J Forensic ci, September 52003, Voal. 48, No. 5
Paper 1D JFS2003010_485
Available online at: www.astm.org

Sonia Casamento,* BSc.(Hons.); Ben Kwok,? BSc.(Hons.); Claude Roux,* Ph.D.;

Michael Dawson,® Ph.D.; and Philip Doble,* Ph.D.

Optimization of the Separation of Organic
Explosives by Capillary Electrophoresis with

Artificial Neural Networks

ABSTRACT: The separation of 12 explosives by capillary electrophoresis was optimized with the aid of artificial neural networks (ANNS). The
selectivity of the separation was manipulated by varying the concentration of sodium dodecyl sulfate (SDS) and the pH of the electrolyte, while
maintaining the buffer concentration at 10 mM borate. The concentration of SDS and the electrolyte pH were used as input variables and the mo-
bility of the explosives were used as output variables for the ANN. In total, eight experiments were performed based on afactorial design to train a
variety of artificial neural network architectures. A further three experiments were required to train ANN architectures to adequately model the ex-
perimental space. A product resolution response surface was constructed based on the predicted mobilities of the best performing ANN. This re-
sponse surface pointed to two optima; pH 9.0-9.1 and 6065 mM SDS, and pH 8.4-8.6 and 50-60 mM SDS. Separation of all 12 explosives was

achieved at the second optimum.

The separation was further improved by changing the capillary to an extended cell detection window and reducing the diameter of the capillary
from 75 pm to 50 wm. This provided a more efficient separation without compromising detection sensitivity.
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The need for forensic laboratories to detect and identify explo-
sive materials arises from two issues: trace anaysis of explosive
compounds on a suspect person or object, and the analysis of post
explosion residues. After an explosion, the majority of the products
formed from the explosive materials are generally simple gaseous
oxides, which are not useful for forensic analysis. The detection
and identification are therefore most often limited to any unreacted
original explosive or possibly condensed products.

The techniques most commonly used for the analysis of explo-
sives include thin layer chromatography (TLC), high performance
liquid chromatography (HPLC), gas chromatography (GC) and
infra-red spectroscopy (IRS). TLC has the advantages of low cost,
low solvent consumption and rapid analysis time. However, the
sensitivity of detection is often too low for the trace analysis of
some explosives (1). TLC isnow generally used as a part of clean
up procedures or as a screening test (2).

Gas chromatography has high resolution and the ability to use a
variety of detection methods, including chemiluminescence, mass
spectrometry, electron capture and flameionization. This detection
versatility is offset by the instability of explosives at high temper-
atures. Therefore precise operating conditions are required.

HPLC is currently considered the method of choice. Thisis pri-
marily because the analysis can be conducted at room temperature,
resolving the problem of thermal instability encountered in GC.
HPLC aso requires fewer sample clean up procedures than GC.
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However, HPL C requires much greater injection volumes in com-
parison to GC (2). Furthermore, HPLC has relatively high running
costs and alarge amount of solvent use.

Capillary electrophoresis in the micellar electrokinetic chro-
matographic (M EK C) mode can be used as an alternative technique
for theanalysisof explosives. MEK C involvesthe addition of asur-
factant to the electrolyte, which forms micelles that have a hy-
drophabic interior and therefore allows separation of neutral
molecules. Some advantages of MEK C are high efficiency separa-
tionswith relatively short analysistimes (3,4), less reagent use and
very small samplesizes, usually intheorder of nanolitres. However,
MEK C hasbeen foundto givelessreproducible migrationtimesand
peak areas than HPLC (5). MEKC has good mass sensitivity but
lacksin concentration sensitivity in comparison to other methods.

Northrop et al. (6) investigated an MEKC separation of 26 or-
ganic gunshot and expl osive compounds by evaluating factors such
as electrolyte pH, micellar concentration, capillary diameter, and
injection time. The authors were unable to separate all of the ex-
plosives with two pairs co-migrating under the optimized condi-
tions. Other studies of sampling, quantitation, and detection meth-
ods have been reported for the analysis of explosives based on the
conditions developed by Northrop et a. (7—11). These separations
were optimized by a univariate approach in which one electrolyte
variable was changed while the others were kept constant. Al-
though this method often eventually arrives at suitable separation
conditions, alarge number of experiments are required to arrive at
an optimum. Furthermore, it isimpossible to be sure that the sepa-
ration is at the true optimum.

A method to reduce the number of experiments is to employ a
multivariate approach in which the variables are changed according
to an experimental design that encompasses the useful extremes of
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the electrolytes variables. The response surface may then be inter-
polated with asuitable mathematical technique. Once the chromato-
graphic response surface has been calculated the choice of the opti-
mum isstraight forward. Artificial neural networks (ANNS) provide
ameans to interpolate the chromatographic response surface.

An ANN isloosely modeled on the architecture of the brain and
learns by example (12). Representative data are collected and de-
livered to the ANN, where training algorithms are called to learn
the structure of the data. An ANN usually consists of neurons ar-
ranged in a three layered topology consisting of an input layer, a
hidden layer and an output layer. The hidden and output neurons
areall connected to the preceding layer. Whenthe ANN isexecuted
it attempts to learn the structure of the data by a feed forward iter-
ative process that continually adjusts the weights of each of the
neurons in the hidden and output layer to minimize the error of the
response surface. Each iteration is known as an epoch. After asuit-
able number of epochsthe neural network will arrive at aminimum
error which may be used to interpolate the response surface.

Inthisinvestigation, we report the optimization of the separation
of 12 common explosives by MEKC with the aid of an ANN. The
pH of the electrolyte and the surfactant concentration were used as
the input variables of the ANN, while the output was the mobility
of the explosives. In total, eight experiments were required to ac-
curately model the response surface, which allowed the identifica-
tion of an optimum inwhich all 12 explosiveswere separated in un-
der 11 min.

Materialsand M ethods
Instrumentation

Experiments were conducted on an Agilent Chemstation Capil-
lary Electrophoresis System (Agilent Technologies, Germany).
Analyseswere carried out at atemperature of 25°C with an applied
voltage of 20 kV (+ polarity). A 75.0 um ID fused-silica capillary
(Polymicro Technologies) was employed for the initial experi-
ments, having an effective length of 60.0 cm and atotal length of
68.5 cm. Sample introduction was by hydrodynamic pressure in-
jection of 30 mbar for atime of 3 s. Absorbance was measured us-
ing aUV diode array detector at wavelengths of 200 nm, 214 nm,
229 nm and 254 nm. Further experiments were performed with a50
pm ID fused-silica bubble cell capillary (Polymicro Technolo-
gies). This capillary had atotal length of 64.5 cm and an effective
length of 56.0 cm. The injection time was decreased to 2 sand a
further detection wavelength at 195 nm was employed.

Reagents

The explosives were purchased from either Radian International
or Alltech as either a solid, liquid or standard solution in acetoni-
trile. Sodium tetraborate (decahydrate), boric acid, sodium dodecyl
sulfate (SDS), acetonitrile (HPLC grade) and sodium hydroxide
were obtained from Sigma. All water used was 18 MQ) Milli-Q wa-
ter, generated by the Millipore system.

Twelve explosives were chosen for the analysis and a summary
of each is given in Table 1. These explosives were primarily se-
lected due to their availability and provided a range of both high
and low explosives.

Stock solutions of 100 mM SDS and 100 mM sodium tetraborate
were prepared with Milli-Q water. All analyses utilized a running
buffer containing 10 mM borate with the appropriate SDS concen-
tration and pH. The pH was adjusted higher by addition of carbon-
atefree NaOH solution. To adjust the pH to alower value, 100 mM
boric acid was combined with 100 mM sodium tetraborate to give

TABLE 1—Abbreviation and classification of selected explosives.

Explosive Abbreviation Classification and Use
2,3-Dinitrotoluene 2,3-DNT Low explosive, propellant,
2,4-Dinitrotoluene 2,4-DNT nitroaromatic, constituent
2,6-Dinitrotoluene 2,6-DNT in smokeless powder
3,4-Dinitrotoluene 3,4-DNT
2-Nitrotoluene 2-NT Low explosive, nitroaromatic
3-Nitrotoluene 3-NT
4-Nitrotoluene 4-NT
Octohydro-1,3,5,7- HMX Organic high explosive,

tetranitro-1,3,5,7- nitramine, military
tetrazocine
Hexahydro-1,3,5- RDX
trinitro-1,3,5-
triazine
2,4,6,N-Tetranitro- Tetryl Organic high explosive,
N-methylaniline nitroaromatic, military
2,4,6-Trinitrotoluene TNT Organic high explosive,
nitroaromatic, military
Pentaerythyritol PETN Organic high explosive,
Tetranitrate nitrate ester, military

approximately a10 mM borate concentration. Each buffer was de-
gassed and filtered using a0.22 wm nylon filter.

Standards of 1000 ppm were prepared using HPLC grade ace-
tonitrile. These were stored at 4°C and allowed to adjust to room
temperature before use. The standards were diluted to 10 ppm with
a50% solution of the running buffer.

Mobility Calculations

The effective mobility for each of the explosives was cal culated
by establishing the migration time of each anayte and the migra-
tion time of the electroosmotic flow (EOF). The peak apex deter-
mined the analyte migration times. The start of the EOF peak was
used as the migration time for the electroosmotic flow.

Artificial Neural Networks

The software used for establishing networks was Trajan Neural
Networks, Version 4.0 (Trajan Software Ltd.). The electrolyte pH
and SDS concentration were used as the inputs, and the mobility of
each of the explosives was used as the outputs. ANN architectures
to model the chromatographic response were constructed using an
automated heuristic process in which the number of nodes in the
hidden layer was varied, and suitable architectures chosen when
the training and verification errors were at a minimum, and similar
in magnitude. The mobilities of each of the explosives were then
predicted throughout the experimental space by inputting a grid
pattern of SDS concentration in the range of 10 mM to 80 mM at
increments of 5 mM, and pH in the range of 8.0 to 10.4 at incre-
ments of 0.2 pH units.

Resolution Response Surface

The product resolution was determined by multiplying the peak
pair resolutions cal culated from the explosive mobilities predicted
by the ANN. For this calculation, it was assumed that the peak
widths were constant for each experiment. Therefore, the peak pair
resolution calculation was reduced to the difference between the
mobility of each of the adjacent peaks. The product resolution was
chosen asiit gives a simple measure of the overall resolution of the
separation, with the largest value representing the greatest spread
of the peaks.



Results and Discussion
Optimization

Preliminary experimentsindicated that the selectivity of the sep-
aration was controlled by the pH and the SDS concentration in the
buffer. The concentration of the borate buffer had little effect onthe
selectivity of the separation and was therefore kept constant at 10
mM for al optimization experiments. Five initial experiments
based on afactorial design were performed (Table 2). The concen-
tration range of the SDS was 10 mM to 80 mM, and the pH range
was from 8.2 to 10.2 which is the useful buffering capacity of bo-
rate (pKa 9.24).

In each of experiments 1, 3, and 5, two co-eluting pairs occurred.
For Experiment 1 (Fig. 1(i)) and Experiment 3 (Fig. 1 (iii)) these
pairs were PETN/Tetryl and 2,3-DNT/2-NT. The co-eluting pairs
for Experiment 5 (Fig. 1(v)) were 2,3-DNT/2-NT, and 3-NT/3,4-
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TABLE 2—SDS concentration, pH and the co-eluting anal ytes of
experiments performed.

[SDS]
Experiment pH (mM) Co-€eluting Analytes

1 9.21 45 (PETN/Tetryl), (2,3-DNT/2-NT)

2 8.24 10 (TNT/PETN), (2,6-DNT/2-NT),
(2,3-DNT/4-NT/3-NT)

3 8.24 80 (PETN/Tetryl), (2,3-DNT/2-NT)

4 10.17 10 (HMX/RDX), (TNT/PETN),
(Tetryl/2,4-DNT),(2,6-DNT/2-NT/
2,3-DNT/4-NT/3-NT), (3,4-DNT)

5 10.14 80 (2,3-DNT/2-NT), (3-NT/3,4-DNT)

6 9.03 17 (PETN/Tetryl), (4-NT/3-NT)

7 9.27 60 (PETN/Tetryl), (2,3-DNT/2-NT)

8 9.28 30 (PETN/Tetryl), (2,3-DNT/2-NT)

9 9.01 65 (PETN/Tetryl), (2,3-DNT/2-NT)

10 8.5 55 none
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FIG. 1—Electropherograms of Experiments 1-8 (12 explosives at 10 ppm)—75 pm D capillary, total length 68.5 cm, effective length 60.0 cm. 30 mbar
for 2sinjection, +20 kV applied voltage, 25°C temperature, 195 nm detection wavelength. (1) HMX (2) RDX (3) TNT (4) PETN (5) Tetryl (6) 2,4-DNT (7)
2,6-DNT (8) 2-NT, (9) 2,3-DNT (10) 4-NT (11) 3-NT (12) 3,4-DNT. (i) Experiment 1. SDS45 mM, pH 9.21, borate 10 mM. (ii) Experiment 2. SDS10 mM,
pH 8.24, borate 10 mM. (iii) Experiment 3. SDS80 mM, pH 8.24, borate 10 mM. (iv) Experiment 4. SDS 10 mM, pH 10.17, borate 10 mM. (v) Experiment
5. SDS80 mM, pH 10.14, borate 10 mM. (vi) Experiment 6. SDS17 mM, pH 9.03, borate 10 mM. (vii) Experiment 7. SDS60 mM, pH 9.27, borate 10 mM.

(viii) Experiment 8. SDS30 mM, pH 9.28, borate 10 mM.
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TABLE 3—Average effective mobility (cm?V tmin~* x 10~3) for Experiments 1-8.

Experiment 1 2 3 4 5 6 7 8
HMX —-9.14 —1.44 —14.32 —0.73 —13.18 —4.94 —13.31 —8.16
RDX —-10.34 —1.44 —15.66 -0.73 —14.78 —551 —14.79 -9.28
TNT —16.14 —2.94 —21.44 —1.26 —20.44 —10.57 —20.29 —15.07
PETN —17.04 —2.93 —22.20 —1.26 —21.35 —11.60 —-21.01 —16.00
Tetryl —17.04 —-3.27 —22.20 —1.93 —21.08 —11.60 —21.01 —16.00
2,4-DNT —18.55 —4.09 —23.42 —1.93 —22.39 —14.54 —22.21 —17.59
2,6-DNT —19.21 —4.48 —23.92 —1.93 —22.88 —14.72 —22.70 —18.28
2-NT —19.64 —4.48 —24.27 —1.93 —23.18 —14.94 —23.00 —18.73
2,3-DNT —19.64 —4.93 —24.27 —1.93 —23.18 —15.17 —23.00 —18.73
4-NT —19.98 —4.93 —24.50 —1.93 —23.53 —15.46 —23.30 —19.08
3-NT —20.16 —4.93 —24.62 —1.93 —23.66 —15.46 —23.45 —19.28
3,4-DNT —20.29 —541 —24.75 —1.93 —23.66 —15.96 —23.45 —19.43
DNT while PETN and Tetryl were fully resolved. In Experiment 2 400

(Fig. 1(ii)) and Experiment 4 (Fig. 1(iv)) all the analytes eluted
within 6 min. Only seven peaks were present in Experiment 2,
whilein Experiment 4, only three major peaks were observed. This
is not surprising as both these experiments had the lower SDS con-
centration of 10 mM, therefore the least resolving power.

The mobility for each analyte was calculated under each of the
first five experimental conditions and the average mobility for each
analyte, given in Table 3, was obtained. A number of ANN archi-
tectures were constructed without verification points as the number
of experiments was limited. This pointed to an optimum present at
pH 9.03 and SDS at 17 mM. This experiment resulted in poor sep-
aration of the 12 analytes as shown in Fig. 1 (vi). This poor perfor-
mance was most likely due to overlearning of the ANN. Although
the model had very low error, it had poor predictive capabilities.

Two more experiments were performed to acquire more data to
train the network. Experiment 7 (Fig. 1(vii)) consisted of abuffer of
pH 9.27 and SDS concentration of 60 mM, and Experiment 8 (Fig.
1(viii)) consisted of a 30 mM SDS concentration and pH of 9.28
(Table 2). These two points were chosen because inspection of the
preceding el ectropherogramsindicated that the optimum was some-
where near themiddl e of the chosen experimental space. From these
eight experiments, different model swere constructed by varying the
experimentsused astraining and verification inputs. The model that
minimized thetraining and verification error values was selected to
construct the product resolution response surface (Fig. 2).

From this product resolution response surface, two optimawere
evident. The first optimum was between an SDS concentration of
approximately 60 mM to 65 mM and a pH of 9.0 to 9.1. The sec-
ond optimum showed a high product resolution within a SDS con-
centration 50 mM to 60 mM and pH range of 8.4-8.6. The latter
electrolyte composition resulted in complete separation of all 12
explosives and is shown in Fig. 3 (i). The separation was further
improved by transferring the separation to a 50 um ID capillary
with an extended optical pathlength of 75 um. Thisresulted inim-
proved resolution of al of the explosives without compromising
the detection sensitivity and is shown in Fig. 3 (ii).

Analytical Performance
Linear Range

The linear range for each of the explosives was calculated over
the range of 1 to 40 ppm based upon normalized peak area (areal-
migration time), peak area and peak height. Triplicate measure-
ments of seven pointsat 1, 2, 5, 10, 20, 30 and 40 ppm were taken

350
300
250 1
200
150+
100+

Product Resolution (x 10%)

SDS Concentration (mM)

FIG. 2—ANN predicted product resolution response surface.

and the average was used for construction of the analyte calibration
curve. The correlation coefficients are given in Table 4. There was
no significant difference between the normalized peak area and
peak area with correlation coefficients ranging from 0.9925 to
0.9996, indicating ahigh degree of linearity for all explosives. The
peak height gave considerably worse correl ation coefficientsfor the
majority of the analytes, ranging from 0.8576-0.9983. Therefore,
only peak areas should be used for quantitation.

Detection Limits

The detection limit was approximately 1 ppm (shown in Fig. 4)
for al of the explosives, based on asignal to noiseratio of 3:1. The
calculated injection volume was 1.4 nL, corresponding to a mass
detection limit of approximately 1.4 pg.

Repeatability

The repeatability of the peak areas, migration times, and mobil-
ity was measured by triplicate injections of the explosive standards
at 5, 10, and 20 ppm. The peak area repeatability was of the order
of 1 to 4% RSD (relative standard deviation), the migration time
repeatability ranged from 1-2%, and the mobility repeatability was
less than 1% RSD. Therefore mobility is clearly a better indicator
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FIG. 3—Electropherogram of Experiment 10 (12 explosives at 10 ppm). SDS 55 mM, pH of 8, borate 10 mM. (1) HMX (2) RDX (3) TNT (4) PETN
(5) Tetryl (6) 2,4-DNT (7) 2,6-DNT (8) 2-NT, (9) 2,3-DNT (10) 4-NT (11) 3-NT (12) 3.4-DNT. (i) 75 .m 1D capillary, total length 68.5 cm, effective length
60.0 cm. 30 mbar for 3sinjection, +20 kV applied voltage, 25°C temperature, 214 nm detection wavelength. (ii) 50 wm ID bubble cell capillary (detection
window 75 um D), total length 64.5 cm, effective length 56.0 cm. 30 mbar for 2sinjection, +20 kV applied voltage, 25°C temperature, 195 nm detection

wavelength.

TABLE 4—Correlation coefficients for calibration curves over

1-40 ppm.

Normalized Peak Peak

Peak Area Area Height
Explosive (mAU) (mAU.s) (mAU)
HMX 0.9974 0.9974 0.8848
RDX 0.9955 0.9957 0.8576
TNT 0.9980 0.9984 0.9755
PETN 0.9982 0.9983 0.9879
Tetryl 0.9987 0.9989 0.9862
2,4-DNT 0.9997 0.9996 0.9929
2,6-DNT 0.9993 0.9996 0.9955
2-NT 0.9930 0.9944 0.9976
2,3-DNT 0.9973 0.9970 0.9862
4-NT 0.9925 0.9940 0.9983
3-NT 0.9936 0.9947 0.9978
3,4-DNT 0.9994 0.9996 0.9967

of explosive identity than migration time. Thisisnot unexpected as
mobility measurements are independent of the EOF.

Analysis of EPA Standard

In order to test the method for quantitative accuracy, an EPA
standard containing 14 explosives at a known concentration of 10
ppm was separated and quantitated under the optimized separation
conditions (Fig. 5). Nine of the fourteen explosives were identified
based upon the respective effective mobility of the analytes. The
calculated concentrations ranged from 8.4 ppm to 10.3 ppm (Table
5) indicating a high degree of agreement between the calculated
and specified concentrations. The nine explosives were HM X,
RDX, TNT, tetryl, 2,4-DNT, 2,6-DNT, 2-NT, 3-NT and 4-NT.
The other five explosives present in the EPA reference (method
8330) were nitrobenzene, 1,3-dinitrobenzene, 1,3,5-trinitroben-
zene, 2-amino-4,6-dinitrotoluene and 4-amino-2,6-dinitrotoluene.
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FIG. 4—Electropherogram of 12 explosives at 1 ppm. SDS55 mM, pH of 8, borate 10 mM. 50 wm ID bubble cell capillary (detection window 75 um
ID), total length 64.5 cm, effective length 56.0 cm. 30 mbar for 2s injection, +20 KV applied voltage, 25°C temperature, 195 nm detection wavelength.

(1) HMX (2) RDX (3) TNT (4) PETN (5) Tetryl (6) 2,4-DNT (7) 2,6-DNT (8) 2-NT, (9) 2,3-DNT (10) 4-NT (11) 3-NT (12) 3,4-DNT.

Absorbance (m#
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FIG. 5—Electropherogram of EPA standard (method 8830) at 10 ppm. SDS55 mM, pH of 8, borate 10 mM. 50 .m ID bubble cell capillary (detection
window 75 pm D), total length 64.5 cm, effective length 56.0 cm. 30 mbar for 2sinjection, +20 kV applied voltage, 25°C temperature, 195 nm detection
wavelength. (1) HMX (2) RDX (3) TNT (4) Tetryl (5) 2,4-DNT (6) 2,6-DNT (7) 2-NT, (8) 4-NT (9) 3-NT.

TABLE 5—Calculated concentrations from calibration curve for 10 ppm EPA standard.

2,4- 2,6- 2- 4 3
Explosive HMX RDX TNT Tetryl DNT DNT NT NT NT
Conc. (ppm) 9.3 10.3 95 9.1 9.1 9.3 8.4 8.9 9.1

It should be noted that although these five expl osives were not used
in the optimization process, the high efficiency of the separation
was capable of separating al 14 explosives present in the EPA
standard.

Conclusions

An artificial neural network was productively employed for the
optimization of the separation of 12 explosives based on afactorial

design consisting of eight experimental points. The SDS concen-
tration and buffer pH from each of the eight experiments were used
astheinput variables for the ANN, while the effective mobility for
each explosive was used as the output variables. The mobility of
each explosive was interpolated within the entire experimental
space and a product resolution response surface calculated. This
approach considerably reduces the amount of experimentsand time
as the whole experimental response surface can be described from
eight experiments. This response surface indicated two regionsin



which the product resolutions were at maxima. Both conditions
were tested, with the second maximum at 10 mM and SDS con-
centration of 55 mM resulting in resolution of all 12 explosives.
Traditional sequential increments of one variable at atime to build
a similar response surface would require an estimated 20 experi-
ments based on 0.5 pH unit and 20 mM SDS increments.

Thisresolution was further improved without compromising de-
tection sensitivity by changing froma75 pmi.d. to a50 pm capil-
lary with an extended optical pathlength of 75 pm.

Detection was linear from 1 ppm to 40 ppm for al 12 explo-
sives. The detection limit for all of the explosives was approxi-
mately 1 ppm. The effective mobility, migration time and area re-
peatability was less than 0.8% RSD, 2.0% RSD and 4.0% RSD
respectively.

A 14 explosive EPA (8330) reference standard was used as atest
sample. Nine of the fourteen explosives were identified with their
concentrations determined from the peak area within at least 16%
of the actual values.
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