Available online at www.sciencedirect.com

scimnon @ineor: Talanta

Talanta 61 (2003) 353-361

www.elsevier.com/locate/talanta

Optimum phase-behavior formulation of surfactant/oil/water
systems for the determination of chromium in heavy crude oil
and in bitumen-in-water emulsion

José L. Burguera®*, Rita M. Avila-Gémez®, Marcela Burguera?,
Raquel Anton de Salager b Jean-Louis Salager ® Carlos L. Bracho?,
Margarita Burguera-Pascu®, Constantin Burguera-Pascu ¢, Rosario Brunetto?,
Maximo Gallignani?, Yaneita Petit de Pefia®
# Faculty of Sciences, IVAIQUIM ( Venezuelan Andean Institute for Chemical Research), Los Andes University, P.O. Box 542, Mérida
5101-A, Venezuela

® Faculty of Engineering, FIRP, University of Los Andes, Mérida 5101, Venezuela
€ Faculty of Odontology, University of Los Andes, Mérida 5101, Venezuela

Received 18 February 2003; received in revised form 14 April 2003; accepted 14 April 2003

Abstract

An “oil in water” formulation was optimized to determine chromium in heavy crude oil (HCO) and bitumen-in-water
emulsion (Orimulsion-400®) samples by transversally heated electrothermal atomic absorption spectrometry (TH-ET
AAS) using Zeeman effect background correction. The optimum proportion of the oil—water mixture ratio was 7:3 v/v
(70 ml of oil as the internal phase) with a non-ionic surfactant concentration (Intan-100) in the emulsion of 0.2% w/w.
Chromium was determined in different crude oil samples after dilution of the emulsions 1:9 v/v with a 0.2% wiw
solution of surfactant in order to further reduce the viscosity from 100 to 1.6 cP and at the same time to bring the
concentration of chromium within the working range of the ET AAS technique. The calibration graph was linear from
1.7 to 100 pg Cr 1~ L. The sensitivity was of 0.0069 s 1 ug ™!, the characteristic mass (m,) was of 5.7 pg per 0.0044 s and
the detection limit (3) was of 0.52 pg 17'. The relative standard deviation of the method, evaluated by replicate
analyses of three crude oil samples varied in all cases between 1.5 and 2.6%. Recovery studies were performed on four
Venezuelan crude oils, and the average chromium recovery values varied between 95.9-104.8, 90.6—-107.6, 95.6—104.0
and 98.8-103.9% for the Cerro Negro, Crudo Hamaca and Boscan crude oils and for the Orimulsion®-400,
respectively. The results obtained in this work for the Cerro Negro, Crudo Hamaca and Boscan crude oils and for the
Orimulsion®-400 following the proposed procedure were of 0.448 +0.008, 0.338 +0.004 0.524 +0.021 and 0.174 +0.008
mg Cr 17!, respectively, which were in good agreement with the values obtained by a tedious recommended standard
procedure (respectively: 0.47040.05, 0.335+0.080, 0.570+0.021 and 0.173+0.009 mg Cr 17 1),
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1. Introduction

Petroleum and its products have become
the world’s principal source of energy as fuel
for transport and industries. The “native” crude
oil is a complex mixture of organic compounds,
which contains a large spectrum of inorganic
constituents, among them chromium. This
element can be present in a non-porphyrin form
[1] at concentration levels between a few pg g~ !
and some hundred pg g~' [1-3]. Although,
neither hexavalent nor trivalent forms of
chromium may enter the environment in a
quantity or concentration that may constitute a
danger to the environment on which human
life depends, the evaluation of chromium in
crude oil and in the liquid effluents released
from petroleum refineries will not per se “reduce
the risk of exposure”, but it may well point
to implementing appropriate measures to do so
[3]. -
The American Society for Testing Materials
(ASTM) [4] and Institute of Petroleum (IP)
standard methods also exist for the determinations
of some metal species in crude oil and petroleum
products [5,6]. Oil samples can be examined
directly or after ashing. Procedures that require
sample ashing are time consuming and the
complete recovery of the analytes is often affected
by some vapor-phase loss due to the high volatility
of their chemical species. The wet digestion
method and the extraction method involve intri-
cate steps and are time-consuming [7]. The direct
procedures involve reduced time, but, in some
cases, the composition of the matrix affects the
accuracy of the measurements. One important
source of error is the contamination of the sample
by accidental or systematic introduction of foreign
elements during the various analytical operations.
These undesirable effects may completely distort
the results, and stringent precautions must be
taken.

The determination of chromium in crude oils
and fractions can be achieved routinely using a
number of techniques such as flame (F AAS) [8,9]
and electrothermal (ET AAS) [7,8] atomic absorp-
tion spectrometry, inductively coupled plasma
atomic emission spectrometry (ICP-AES) [10], X-

ray fluorescence spectrometry [11], neutron activa-
tion analysis (NAA) [10] and inductively coupled
plasma mass spectrometry (ICP-MS) [12]. A
problem posed by many of the samples from crude
oils and by-products is their high viscosity, there-
fore, the direct analysis of crude oil using these
techniques generally requires: (i) dilution with
an organic solvent which may cause serious
technical problems, ¢.g. in the case of ICP-AES,
the dilution with an organic solvent which has
high vapor pressure overload the plasma with
solvent vapors changing its physical characteristics
and make it unstable [13-15]; further, most of the
plasma energy is consumed in evaporation of the
solvent hence not sufficient energy is left for
atomization of the analyte reducing the sensitivity
of measurements. In the case of F AAS, irregular
sample aspiration and volatilization processes
cause low sensitivity and poor reproducibility. In
the case of ET AAS the presence of analyte species
in different organo metallic forms having different
properties such as volatilization or mechanism of
atomization in samples and standards may lead to
different sensitivities [16,17]. (ii)) Ashing or wet
digestion procedures to prepare suitable specimens
for direct XRF [11]. The choice of sample pre-
paration is varied [18], each method having its own
particular advantages and limitations.

When samples are diluted with an organic
solvent changes in the concentration of sample/
standard due to evaporation losses of the
organic solvent can occur, but emulsification
can reduce such losses, which is very important
for a slow technique such as ET AAS [l16].
Therefore, the analysis call for the use of emul-
sions consisting of surfactant/heavy crude oils/
water mixtures, which three-phase systems require
selection of optimum parameters [17,18]. The
potential of phase-behavior formulations of sur-
factant/heavy crude oils/water systems for metals
determination by ET AAS has not yet been
investigated. The purpose of this study was to
investigate for the first time, the analytical poten-
tial of an optimized phase behavior for the
determination of chromium in heavy crude oils
(HCO).
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2. Experimental

2.1. Instrumentation

The measurements were carried out with a
Perkin—Elmer Zeeman 4100ZL atomic absorption
spectrometer with Zeeman effect background
correction and equipped with a chromium hol-
low-cathode lamp operated at a current of 10 mA.
Pyrolytic graphite coated tubes were used with
pyrolytic graphite coated graphite platforms.
Time-resolved absorbance signals were recorded
on an Epson EL-486UC printer and integrated
absorbance values were computerized using the
PERKIN-ELMER software 4100 PC (version 3.7) for
evaluating results.

Measurements were made at 357.9 nm with a slit
of 0.2 nm and an integration time of 5 s. All
measurements were made with at least three
replicates and based on integrated absorbance,
unless otherwise specified. Argon was used as the
protective gas throughout. The volumes injected
by the instrument autosampler were 10 pl of the
emulsion solution.

A Contraves Rheomat 30 Couette-type rhe-
ometer (Oerlikon Contraves AG, Ziirich, Switzer-
land) at 25 °C was used to measure the viscosity of
emulsions. A double-gap bell-shaped cell was used
for the low viscosity range. A two speeds and 6000
rpm Shimadzu electrical mixer (Tokyo, Japan) was
used to emulsify oil samples.

The American Petroleum Institute (API) gravity
scale, arbitrary scale designating an oil specific
gravity in API° or degrees API, was based on the
ratio of the weights of equal volumes of oil and
pure water at 16 °C and one atmosphere pressure.

2.2. Reagents

All reagents were of analytical grade unless
otherwise stated. Double de-ionized water of 18
MQ cm ™~ ! specific resistivity, obtained in a Milli-
pore (Bedford, MA, USA) system, was used to
prepare all the solutions and to rinse the pre-
viously cleaned laboratory material. The nitric
acid was Suprapur® grade (Merck, Elmsford,
NY, USA).

The nonionic surfactants used for this study
were ethoxylated tri-terbutyl phenols: Sapogenat
T-100, -180 and -300 with an average number of
ethylene group per molecule (generally referred to
as the cthylene oxide number or EON) ranging
from 6 to 13 and manufactured by Hoechst
(Franfurt-Hochst, Franfurt am Main, Germany);
and Intan-100 nonionic surfactant, with an
EON =17.5 and manufactured by Kao Atlas
Japan. All solutions of surfactants were prepared
by appropriate dilution with water.

A 1000 mg 1 ! stock solution of Cr(VI) was
made by dissolving 3.3735 g of potassium chro-
mate (K,CrO; from Riedel de Haen, Seelze,
Germany) in 0.2% (v/v) nitric acid solution. Work-
ing standards were prepared daily by dilution with
the same nitric acid solution.

The argon used in this study was from AGA
(Maracay, Venezuela), which certifies a purity of
99.9%.

2.3. Samples

The HCOs, namely, Boscan (gravity from 10.3
to 12.0 API° and viscosity of 7.0 x 10°—8.5 x 10°
cP at 100 °F), Cerro Negro (gravity from 8.0 to 8.9
API° and viscosity of 8.0 x 10°-5.0 x 10* cP at
100 °F) and Hamaca (gravity from 8.8 to 10.5
API° and viscosity of 3.0 x 10°~8.0 x 10> cP at
100 °F) [19,20]. These samples were sent to IN-
TEVEP (Venezuelan Institute for oil industry
analysis, Los Teques, Venezuela) directly from
oil-drilling and refining companies for their re-
spective analyses. The crude oil was a random
sample taken directly from a barrel and stored in a
gallon acid rinsed/deionized water plastic con-
tainer.

Natural bitumen is a highly viscous (> 10000
cP at 30 °C) and complex mixture of hydrocarbons
which is difficult to pump in its natural state. To
facilitate its transportation, natural bitumen is
mixed with water in the production of a bitumen
emulsion known as Orimulsion®. Orimulsion®-
400, is the most current formulation of the fuel.
Orimulsion®-400, a fuel manufactured by
PDVSA-BITOR [21], is an emulsion of natural
bitumen (ca. 70%), freshwater (ca. 30%), and a
surfactant package ( < 0.2%); therefore, this fuel
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has not single molecular formula. The resulting
fuel, Orimulsion®-400, has viscosity more than 20-
times lower than that of natural bitumen.

In our case, all samples were kindly provided by
INTEVEP, Caracas, Venezuela.

2.4. Procedure

The temperature program in Table 1 was
followed. Calibration graphs were constructed by
evaluating the integrated absorbance obtained by
injecting 10 pl of standards solutions containing 0,
10, 20, 30, 40 50, 60 70, 80, 90 and 100 pg 1! of
chromium on the atomizer platform. The char-
acteristic mass (m,) was the amount in pg of
analyte which gave a signal of 0.0044 s. The limit
of detection (LOD, pg 17'), was calculated from
the equation LOD =3 x Sg; /b, where Sg; was the
standard deviation of ten blank firings. Three to
four sample replicates were analyzed in each case.

3. Results and discussion
3.1. Mixing rules for optimum formulations

The emulsion type (oil in water (O/W), water in
oil (W/O) or multiple), drop size distribution,
stability and rheological behavior are known to
depend upon three types of variables, i.e. physico-
chemical formulation, composition and fluid me-
chanical conditions, as well as the way these
variables are handled or programmed during the
formulation protocol [22]. Thus, the amount of oil,
surfactant, water and form of agitation were
optimized in order to produce stable and low
viscosity emulsions.

Table 1
Temperature program for the graphite furnace
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3.2. Surfactantloillwater system preparation

The crude oil was warmed up to 60 °C, stirred
and weighted. Due to the high viscosity of
samples, the preparation of the emulsions by the
moderate (magnetic) stirring of the system or by
phase inversion [23] of both phases was not
possible. Instead the emulsion preparation was
performed following the classical way [24], which
consisted in mixing both phases at 60 °C with a
shaft turbine blender at a speed of 3000 rpm
during 30 s. The total volume of the surfactant-oil-
water systems was of 100 ml, which were prepared
by changing the water-to-oil ratio (WOR) by
increasing the volume of the internal phase (®i)
of oil from 10 to 100 ml and correspondingly
decreasing the volume of the external phase (®e) of
surfactant—water. The 100 ml systems were pre-
pared in 250 ml beakers. First the surfactant was
added in aqueous solution and this solution was
then mixed with the oil phase. The optimum WOR
was of 3:7 (see below). After mixing, the system
was left to equilibrate at room temperature for 1-2
h. (ca. 22 °C) and then the viscosity was evaluated.
The beakers were then closed with a plastic wrap
and kept at room temperature. Before the ET AAS
measurement, the previously prepared emulsions
were mixed again 1:9 (v/v) with an aqueous
solution of 0.2% (v/v) Intan-100 in order to reduce
the viscosity to 1.6 cP, at which values the sample
behaves similarly to an aqueous solution, and to
lower the concentration of chromium in the
sample to the working range level of ET AAS
determinations. This final dilution of the emulsion
was done with the Intan-100 solution instead of
water, because the sample transfer efficiency from
the sampler tip to the graphite tube was improved

Step Temperature (°C) Ramp time (s) Hold time (s) Argon flow rate (ml min ~!)
Drying 110 1 20 250

Drying 130 S 30 250

Pyrolysis 1500 10 20 250

Atomization 2400 0 5 (without reading) 0

Cleaning 2600 1 2 250

Cooling 20 3 5 250
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Fig. 1. Analytical responses for chromium in an emulsified HCO sample with final dilutions with water (a) and a 0.2% (v/v) Intant-100

solution- (b). Other conditions as specified in Table 1.

and hence, higher sensitivity (Fig. 1). This effect
could be attributed to the moiety of the surfactant,
due to the presence of EON, which increases the
surfactant/oil/water preparation solubility and
wettability [25,26].

3.3. Formulation variables

Formulation variables are related to the com-
ponents of the system, such as surfactant type and
concentration. From the practical point of view,
the actual surfactant—O/W system is quite more
complex that any idealized ternary system. As a
general rule, the water phase is an aqueous
electrolyte solution which may contain several
anions and cations, the oil phase may be an
intricate blend such as crude oil and the surfactant
is in most cases a complex mixture of chemical
species, which make difficult to ascertain the
number of independent formulation variables.
The emulsion stability is estimated by measuring
the time required for 2/3 volume coalescence (ta3),
according to a standard procedure discussed else-
where [27]. When a so-called optimum formulation
is attained, a system is formed which exhibits

features with built-in potential applications, such
as ultra-low interfacial tension, high solubilization,
reduced viscosity and long term stability [23].

In this work, the surfactant-rich phase becomes
the emulsion external phase and the oil phase
becomes the @i upon stirring, resulting in an O/W
emulsion. According to this, the phase transition
start as an oil phase microemulsion, that takes up
more and more water, then becomes the middle
phase and starts rejecting oil by some nucleation
process, until it ends up finally as a water phase
microemulsion in equilibrium with an excess oil
phase [23].

Emulsions are not thermodynamically stable
and the time interval associated with the worsen-
ing of their stability appears to depend on the
surfactant used [24]. Therefore, in this study the
effect of two nonionic surfactant’s concentrations
on the optimum formulation to obtain an O/W
emulsion was studied. For this purpose, the
Sapogenat-100, -180 and -300 and Intan-100
surfactants were added at the concentration range
from 0.1 to 1.0% (v/v) in water. When the different
Sapogenat surfactants were used rather unstable
emulsions were obtained with coalescence times
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within 10 and 80 min, regardless of the surfactant
concentration. In this case, the plugging of the
autosampler tip was not uncommon. However,
stable emulsions were observed when 0.2-0.4% (v/
v) Intan-100 solutions were added. As the surfac-
tant concentration increased, the viscosity mini-
mum feature tended to fade away, whereas at
lower surfactant concentrations the stability of the
emulsion greatly decreased (ca. 12 h for a 0.1% (v/
v) Intan-100 solution and a 7/3 O/W ratio).

The viscosity of the emulsion, which depends
essentially upon the internal phase content, can be
used as a guide of its usefulness for analytical
purposes. The viscosity an emulsified HCO sample
(Cerro Negro) decreased to an almost constant
value (between 1.2 and 1.6 cP) for 10 and 20 ®i
values (Fig. 2). This constant value stays at the
optimum formulation as low viscosity values are
required to ease the sample injection into the
atomizer by means of the instrument autosampler
and to avoid irreproducibility due to adherence of
the oil phase to the capillary tube. Also, the
emulsified system is clearly shifted to the forma-
tion of a stable O/W binary system at higher ®i
values. Indeed, the coalescence time was of 20, 30
and 40-50 min for 1/9, 2/8 and 3/7-4/6 WOR
values. However, the coalescence time for a 60/40
O/W relationship (®i = 60 ml) was of 30 days (Fig.
3), while the coalescence time for a 70/30 O/W
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Fig. 2. Viscosity of a HCO emulsion at different ®i volume
fractions.
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Fig. 3. Stability (as the coalesced time to clear of the aqueous
phase) of a HCO for a 70 ml @i value.

relationship (@i = 70 ml) exhibits a stability value
over 40 days. At this stage, the criterion was to
choose the ®i value which provided the higher
stability of the O/W emulsion, fact that is strictly
related with the analyte homogeneity in the emul-
sion; otherwise, sampling errors can occur due to
changes in the amount of analyte in the organic
and aqueous phase. Therefore, an emulsion with a
70 ml ®i value was further diluted by adding a
0.2% (v/v) Intan-100 solution, to decrease the
viscosity of this emulsion but without reducing
the coalescence time below certain values (at least
6 h) that would not make possible the analysis of
samples. When a ratio of 1:9 v/iv (7/3 WOR
emulsion: 0.2% Intant-100 solution) was used,
the viscosity value was of 1.6 while the stability
of the final emulsified solution was well above 20
h. This stability was appropriate for the analytical
purpose of this work.

3.4. Temperature program

The temperature program developed in this
study, as given in Table 1, was followed. Complete
dryness of aqueous standards and emulsified
samples was ensured with two drying steps; a 5 s
ramp for the second drying temperature at 130 °C
avoided spattering of the liquids and resulted in a
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uniform solid deposit on the surface of the
atomizer platform.

The pyrolysis and atomization curves for 0.2 ng
of chromium in aqueous solutions and a HCO
sample (Cerro Negro) are shown in Fig. 4. The
variation of the pyrolysis and atomization tem-
peratures was different in both matrices. The
atomic absorption signal from chromium in stan-
dard solutions was thermally stable up to 1500 °C
in the absence of chemical modifiers with a
pronounced decrease of sensitivity above this
temperature. However, it should be pointed out
that the standard solutions of chromium were
prepared in a 0.2% (v/v) nitric acid solution, and
this acid may eventually acts as chemical modifier
[5,28,29]. In the case of the emulsified crude oil
solution the sensitivity slightly decreased from
1000 to 1500 °C, but the pyrolysis temperature
range was widened up to 1800 °C. This effective
stabilization of the analyte between 1500 and
1800 °C are decisive factors that are more impor-
tant than better sensitivity. The organic crude oil
and/or Intan-100 probably promoted the stability
of the absorbance signals at higher pyrolysis
temperatures. The maximum temperature of pyr-
olysis (Tpy,) that could be used without loss of
chromium in both solutions was of 1500 °C. This
Tyry is similar to that previously reported in
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Fig. 4. Pyrolysis (A) and atomization (B) curves of chromium;
(b, d) from an aqueous standard containing 0.2 ng of
chromium; (a, ¢) from an emulsified Cerro Negro HCO sample.

previous publications in the presence of Eu as
chemical modifier [30].

Atomization curves were obtained by varying
the atomization temperature while keeping the
Tpyr constant at 1500 °C. In both cases, the
optimum atomization was found to be 2500 °C.
The furnace program included a cleaning stage at
2600 °C, as the temperature used for atomization
of this element made such a stage necessary in
order to minimize the build-up of a carbonaceous
residues observed after 150 successive injections.
Otherwise, frequent recalibrations (usually after 50
cycles) were required.

3.5. Analytical figures of merit and application to
real samples

The calibration carried out with chromium
alone followed the equation: s=b+m[Cr] (s=
0.0025+0.0069[Cr]), where s is the integrated
absorbance (peak area), b is the intercept with
the Y-axis, m is the slope within the linear range,
and [Cr] is the chromium concentration in the
range 1.7-100.0 pg 17 '. Analyte addition graphs
for the different samples were established in the
same range. A paired Student z-test indicated that
the calibration slopes obtained for aqueous chro-
mium solutions were not statistically different
(P <0.05) from those for analyte additions to
the real samples and subsequently emulsified as
previously described, hence, the standard calibra-
tion technique with simple aqueous standards
could be used for the determination of chromium
in the crude oil samples investigated in this work.
The limit of detection under the optimized condi-
tions was 0.52 pg 1~ ! and m, was 5.7 pg.

The precision expressed as the relative standard
deviation (R.S.D.%) was established using the
mean absorbance values of five replicate injections
of chromium in aqueous standards and in each of
the real samples varied in all cases between 1.5 and
2.6%.

Recovery studies were performed following the
proposed procedure on four Venezuelan crude
oils, and the average chromium recovery values
varied between 95.9-104-8, 90.6—-107.6, 95.6—
104.0 and 98.8-103.9% for the Cerro Negro,
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Crudo Hamaca and Boscan crude oils and for the
Orimulsién® 400, respectively.

The accuracy of the recommended procedure
was further investigated by also analyzing the
three crude oils and the Orimulsion®-400 samples
under study with a reported sample pretreatment
recommended standard method for ET AAS
determination of metal species [31]. The results
are given in Table 2. The mean concentrations
given by the two methods have been compared by
using the two tail Student’s 7-test for a confidence
limit of 95%. For four degrees of freedom the
calculated value of t was of 0.47, while the critical
value of t was of 2.78, indicating that the two
methods do not give significantly different values
for the mean chromium concentration found in all
cases [32]. Although, good agreement was ob-
tained for all samples by using both procedures,
obviously the reported recommended standard
procedure for ET AAS determination is less
suitable as it is cumbersome for the determination
of chromium, e.g. it requires of wet digestion and
ashing procedures, among others. The concentra-
tions vary considerable and are dependent on the
actual location where the crude oil is originally
obtained. However, all of them were below the
value of 1 mg Cr 17, which is the upper limit of
chromium in crude oils, and were close to the
value of 0.43 mg 17!, which is the approximately
chromium concentration in Venezuelan crude oils
[33].

Table 2
Results of the determination of chromium in HCOs and in
Orimulsion®-400

Sample Chromium concentration® (mg g~ ")
Recommended procedure  Proposed
for ET AAS [31] procedure
Cerro Negro 0.480+0.000 0.448 +0.008
Hamaca 0.335+0.080 0.338 +0.004
Boscan 0.570+0.020 0.524+0.021
Orimulsion®-400  0.173+0.008 0.174 +0.008

2 Mean +standard deviation of five determinations.

4. Conclusions

When the oil is evenly dispersed in the water
phase, the sample similarly behaves to an aqueous
solution, so it was possible to use the inorganic
water soluble standards of chromium to prepare
calibration curves, minimizing the time and cost of
analysis. Stable emulsions with low viscosity are
the only requirement needed to use this methodol-
ogy. The main advantage of the proposed meth-
odology as compared with the traditional ashing,
dilution or wet digestion methods is that the
optimum phase-behavior formulation of surfac-
tant/oil/water methodology does not require a long
time sample pretreatment or large amounts of
organic solvents or inorganic acids, is easy to
follow and it shows good accuracy and reprodu-
cibility.
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