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Abstract: In the flow method development, zone penetration studies are usually 
conducted as a part of the initial screening phase. A lack of an appropriate tool 
can keep these studies on the level of rough estimations. The developed 
LabVIEW virtual instrument (VI) which processes peak signals and calculates 
the overlapping area and fundamental peak-related parameters was used for the 
calculations in experiments that are modelling sample and reagent plug inter-
action within liquid conduits. The reliability of the predictions was initially 
confirmed on the artificial data set based on thirty-six files covering all the 
different types of cases that can be foreseen. To continue, the volumes of model 
solutions, propelling flow rate, and the coil length in the sequential injection 
analysis system, were varied by following the Box–Behnken response surface 
design. In three examples, it is demonstrated how the VI can help the planning 
of further experiments in the range which ensures the efficient zone overlap-
ping, the economic exploitation of reagent plug and the adequate dispersion. 
The application of the VI is not limited just to the flow-based chemistry, it can 
also be used in spectroscopy and chromatography. In order to use the graphical 
user interface, it is not necessary to have the LabVIEW program installed. 

Keywords: peak processing; peak overlapping area; open-code program; 
sequential injection analysis; dispersion coefficient. 

INTRODUCTION 
The processing and the analysis of peak signals are inevitable in many 

scientific disciplines. Different methods for peak evaluation have been developed 
and applied so far, depending on the problem which has to be solved.1–8 The 
extracting information about the individual chemical component from the over-
lapped peak signals is still challenging in chromatographic analysis. Power func-
tions were tested for the modulation of peak shape, noise decreasing1,2 and for 
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resolving partially overlapped peaks.3 Deconvolution in gas chromatography was 
done by using an exponentially modified Gaussian model,4 while multivariate 
curve resolution was employed for the resolving of overlapped HPLC peaks.5 
Methods founded on Gaussian model were used for the resolving of overlapped 
peaks in UV–Vis spectrum6 and the deconvolution of peaks in chiral chromato-
graphy.7 The flow analysis methods, as flow injection analysis (FIA), sequential 
injection analysis (SIA) and lab-on-a-valve (LOV), provide information about the 
analyte in the form of peak signal, too.9 Unlike the aforementioned examples, 
where the peak overlapping was considered to be the unwanted phenomena, the 
investigation of zone penetration in flow systems means the evaluation of peak 
overlapping areas. Overlapping of the zones influences the reaction yield and the 
sensitivity of the method. The most common approach is to simulate a sample 
plug with a defined volume of a non-reactive dye, while the reagent plug is sim-
ulated with water or an adequate buffer, and vice versa. The overlapping area of 
recorded peaks gives information about the zone penetration and merging. Ružička 
and Hansen have reported that it is rather complex to create a general model for 
the prediction of peak profiles based on variations of different factors within the 
FIA system.10 This is in agreement with the reported data dealing with the topic, 
where it was also underlined that the results obtained from the examinations of 
FIA systems cannot be extrapolated to other flow systems.9 It was stated that the 
zone penetration and the dispersion are the key parameters for the successful 
performance of SIA systems.11,12 The zone penetration studies were used for the 
investigation of the effects of a single bead string reactor on dispersion and 
mixing of the zones in the SIA system.13 This type of studies was also conducted 
by Jakmunee and co-workers, in order to define optimal volumes and aspiration 
sequence for the examination of fruit juices acidity.14 In the flow method deve-
lopment, the zone penetration is usually employed in the initial screening phase, 
and the changes in the overlapping area are judged by appearance.15–17 Even if 
the numerical values were given, it was not exposed which approach was emp-
loyed for zone penetration evaluation. Most common approach used in develop-
ment of sequential injection and flow analysis methods is still univariate optimiz-
ation.18–20 More detailed study of the zone penetration and other parameters of 
importance could decrease the number of experiments in later phases. When 
programs of wider scope are used, it is necessary to adapt their functions to a 
specific application, which can be time-consuming and demanding. Also, the 
creation of automation scripts for general-purpose programs requires program-
ming skills. The processes within Origin can be automatized by using LabTalk, 
scripting language native to Origin, or Origin C, high level programming lan-
guage. Origin C provides the access to the import and export of data, processing, 
and analysis.21 In Excel, the automation is usually done by employing Visual 
Basic.22,23 National Instruments Laboratory Virtual Instrument Engineering 
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Workbench (NI LabVIEW) is a highly modular graphical programming language 
that disposes of large libraries of different functions, enables building adaptable 
instrumental platforms and convenient user interfaces.24,25 The use of the 
LabVIEW VI for the processing and the chemometric analysis of spectroscopic 
data was demonstrated for modelling of the diffuse reflectance spectra in the 
visible, NIR and mid-IR spectra for the predictions of the mineral-organic 
composition of soil mixes.26 The program was also utilized for creation of flex-
ible platforms which facilitate employing and testing of different temperature and 
pressure sensors.27,28 LabVIEW VIs were also applied for the precise control and 
the monitoring of hardware components of automated SIA systems.29–31 How-
ever, to the best of our knowledge, the open code LabVIEW software for the 
zone penetration studies was not yet reported. Our main objective was to develop 
LabVIEW VI that would not only provide the user with the most fundamental 
peak-related parameters but it would also support the zone penetration studies in 
flow-based analytical systems, by the evaluation of the peak overlapping areas. 
To use the developed VI and its graphical user interface one does not have to be 
familiar with LabVIEW and it is not necessary to have the program installed. A 
further objective was to test the reliability of the predictions using artificial and 
experimental data sets and to demonstrate the usability of the VI for more com-
prehensive zone penetration studies of SIA system. 

EXPERIMENTAL 
Algorithm of the developed program 

The algorithm of the developed program is presented in Fig. 1.  

 
Fig. 1. Algorithm of the processes executed within four main sequence structures of the 

developed VI. 
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1092 KULJANIN and GROS 

The program comprises four main sequence structures, and each of them executes a set 
of different operations. The graphical user interface is presented in Fig. 2.  

 

 
Fig. 2. The graphical user interface of the VI. Required input parameters and raw data presen-

tation (A); graphical presentation of the processed data and choice of the case (B). 

The numerical controls called the Time column and Signal column define which col-
umns will be extracted from the raw data file, and it is necessary to fill them in before the 
program is started. After the program has been run, the user is offered to upload two text files 
of interest. The input data for the program has to be in the form of a text file with string 
headers on top and numerical data placed in columns. The number of columns is not limited, 
but at least one of them must have the header “Time” where the time is written. The read 
delimited spreadsheet VI has been used for file reading. A combination of functions and 
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subVIs from the Array and String palette has been used for data extraction. The last operation, 
executed within the first structure, is a graphical presentation of the raw data sets.  

The next step is to define the following input parameters by filling in control fields: the 
total time interval, the expected point-to-point interval, the offset value, and the parameter S0. 
If it is necessary, the user can also request the curve smoothing via moving an average 
function, by defining the number of points that will be used for the mean calculation. This 
structure is based on the do/while loop, and it operates until the value of the control button 
“Process the data” is set to true. The program waits for the input on the parameter values and 
does not execute other processes until it is done. From the moment when the data acquisition 
ended, the start of the relevant data acquisition is calculated based on the total time interval 
parameter. It is useful when data acquisition has been started in advance since it eliminates the 
initial part of the sequence of no value for further analysis. After that, the time axis is trans-
ferred to a relative. During the data acquisition, some points could have been missed due to 
computer’s multitasking, especially if the point intervals are narrow. The problem was obs-
erved within the experimental data sets with 0.125 s data collection interval. The value of the 
expected point-to-point interval presents the input for the Interpolate 1 D VI, which was 
applied for the interpolation. In our case, the linear interpolation was satisfying since the num-
ber of points which defined the shape of the peak was high, and the signal interval was narrow.  

The last parameter (S0) presents the signal recorded when the detection cell is filled with 
undiluted solution, and it is used for the calculation of the dispersion coefficient. The 
demonstration of the effect of the processing tool on the acquired data sets is given in Fig. 3.  

 
Fig. 3. Graphical presentation of the acquired data before (A) and after (B) the application of 

the processing tool. 

The numerical detection of the intersection point is based on the minimal difference 
between two signals from different arrays, so it is necessary to have arrays of the same length. 
If not, the shorter array is recognized, and it is prolonged with its last element. The last 
process executed within the second sequence structure is the data presentation.  

The presented sample and the reagent peaks give insight into what is happening within 
the liquid conduits. In general, it is possible to have three different situations. The graphical 
presentation of the cases is given in Fig. 4.  

The third sequence structure contains an event structure. Based on the visualized data, 
the user decides between three possible events by choosing one of the options on the graphical 
interface: no overlapping (1), complete overlapping (2) or partial overlapping (3). Within all 
the events, the first step is the elimination of the signals below the offset value. 

Event 1. Since the peaks do not overlap, this event just transfers the information that the 
overlapping area is zero to the next sequence structure.  
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Event 2. The program detects the narrower peak. The area of the smaller and narrower 
peak presents the overlapping area.  

Event 3. The program detects the start and the end of the peaks. Later on, the signal 
columns from both arrays are extracted, subtracted, and the new 1D array is formed. The sign 
change within the 1D array indicates that the curves intersected. Depending on the number of 
the intersection points, one or two, the overlapping area is the sum of two or three sections. 

 
Fig. 4. Graphical presentation of the foreseen cases used as the basis for creation of simulation 

files (1 – no overlapping; 2 – total overlapping; 3a – partial overlapping with curves intersecting 
at one point; 3b – partial overlapping with curves intersecting at two points). 

The user can also activate the control button “Save the files”. The value of the local vari-
able for the control is sent to the fourth structure. 

The fourth structure employs the functions from Array, Comparison and Mathematical 
palette, and executes the calculation of individual peak areas, and the zone overlapping exp-
ressed as a fraction of total peaks area. Also, the other important peak-related parameters as 
dispersion coefficient, residence time, peak width, and peak height are calculated. If the value 
of the “Save the files” button was changed, the output CSV file composed of the processed 
data sets is exported. Afterward, the value of all control buttons is reset to false, and the pro-
gram is prepared for the next run. Reliability of the software predictions was tested by 
weighing method. The results obtained by weighing correlate with VI predictions at a high 
level (R2 = 0.9993). More details can be found in the Supplementary material to this paper. 
Chemicals 

Potassium chloride p.a. (Honeywell – Fluka, Germany) and milliQ water (Millipore SA, 
France) were used in the zone penetration studies. We have simulated the plug of the reagent 
with 0.15 mol L-1 potassium chloride, while the sample plug was simulated with milliQ water, 
and vice versa.  
SIA system 

A schematic presentation of the used SIA system is given in Fig. 5. 

 
Fig. 5. Schematic presentation of the SIA system used for the experiments. 
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The system consisted of a Harvard Apparatus 11-Elite syringe pump, solenoid T-valve 
(Neptune Research, Inc., West Caldwell, NJ, USA), eight to one port selector valve (Vici 
Valco, Schenkon, Switzerland). Polytetrafluoroethylene tubings (internal diameter, i.d., 0.75 
mm) obtained from Vici Valco, Switzerland, were used for the creation of holding coil (HC) 
and reaction coils (RC). A laboratory-made conductivity meter with stainless steel flow-
through cell was used as a detector (D). 
Zone penetration experiments 

It is recognized that sample volume, reagent volume, propelling flow rate, and coil 
length are the factors which influence the yield of reactions performed within the flow 
systems. The important factors in the SIA system were varied in order to examine how they 
affect the most important parameter in sequential injection systems, the zone penetration. 
Box-Behnken response surface design in 12 blocks was used. The experimental matrix con-
sisted of 27 experiments. Every measurement was conducted in four replicates. Four factors 
were varied at three levels, by respecting the rules of Box Behnken design, which is presented 
in Table I. 

TABLE I. Experimental factors and factor levels chosen for the Box Behnken response sur-
face design 
Experimental factor Level –1 Level 0 Level +1 
Sample volume, μL 30 75 120 
Reagent volume, μL 30 75 120 
Propelling flow rate, mL·min-1 0.5 1 1.5 
Coil length, cm 20 40 60 

The reagent plug was simulated with 0.15 mol L-1 potassium chloride, while the sample 
plug was simulated with milliQ water, and vice versa. The sample plug was aspirated first, 
and subsequently the reagent plug. The aspiration flow rate was kept at constant 0.25 mL min-1 
while the flow rate used for syringe refill was always 1 mL min-1. The operating sequences of 
the SIA methods are presented in Table II. The obtained peaks were further processed and 
analyzed by the developed VI.  

TABLE II. Operating sequences of used SIA methods 

Step Time, s Pump T-valve Selector
valve Description 

1 2 Stop On 4 Switching the valve 
2 7.2, 18 or 28.8 Reverse On 4 Aspiration of KCl solution 
3 2 Stop On 5 Switching the valve 
4 7.2; 18 or 28.8 Reverse On 5 Aspiration of milliQ water 
5 2 Stop On 3 Switching the valve 
6 45, 60 or 120 Forward On 3 Propelling the plugs to the detector 
7 2 Stop Off 3 Switching T-valve 
8 60 Reverse Off 3 Filling in the syringe with milliQ water 

The response surface graphs which present the influence of varied factors on the chosen 
responses were created. The chosen responses were: zone overlapping, dispersion coefficient of 
sample plug, dispersion coefficient of reagent plug and overlapped fraction of the reagent peak. 
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Software packages  
The hardware control and the data acquisition were done via LabVIEW 2015 SP1 

software, National Instruments, USA. For the design of the experiments and graphical pre-
sentation of the results in the form of response surface graphs, the Statgraphics Centurion 
(Statgraphics Technologies, Inc, USA) was used. For the creation of the scheme of developed 
VI, the Lucidchart application was applied. 

RESULTS AND DISCUSSION 

Benefits of more comprehensive studies of zone penetration in association with 
other peak-related parameters supported by the developed VI 

As aforementioned, the zone penetration studies are usually a brief intro-
ductory step in flow method development. The geometry of every SIA system 
has specific characteristics, and it is profitable to explore how the change of imp-
ortant factors affects the response. A deeper understanding of the behaviour of 
liquid conduits can reduce the number of later experiments and contribute to 
greener analytical chemistry. A lack of an appropriate tool can keep these studies 
on the level of rough estimations, based on the judgments of peak overlapping by 
appearance. It is demonstrated here how the designed VI supports more compre-
hensive studies of zone penetration in association with other peak-related para-
meters. The conclusions in the continuation are derived from the three-level 
Box–Behnken design and presented as response surface graphs.  

Zone penetration studies 
For the introductory understanding of the behaviour of liquid conduits in the 

SIA system the overlapping area relatively expressed as a fraction of the total 
area of the two peaks, called the zone overlapping was used. The zone overlap-
ping as a function of the sample and reagent volume for the flow rate 1 mL min–1 
and 40 cm coil is presented in Fig. 6. 

 
Fig. 6. The effect of sample and reagent volumes on zone overlapping at 1 mL min-1 flow rate 

and 40 cm coil length. 
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The combination of very low sample and reagent volumes (30–50 μL) 
resulted in the most efficient overlapping and zone penetration. In contrary to 
this, the lowest value of zone overlapping was obtained when low reagent vol-
umes were combined with high sample volumes and vice versa. Low volume 
plugs overlap very efficiently, but it can be expected that they will be dispersed 
to a higher extent on their way to the detector. Low sample and reagent volumes 
can be considered for the development of analytical methods based on fast one-
step reactions in combination with a detector of appropriate sensitivity. In that 
case, a manifold can employ a short reaction coil, and the effect of dispersion 
will consequently be less expressed.  
Dispersion 

The dispersion coefficients for reagent (Dr) and sample plug (Ds) were cal-
culated as the VI’s output parameters by dividing the signal recorded for 0.15 
mol L–1 potassium chloride (S0) by peak height. The obtained values were used 
for the creation of response surface graphs presented in Fig. 7. 

Fig. 7. The effect of sample and rea-
gent volumes on sample dispersion 
coefficient (A) and reagent dispersion 
coefficient (B) at 1 mL min-1 flow rate 
and 40 cm coil length. 

SIA systems employ bi-directional pumps for the manipulation of liquid plugs 
back and forth. The unique characteristic of SIA is that flow reversals are favour-
ing the mutual interdispersion of reagent and sample, the reactants. The previous 
studies have shown that the first flow reversal is increasing the mixing of the 
zones significantly, while later cycles less affect the zone interpenetration.11  
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We confirmed that sample dispersion coefficients are higher compared to 
reagent dispersion coefficients. Since the sample plug is aspirated first, its dis-
persion is additionally affected as the sample plug is displaced and partially pen-
etrated by the reagent plug. The flow reversal enhances interpenetration in the 
opposite direction. The sample dispersion coefficient varies between 2 and 10, 
over the tested range. The reagent dispersion coefficient exceeded value 3 only 
when low reagent volumes were used. It varies less over the tested range as the 
traveling path is shorter, and the sample volume has no effect on it. Even though 
the medium dispersion of a sample and a reagent plug is the most common, the 
model indicates that over the whole examined range dispersion coefficients are 
convenient and adaptable to the specific needs, considering the sample and 
reagent characteristics and the reaction type.  

From the presented results, we can observe how the single flow reversal 
increased the dispersion of sample plug. In order to better evaluate the flow rev-
ersal effect on plug dispersion, the cell can be placed between the selector valve 
and the holding coil.  

Zone penetration and reagent economy 
In the very wide range of conducted experiments excluding the above men-

tioned combinations, the zone overlapping values were around 40 % (Fig. 7). 
Similar zone overlapping expressed relatively, corresponds to different overlap-
ping areas, if presented in the units of measurement. Consequently, in the case of 
a definite reaction, a higher or lower quantity of a product would have been 
formed, respectively. By choosing the appropriate conditions one can adapt the 
signal to the sensitivity and the linear range of the detector. But, here an another 
aspect, the reagent economy was targeted, and it also cannot be judged based on 
the zone overlapping, since it considers the entire area of the two peaks. This is 
enabled by the VI which also provides the overlapped fraction of the reagent 
peak. The area of similar zone penetration profiles in the range of different 
volumes of sample and reagent plug was further explored, by considering under 
which combination of experimental conditions the reagent could have been more 
economically used, while keeping the zone overlapping value constant. Graph of 
the created contour plots in which the zone overlapping and the overlapped 
fraction of the reagent peak were used as responses and superimposed is pre-
sented in Fig. 8. 

The scaling of the axis was the same for both graphs, and they were of the 
same size. The overlapped fraction of the reagent peak varied from 10 (pale blue 
area) to 100 % (dark blue area) over a range of different experimental values. 
When the overlapped fraction of the reagent peak reaches 100 %, the reagent 
peak is completely overlapped, and every part of the plug will participate in a 
chemical reaction. The other contour plot, describing the distribution of zone 
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overlapping values, was presented with grey lines with numbers adjoined. The 
zone overlapping, as a parameter, gives information concerning both plugs. By 
the overlaying of two response variables, an insight in the reagent economy, 
which is a very important aspect of SIA optimization was obtained. It was 
demonstrated on three examples how the VI can support more detailed zone 
penetration studies that help us plan the experiments in the range which ensures 
efficient zone overlapping, adequate dispersion, and high reagent exploitation. 
Some additional considerations are still possible. 

 
Fig. 8. Contour plots obtained when zone overlapping (grey lines) and overlapped fraction of 
the reagent peak (graded blue colour areas) were used as responses at 1 mL min-1 flow rate 

and 40 cm coil length. 

CONCLUSION 
The applicability of the created virtual instrument for the data pre-treatment, 

calculation of peak overlapping area, and the most important peak-related para-
meters was confirmed. The virtual instrument was applied to characterize the 
behaviour of the sample and reagent plug in a system with 0.75 mm i.d. tubes, 1 
m holding coil, and 40 cm reaction coil at 1 mL·min–1 propelling flow rate. A 
general model was based on potassium chloride and conductometric detection. 
More detailed zone penetration studies, supported by the developed VI, enabled 
the general characterization of the behaviour of the SIA system. The presented 
studies supported with the experimental design techniques have also proven 
useful for the more specific goals. It was possible to detect the volume range of 
interest for two very important aspects in SIA method optimization, the reagent 
economy and the employment of detectors of different sensitivity. Even though 
the VI was developed for the processing of peak signals obtained within the flow 
system, its use is not only limited to this type of chemical analysis. The VI has 
the potential to be applied in other areas, e. g., spectroscopy or chromatography. 
The examinations of the Stokes shift in fluorescence,32,33 or the development of 
an expert system for simultaneous ion-chromatographic determination of ions in 
wide concentration range as found in highly mineralized waters,34 are the 
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examples of studies that can also potentially profit from the VI. The developed 
software is available upon request from the authors. For the access to the graph-
ical user interface of the created VI, it is not necessary to have the LabVIEW 
program installed. NI Run-Time engine 2015 SP1 which is required for running 
the executables created within the LabVIEW program, can be downloaded for 
free.35 The more experienced users, already using the LabVIEW program, can 
further modify the code and adapt it to their specific needs. 

SUPPLEMENTARY MATERIAL 
Additional data and information are available electronically at the pages of journal 

website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/10940, or from the corres-
ponding author on request. 
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И З В О Д  
LABVIEW ВИРТУЕЛНИ ИНСТРУМЕНТ ЗА СТУДИЈЕ ПРЕКЛАПАЊА ЗОНА У 

ПРОТОЧНИМ АНАЛИТИЧКИМ СИСТЕМИМА 

ALEKSANDRA KULJANIN и NATAŠA GROS 

University of Ljubljana, Faculty of Chemistry and Chemical technology, Večna pot 113, 
1000 Ljubljana, Slovenia 

Један од основних корака у развоју проточних метода је испитивање ефикасности 
преклапања зоне узорка и реагенса. Иако студије имају далеко већи потенцијал, 
евалуација параметара од значаја није довољно детаљна и користи се искључиво у 
почетним фазама истраживања. Креирани виртуални инструмент у LabVIEW програм-
ском пакету омогућава обраду сигнала у форми пика, израчунавање површине прекла-
пања зона као и осталих параметара у експериментима који моделују интеракцију зоне 
узорка и реагенса. Поузданост инструмента најпре је потвђена на сету од 36 фајлова 
који је креиран тако да обухвата све потенцијалне могућности за интеракцију зона у 
проточном систему. У наставку, поштујући правила Box–Behnken дизајна, вариране су 
запремине узорка и реагенса, брзина протока и дужина петље за мешање у секвенцијал-
ном инјекционом систему. На три примера демонстрирано је како развијени виртуелни 
инструмент може бити користан при планирању експеримената у опсегу који ће омо-
гућити ефикасно преклапање зона, економичну употребу реагенса и адекватну дис-
перзију зона. Употреба виртуелног инструмента није ограничена само на проточне 
системе, може наћи своју примену и у спектроскопији и хроматографији. Приступ гра-
фичком интефејсу могућ је и без претходне инсталације LabVIEW програма. 

(Примљено 9. јула, ревидирано 30. јула, прихваћено 4. августа 2021) 
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