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Simplified and rapid determination of Ca, K, Mg,
and Na in fruit juices by flowing liquid cathode
atmospheric glow discharge optical emission
spectrometryy

Monika Gorska (2 * and Pawel Pohl

Novel atmospheric pressure glow discharge (APGD) plasma sustained between a miniaturized flowing liquid
cathode (FLC) and a pin-type anode was applied as an excitation source for the determination of Ca, K, Mg,
and Na in fruit (apple, banana, blackcurrant, lemon, lime, pomegranate, quince, and tomato) juices by
optical emission spectrometry. A simplified sample preparation procedure of juices, involving only their
1000-fold dilution and acidification with HNO3 to a concentration of 0.1 mol L™, was proposed. The
content of K and Na was determined using simple standard solutions for calibration, while the
determination of Ca and Mg required the use of the standard addition method, due to matrix effects.
Under the optimal conditions, the developed method assured instrumental detection limits of 5.69 (Ca),
0.14 (K), 0.63 (Mg), and 0.02 (Na) ug L. Owing to such low detection limits, the content of all studied
metals could be determined using only one sample dilution. The proposed FLC APGD OES method was

rsc.li/jaas

1. Introduction

Fruit juices are a rich source of nutritionally important
compounds, such as antioxidants, carbohydrates, carotenoids,
flavonoids, macroelements, phenolic acids, pectins, proteins,
vitamins and others.'” Due to increasing knowledge about their
nutritional and health benefits, along with their good taste, fruit
juices are widely consumed beverages by different age groups all
over the world.>** Considering elements that are present in
different types of juices, they can be divided into three groups:
macroelements (e.g., Ca, K, Mg, Na), microelements (e.g., Cu,
Fe, Zn), and trace elements (e.g., Cd, Cr, Mn, Pb).">° As the total
content of elements in these beverages may reach 10 g L%, their
contribution to the human diet is significant." It was previously
revealed that the consumption of fruit juices on a daily basis
significantly covers recommended daily allowances (RDAs) of
many nutritionally important elements, such as Al (up to 19%),
Ca (up to 32%), Cr (up to 87%), Cu (up to 35%), Fe (up to 26%), K
(up to 55%), Mg (up to 22%), Na (up to 14%), and Zn (up to
21%).° Hence, it is of great concern to develop quick and simple
methods for the elements determination in different types of
juices.>’
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established to provide reliable results with high accuracy and very good precision.

Among various methods that are applied for elemental
analysis of juices, spectrometric techniques are the prevailing
ones and they include: flame atomic absorption spectrometry
(FAAS),*>®® graphite furnace atomic absorption spectrometry
(GF AAS),** inductively coupled plasma optical emission
spectrometry (ICP OES),"** and inductively coupled plasma
mass spectrometry (ICP MS)."*” However, direct analysis of
juices with the aid of the aforesaid techniques causes many
troubles due to a complex organic matrix of samples, their high
viscosity as well as the presence of dissolved solids in them."
For this reason, samples of juices usually have to be either
digested before the analysis, in order to remove the organic
matter, or significantly diluted to lower the organic substances
concentration.»*>**'® Although these procedures allow to
overcome the adverse impact of the matrix substances, they
require the use of relevant amounts of reagents, including
concentrated acids, and have to be subjected to prolonged high
temperature treatments that may be a source of sample
contamination."*

Apart from the above, a number of disadvantages have been
recognized in regard to the application of those techniques,
including bulky and complex instrumentation, high power and
gas consumption, and high purchasing and operating costs.

To overcome those inconveniences, the attention of many
researchers has been attracted to the development of novel
miniaturized excitation sources of simplified design used for
OES measurements which would assure similar or better (to the
currently applied large-scale ICP instrumentation) analytical
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characteristics at low costs, reduced power, and reduced/no gas
consumption.*** Discharges generated in contact with liquids
enjoy a special interest and a number of such techniques has
been proposed for the time being, e.g., electrolyte jet cathode
glow discharge (EJC GD),* discharge on boiling in a channel
(DBC),*® liquid electrode plasma (LEP),** electrolyte cathode
discharge (ELCAD),* solution cathode glow discharge (SCGD),*
flowing liquid cathode-atmospheric pressure glow discharge
(FLC APGD),” liquid sampling-atmospheric pressure glow
discharge (LS APGD),*® solution anode glow discharge (SAGD),*
flowing liquid anode-atmospheric pressure glow discharge (FLA
APGD),* liquid drop anode-atmospheric pressure glow
discharge (LDA APGD),** and hanging drop electrode-
atmospheric pressure glow discharge (HDE APGD).*> From all
the aforesaid methods, FLC APGD and FLA APGD seem to be the
most promising ones. FLA APGD offers detection limits (DLs)
that are incomparably better than the ones reported for the
other methods, nonetheless the FLA APGD technique suffers
from significant matrix effects coming from concomitant ions,
present in the FLA solution, which restricts the real sample
analysis.*****¢ Moreover, the application of the FLA APGD
method is restricted to the determination of only 8 elements
(namely Ag, Bi, Cd, In, Hg, Pb, T], and Zn) which are known to
be transported to this excitation source in the form of volatile
species.****?” On the other hand, although the DLs achievable in
the FLC APGD method are up to a few orders of magnitude
higher and of a similar level to those obtained for the ICP OES
method, this method is quite resistant to matrix effects.?**-**
Therefore, the latter method could be successfully applied in
the elemental analysis of different environmental and food
samples, including aquatic plants,*” blood,* coal fly ashes,*
human hair,* ores,* soils,* stream sediments,* tuna fish,*
and wastewater,"” after their digestion or extraction. Moreover,
ground,* mineral,*® natural,* pond,*® river,*® and tap* waters
as well as brines® and honeys® were directly analyzed, proving
high sensitivity, precision and accuracy of the developed
systems.

Hence, the suitability of the APGD microsource generated
between a small-sized FLC solution and a pin-type tungsten
anode for the determination of Ca, K, Mg, and Na in different
juice samples with a simplified sample preparation procedure,
involving only their dilution and acidification, was examined.
To the best of our knowledge, such analysis for juices using
either the FLC APGD method or any other microplasma source
has never been performed. To achieve that goal, the crucial
operating parameters of the discharge were optimized at first.
Subsequently, the DLs of the analytes were assessed in the
optimized conditions. Furthermore, the impact of the dilution
factor on the analytes signal intensities was studied to verify
both the impact of the organic matrix on the analytes signals as
well as the plasma resistance on this matrix. The proposed
method was then applied for an analysis of 8 commercial fruit
juices for the content of Ca, K, Mg, and Na. The results obtained
for FLC APGD measurements were compared to those provided
by a reference method (ICP OES with wet digestion) and
discussed.
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2. Experimental

2.1. Instrumentation

A schematic drawing of the studied FLC APGD system is dis-
played in Fig. 1. The discharge was sustained in an open-to-air
chamber between a tungsten nozzle (OD/ID 3/1 mm, length 50
mm) and a vertically oriented tungsten rod (OD 2 mm, length
170 mm). The sample solutions acidified with HNO; to its
concentration up to 0.1 mol L™, which served as the cathode,
were pumped through the tungsten nozzle by means of a 3-
channel REGLO ICC peristaltic pump (Ismatec, USA) at
different flow rates being set in the 1.0-4.0 mL min ™" range. As
the solution reached the tungsten tube's top it flowed down to
a PTFE reservoir, from which it was pumped out with the aid of
the previously mentioned peristaltic pump. The distance
between the solution surface and the anode rod (so-called
discharge gap) was set to approximately 1.5 mm. The elec-
trical contact was provided directly to the tungsten rod and with
the aid of a platinum spiral wrapped around the tungsten
nozzle. The voltage being in the 800-1200 V range was applied
to both electrodes by a HV dc power supply (model DP50H-
024PH, DSC-Electronics, Germany). Its exact value was depen-
ded on the applied sample flow rate and the discharge current.
To stabilize the discharge, a 6.9 kQ ballast resistor was con-
nected into the circuit.

The radiation emitted by APGD was imaged (1:1) on the
entrance slit (10 pm) of a Shamrock 500i imaging spectrometer
(Andor, UK), using an achromatic quartz lens (f = 80). The
spectrometer was equipped with a holographic grating (1800
lines mm ') and a Newton DU-920P-OE UV-Vis CCD camera
(Andor, UK). The integration time was 10 s during all experi-
ments and intensities of atomic emission lines of the studied
elements were background corrected. The following wave-
lengths of the analytes were traced during all experiments: Ca
(422.7 nm), K (766.5 nm), Mg (285.2 nm), and Na (589.0 nm).

An Agilent 5110 synchronous vertical dual view (SVDV) ICP
OES instrument was used to measure total concentrations of
studied elements in digested fruit juices versus simple stan-
dards solutions. The ICP OES spectrometer was equipped with
an easy-fit quartz torch with a standard 1.8 mm injector and
a sample introduction system consisted of a Seaspray nebulizer
and a double-pass glass cyclonic spray chamber. The instru-
ment was run under operating conditions given in Table SI-1,}
combining axial and radial acquisition of radiation emitted by
the vertical plasma over the entire wavelength range and in
a single measurement.

2.2. Reagents and sample preparation

Deionized water (18.2 MQ c¢m) from a Polwater water purifica-
tion system (Labopol-Polwater, Poland) was used throughout
the study. All chemicals were at least of analytical grade. Stock
standard solutions of Ca, K, Mg, and Na (1000 mg L"), ob-
tained from Sigma-Aldrich (Germany), were utilized to prepare
all working standard solutions. To acidify the FLC solutions, an
ACS grade concentrated HNO; (65% m/m) solution (Merck,
Germany) was employed. The same concentrated HNO; along
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Fig. 1 A schematic drawing of the developed FLC APGD systems.

with a solution of 30% H,0, (Merck, Germany) were applied for
samples digestion before their analysis with the aid of ICP OES.

Samples of 8 fruit juices were purchased at local stores. They
were produced by 6 different manufacturers, which were enco-
ded with the first letters of their names, i.e., E, F, H, X, K, and T,
and included apple (A), banana (B), blackcurrant (C), lemon (L),
lime (M), pomegranate (P), quince (Q), and tomato (T) juices.

Prior to FLC APGD OES measurements, the samples of
banana and tomato juices were initially centrifuged at
15 000 rpm for 10 min to remove any dissolved particles. Fol-
lowingly, appropriate aliquots of each of the analyzed juices
were transferred into a twist-cup container and acidified with
concentrated HNOj; to its concentration of 0.1 mol L. Finally,
all samples were filled with deionized water to reach the final
dilution of the juices of 1000-fold (on the weight basis). Such
prepared samples were analyzed in regard to the external cali-
bration curves with simple standards solutions.

All juice samples were also analyzed using the standard
addition method for calibration. In this case, all the above
mentioned steps of sample preparation were repeated, however,

This journal is © The Royal Society of Chemistry 2021
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after the acidification, each sample was divided into four
separate parts, and the standard addition was performed on the
last three of them, using a mixed solution of Ca and Mg
(10 mg L™ "). Subsequently, all samples were filled with deion-
ized water to reach the final dilution of the juices of 1000-fold
(on the weight basis).

As regards ICP OES measurements, the aforesaid juice
samples were wet-digested in order to destroy the organic
matrix. For this purpose, samples of 5.0 g of each juice and
concentrated HNO; (5.0 mL) were transferred into a DigiPrep
tube and heated for 180 min at 120 °C. After cooling, 5.0 mL of
H,0, (30%) was added and the samples were further heated for
60 min. Followingly, such prepared samples were filled with
deionized water to 50.0 g. After that, appropriate amounts of
digested solutions were transferred into a twist-cup container
and filled with deionized water up to 30.0 g. Two dilutions of
each juice sample were prepared, i.e., 12-fold and 750-fold (on
the weight basis).

All the above mentioned samples were prepared in tripli-
cates, besides, appropriate procedural blanks were prepared
and considered in the final results. The determination of Ca, K,
Mg, and Na was performed, for all samples, in regard to the
external calibration curves with simple standards solutions.

3. Results and discussion

3.1. Optimization of working parameters

In order to successfully apply the proposed FLC APGD method
for the elemental analysis of juices and considering especially
the elements of poorer sensitivity and present at lower
concentrations, i.e., Ca and Mg, the optimization of operating
parameters was performed. The sample flow rate (1.0-4.0
mL min~ ") along with the discharge current (30-60 mA) were
identified to have a significant impact on the analytes signal
intensities. The acid concentration was omitted during the
optimization step as it was repeatedly shown that the most
optimal acid concentration is 0.1 mol L™" (or similar). There-
fore, all studied samples were acidified with HNO; to the
concentration of 0.1 mol L™". The optimization was carried out
using a mixed standard solutions of Ca, K, Mg and Na at their
concentrations of 0.1 (K, Na) or 0.5 mg L™ (Ca, Mg). Based on
our previous experience,** it was to be expected that those
parameters would be dependent on each other, therefore, there
were optimized together. The results are presented in Fig. 2.

As it can be seen from the figure, the discharge could be
stably maintained over the whole range of sample flow rates,
but only for the discharge current of 30 mA. At higher amper-
ages, the discharge was unstable when lower flow rates were
applied. That being so, for the highest studied discharge
current, i.e., 60 mA, the discharge could be maintained only for
the samples flow rates of 3.5 and 4.0 mL min~", however its
visual stability was still slightly impaired. The reason for the
observed lack of the stability was likely an insufficient electrical
conductivity of the solution at lower samples flow rates.

As for the relationship between the applied discharge
current and the received signal-to-background ratios (SBRs), it
was revealed that SBRs of all studied elements increased with
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Fig.2 The effect of the sample flow rate and the discharge current on the signal to background ratio (SBR) of the analytical lines of Ca, K Mg, and
Na. “0.00" indicates the parameters combination at which the discharge was unstable and the measurement could not be taken.

Table 1 The analytical performance of the studied FLC APGD OES
system®

DL (ng Sensitivity (a.u.
Element L7 ULR (mgL™") R permg per L)  RSD (%)
Ca 5.69 10 0.9998 2.32 x 10* 1.02
K 0.14 10 0.9999 3.01 x 10° 1.12
Mg 0.63 10 0.9992 7.67 x 10° 0.73
Na 0.02 5 1.0000 1.02 x 107 0.89

“ DL - detection limit. ULR - upper linearity range.

a growing discharge current. These results are consistent with
what had previously been reported.**** The most probable
explanation for the increase of the SBRs values along with the
increase of the discharge current is higher electron density in
the discharge. This in turn leads to better excitation conditions.

The results reported previously regarding the impact of the
sample flow rate on the signal intensity/SBR are ambiguous.
Usually, as the sample flow rate is growing, the response from
the analytes is found to either increase or decrease up to
a certain limit and increase afterward.***>*"® However,
a decreasing tendency of the response from the analytes over
the whole range of the sample flow rates was noted as well.>**”
Herein, the SBR values generally declined for all analytes with
the increasing sample flow rate, regardless of the discharge
current applied. The root of the aforesaid results is unclear and
a more in-depth study is needed to provide a reliable clarifica-
tion, however, this was not the aim of this work.

It is noteworthy that the increasing tendency of the SBR
values observed at higher discharge currents was compensated
by the decreasing tendency coming from higher solution flow

1458 | U Anal. At. Spectrom., 2021, 36, 1455-1465

rates, as the discharge could not be maintained at the lower
ones in these conditions. This made the evaluation of the
optimal operating parameters not to be so obvious. The highest
SBR for Ca was received for the discharge current of 60 mA and
the solution flow rate of 4.0 mL min ™", while slightly higher SBR
for the other analytes was obtained when the discharge current
of 50 mA and the sample flow rate of 2.0 mL min ' were
applied. As an attempt of performing long-time analyses was
made, the plasma stability was taken into consideration and the
visual discharge stability was noted to be better at the discharge
current of 50 mA and the sample flow rate of 2.0 mL min .
Therefore, those parameters were established to be optimal for
multi-element analysis, hence they were applied in all subse-
quent experiments.

3.2. Analytical characteristics

To have a better insight into the appropriate juice samples
dilution for their analysis on the content of Ca, K, Mg, and Na in
the further part of this study, the analytical performance of the
developed FLC APGD system was determined under the opti-
mized conditions. For that purpose, the DLs, the upper linearity
ranges (ULRs) as well as the precision were determined for all
studied elements (see Table 1). Instrumental DLs were calcu-
lated as 3s/a, where “3s” stands for 3 times the standard devi-
ation of 10 consecutive measurements of an appropriate blank
solution, and “a” stands for the sensitivity of a corresponding
calibration curve. The upper linearity range was examined using
9 standard solutions in the concentration range of 0.01-
10 mg L™, The precision was expressed as the relative standard
deviation (RSD) for 10 consecutive measurements of the stan-
dard solutions, containing Ca, K, Mg, and Na at the

This journal is © The Royal Society of Chemistry 2021
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Table 2 The upper linearity ranges (ULR), expressed as the highest percentage juice concentrations (corresponding to the possible lowest

dilutions) at which the curves of the signal intensity of the analytical li

ne versus these concentrations are still linear, the slopes of the received

curves along with their R2, and the range of relative standard deviation (RSD) values, received for different dilutions of analyzed juices, for Ca, K,

Mg and Na during the FLC APGD OES analysis

Element  Parameter AT BX CF LE ME PH QK TT

Ca ULR (%) 10 (10-fold) 10 (10-fold) 10 (10-fold) 2 (50-fold) 2 (50-fold) 2 (50-fold) 2 (50-fold) 2 (50-fold)
Slope 6.94 x 10°  3.60 x 10> 1.49 x 10*  2.83 x 10  2.51 x 10*  1.46 x 10  2.51 x 10*  1.22 x 10*
R 0.9952 0.9992 0.9962 0.9932 0.9976 0.9958 0.9976 0.9965
RSD (%)*  0.36-8.15 0.87-8.41 0.27-4.58 0.60-3.90 0.41-3.26 0.36-4.73 0.10-2.89 0.42-2.97

K ULR (%) 2 (50-fold) 2 (50-fold) 2 (50-fold) 1 (100-fold) 1 (100-fold) 1 (100-fold) 1 (100-fold) 1 (100-fold)
Slope 2.40 x 107 2.37 x 107 1.45 x 107 427 x 107 4.65 x 10"  5.67 x 107  3.97 x 10"  5.45 x 10’
R 0.9996 0.9994 0.9964 0.9993 0.9989 0.9997 0.9997 0.9984
RSD (%)*  0.19-0.64 0.12-0.39 0.07-0.62 0.20-0.25 0.03-0.34 0.03-0.54 0.21-0.56 0.14-0.37

Mg ULR (%) 10 (10-fold) 10 (10-fold) 10 (10-fold) 10 (10-fold) 10 (10-fold) 10 (10-fold) 10 (10-fold) 10 (10-fold)
Slope 1.73 x 10° 2,58 x 10°  1.17 x 10°  3.14 x 10°  3.20 x 10>  2.85 x 10°  3.82 x 10>  2.08 x 10°
R 0.9969 0.9993 0.9978 0.9945 0.9945 0.9925 0.9931 0.9596
RSD (%)*  0.29-0.96 0.19-1.16 0.20-1.42 0.26-1.61 0.06-1.91 0.43-2.13 0.71-1.52 0.65-2.62

Na ULR (%) 10 (10-fold) 10 (10-fold) 10 (10-fold) 2 (50-fold) 2 (50-fold) 2 (50-fold) 2 (50-fold) 0.2 (500-fold)
Slope 134 x 10° 671 x 10°  3.32 x 10°  6.06 x 10°  5.65 x 10°  2.00 x 10"  1.03 x 10"  2.08 x 10°
R 0.9952 0.9990 0.9999 0.9997 0.9998 0.9995 0.9998 0.9999
RSD (%)*  0.11-1.71 0.15-0.96 0.16-0.89 0.07-0.53 0.53-0.71 0.08-0.67 0.39-2.11 0.40-0.59

“ Expressed as the RSD range for all dilutions measurements.

concentrations of 200, 10, 100 and 10 pg L™, respectively. The
RSD was measured 3 times and the averaged results were given.
When comparing the received DLs with those reported over the
last five years for similar FLC APGD systems,*® they were similar
(in the case of K) or significantly improved (in the case of all

analytes), i.e., 2-81 times for Ca, 0.9-2785 times for K, 3-540
times for Mg, and 2-2400 times for Na. The DLs presented
herein are also similar or better to those achieved for other
spectrometric techniques, such as FAAS,>-% or ICP OES.****%* In
such a case, it was expected the obtained low DLs of Ca, K, Mg

Table 3 The content of K and Na determined in the analyzed juice samples, i.e., apple (AT), banana (BX), blackcurrant (CF), lemon (LE), lime (ME),
pomegranate (PH), quince (QK), and tomato (TT) juices, using simple standard solutions for calibration®

K Na

Juice Method Mean =+ CI RSD (%) Mean =+ CI RSD (%)

AP ICP OES 931.18 + 5.09 0.22 11.54 £ 0.15 0.54
FLC APGD 1014.6 + 24.69 0.98 11.94 £ 0.52 1.77
Recovery (%) 109 103

BX ICP OES 897.56 + 21.64 0.97 6.21 = 0.17 1.06
FLC APGD 966.48 + 17.76 0.74 6.65 + 0.37 2.19
Recovery (%) 108 107

CF ICP OES 482.67 £ 23.38 1.95 30.72 £ 0.07 0.10
FLC APGD 492.38 £ 17.74 1.45 34.08 + 0.84 0.99
Recovery (%) 102 111

LE ICP OES 1610.92 + 58.43 1.46 53.11 £ 6.31 4.78
FLC APGD 1745.16 + 44.67 1.03 56.8 + 3.06 2.16
Recovery (%) 108 107

ME ICP OES 1766.92 + 22.38 0.51 52.16 £ 0.32 0.24
FLC APGD 1893.04 + 31.50 0.67 55.03 £ 0.99 0.72
Recovery (%) 107 106

PH ICP OES 2157.64 + 43.43 0.81 183.07 + 7.45 1.64
FLC APGD 2241.24 4+ 47.33 0.85 177.43 + 10.48 2.38
Recovery (%) 104 96.9

QK ICP OES 1438.33 £ 13.22 0.37 89.27 £ 1.14 0.51
FLC APGD 1536.04 + 38.93 1.02 92.31 £ 3.13 1.37
Recovery (%) 107 103

TT ICP OES 2261.23 + 10.68 0.19 2250.12 + 16.77 0.3
FLC APGD 2326.93 £ 24.87 0.43 2263.95 £+ 37.12 0.66
Recovery (%) 103 101

4 CI - confidence interval (for 95% confidence level).

This journal is © The Royal Society of Chemistry 2021
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Table 4 The content of Ca and Mg determined in the analyzed juice samples, i.e., apple (AT), banana (BX), blackcurrant (CF), lemon (LE), lime
(ME), pomegranate (PH), quince (QK), and tomato (TT) juices, using standard addition method for calibration®

Ca Mg
Juice Method Mean =+ CI RSD (%) Mean =+ CI RSD (%)
AP ICP OES 43.11 £+ 0.67 0.62 45.17 £ 0.12 0.10
FLC APGD 43.89 £1.91 1.76 49.39 £ 0.72 0.58
Recovery (%) 102 109
BX ICP OES 18.41 £ 2.58 5.67 70.35 £ 0.67 0.39
FLC APGD 19.28 £ 0.32 0.68 67.61 £ 1.17 0.69
Recovery (%) 105 96.1
CF ICP OES 106.38 = 0.97 0.37 30.55 £ 0.10 0.14
FLC APGD 110.31 + 4.02 1.47 30.27 £ 0.17 0.22
Recovery (%) 104 99.1
LE ICP OES 196.25 + 41.93 8.60 125.15 £ 0.89 0.29
FLC APGD 201.68 £ 5.37 1.07 128.73 £+ 4.55 1.42
Recovery (%) 103 103
ME ICP OES 217.34 £ 3.23 0.60 107.25 + 1.69 0.63
FLC APGD 232.3 £10.33 1.79 109.34 + 5.04 1.86
Recovery (%) 107 102
PH ICP OES 96.42 £+ 1.09 0.46 78.33 £ 0.84 0.43
FLC APGD 90.83 + 12.17 5.40 77.14 £ 0.30 0.15
Recovery (%) 94.2 98.5
QK ICP OES 258.67 £ 10.53 1.64 113.35 + 1.04 0.37
FLC APGD 260.30 + 34.98 5.41 109.84 £ 9.49 3.48
Recovery (%) 101 96.9
TT ICP OES 106.63 + 1.37 0.52 105.26 + 2.14 0.82
FLC APGD 108.38 &+ 5.59 2.08 96.74 £ 1.02 0.41
Recovery (%) 102 91.9

% CI - confidence interval (for 95% confidence level).

and Na would allow to apply higher dilutions of the analyzed
juices, in order to avoid matrix effects coming from organic and
inorganic constituents of the samples.

The calibration curves were linear (R* > 0.999) over the whole
studied concentration range, i.e., up to 10 mg L™ ". As for Na, its
calibration curve was linear (R*> = 1) only up to the Na concen-
tration of 5 mg L' due to its high sensitivity which led to the
saturation of the CCD detector above this concentration. Such
dynamic linearity ranges are suitable for multi-element anal-
ysis, therefore it was expected that it would be possible to
analyze all studied elements preparing only one dilution of the
analyzed samples.

Regarding the measurements precision, it was found that
the developed FLC APGD OES method assured excellent preci-
sion, changing in the range of 0.73-1.12% for relatively low
analytes concentrations.

3.3. Plasma stability and matrix effects

To assess the suitability of the developed FLC APGD method for
determining the content of Ca, K, Mg, and Na in various fruit
juices, only diluted in water (without any digestion) and acidi-
fied with HNOj; to 0.1 mol L™, two aspects had to be considered
at the beginning. The first one was the plasma robustness in
reference to the juice matrix and the second one were the matrix
effects, i.e., the impact of both organic and inorganic constitu-
ents of juices on the analytes signal intensities. Due to high
variety of different elements as well as organic compounds, and
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their concentrations, present in different types of juice,**® the
results obtained based on a solution containing a juice-like
organic matrix would not be of great credibility. Therefore,
both those factors were determined by measuring the analytes
signal intensities in five different dilutions (namely 10-, 50-,
100, 500-, and 1000-fold) of each analyzed juice, corresponding
to its concentration in a prepared sample solution of 10, 2, 1, 0.2
and 0.1%. To reliably assess the impact of each juice matrix on
the analytes signal intensities, they were depicted on a graph
presenting the relationship between the analyte signal intensity
and the juice dilution (expressed as the abovementioned
percentage concentration) and the linearity of the received
relationships was investigated to evaluate the concentration
ranges at which the curve is linear, meaning, supposedly there
are no matrix effects. For better visibility, the data obtained
from those graphs was shown in Table 2, which presents the
upper linearity ranges, expressed as the highest percentage
concentrations (corresponding to the possible lowest dilutions)
at which the curves were still linear, the slopes of the received
curves along with their R*, and the range of the RSD values,
received for different dilutions of a given juice, for all analytes.

As it can be seen from that table, the upper linearity ranges
differed between elements and the type of juices. Only the
signal of Mg increased linearly over the whole range of the
studied dilutions, regardless of the juice type. For Ca and Na,
the highest possible concentration giving the linear response
differed between juices, however, it was the same for a given

This journal is © The Royal Society of Chemistry 2021
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juice. Exemplary, the upper linearity range for Ca in quince (QK)
and tomato (TT) juices are equal to 10 and 2% (10- and 50-fold
dilution), respectively and the same upper linearity range is
observed for Na in those (and any others) juices. It is also
noteworthy that the mentioned upper linearity ranges for Ca
and Na correlated well with the sensitivity of the received curves
(the poorer sensitivity, the higher upper linearity range). The
only exception from that rule is tomato (TT) juice, for which the
dilutions above 500-fold (0.2%) could not be measured at all
due to the saturation of the CCD detector, suggesting a very high
concentration of this element in this juice. This was also the
case for other juices (namely lemon (LE), lime (ME), pome-
granate (PH), and quince (QK) juices) for Na but only when the
juice concentration exceeded 2% (which corresponds to the
dilutions being lower than 50-fold). Thus, it can be stated that
the curves of Na were linear in the whole range which could be
actually measured. However, there was no saturation of the CCD
camera observed when Ca was measured, therefore, apparently,
some matrix effects occur when a given juice contains higher
content of Ca. As for K, its content in each of the analyzed juices
was too high to be able to measure the whole dilution ranges
and, similarly to Na, the obtained curves were linear in the
whole possible-to-study range, i.e., 1 (lemon (LE), lime (ME),
pomegranate (PH), quince (QK), and tomato (TT) juices) or 2%
(apple (AT), banana (BX), and blackcurrant (CF) juices). The
aforesaid results may suggest that there are no matrix effects for
the majority of the analytes (with exception of Ca at 10%
samples of some juices), regardless of the juice type and its
dilution. Nevertheless, the possibility of measuring the signal
intensities of K and Na should be taken into account when
considering higher dilutions of juices samples.

The plasma stability was evaluated based on the RSD of 10
consecutive measurements of each analytical line as well as
visual observations for all studied sample dilutions. It was
established that the RSD of the signal intensities of K and Na
was below 1% in all (K) or in the vast majority (Na) of cases,
indicating excellent precision, regardless of the juice type and
applied dilution. For Mg, the RSD values were slightly higher,
however they still did not exceed 3% for any juice at any dilu-
tion. Nevertheless, relatively high RSD values (4.5-8.5%) were
obtained for Ca but only for the dilution factor of 1000 and only
for a few juice types. It was also noted that the RSD values of this
element (in 1000-fold diluted samples) correlated well with the
sensitivity of the obtained curves (the poorer sensitivity, the
worse RSD), meaning that the observed impaired signal stability
was due to a relatively low Ca concentration in some juice
samples, leading quite low analyte signal intensity after their
1000-fold dilution. Visually, lower stability was observed only
when a 10-fold diluted solution was introduced into the FLC
APGD system, however, considering the abovementioned
precision, it was concluded that it was stable enough to perform
the analysis.

3.4. Determination of selected elements in juice samples

Concentrations of Ca, K, Mg, and Na were measured in 8
different fruit juices with the aid of the FLC APGD OES method.

This journal is © The Royal Society of Chemistry 2021
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The analyzed samples were diluted 1000-fold and acidified with
HNOj; to 0.1 mol L™". It was expected that applying a high
dilution factor, the sample matrix would not influence neither
the background intensity nor the analytes sensitivity, which
then would not deteriorate the method DLs of Ca, K, Mg and Na
in regard to the instrumental DLs presented above.

At first, simple standard solutions were used for calibration.
To assess the reliability of the proposed method, all the
abovementioned juices were also analyzed by ICP OES, however
in this case, the samples needed to be wet-digested before the
analysis. The obtained results are displayed in Tables 3 and 4.

Tables 3 and SI-2t present the content of Ca, K, Mg, and Na
in the analyzed juices obtained from ICP OES measurements
along with the corresponding results received from the FLC
APGD OES measurements (using simple standard solutions for
calibration), and the precision for all those results. The
measured concentrations of Ca, K, Mg, and Na corresponded
well to those reported for other juices of the same kind.****>%7°
Apparently, K was the most abundant mineral in all analyzed
juices. Its concentration varied in the range of 0.5-2 g L™/,
depending on the juice type. The content of Mg was roughly
similar in the analyzed juices and changed in the 30-125 mg L ™"
range. The concentrations of Ca and Na were the most diver-
sified as they ranged within 18-259 and 6-2250 mg L,
respectively. Nevertheless, in the analyzed juices of different
types, a very favorable K-to-Na concentration ratio was observed,
ranging from 13 to 145. The exception was tomato (TT) juice, for
which these concentrations were similar, which indicates that
the juice is salted. Also, the Ca-to-Na concentration ratio was
similar and ranged from 2.6 to 4.2 with the exception of tomato
(TT), pomegranate (PH), and quince (QK) juices.

As regards the results received for the FLC APGD OES
measurements, the concentrations of K and Na were consistent
with the results obtained from ICP OES. The recoveries of those
elements varied in the 96-111% range, confirming quite good
accuracy of the developed FLC APGD method. Unfortunately,
the results received for Ca and Mg were lesser. In the case of Ca,
good accuracy (91-109%) was obtained for half of the analyzed
juices, i.e., apple (AP), blackcurrant (CF), lemon (LE), and
quince (QK). However, for the other juices, the recoveries either
changed in the 70-79% range (lime (ME), pomegranate (PH),
and tomato (TT)) or was equal to 157% (banana (BX)). Even
worse results were obtained for Mg, which recoveries changed
in the range of 48-57% for all analyzed juices. These results
were quite unexpected, bearing in mind high sample dilution
and the apparent lack of matrix effects described above.
Nevertheless, the obtained recovery values for Ca and (espe-
cially) Mg may be explained assuming that in all those juices
there are organic compounds present, i.e., carboxylic acids, at
high concentrations, that forms complexes with those metals.
In such a case, the relationship between the signal intensity of
their analytical lines and the juice percentage concentration
would be still linear as the dilution does not change the analyte
to interfering compounds concentrations ratio. Due to high
variety of organic compounds existing in juices in very high
abundances,®®”*7* it is difficult to designate a particular
compound being responsible for the signal intensity decline,
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unambiguously. Considering the recovery values for Ca and Mg,
it can be stated, however, that these compounds form stronger
complexes rather with Mg than Ca.

Nevertheless, due to the unsatisfactory recovery values ob-
tained for Ca and - especially - Mg, the determination of those
two metals was repeated using the standard addition method
for calibration. The results are presented in Table 4. The
recoveries received for the standard addition method were
fallen in the range of 91-109% and confirmed very good accu-
racy of the applied method.

Regarding the precision of results obtained from those two
calibration methods for FLC APGD OES measurements,
expressed as the RSD from 3 independently repeated analyses, it
can be seen that it was very good as usually did not exceeded
5%. The RSD values ranged within 0.10-2.97% for Ca, 0.43-
1.45% for K, 0.78-4.48% for Mg, and 0.66-2.38% for Na (the
calibration curve with simple standard solutions method) as
well as 0.68-5.41% for Ca and 0.22-3.48% for Mg (the calibra-
tion with the standard addition method). Higher RSD values
(i.e., 5.40 and 5.41%) were obtained only for Ca and only in
juices containing relatively small (in regard to the sensitivity of
its analytical line) amounts of Ca after 1000-dilution, which
resulted in quite small signals. It is also noteworthy that even
worse RSD values (i.e., 5.67 and 8.60%) were obtained for some
of the ICP OES measurements, likely owing to the digestion step
which was required for this method to obtain reliable results.

4. Conclusions

It was demonstrated that the proposed FLC APGD OES method
provides reliable results for the determination of Ca, K, Na, and
Mg in different kinds of juices. The precision of the obtained
results was comparable to the one obtained from the ICP OES
measurements. The presented simplified method requires only
sample dilution and acidification, completely omitting the wet
digesting, which is time-consuming process and requires the
use of concentrated acids (HNOs, HCl, HF, HCIO,) as well as
H,0,, a high amount of energy, and it usually takes a couple of
hours. There is also the possibility of sample contamination,
during this step. Moreover, the use of the proposed FLC APGD
OES method is associated with all advantages regarding tech-
niques being premised on microplasma excitation sources. As
opposed to the commercially applied spectrometric techniques,
the FLC APGD OES method offers the advantages of small size,
no requirement of the use of noble gases, and stable operation
at low electric current power consumption, which is particularly
important and useful for routine analyses of juices with very
different chemical matrices. All of this translates to significantly
reduced operating costs. Taking all of this into account, it may
be concluded that the proposed method is a reliable alternative
for commercially applied bulky instrumentation, e.g., AAS or
ICP OES. The only disadvantage of the developed method is the
necessity of the standard addition method for calibration for
the determination of Mg and Ca, due to the matrix effects,
which cannot be overcome by the sample dilution. We believe,
this finding is relevant as it will be true also for the juices
determination by other spectrometric methods, e.g., ICP-OES,
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ICP-MS, AAS, AFS. Nevertheless, the standard addition
method is still less time-consuming than performing wet
digestion. Moreover, due to simple design and miniaturization
of the proposed FLC-APGD system, it might be automated by
coupling it with a diluter and/or a mixer (for the standard
addition method), making the analysis even simpler and faster.
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