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Métodos amperométrico e espectrofotométrico foram desenvolvidos para determinar a
concentracdo do tragador iodeto em dgua produzida de reservatdrios de petréleo maritimos.
O método amperométrico exibiu uma resposta linear na faixa de 1 a 10 mg L' com limites de
deteccdo e de quantificacdo de 0,2 e 0,6 mg L', respectivamente. O método espectrofotométrico
também apresentou uma resposta linear na faixa de 1 a 10 mg L' com limites de detecgio e
de quantificag¢do de 1 e 3 mg L', respectivamente. Ambos os métodos mostraram-se precisos,
lineares, homoceddsticos e suas recuperagdes foram de 101 + 2 e 100 + 3%, respectivamente,
enquanto que as recuperagdes para amostras de dgua produzida de reservatdrios (acrescidas
de iodeto) foram de 97 + 7 e 100 + 3%, respectivamente. Altos teores de sulfato interferem no
método espectrofotométrico. Ambos os métodos sdo alternativas promissoras, simples e baratas
a cromatografia idnica para deteccdo do tragador iodeto em amostras de dgua produzida de
reservatérios de petréleo.

Amperometric and spectrophotometric methods were developed for measuring iodide tracer
concentration in water produced from offshore oil reservoirs. The amperometric method exhibited
a linear response from 1 to 10 mg L' with limits of detection and of quantification of 0.2 and
0.6 mg L', respectively. The spectrophotometric method also exhibited a linear response from 1 to
10 mg L' with limits of detection and of quantification of 1 and 3 mg L1, respectively. Both methods
showed to be accurate, linear, homoscedastic and their recoveries were 101 + 2 and 100 = 3%,
respectively, while the recoveries for produced reservoir water samples (fortified with iodide) were
97 £ 7 and 100 + 3%, respectively. High amounts of sulfate interfere in the spectrophotometric
method. Both methods are promising, simple and inexpensive alternatives to ion chromatography
for the detection of iodide tracer in produced water reservoir samples.

Keywords: iodide, reservoir tracer, amperometry, ultramicroelectrode, spectrophotometry,
produced water

Introduction

Petroleum reservoir tracers are substances that can be
detected in a fluid at very low concentrations and allow
for tracing the flow of water when added to the injection
fluid (normally water). They can be used to monitor fluid
distribution and trajectory, two parameters that are crucial for

*e-mail: eliane @iq.uftj.br

reservoir management and evaluation of the economic and
environmental impact of the petroleum production.!?
Tracers used in the petroleum production industry can
be classified into three groups: radioactive, fluorescent and
chemical. Chemical tracers are non-radioactive compounds
such as halides that can exhibit thermal stability limitations,
some reactivity and high limits of detection. In spite of
the high limits of detection, the comparatively low cost
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of chemical tracers allows for larger injection volumes,
permitting the use of low sensitive analytical method.? The
iodide is an example of chemical tracer.

The development of a highly sensitive and selective
method for iodide detection is a challenge because
iodate and iodide are present in the ocean at ultra-trace
levels together with high concentration of chloride in the
matrices.*> The detection of iodide in seawater matrix is
further complicated by high concentrations of carbonate and
sulfate and the high ionic strength of seawater. Therefore,
detection methods traditionally require a preliminary
separation step for iodide enrichment.

In the past two decades, ion chromatography has
been increasingly used for the determination of iodide in
seawater.®® These chromatographic methods are useful in
determining ultra-trace amounts of iodide. However, these
methods often require a pre-concentration or separation
step. In addition, the instruments are very expensive and
costly to maintain.

Electrochemical methods are commonly used to
detect and measure analytes at low concentrations without
prior separation because electrochemistry is inherently
sensitive and selective. By taking advantage of the
electroactivity of iodide, electrochemical methods have
been often used to detect iodide. 18

The halide ions, CI~, Br~ and I, absorb at two distinct
wavelengths at the edge of the ultraviolet (UV) spectrum,
thus, UV spectrophotometry can be used to detect these
ions in solution.'-?!

Considering that iodide is highly soluble at low
temperatures, interacts minimally with porous rock and
is detectable by electrochemical methods and UV
spectrophotometry, we consider that this ion is very
promising to be used as a water tracer in oil reservoirs. In
the present study, we use two methods, amperometric and
spectrophotometric, to measure iodide at the low
concentrations expected to be present in produced water
considering that the injected water has been enriched with
this ion.

Experimental
Electrochemical techniques

All measurements were performed using an Autolab
potentiostat (model PGSTAT 100, EcoChemie) with a
current amplifier module controlled by GPES 4.8 software.
All experiments were carried out at 25 °C in a Faraday cage
to eliminate electrical noise.

Different electroanalytical techniques (linear,
differential pulse and square wave voltammetry and
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chronoamperometry) were used to study the direct oxidation
of iodide on the surface of a platinum ultramicroelectrode.
For all electrochemical experiments, Ag/AgCl/KCl
(3 mol L") was used for reference and counter electrodes, and
the working electrode consisted of a homemade platinum
ultramicroelectrode with a diameter of 25 um.

Platinum ultramicroelectrodes (Pt-UME) were
constructed by embedding a 25 um diameter Pt wire
(Goodfellow) in a Pyrex® glass tube with a 0.50 mm
internal diameter. The tip of the Pt ultramicroelectrodes
was mechanically polished with 1500 and 2000 emery
paper, and prior to each experiment, the electrode surface
was electrochemically activated by cycling the potential
50 times from —0.4 to 1.75 V vs. Ag/AgCl at a scan
rate of 0.5 V s in a 0.5 mol L' sulfuric acid solution.
Characterization of the working electrode was performed in
a 0.5 mol L' sulfuric acid solution by cycling the potential
atascanrate of 0.5V s from —0.25 to 1.45V vs. Ag/AgCl.
The final check of the electrode was the presence of the
characteristic peaks for the adsorption and desorption of
hydrogen and oxygen which occur in this potential region,
as well as the peaks for the reduction and oxidation of
platinum on the surface of the electrode.

Linear voltammetry were performed at a scan rate of
0.1 Vst from 0 to 1 V vs. Ag/AgCl. Differential pulse
voltammograms were obtained in increments of 10 mV
with a 25 mV pulse amplitude and a scan rate of 20 mV s'.
Square wave voltammograms were obtained with potential
step of 5 mV, amplitude of 15 mV, frequency of 10 Hz and
scan rate of 50 mV s™'. Chronoamperometry was performed
by polarizing the potential at 0.65 V vs. Ag/AgCl in 60 s
time intervals.

The analytical curves were obtained from electrochemical
measurements by adding known iodide standards in a
29 g L' chloride solution to the electrochemical cell, the
concentrations of iodide tested ranged from 1 to 10 mg L.

Spectrophotometric method

For the spectrophotometric measurements, a
PerkinElmer LAMBDA XLS+ UV/Vis spectrophotometer
was used. Scans were taken from 200 to 300 nm, and a 1 cm
optical path length quartz cuvette was used. The analytic
curve was obtained by plotting the maximum absorbance
at 227 nm for different iodide concentrations (ranging from
1to 10 mg L') in a 29 g L' chloride solution.

Statistical analysis

Limits of detection (LOD) for the amperometric and
spectrophotometric methods were determined
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experimentally and also according to three statistical
criteria: the 36,/b, 36, + X, and 20, (signal noise) values,
where b is the slope of the linear calibration curve, G, is an
estimate of the standard deviation of the blank samples and
X, is the average value for a blank sample. The experimental
limit of detection was obtained from the lowest current of
iodide oxidation that was still significantly different from
the blank. Ten blank samples were analyzed to determine
the limits of detection. Grubb’s test was used to check for
possible outliers, and all measurements lay within a 95%
confidence interval.?>%

Analytical curves were obtained using a linear
regression model to fit the data of current (amperometric
method) or absorbance (spectrophotometric method) vs.
known iodide standard concentrations.

Curves data were submitted to the Cochran test to
determine whether the bilateral deviation of the variances
was significant (5% or less). Plots of the residuals were
obtained from the differences between the concentration
values calculated from the linear regression line and those
values obtained experimentally. The precision of both
methods was statistically evaluated observing the standard
deviation of several analyses (repetitivity) and comparing
the analytical curves taken on different days and with
different operators (intermediary precision).

The matrix effect was measured for both methods
(amperometric and spectrophotometric) by comparing
statistically the analytical curves obtained in synthetic
chloride solution (29 g L") and in produced water.

The recovery study for these two methods was performed
using a standard curve with the iodide content ranging
from 1 to 10 mg L' in a chloride solution (29 g L!), and
the sample recovery study was performed after fortifying
the produced water samples with 2, 4, 6 and 8 mg L' of
iodide. The produced water sample used in this work was
previously analyzed in duplicate by ion chromatographic
technique at Petrobras to obtain reference value. This
sample was also analyzed in triplicate by amperometric and
spectrophotometric methods and compared with the value
obtained by ion chromatography.

Interference was evaluated for both methods adding
1000 mg L' of different anions (sulfate, chloride, bromide,
fluoride and iodide).

Results and Discussion
Electrochemical analysis
Iodide content was electrochemically determined

in water samples via oxidation on the platinum
ultramicroelectrode surface. The iodide oxidation on the
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electrode surface generates an anodic current that can be
related to the iodide concentration in the medium.

Figure 1 shows the linear voltammograms, differential
pulse voltammograms and square wave voltammograms
obtained for iodide oxidation on the platinum UME.
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Figure 1. Linear voltammograms (A), differential pulse

voltammograms (B) and square wave voltammograms (C) recorded using

different concentrations of iodide in a 24 g L' chloride solution: (a) blank,
(b)1,(c)2,(d)3,(e)4, (D) 5,(g)6,(h)7,(1) 8, (j) 9 and (k) 10 mg L' jodide.
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As observed in the voltammograms in Figure 1A,
the anodic current shows a more markedly increase at a
potential of approximately 0.5 V vs. Ag/AgCl. For iodide
concentrations higher than 5 mg L, it can be seen another
evident increase in the anodic current at approximately
0.7 V vs. Ag/AgCl. Hanson and Tobias* investigated the
oxidation of iodide by cyclic voltammetry using platinum
as the working electrode. The authors suggested that the
oxidation sequence of iodide can be represented by the
following equations:

31, +2e (1)
21, — 3L+ 2e” @)

This mechanism was confirmed using UV-Vis
spectroscopy in conjunction with cyclic voltammetry
experiments. These two oxidation steps are easer seen in
Figures 1B and 1C in which the results from differential
pulse voltammetry and square wave voltammetry were
shown, respectively.

Figure 2 shows the results of the chronoamperometry
experiments in which the determination of the iodide
content was electrochemically investigated. As iodide is
oxidized upon applying a potential of 0.65 V vs. Ag/AgCl,
the anodic current increased as more iodide was added
to the electrochemical cell. The increase in the current
permitted the construction of an analytical curve of current
vs. iodide concentration with linear correlation coefficient
of 0.9944.
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Figure 2. Chronoamperograms recorded with different concentrations of
iodide ina 29 g L' chloride solution at 0.65 V vs. Ag/AgCl: (a) blank, (b) 1,
(©)2,(d)3,(e)4 ()5,(g) 6, (h) 7, (1) 8, (j) 9 and (k) 10 mg L' iodide.

The relationship between the anodic current and iodide
concentration was examined for each electroanalytical
technique. Table 1 shows the slopes and linear correlation
coefficients (r) obtained for each technique. These results

Souza et al. 1585

demonstrate that the platinum ultramicroelectrode is
appropriate for the quantification of iodide. Although
excellent linearity was exhibited for all techniques, it was
revealed chronoamperometry as the better technique for
this type of analysis because it is more sensitive (i.e., the
analytical curve exhibits a higher slope) compared to the
other techniques.

Table 1. Slopes and linear correlation coefficients obtained from
linear voltammetry, differential pulse voltammetry, square wave
voltammetry and amperometry

Technique Slope / Linear co.rrelation
(AL mg") coefficient (r)
Linear voltammetry 1.22 x 1010 0.9989
Square wave voltammetry 1.18 x 1010 0.9970
Differential pulse voltammetry 1.27 x 1010 0.9968
Chronoamperometry 2.22 x 101 0.9944

The recovery for the detection of iodide in solution (in
the range of 1 to 10 mg L!) via the amperometric method
was approximately 101 + 2%, as observed in Table 2.

Table 2. Recovery results obtained for the amperometric quantification
of iodide

lodide Amperometric method
concentration / I Signal ~ 2™ Signal 3" Signal Recovery /
(mg L) /nA /nA /nA %
1 0.1222 0.1263 0.1298 98
2 0.1884 0.1942 0.1956 101
3 0.2576 0.2574 0.2565 102
4 0.3140 0.3177 0.3150 100
5 0.3811 0.3803 0.3922 102
6 0.4583 0.4424 0.4437 102
7 0.5231 0.5112 0.5112 103
8 0.5594 0.5591 0.5804 101
9 0.6247 0.6183 0.6134 99
10 0.6870 0.6628 0.6598 97

The recovery obtained for the detection of iodide in
produced water samples fortified with 2, 4, 6 and 8 mg L*!
of iodide via amperometry was 97 + 7%, as shown in
Table 3. These results indicate that there is no matrix effect
in the iodide recovery in this kind of sample.

Statistical studies were used to determine the limits
of detection and of quantification for the amperometric
method. Calculated values for iodide concentrations were
compared with values obtained experimentally, as shown
in Table 4. The experimental limit of detection equal to
0.2mgL" (1.6 umol L) of our method is five times greater
than the obtained using a gold nanoelectrode (0.3 umol L),
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Table 3. Recovery results obtained for the amperometric quantification of iodide in produced water samples

Amperometric method

Theoretical iodide

concentration / (mg L") Measur.ed iodide Standard deviation / Variance / Recovery / %
concentration / (mg L") (mg L") (mg L)?
2.1 105
2.0 2.0 0.060 0.0036 100
2.1 105
4.2 105
4.0 3.6 0.390 0.1522 90
35 88
5.6 93
6.0 5.0 0.567 0.3210 83
6.1 102
7.7 96
8.0 8.1 0.215 0.0463 101
7.8 98

which is one of the best electrochemical method in the
literature.'®

Table 4. Limits of detection (LOD) and of quantification (LOQ) for the
amperometric detection of iodide in solution

Criterion LOD/(mgL") LOQ/(mgL")
3¢ and 100 0.2 1.4
Slope 0.5 1.5
Signal/Noise (2:1) 0.5 1.6
Experimental 0.2 0.6

The analytical curve obtained from the results shown
in Figure 2 was submitted to the Cochran test to determine
whether the bilateral deviation of the variances was
significant (less than or equal to 5%) and the Cochran value
(0.2041) was calculated to be lower than the tabulated value
(0.4027). This result indicates a homogeneous variance
in the response (in the current) with respect to analyte
concentration, indicating homoscedastic behavior. The plot
of the residuals via the amperometric method showed that
there is a linear correlation between the measured signals and
iodide concentration as the residues do not exceed 0.03 nA,
a value well below the value obtained with blank samples.

The precision (repetitivity) of the amperometric method
(Table 2) is acceptable and indicates good reproducibility.

The variances obtained from the amperometric
analytical curves for different days (Figure 3a) give a
calculated F-value (3.71) lower than the critical F-value
(6.54 bilateral) for a 99% confidence level, indicating
equal variances. The analytical curve slopes were also
compared, the calculated #-value (1.02) is lower than
the critical #-value (2.92 bilateral) for a 99% confidence
level, indicating equal slopes for these two curves. In

comparing the variances of analytical curves obtained by
different operators via amperometry (Figure 3b), it was
observed that the calculated F-value (5.89) is lower than
the critical F-value (6.54 bilateral) for a 99% confidence
interval, indicating that the hypothesis was accepted and
that the variances are equal. The analytical curve slopes
prepared by different operators were also compared; the
calculated r-value (0.11) is lower than the critical ¢-value
(2.92 bilateral) for a 99% confidence level, meaning that the
slopes for these two curves are equal. Because the analytical
curves obtained on different days and by different operators
are statistically equal, we concluded that the amperometric
method is precise.

The matrix effect, by amperometry, in the method
sensitivity was evaluated by comparing the analytical
curves obtained in a real produced water sample and in
a 29 g L' chloride solution (Figure 3c). Comparing the
variances obtained by amperometry, we can see that the
calculated F-value (3.03) is lower than the critical F-value
(6.54 bilateral) for a 99% confidence level, indicating that
the hypothesis was accepted and the variances are equal.
The analytical curve slopes were also compared, and it was
observed that the calculated z-value (1.78) is lower than
the critical ¢-value (2.92 bilateral) for a 99% confidence
level, indicating that the slopes for these two curves are
equal and there is no matrix effect in the amperometric
method sensitivity.

The interference on the linear voltammetry
electrochemical signal from anions such as chloride,
bromide, fluoride and sulfate was studied based on the
sea water composition (Figure 3d). At a potential of
0.65 V vs. Ag/AgCl, there is no electroactivity from these
anions, indicating that the amperometric detection of iodide
is selective for iodide alone.
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Figure 3. Intermediate precision study for the amperometric method: (a) analytical curves obtained on different days, (b) analytical curves obtained by
different operators, (c) analytical curves constructed in different matrices and the (d) anion interference study.

Spectrophotometric analysis

The concentration of iodide solutions was also evaluated
spectrophotometrically as observed in Figure 4. Wavelength
scans were performed in a spectrophotometer, and the
maximum absorbance was observed at a wavelength of
227 nm. The optical density values at 227 nm obtained for
different iodide concentrations were used to construct the
analytical curve with linear correlation coefficient of 0.9983.

The iodide molar absorption coefficient at the
Apex = 227 nm was evaluated from the slope of the analytical
curve shown in Figure 5b. The obtained experimental value
(1.22 x 10* L mol' cm™) is very close to the literature
values of 1.438 x 10* L mol” cm™" at A, =225 nm* and
1.34 x 10* L mol' cm™ at A, =226 nm.”!

The recovery for the detection of iodide in solution (in
the range of 1 to 10 mg L") via the spectrophotometric
method was approximately 100 £ 3%, as observed in
Table 5.

The recovery obtained for the detection of iodide in
produced water samples fortified with 2, 4, 6 and 8 mg L"!

1.6 N\
1.4+
1.2+

1.0+

0.8

Absorbance

0.6

0.4

0.2

0.0 T T T -
210 225 240 255 270

Wavelength / nm
Figure 4. UV-Vis spectra of iodide aqueous solutions containing 29 g L"!

chloride: (a) blank, (b) 1, (c) 2, (d) 3, (e) 4, () 5, (g) 6, (h) 7, (i) 8, (j) 9 and
(k) 10 mg L' iodide.

of iodide via spectrophotometry was 100 + 3%, as shown in
Table 6. These results indicate that there is no matrix effect
in the iodide recovery in this kind of sample.
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Figure 5. Intermediate precision study for the spectrophotometric method: (a) analytical curves obtained on different days, (b) analytical curves obtained
by different operators, (c) analytical curves constructed in different matrices and (d) the anion interference study.

Table 5. Recovery results obtained for the spectrophotometric
quantification of iodide

Todide Spectrophotometric method
concentration / 1* Signal, 2" Signal, 3" Signal, Recovery/
(mgL") abs abs abs %
1 0.1464 0.1708 0.1287 101
2 0.2136 0.2429 0.2253 94
3 0.3285 0.3766 0.3474 104
4 0.4219 0.4818 0.4268 102
5 0.5260 0.5147 0.5171 98
6 0.6207 0.6258 0.6206 99
7 0.7192 0.7225 0.7393 101
8 0.8307 0.8147 0.8152 100
9 0.9189 0.9237 0.9277 101
10 0.9967 0.9916 1.0101 99

Statistical studies were used to determine the limits of
detection and of quantification for the spectrophotometric
method. Calculated values for iodide concentrations were
compared with the values experimentally obtained, as
shown in Table 7. The amperometric method exhibited a

lower limits of detection based on all criteria and proved
to be the most sensitive technique.

The analytical curve obtained from the results
shown in Figure 4 was submitted to the Cochran test
to determine whether the bilateral deviation of the
variances was significant (less than or equal to 5%).
For the spectrophotometric method, the Cochran value
(0.1208) was lower than the tabulated value (0.4450). This
result indicates a homogeneous variance in the response
(in absorbance) with respect to analyte concentration,
indicating a homoscedastic behavior. The plot of the
residuals via the spectrophotometric method showed
that there is a linear correlation between the measured
signals and iodide concentration as the residues do not
exceed 0.05 for the spectrophotometric method, value
which is well below the values obtained with blank samples.

The precision (repetitivity) of the spectrophotometric
method (see in Table 5) is acceptable and indicates good
reproducibility.

Intermediary precision was also evaluated for the
spectrophotometric detection of iodide. In comparison with
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Table 6. Recovery results obtained for the spectrophotometric quantification of iodide in produced water samples

Spectrophotometric method

Theoretical iodide

concentration / (mg L") Measur.ed iodide Standard deviation / Variance / Recovery / %
concentration / (mg L) (mg L") (mg L)?
2.1 105
2.0 2.1 0.014 0.0002 105
2.1 105
39 98
4.0 39 0.012 0.0001 98
39 98
6.0 100
6.0 6.0 0.011 0.0001 100
6.0 100
7.8 98
8.0 7.8 0.022 0.0005 98
7.8 98

Table 7. Limits of detection (LOD) and of quantification (LOQ) for the
spectrophotometric detection of iodide in solution

Criterion LOD/(mgL") LOQ/(mg L")
3¢ and 100 1.3 39
Slope 1.1 34
Signal/Noise (2:1) 0.8 34
Experimental 1.0 3.0

variances for analytical curves obtained on different days
(Figure 5a), it was observed that the calculated F-value
(1.64) is lower than the critical F-value (6.54 bilateral) for
a 99% confidence level, indicating that the hypothesis was
accepted and the variances are equal. The analytical curves
were also compared; the calculated #-value (1.50) is lower
than the critical 7-value (2.92) for a 99% confidence level,
indicating that the slopes for these two curves are equal. In
comparison with the spectrophotometric analytical curves
obtained by different operators (Figure 5b), it was observed
that the calculated F-value (4.20) is lower than the critical
F-value (6.54 bilateral) for a 99% confidence level, indicating
that the hypothesis was accepted and the variances are
equal. The analytical curve slopes were also compared; the
calculated #-value (0.08) is lower than the critical r-value
(2.92 bilateral) for a 99% confidence level, indicating that
the slopes for these two curves are equal. Like the results
obtained for the statistical analysis of the amperometric
method, a statistical analysis of results obtained via the
spectrophotometric method showed that the analytical curves
obtained on different days and by different operators are
statistically equal showing to be precise.

There is no matrix effect in the spectrophotometric
method sensitivity either because the variances obtained

for the analytical curves in real produced water sample and
in 29 g L' chloride solution (Figure 5¢) are equal. The
calculated F-value (4.33) is lower than the critical F-value
(6.54 bilateral) for a 99% confidence level, indicating that
the hypothesis is accepted. In addition, the calculated 7-value
(0.80) is lower than the critical #-value (2.92 bilateral) for a
99% confidence level, indicating that the slopes for these
two curves are equal.

The anion interference in the spectrophotometric
method from chloride, bromide, fluoride and sulfate was
also evaluated at 227 nm based on the seawater composition
(Figure 5d). As observed in Figure 5d, only sulfate causes
potential interference for samples with high sulfate content.
Other species, for example, Fe(Il), sulfur dioxide and
thiocyanate may also interfere with the results, but these
were not investigated.

Comparison of methods

The iodide content of the real produced water sample
analyzed by ion chromatography was 1.74 + 0.06 mg L.
Despite the fact that the methods presented here are not
intended to measure the iodide content in produced water
without the addition of iodide as a tracer component, we have
performed a comparative analysis of the amperometric and
spectrophotometric methods using these unspiked samples,
since these samples might be considered a low iodide
content challenge for these methods. The amperometric and
spectrophotometric analyses of this sample showed
1.59 £0.04 and 1.92 + 0.03 mg L' of iodide, respectively.
Comparing the averages obtained by amperometry and ion
chromatography, the calculated #-value (3.31) was found
to be lower than critical t-value (4.54) for 99% confidence
level, indicating that the hypothesis was accepted and the
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Table 8. Analysis of reservoir produced water samples by spectrophotometry and amperometry

Spectrophotometric method

Amperometric method

Pooled
[r]/ Average / S/ S2/ [r]/ Average / S/ S/ variance Leate.
(mgL')  (mgL")  (mgL)  (mgL)®  (mgl')  (mgLY)  (mgL')  (mgL")y

1.94 1.54

Reservoir 1 1.89 1.92 0.031 0.00099 1.61 1.59 0.041 0.00168 0.00134 11.31
1.94 1.60
2.27 1.70

Reservoir 2 2.27 2.41 0.230 0.05277 1.92 1.82 0.110 0.01211 0.03244 4.03
2.67 1.82
6.40 6.80

Reservoir 3 6.35 6.43 0.103 0.01053 6.39 6.94 0.634 0.40152 0.20603 1.37
6.55 7.63
1.83 1.85

Reservoir 4 1.82 1.83 0.008 0,00006 1.85 1.71 0.240 0.05736 0.02871 0.84
1.83 1.43

Critical 7-value (3.75), S: Standard deviation, S* Variance.

averages were equal. Comparing the averages obtained by
spectrophotometry and ion chromatography, the calculated
t-value (4.40) was found to be lower than critical ¢-value
(4.54) for 99% confidence level, indicating that the
hypothesis was accepted and the averages were equal.

Another three produced water samples were analyzed
by amperometric and spectrophotometric methods. Iodide
content could not be quantified in these samples by ion
chromatography due to the high amount of salts (including
chloride salts, the main interference in ion chromatography
analysis). Table 8 shows the results of the iodide content
from different reservoir produced water samples with the
average, the standard deviation and variance. Among the
analyzed reservoir produced water samples, two of them
(reservoirs 1 and 2) showed that the calculated z-value is less
than the critical #-value (3.75), indicating that both methods
are similar. Only two samples presented different iodide
contents. This result could be explained by the presence
of sulfate ion in the samples, which is an interfering anion
in spectrophotometric method.

The analyses of different reservoir produced
water samples showed good correlation between the
amperometric and spectrophotometric methods for iodide
content determination with a slope of 1.18 and a good linear
correlation with r = 0.9894.

Conclusions

Amperometric and spectrophotometric methods were
developed separately for the quantification of iodide
tracer in produced water from offshore oil reservoirs. The
results obtained in this study suggest that these methods

exhibit a good signal-to-noise ratio, linearity, short
response time, low limit of detection and good sensitivity.
The amperometric and spectrophotometric detection of
iodide in synthetic samples allowed for the detection
of low concentrations of iodide (1 to 10 mg L'). The
amperometric and spectrophotometric methods exhibited
limits of detection of 0.2 and 1.0 mg L', respectively, and
the linear correlation coefficients for each method were
0.9944 and 0.9983, respectively. The amperometric
method exhibited a lower limit of detection based on all
criteria and proved to be the most sensitive technique.
Data obtained via both methods proved to be precise,
linear and homoscedastic and showed no matrix effect in
the sensitivity of both studied methods.

The recovery obtained for the amperometric and
spectrophotometric methods were 101 + 2 and 100 + 3%,
respectively, while the recovery for produced water samples
fortified with iodide were 97 =7 and 100 + 3%, respectively.

A produced water sample was analyzed by
amperometric and spectrophotometric methods obtaining
1.59 £0.04 and 1.92 + 0.03 mg L' of iodide, respectively.
Good correlation was found between the result obtained from
these two methods and that from the ion chromatography
technique for this kind of sample.
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