
a higher boiling point and molecular weight. This
demonstrates that the influence of the structural and
physical-chemical parameters of the acids upon
kinetic and thermodynamic aspects of the esterifi-
cation reaction and the rate law calculated in this
investigation represent the global kinetics of reac-
tion for a heterogeneous mixture of naphthenic
acids present in Colombian crude.

The influence of the structural characteristics of the
naphthenic acids upon reaction kinetics was not
evaluated during this investigation. However, the
comparison between the obtained results and those
determined by Wang et al., (2008) demonstrate that
naphthenic acids with a lower molecular weight and
boiling point are more reactive during esterification.

Based on the structural characterization of the naph-
thenic acids extracted from the crude, it was deter-
mined that the carboxylic groups are located in low
conjugation carbons. The presence of methylenes
in carbon chains were identified by means of the
infrared spectrum. It was determined that naphthenic
acids in Colombian heavy oil present a molecular
weight distribution between 180 and 2400 g/mol,
while the greatest portion of the fraction had a mo-
lecular weight above 400 g/mol.

The aromaticity factor of the extracted acid fraction
was 8,95%, as determined by the proton RMN. The
infrared spectrum of the esterified crude shows that
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the reduction in acidity is related to the formation of
the respective esters.

The corrosion tests demonstrated a reduction of
90,90% in the corrosion rate of carbon steel per
ASTM 106 Gr.B, after esterification treatment.

Bearing in mind that this investigation determined
the global esterification kinetics of a heterogeneous
group of molecules with different reactivity, future
work is necessary in order to optimize the esterifi-
cation reaction towards the conversion of the more
corrosive acids.
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A KINETIC STUDY OF ESTERIFICATION OF NAPHTHENIC ACIDS FROM A COLOMBIAN HEAVY CRUDE OIL

NOTATION

Cuy Naphthenic acid concentration, mol/cm3
k Kinetic constant, L/mol-min
n Kinetic reaction order

TAN Total Acid Number, mg KOH/g
Jol Density, g/cm3
|14 Volume, cm3
R Ideal gas constant, J/mol-K
T Temperature, K

Ea Activation energy, kJ/mol
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