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Abstract

In this work, a flow analysis procedure for the determination of copper, chromium, iron and lead in lubricating oils using flame AAS as
detection technique is described. The flow manifold was designed to implement the multicommutation approach and it comprised three 3-wa
solenoid valves controlled by a personal computer. The flow system presented allowed to process the oil samples to determine wear meta
without any prior preparation. Aiming to assess accuracy the results were compared with those obtained by manual procedure using flam
AAS. Applying the joint-confidence ellipse test, no significant difference at the 95% confidence level was observed. Other profitable features
such as a sample throughput of 50 determinations per hour; relative standard deviatioBst{elow 2% for Cu, and below 8% for Cr, Fe
and Pb; and linear responses in the range 0—40 ppm (w/w) (Cu, Fe) and 0-15 ppm (w/w) (Cr, Pb) were also achieved.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Nevertheless, the high viscosity of the oil sample requires
laborious handling to assure the robustness of the data. The
A usual practice in engine maintenance is the determina- sample manipulation can become a tedious task when a
tion of the contents of certain metals in the used lubricant large amount of samples must be analysed considering that
oil [1,2]. This task is implemented as a part of predictive or sample aliguot must be weighted and this step requires a
proactive maintenance programmes of large engines such asareful manipulation. In this sense, a mechanised procedure
those used in ships, aircraft, locomotives and trucks. This simplifying the sample preparation step such as those based
approach is different to classical preventive maintenance,on flow analysig6] should be appreciated.
where lubricating oil should be changed on a mileage basis. The flow analysis techniques have been widely employed
In predictive maintenance, the physicochemical properties of to develop analytical procedures involving aqueous matrices
the oil are studied in order to determine the appropriate time [7,8], solid sample$9,10], etc. Among the detection tech-
to replace it. Besides, the inner wear of engines is monitored niques in flow analysis, flame atomic absorption spectrom-
through the analysis of the contents of metals in the oil. etry has been widely employed for determination of met-
To attain this goal, detection techniques such as flameals[11-13]. Nevertheless, there is a scarcity of procedures
atomic absorption spectrometry (FAA$3], inductively based on flow analysis concerning to the determination of
coupled plasma optical emission spectrometry (ICP-OES) metals in lubricant oil samplg44,15].
[3,4], X-ray fluorescence (XRF)5] have been employed. Lubricating oil is a complex matrikL6] and an analytical
procedure for the determination of wear metals without a
_ prior treatment can be hindered by its high viscosity, thus
* Prgsented in the 1'2Int§rnational Conferepge on Flow Injection requiring its previous dilution using a solvefit4] or the
?::Jg:'rsiqg R’Z%g;ed Techniques {12CFIA), Mérida, Venezuela, De- injection of the sample aliquot into a kerosene stréafj.
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in used lubricating oil employing flame atomic absorption der Section 2.3) and flow lines made of Teflon PFA tubing
spectrometry as detection technique. Aiming to the develop- (0.8 mm i.d.).

ment of an analytical strategy to process oil samples with- The packed mixing reactor consisted in a 10 cm long piece
out any prior preparation, the multicommutation flow pro- of PTFE tubing (inner diameter, 2.5 mm) filled with small
cesq17] was selected considering its well-known ability to pieces of the same material resulting in an empty volume of
handle solution§l8—20]. The main difficulty expectedisre- 350uL. The purpose of this device was to allow a thorough
lated to the viscosity of sample, thus considering this feature radial mixing of sample and carrier solvent.

the manifold is designed to mix the solvent fluid with the

sample aliquot on line by means of a packed mixing reactor. 2.2. Standards, samples and reagents

CONOSTAN (Ponca City, USA) S-21 500 ppm multiele-

2. Experimental mental standard solution was diluted as necessary with an oil
mixture of BO-75 (CONOSTAN) and Superdiesel 40 (AN-
2.1. Apparatus CAP, Montevideo, Uruguay). The amounts of BO-75 in the

mixture were adjusted in each case to keep the viscosity at

The equipment set up was constituted by a Perkin-Elmer a constant level.
380 atomic absorption spectrometer furnished with Photron  Samples of used Superdiesel 30 and 40 lubricating oils
(Narre Warren, Australia) hollow cathode lamps; a Rainin (ANCAP) were obtained from diesel engines of locomotives
(Woburn, USA) Dynamax RP1 peristaltic pump furnished and ships. The service time of the samples spanned a range
with Viton® pumping tubes; a Cole Parmer (Vernon Hills, from 50 to 2000 h.
USA) potentiometric strip-chart recorder; a 12V regulated  Deodorised kerosene (ANCAP), checked to be metal-free,
power supply source to drive the solenoid valves, and a was used as the solvent/carrier fluid.
lab-made electronic interface to control the solenoid valves
through the personal computer LPT1 parallel printer port. 2.3. Flow system

The spectrometer was operated with air—acetylene flame
and a 10cm burner, the wavelengths being 248.8nm (Fe), The flow manifold was designed to implement the mul-
324.7 nm (Cu), 283.3 nm (Pb) and 357.9 nm (Cr). Other con- ticommutation approach and to do this the solenoid valves
ditions were set up as recommended by the manufacturer. were assembled as depicted Fig. 1. In order to drive

The flow manifold was designed involving three 3-way the oil samples, a piece of Tygon tubing (internal diameter
solenoid valves (NResearch, West Caldwell, USA, type 1.85mm) was used to implement a vertical hydrostatic col-
HP225T031), two PTFE joint devices (Omnifit, Cambridge, umn (HC) with a height of 90 cm (measured from sample
UK) a lab-made packed mixing reactor described elsewherelevel to waste level) thus providing an appropriate driving
[15], a lab-made hydrostatic column (described below un- force.

S| |
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Fig. 1. Flow system diagram and valves timing course. P: peristaltic pump; V1, V2, V3: solenoid valves; L: sample loop (0.8 mm i.d. Teflon FEP tubing,
6cm long); C: deodorised kerosene, 6.9 mLTinMR: packed mixing reactor; FAAS: flame atomic absorption spectrometer; HC: hydrostatic column;
W: waste; T, T2 and T3: switching timing course for valves v V, and V4, respectively. The time intervals, tp1, tp2, tw1, tw2, tj andts, are defined

in the text.
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The mixing reactor (MR) was coupled to the inlet of the AAS spectrometer is interrupted. The same is true during
the spectrometer (FAAS) nebuliser. In this configuration, to when solvent is loaded into the hydrostatic column, but
all valves are switched off and only the carrier fluid (C) is in this instance no recycling occurs.
pumped towards the spectrometer (FAAS). The normal analytical cycle begins turning on,W>

The operation of the system comprised a normal analyti- and V5 for 15s (t) to fill the sampling loop with sample.
cal cycle, when the same sample was repeatedly injected andifterwards, \, V2 and \5 were turned off during the signal
measured, and a special cycle when samples were changedecording time (), which was set at 50 s. In this time period,
When the software was run, the personal computer requestedhe carrier fluid (C) flowed again through the normal path,
the control parameters. Afterwards, it sent the control com- and the sample plug was displaced into the packed mixing
mands through the LPT1 port to switch on/off valves,V  reactor where it was intimately mixed with the carrier and
V2 and V3 following the switching pattern depicted in the transported to the nebuliser of the AA spectrometer. After
valves timing course iifrig. 1. This was done maintaining this time, a new analytical cycle was carried out to complete
the bitsdp, d; anddy of the LPT1 port at high TTL level  the replicates established in the set-up table when the control
during the time intervals previously established. At the be- software was run. In this case, it was not necessary to carry
ginning of the work, valve ¥ was switched on during a  out the purging cycle.
time intervaltg (90 s) to fill the hydrostatic column with the Before the next repetition of the sample processingisv
carrier fluid (C). turned on for 5s (§2) in order to introduce a small solvent

When a new sample was processed, the system carriesegment into the hydrostatic column. This was found neces-
out a special purge cycle for 60s in order to clean and fill sary in order to ensure a smooth motion of the fluid within
the intake tubing and ¥with the new sample. For this pur-  the hydrostatic column.
pose, M, V> and V3 were energised for 15 spf). During Under this conditions, calibration curves were obtained
this period, solvent (kerosene) was aspired through the sam-by processing five standard solutions (plus a blank) prepared
ple intake tube. Afterwards, Vand V» were switched off as described above. Typical signals from a calibration curve
for 15s (ty1); during this time, the solvent was manually re- and blank can be seen kg. 2.
placed by the new sample in the intake tube, and theand
Vo were switched on again and new sample aspirated into
the system for 15s ¢$). This procedure was performed to 3. Optimisation of loop length and filling time
minimize the possible existence of memory effects. To com-
plete the purging cycle valve 3vas maintained switched Using the gravitational force to displace the sample, the
on (while V; and \, were switched off) during the time in-  flow rate obtained depends on the viscosity of the fluid be-
terval of 15s (§2) to wash the sampling loop (L) with the ing impelled as well as height and inner diameter of the
solvent fluid (C). hydrostatic column (HC). The optimisation procedure took

At all instances when sample was inserted in the loop L, sample viscosity into account, aiming to establish the condi-
solvent is recycled to the bottle and thus carrier feeding to tions that minimized the effect of this variable on the mea-
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Fig. 2. Recording of the analytical signals using copper=(324.7 nm) from a calibration curve plus blank.
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surements. Four synthetic mixtures were prepared encom-senting high viscosity. The difficulties comprised variation
passing the viscosity range from 75 to 165cSt (at@p of flow rate and long washing time, thus lessening both pre-
This is a typical viscosity range for internal-combustion en- cision of measurements and throughput. In earlier work, this
gine lubricating oils. The mixtures were prepared by ac- disadvantage was surmounted using a mechanised gas-tight
curately weighing variable amounts of Conostan BO75 oil, syringe approaciil5]. In this work, the flow system was
Superdiesel 40 oil (ANCAP) and Conostan S-21 multiele- designed to carry out the sampling step by displacing sam-
mental standard in order to produce a final metal concentra-ple fluid by gravity aiming to improve the system simplicity
tion of ca. 30 ppm. The Superdiesel 40 oil was checked to avoiding the use of mechanical devices.
certify that it was free from the four metals (Fe, Cu, Pb, Cr)  Previous assays showed that the stream caused by gravity
to be determined. The BO75 was certified metal-free from action does not ensure a constant flow rate when highly vis-
factory. Viscosities of the two oils were measured according cous samples are handled. Additional experiments showed
to ASTM standard D-445, while viscosities of the mixtures that the insertion of solvent segments into the sample bulk
were calculated by means of a suitable nomograph. contributed to attain a smooth and uniform motion of the oil
The assays to define the loop length and to find the interval segments. The necessary segmentation (solvent—oil-solvent)
to fill it with sample fluid were accomplished using copper was easily implemented by enabling the control software
as a model analyte and thus the AAS spectrometer was setithout any modification of the proposed flow system con-
up at 324.7 nm. figuration following the valves timing course depicted in
The variables studied were sampling loop length (4, 6 and Fig. 1.
8.cm) and loading time. These assays were carried out using
the four synthetic sample mixtures and for each sampling
loop the loading time intervals were varied from 5 to 25s 5. Determination of the optimum loop length and filling
with increment of 5s. Instrumental response (peak height, time
absorbance) was normalised with respect to actual metal
concentration of the mixture being injected. This strategy  In the proposed flow system, the sampling flow rate was
was necessary because the mixtures were prepared by weighiffected by sample viscosity and length of sampling loop
and thus the concentrations, although very close to 30 ppm,and as a consequence affecting also the time interval neces-
were slightly different from one solution to the other. Each sary to fill the loop with sample. In this sense, experiments
synthetic mixture was injected five times and the results were carried out aiming to find the combination of sampling

averaged. loop length and filling time that minimised the influence
of viscosity on the measurements and results are shown in
3.1. Carryover Table 1. The loading time and loop length producing the

smaller relative signal difference (range) between samples
Prior to process, the new sample the purging cycle de- of different viscosity was chosen.
scribed in the flow system section was carried out to min-  Analysing these data, it can be observed that the minimum
imise the carryover effect that could occur because of the relative range (i.e. variation) in the response was obtained
high viscosity of the samples. In order to investigate the ef- with a loop length of 6 cm and loop filling time intervals
fectiveness of the proposed strategy, an oil standard solutionof 15 and 20's presenting as results relative variation, 2.4%
containing a copper concentration of 30.1 ppm was injected and 2.3%, respectively, a loop filling time of 20s (2.3%).

followed by the injection of an oil blank sample. However, with 15 s, the range is almost as low (2.4%). Since
the results were similar, the time interval of 15 s was selected
3.2. Reference method and loop length of 6 cm were chosen.

Under these operating conditions, a maximum relative

The metal contents of the samples were measured bydifference of 2.4% was found between results provided by

atomic absorption spectrometry after dilutiort14 (w/w) samples of different viscosity. This represents the maximum

with kerosene. Sample preparation by weight is mandatory variation in the results that could arise from samples con-
according to the ASTM standard cited ab¢dg This is the

method employed in the actual practice for the determina-

. . . Table 1
tions of wear metals in many laboratories.

Data corresponding to the relative range (%) of the responses (peak height
and absorbance) obtained by analysing four different artificial oil samples
with viscosities in the range 75-165 cSt.

4. Results and discussion Sampling loop  Sampling loop loading time (s)
length (cm)
. 5 10 15 20 25
4.1. Hydrostatic column
4 29.1 4.4 55 2.8 2.5
6 44.0 13.2 2.4 2.3 7.4

In preliminary experiments, it was observed that peri-

. ; 27.4 135 3.0 3.3 6.6
staltic pumps were not appropriate to propel samples pre-




1224 B.F. Reis et al./Talanta 64 (2004) 1220-1225

5 min

0.300 — }_{

0.150 —

Absorbance

RS I W VN A W W

Fig. 3. Recording of the signal in the experiment for assessing carryover effects. Samples used were a 30 ppm (w/w) copper standard solution and
blank oil sample, which were injected alternately six times and signal was monitoved=é824.7 nm.

taining the same metal concentration but different viscosi- Accuracy was assessed by comparison of the results ob-
ties and is also an estimation of the robustness of the methodained with the proposed procedure and those obtained by
for this variable. This variation is acceptable for this of ap- flame atomic absorption spectrometry performed in batch.
plication. Each sample was analysed for the four metals by the pro-
posed method (five replicates) and by the batch FAAS
method. The results obtained by the two methods were
6. Carryover compared by means of a correlation graph using a linear
model. The slope and the intercept of the straight line were
High viscosity is an inherent feature of the oil samples compared with the theoretical values (one and zero) by
that could impair the precision of the measurements. To means of the joint-confidence region (or joint-confidence
overcome this drawback, assays were performed settling theellipse) tes{21], and results are summarisedTiable 3. At
purging cycle at 60s §i + tp2 + 2tw1, seeFig. 1) and in-  the confidence level of 95%, no significant difference was
serting alternately a 30.1 ppm (w/w) copper standard solu- found between the results obtained by the proposed system
tion and an oil blank sample. Results of the corresponding and the reference method.
test presented ifrig. 3 show that between two subsequent  The precision that could be attainable employing the pro-
measurements related to copper standard solution, no sigposed system was evaluated by the determination of cop-
nificant record that could be related to the oil blank sample per as a model analyte. Relative standard deviations (five
was detected; in this sense, indicating that the purging cyclereplicates) obtained for the calibration curve (10, 20, 30
at 60 s was enough to clean the intake tube of valye V and 40 ppm) were 0.9%, 1.7%, 0.5% and 1.2%, respectively.
The results of copper determination in real samples of used
oil, where concentration varies widely, showed that rela-
7. Validation tive standard deviation varied in the range of 0.5%—5.3%
N =5).
The proposed method was validated for four metals (Cu, ( °)
Cr, Fe, Pb). Figures of merit studied were linearity of the
calibration curves, accuracy and precision. Table 2
Linearity was studied in the range 0—40 ppm (Cu, Fe) and Regression parameters related to calibration curves of copper, chromium,
0-15 ppm (Cr, Pb), selected to span the concentration range'sron and lead
expected in real samples. The relation between responsé"'eta'
(peak height and absorbance) and concentration was subjectu 0.0117 0.0119 0.9972

Slope (ppnTl) Intercept R?

to linear regression analysis yielding the results showed in Cr 0.0058 0.0023 0.9976
Table 2. In all instances, a linear fit was found to be adequate™® 0.0062 0.0127 0.9977
Pb 0.0022 0.0059 0.9938

for the purpose.




B.F. Reis et al./Talanta 64 (2004) 1220-1225 1225

Table 3 CSIC) for financial support and Administracion de Fer-

Results of the joint-confidence ellipdetest for the regression straight  rqcarriles del Estado (AFE) for providing used oil
line obtained for copper, iron, chromium and lead

samples.
Parameter Cu Fe Cr Pb
a (ppm) —0.089 1.561 0.041 1.881
b 0.956 0.861 0.944 0.796 References
F exp. 2.48 1.932 1.544 4.695
Foos 3.885 3.739 3.493 4.737 [1] M. Lukas, D.P. Anderson, Lubr. Eng. 54 (1998) 19.
N 14 16 22 9 [2] M. Lukas, D.P. Anderson, Lubr. Eng. 54 (1998) 31.
Result Passes test ~ Passes test ~ Passes test  Passes tesi{3] Book of ASTM Standards, Method D-5184-91, Section 5, V. 5.03,
American Society for Testing and Materials, Philadelphia, PA, USA,
x1=d +bx Ho:d =0andt’=1 Ha:d #0o0rb #1 1992.
x1: result (oppm) obtained with proposed method; result (ppm) ob- [4] Book of ASTM Standards, Method D-5185-91, Section 5, V. 5.03,
tained with reference method; exp.: experimental value df-statistic; American Society for Testing and Materials, Philadelphia, PA, USA,
Fo.0s: value of F-statistic at 95% confidence levé\: number of samples 1992.
analysed. [5] Book of ASTM Standards, Method D-4927-89, Section 5, V. 5.03,
American Society for Testing and Materials, Philadelphia, PA, USA,
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