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Abstract

A sensitive SIA method was developed for sulphate determination in automotive fuel ethanol. This method was based on the reaction o
sulphate with barium—dimethylsulphonazo(lll) leading to a decrease on the magnitude of analytical signal monitored at 665 nm. Alcohol
fuel samples were previously burned up to avoid matrix effects for sulphate determinations. Binary sampling and stop-flow strategies were
used to increase the sensitivity of the method. The optimization of analytical parameter was performed by response surface method usin
Box—Behnker and central composite designs. The proposed sequential flow procedure permits to determine up to 18:0 Mg\

R.S.D. <2.5% and limit of detection of 0.27 mg! The method has been successfully applied for sulphate determination in automotive fuel
alcohol and the results agreed with the reference volumetric method. In the optimized condition the SIA system carried out 27 samples pe
hour.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction of physical-chemical parameters such as electric conductiv-
ity, pH, density, chloride and sulphate contents. For ethanol
A pioneer Brazilian alcohol program from sugar cane was production by fermentation of sugar cane biomass the pH is
implemented as a response to a 1970s oil crisis with inten- adjusted to 4-5 range with sulfuric acid addition to suppress
tion of increase alcohol production for automotive biofuel growing of strange microorganisrig. On the other hand a
purposes/1-4]. In the same decade a blend of 10% dry suitable control at pH adjust and distillation stage is essential
ethanol and unleaded gasoline (E10) was commercially intro- since low concentration level of sulphate in fuel ethanol can
duced into the US and continues to be marketed mainly in the deactivate exhaust catalyst. The determination of sulphate in
Midwestern states. Nevertheless, Asia is the largest potentialautomotive fuel ethanol must be carried out by sufficiently
producer of bioethandb], which is an attractive alternative  sensitive method due to low level limit specified by Brazilian
fuel because itis a renewable bio-based resource anditis oxy+ules (4 mgkg?) [8].
genated, thereby providing the potential to reduce particulate  Although the turbidimetric method related to barium sul-
emissions in compression—ignition engirfés phate productiof9,10] is the more usual sulphate determi-
In Brazil, the quality control of automotive fuel ethanol is nation method, it does not present suitable low detection
accomplished by National Petroleum Agency, which specify limits for this kind of application. In addition, some trou-
bles to adapt this method to flow systems were related due
* Corresponding author. to the low stability of BaS@suspension and the risk associ-
E-mail address: fabioso@ufba.br (F.S. de Oliveira). ated to the retention of precipitate in flow transmission lines
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[11-14], leading to anincrease of flow system complexity due dissolving the Na-DMSA(III) (J.T. Baker, Phillipsburg) in
to the addition of a new channel to insert suspension stabi-an solution of 7.6< 10> mol -1 Ba?*, 5.0x 10 *mol -1
lizer reagents (e.g. polyvinyl alcohol) as well as the addition KNO3z (Quimex, Brazil), 1% (v/v) in acetic acid (Merck, Ger-
of a cleaning step to redissolve Bag@eposits from flow many), 2.0mgt! KoSOy in 75% (v/v) ethanol (J.T. Baker,
lines with EDTA[11]. In particular, turbidimetric SIA sys-  Mexico). The chromogenic reagent was stored in amber flask.
tems based on Bag@ormation shown unsuitable limits of  Saturated nitron (Riedel-de-Ha) solution was prepared dis-
detection (10 mgil) [13—15]for sulphate determination in  solving the reagent in 5% (v/v) acetic acid solution. Solution
fuel ethanol, since expected concentration for this analyte is of Na,COs 5% (m/v) and HCI 0.3 molt! were prepared as
below 4 mgt18]. usual.

Some available methods for sulphate determination with Concomitants ions solution of carbonate 300 my]
high sensitivity were related as colorimetric reaction with (NaCOs), phosphate 1mgf (KH.PQ;), chloride
benzidine[16,17], methylthymol blue-zirconiurfiL8], bar- 5.0mg 1 (KCI), iron 10 mg 1 (FeCh), sodium 5.0 mgt!
ium chloranilate[18-20], as well as the ion chromatogra- (NaNQs) and copper 0.4mgf (CW®, 0.1 M HNG;) were
phy [9,21-23]. Most of these methods suffer from ethanol prepared to evaluation of selectivity. The influence of
interference, high cost equipments or present difficult to be potential interferences was studied employing references
adapted to a flow system. solutions with 0.0, 3.0 and 7.0 mg! sulphate concentration.

Sulphate ions reacts with barium—-dimethylsulphonazo
(1) complex, Ba-DMSA(III), displacing DMSA(III) and 2.2. Sample pre-treatment
producing the low soluble barium sulphate (Scheme 1). The
color solution changes from blue [Ba-DMSA(III)] to vio- In a 100 ml beaker 50 ml of fuel ethanol sample and 0.5 ml
let [DMSA(II)] and the sulphate content can be related to of 5% (m/v) NaCOs were added. The combustion ignition
the increase of analytical signal at 550 nm or the decrease atvas carried out using a small piece of filter paper (Whatman
665nm[24,25]. 5) as a wick that was burned and cautiously thrown on fuel

In this work a sequential injection analysis system is ethanol sample. When ethanol sample was burned until dry-
described for spectrophotometric determination of sulphate ness (~20 min) 40 ml of water was added, shaken for 5min
in automotive fuel ethanol using Ba-DMSA(IIl) and the sig-  to extract inorganic ions, transferred to a 50 ml volumetric
nal measurements were monitored at 665nm, due to theflask and diluted to the mark with deionized water.
high sensitivity in this wavelength in comparison to 550 nm
[24,25]. A pre-treatment for ethanol removal of alcohol 2 3. Apparatus
samples were carried out by combustion. Optimization was
accomplished by multivariate response surface method using A multiposition valve Cheminef! 25C-3188EMH
Box-Behnker and central composite des{i6]. (Valco Instruments, Houston, USA) was employed to select

and direct solutions. A spectrophotometer Femto 432 (S.
Paulo, Brazil) equipped with borosilicate flow cell with

2. Experimental 10 mm optical path and 2QQ cell volume. A peristaltic
pump Gilson Minipuls 3 (Villiers-le-Bell, France) was
2.1. Reagents and solutions employed for fluid propulsion. Isoversinic and PTFE tubes

(0.8 mmi.d.) were used in flow system as peristaltic and trans-
All solutions were prepared from analytical grade mission tubes, respectively. A gas diffusion device equipped
reagents using deionised water with resitivity greater than with PTFE membrane was employed to prevent air bubbles in
18MQcem 1. the flow cell, since bubbles are produced by changes on inter-
Sulphate stock solution 1000 mgtiwas prepared dissolv-  faces surface tension related to aqueous carrier and ethanolic
ing previously dried KSO; (Quimex, Brazil) in water. A reagent solution. A microcomputer Pentium | equipped with
solution of 8.7x 10-°mol =1 DMSA(lIl) was prepared by ~ PCL 711S (Advantech, Taipei, Taiwan) was employed to con-
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Fig. 1. Diagram of sequential injection manifold. C, carrier,@; P,
peristaltic pump; S, sample; DMSA(IIl), chromogenic reagent; DB, bub-
ble remover; DET, spectrophotometer<665nm); W, waste, B and

B2 =sampling (500 cm) and reaction (200 cm) coils, respectively.

trol multiposition valve and peristaltic pump, as well as for
signal acquisition.

2.4. Flow system

A schematic diagram of the flow manifold is shown in
Fig. 1.Table lillustrates the steps for sulphate determination
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por flask. This solution was evaporated until almost dryness
at rotavapor bath at 6% and 70 mmHg. The residue was
dissolved with 3ml of 0.3 moH! HCI and 3 ml of acetone.
Finally, six drops of 2x 10-3moll~1 DMSA(IIl) and two
drops of saturated nitron solution were added and this solu-
tion was titrated with 0.01 motft BaCh standard solution
until end point color change from violet to blue.

3. Results and discussion
3.1. DMSA(III) concentration effect

The influence of DMSA(IIl) concentration on the
analytical signal was evaluated maintaining the ration
between the concentrations of DMSA(IIl) and Bain
1:.0.7. The increase in DMSA(lIl) concentration from
5.0x 107° to 8.7x 10~°>mol I~ provided an increase on
net analytical signal. For DMSA(III) concentration higher
than 8.7x 10-°moll~1 it was not observed significant
increase. On further experiments the reagents concentrations
were maintained at 8Z 10~° and 6.0x 10-°mol I~ for

in fuel ethanol samples. Aliquots of pre-treated sample of fuel DMSA(III) and BaCh, respectively.

ethanol (S1) and DMSA(III) (S2) solutions were alternately
aspirated to the sampling coil {Bfollowing the binary sam-
pling strategy[27] with the same volumetric proportion of
the sample and reagent aliquots, where 45 aliquots qfl3.3

of sample and chromogenic reagent solutions were loaded

in tandem to improve mixing conditions. Thus, }b0was

the total sample volume used per determination. The sam-

ple zone was directed to a reaction coib)Bby reverting

the direction of peristaltic pump rotation (S3), and then the
flow was stopped for 58.5 s to increase the reaction interva

time without increasing dispersion (S4). Finally, the flow was

3.2. pH effect of Ba-DMSA(III) reagent solution

The influence of pH in Ba-DMSA(lIl) reagent solution
on net analytical signal was evaluated and higher sensitivity
was obtained for the pH range from 3.5 to 5.5. In spite of the
signal decrease for pH 3.5 of reagent solution (11%), it was
selected in order to minimize interference from carbonate and

| phosphate ionf24,25].

3.3. Effect of the sulphate concentration in

reestablished and the mixture was sent to the flow cell (SS)'Ba-DMSA(III) solution

The analytical signal was measured at 665 nm.

2.5. Standard method for sulphate determination

Barium sulphate precipitation can be induced by sul-
phate ions addition in Ba-DMSA(lIl) solution in order to
oversupply the reagent solution with Ba${25], leading

In order to compare the results obtained by the proposedy, sypersaturation condition that favor removal of barium
method a reference volumetric method for sulphate determi- jos for the Ba-DMSA complex by sulphate. This procedure

nation in ethanol was employ§eB]. In this method 100 ml of

increase method sensitivity, reaction rate and reduce lower

fuel ethanol sample, 50 ml of sulphate free absolute ethanol|imt of linear range of concentration. On the other hand, for

and 1 ml of 5% (m/v) NaCOs was added to a 500 ml rotava-

Table 1
Steps for sulphate determination on SIA system

Step Action Valve Flow rate Time (s)
positon  (mlmin—1)2
S1 Sample loading 2 -1.0 0.2
S2 DMSA(IIl) insertion 3 -1.0 0.2
_b — _
S3 Sending to reaction 1 +1.7 27
S4 Stop-flow 1 0.0 58.5
S5 Directing to detector 1 +1.7 60

a (+) pumping and (—) aspiration.
b The steps S1 and S2 were repeated for more 44 times.

the proposed system conditions turbidity occurrence due to
BaSQ, formation are not expectdd4,25]since in this reac-
tion medium sulphate concentration is below 10 mgand
in the presence of hydroalcoholic DMSA solution the pre-
cipitation of barium sulphate crystals were not detected by
spectrophotometer at 665 nm. This can be explained by the
slow growing of barium sulphate crystals in aqueous-ethanol
medium.

The effects of sulphate concentration on analytical
response can be observedHig. 2A and B.Fig. 2A exhibits
the influence of sulphate concentration in reagent solution on
the net analytical signal. The effect of sulphate concentra-
tion in Ba-DMSA(III) reagent solution on analytical curves
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Fig. 2. Influence of SGF~ concentration in chromogenic reagent on (A) net analytical signal and (B) linear range of analytical curves. The sulphate concentration
is 6.0mgt?.

can be seen iRig. 2B. In order to improve analytical curves  0.030loog? + 0.074vol— 0.023 vof + 0.009flowg — 0.039
examination 0.15 absorbance units for different sulphate con-flowg?2 — 0.042¢loops — 0.008 volflovg, with the variables
centration was incremented to plot curvesHig. 2B. For  at coded levels. The results obtained by Box—Behnker
sulphate in reagent concentrations higher than 1.8Thgl showed that the optimal point was not located at experi-
were not observed problems related to non-linearity for lower mental dominium and the sensitivity could be increased by
analyte concentrations in reference sulphate solution. In thisincreasing the samples volume and reaction coil length.

way the sulphate concentrationin Ba-DMSA(Ill) reagentwas  However, for sample volumes higher that 318Gt was
maintained at 1.8 mgt to provide maximum sensitivity and  frequently observed leakages at bubble remover device due

minimize non-linearity problems. to longer contact between aqueous alcoholic reagent and
hydrophobic PTFE membrane. Then sample volume and
3.4. Optimization by surface response method reaction coil length were maintained at maximum values

experimentally evaluated, 1p0 and 200 cm, respectively,

Multivariate optimization was carried out using only to avoid leakages and to maintain the relationship between
flow variables due to difficulties associated to simultaneous these variables that lead to sensitivity increase, since the lin-
evaluation of sensitivity and non-linearity problems, since ear coefficients of this variables are of the same magnitude.
the first is related to the procedure parameters while the Since the sample volume and reaction coil length were
second can be linked with chemical parameters of the fixed at better practical conditions, only two parameters
reaction. The influence of flow rate (flgy; reaction coil should be evaluated—flow rate and stop-flow time inter-
length (loog), sample volume (vol) and stop-flow time val. As the Box—Behnker design must be applied for more
interval (sF) on sensitivity (AA) was evaluated by response than three variables, for the further experimental design
surface method. A Box—Behnker design was employed for it was constructed a central composite design to opti-
multivariate optimization and the levels of the evaluated mize the SIA procedure by response surface method. The
variables are presented ifable 2. The response surface response surface obtained by central composite design can
obtained by Box-Behnker design was described by the be observed ifrig. 3and it could be described by equation

equation AA=0.24+0.062%— 0.0184+0.071l00R — AA=0.355-0.016¢ — 0.036flows’. The optimized values
of flow variables obtained using central composite design are
Table 2 presented iMable 3.
Experimental levels employed for optimization design
Variable Coded variable .
3.5. Interference evaluation
(-1) (0) (+1)
Sample volume (p.)) 66.7 108.0 150.0 Studies of interference for sulphate determination by SIA
Reaction coil (cm) 20 120 220 optimized procedure were performed for €0, PQy3~,
Flow rate (mi min) 1.00 1.75 2.50 Cl—, Fe* and C#* and the results are presentediable 4.
Stop-flow time (s) 0 60 120

For selected experimental conditions non-significant inter-
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more than 35% (v/v) of water. This turbidity level affects
significantly the results for spectrophotometric determina-
tion of sulphate. Since preliminary experiments showed that
DMSA(IIl) method requires at least 50% (v/v) of water
to obtain significant signal variation for sulphate contents
at expected concentration level in alcoholic fuel samples
(<4mgl?1), a pre-treatment strategy must employed to
remove the insoluble organic additives in aqueous media
found in this kind of samples.

Initial experiments with filtration after reagent addition
using 0.45.m pore size filter paper of cellulose nitrate (Sar-
torius, Germany) for turbidity removal were tried and a
poor repeatability and recovery on spike addition tests were
obtained. Other strategies such as solvent evaporation on
water batch or vacuum evaporation using rotavapor device
suffer from deficiencies related to high time consume and
limited number of simultaneous sample processing. There-
fore, a combustion procedure was developed for ethanol
elimination of fuel alcohol samples followed by water dis-

Fig. 3. Response surfaces obtained by central composite design for opti-

mization of flow parameter.

Table 3

Optimized variables values by response surface method

Optimized parameters

solution of residual obtaining a clear solution. This strategy
was selected due to the low volatility of sulphate ion at grad-
ual combustion conditions employed in these experiments.
Nevertheless, the number of bioethanol samples that can be
simultaneously prepared for sulphate determination by the
batch procedure cannot be established. By applying the pro-

Sample volume (ul) 150 .

Reaction coil length (cm) 200 posed pre-treatment 20 samples were almost simultaneously
Flow rate (mlmin2) 1.7 processed within 20 min without additional equipments,
Stop-flow period (s) 58.5 such as the rotavapor employed for the reference method

ference levels were obtained. It must be highlighted that
the concentrations of evaluated potential interferences wer
much higher than those expected at fuel ethanol samples.

3.6. Sample pre-treatment

[28].

3.6.1. Sample volume of fuel ethanol sample employed

e .
“for combustion

The aliquot volume of fuel alcohol sample submitted to
the combustion was evaluated. Sulphate lost and contami-
nation during sample handling, analytical throughput and
] o ] _ gases emissions during combustion are important parame-

A persistent turbidity was observed when final composi- ters related to the settled sample aliquot volume. The results
tion of fuel ethanol sample after reagent addition contained gptained at recovery tests for evaluation of sample volume

effect at combustion are presentedable 5and quantitative

Table 4
Sulphate concentrations at interference presens&jn
Interference Sulphate (mgt1) Table 5
Added Found Effect of sample volume of fuel ethanol submitted to combustion3):
CoZ 0.00 010+ 008 Sample volume (ml) Sulphate (mgh)
3.00 3.07+ 0.05 Added Found Recovery (%)
Fet 0.00 —-0.1+0.1 10 0.00 1.8+ 0.3 -
3.00 3.04+ 0.08 1.00 25+ 04 70
Na* 0.00 0.00+ 0.06 20 0.00 1.9+ 0.2 -
3.00 29+ 0.1 1.00 2.8+ 0.3 90
Cl- 0.00 0.21+ 0.09 25 0.00 1.9+ 0.2 -
3.00 2.89+ 0.08 1.00 2.8+ 0.2 90
cwt 0.00 —0.05+ 0.06 30 0.00 1.94+ 0.07 -
3.00 2.79+ 0.03 1.00 2.92+ 0.04 98
HoPOy ™ 0.00 0.0+ 0.1 50 0.00 1.93+ 0.06 -
3.00 3.13+ 0.05 1.00 2.94+ 0.05 101
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recovery (>95%) were obtained for sample volumes higher Table 6

than 30 ml with good repeatability (<4%). The occurrence of Effect of carbonate concentration in fuel ethanol at recovery of sulphate after
lower recovery and repeatability for sample volumes lower SomPustion procedure @3) :

than 30 ml was related to the abrupt temperature increasingS@mple  Carbonate  Sulphate (mgt~)

during the combustion and the analyte lost. (mmol 1) Added Found Recovery (%)
1 0.0 0.00 0.4+ 0.3 -
3.6.2. Effect of Na;CO3 in samples for combustion 1.00 0.8+ 0.4 40
The addition of carbonate to fuel alcohol samples before 0.9 0.00 0.7+ 0.2 -
combustion has reduced analyte lost by volatilization and 04 (1)'88 ﬁ'i 8'1 zo
increased method precisidf0,29]. The influence of car- ' 1.00 204 0.2 9
bonate concentration for sulphate recovery after combustion 4.7 0.00 1.15+ 0.06 -
was evaluated by the addition of 0.5ml of 100 m§ kul- 1.00 2.184 0.04 103
phate solution to 50 ml of fuel sample and then to combustion. 6.6 0.00 126+ 007 -
The recovery test results for different carbonate concentration 1.00 222+ 0.08 96
levels are shown iffable 6. It was observed that increasing 2 0.0 0.00 1.4+ 03 -
carbonate concentration before combustion the recovery per- 1.00 2.1+ 04 70
centiles was increased, since the tendency of volatile sulfur 09 (1)'88 ;'21 g'i ;o
oxides production at higher temperatures was diminished by 2.4 0.00 192+ 008 -
carbonate addition. For carbonate concentration higher that 1.00 2.9+ 0.1 98
4.7 mmol ! lead to quantitative sulphate recovery (>95%). 4.7 0.00 1.974+0.03 -
Any baseline drift was observed after 8 h of operation, rein- 1.00 296+ 002 99
forcing the hypothesis that barium sulphate deposition in the 6.6 2'88 ;ggi 8'82 ;8

flow cell walls did not occur.

3.7. Evaluation of turbidity occurrence ] ) ]
it was concluded that analytical signals were comparable

The evaluation of turbidity occurrence in reaction media &t 95% confidence level for all evaluated samples and ref-
was carried out with the spectrophotometric measurements€rences solutions, confirming that turbidity occurrence was
in the isosbestic wavelength at 586 nm (Fig. 4A) where ref- Minimized with proposed pre-treatment.
erence solutions and fuel samples previously burned were
submitted to sulphate determination by SIA manifold. As 3.8. Figures of merit
reagent concentration is fixed, at isosbestic wavelength, any
changes in analytical signal could be attributed to media tur-  The proposed procedure presented good precision with
bidity. Turbidity evaluation are illustrated iRig. 4B and relative standard deviation lower than 3% for all deter-

I 0.0 10.0 S, S, S,

1.6

1.2
A

0.8

0.4

0.0 T : T T T T ) T ' T T T T T T T T 1

400 500 600 700 0 6 12 18 24

(A) A/ nm (B) t/ min

Fig. 4. Absorption spectra of Ba-DMSA(II) solution (A-l) and after 20 mg kulphate addition (A-I1) for isosbestic wavelength location. Evaluation of
turbidity occurrence at isosbestic wavelength (586 nm) for reference and sample solutions (B).
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Table 7 sitivity and lower limit of detection. Therefore, the proposed

Results obtained by SIA procedure and reference method for sulphate deter-proct;‘.dure provides suitable conditions to determine sulphate
mination in fuel ethanol samples €3) in fuel ethanol samples.

Sample Sulphate (mgkg?) Response surface method permitted the optimization of

SIA Titration SIA parameters with a multivariate strategy using a reduced
A 3.77+ 0.07 3.85+ 0.05 number of experiments. The presented automatic method for
B 3.6+0.1 3.50+ 0.07 sulphate determination has shown good precision and accu-
c 4.29+ 0.09 44+ 0.1 racy.
D 1.68+ 0.01 1.57+ 0.09
E 2.14+ 0.04 2.21+ 0.05
F 1.37+ 0.09 12401
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