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a b s t r a c t 

Consumption of sports drinks is generally associated with a healthy lifestyle, despites a common addi- 

tion of colorants and preservatives to these products. This work presents the novel methods based on 

high performance liquid chromatography (HPLC) and capillary electrophoresis (CE), aimed at the simul- 

taneous quantification of both these groups of additives within a single separation. The results obtained 

show that colorants are generally added in low and rather safe amounts, whereas preservatives (benzoate 

and sorbate) are much more abundant, and likely pose a potential risk, especially for children. The overall 

potential of the HPLC and CE methods was critically assessed and compared using the RGB additive color 

model, a user-friendly tool that allows one to point out and encode particular capabilities and general po- 

tential of a method using colors, and to express its holistic effectiveness with one integrated quantitative 

parameter from 0 to 100%. As a result, the potential predispositions of both methods were delineated. 

© 2020 The Author(s). Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license. 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Sports drinks are currently very popular among people under-

aking physical activity, and they are generally associated with a

ealthy lifestyle. Their consumption is recommended to prevent

rom dehydration during constant physical effort, supplement im-

ortant minerals, and provide energy in the form of easily accessi-

le carbohydrates. However, in addition to these valuable ingredi-

nts, sports drinks often contain substances of a questionable im-

act on health, added to improve their appearance and shelf life:

ynthetic colorants and preservatives. There are many studies indi-

ating that their excessive consumption may lead to various medi-

al issues, including skin irritations, allergic reactions, asthma, hy-

eractivity, anxiety, and even genotoxicity, especially in children

1–8] . Although their actual influence and risks are still a matter

f debate, the European Food and Safety Authority (EFSA) and the

ood and Drug Administration (FDA) control formally their usage

n industry by adequate legislation, and establish regularly the ac-

eptable daily intake (ADI) values for each additive. The popularity

f sports drinks, in combination with a large variety of brands and
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arieties that differ in taste and color, raise a constant need for

eveloping new analytical methods devoted to these products. 

Colorants and preservatives added to foods and drinks have al-

eady been analyzed with a number of analytical techniques [9] .

uch as high performance liquid chromatography (HPLC) [10] , thin

ayer chromatography [11] . capillary electrophoresis (CE) [ 12 , 13 ].

oltammetry [14] . and HPLC hyphenated with mass spectrometry

HPLC-MS) [15] . Nevertheless, these methods were focused on ei-

her colorants or preservatives, and it lacks methods for simultane-

us quantification of both these groups of compounds within a sin-

le analysis. Taking into account a high resolving power, HPLC and

E are good candidates for developing such methodologies. How-

ver, the overall characteristics of these techniques is quite differ-

nt, and the indication of potentially better one is not straightfor-

ard. In addition, a truly comprehensive comparison of analytical

ethods should also include criteria unrelated directly to the qual-

ty of analytical results, but to other relevant attributes: compli-

nce with the green analytical chemistry principles, which is a hot

opic in modern analytical chemistry from over one decade [ 16 , 17 ].

nd economical/practical aspects, which are often equally impor-

ant for users as standard validation criteria oriented at analytical

esults. 
under the CC BY-NC-ND license. 
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The aim of this work was to develop novel methods based

on HPLC and CE, aimed at a simultaneous quantification of the

most popular colorants and preservatives added to sports drinks

in Poland. For the second, the capabilities of these methods in var-

ious fields have been comprehensively compared, to choose a po-

tentially better method in the general sense. For this purpose, the

RGB additive color model has been utilized, a recently published

concept of ranking and comparing analytical methods using colors

[18–20] . inspired by a common model of color used in electronic

devices. In this model the primary colors are assigned to the main

universal attributes of an analytical method: Red –analytical per-

formance (precision, accuracy, LOQ, etc.), Green – eco-friendliness

and safety for users (waste production, toxicity of chemicals, addi-

tional hazards, etc.), and Blue – productivity and practical aspects

(cost of analysis, sample throughput, sample consumption, mal-

function risk, etc.). The capabilities of evaluated methods are en-

coded by their final colors – resulting from the additive synthesis

of primary colors that a method has to a satisfactory degree, and

the brilliance value – a quantitative parameter (from 0 to 100%)

that integrates all primary colors and considers them with varied,

user-defined significance. 

2. Material and methods 

2.1. Materials 

All standards: colorants (Tartrazine – TT, E102; Sunset Yellow

FCF – SY, E110; Ponceau 4R – 4R, E124; Allura Red AC – AR,

E129; Brilliant Blue FCF – BB, E133; Brilliant Black BN – BC, E151)

and preservatives (sodium benzoate E211 – SBe, potassium sor-

bate E202 – PSo) were supplied by Sigma-Aldrich (St. Louis, MO,

USA). All standard solutions were prepared in the deionized water

(MilliQ, Merck-Millipore Billerica, MA, USA) and filtered through

the 0.45 μm regenerated cellulose membrane, then degassed by

centrifugation. The salts used for preparing buffers and additional

buffer constituents: sodium dodecyl sulfate (SDS) and methyl-

β-cyclodextrin (Me- β-CD, with 1.6–2.0 average substitution de-

gree per glucose unit) were also supplied by Sigma-Aldrich. Other

chemicals (organic solvents and washing reagents) were supplied

by Avantor Performance Materials Poland. S.A. (Gliwice, Poland). A

total of 13 isotonic sports drinks from various brands were pur-

chased at the local supermarket, all products available on the given

day in the shop. The corresponding samples were denoted from “a”

to “m”. 

2.2. Sample preparation 

The sample preparation step was as simple as possible. Firstly,

the samples were centrifuged (10 0 0 rpm for 10 min), then fil-

tered by 0.45 μm regenerated cellulose membrane, and again cen-

trifuged (10 0 0 rpm for 5 min). The preliminary tests showed that

dilution was unnecessary. For performing recovery test, the sam-

ples were spiked before the whole preparation procedure with the

given colorants – by 20 μg/mL, and preservatives – by 50 μg/mL.

Recovery (Rec) was defined using the following equation: 

Rec = 

c 2 − c 1 
c x 

· 100% (1)

where c 1 is the concentration of analyte in the sample material

found with the given method (without spiking); c 2 is the total con-

centration of analyte found after its addition (spiking) to the sam-

ple material before the whole analytical procedure, and c x is the

predicted rise of concentration after analyte addition (20 μg/mL for

colorants, and 50 μg/mL for preservatives). 
.3. HPLC method 

In the case of HPLC method, the Merck-Hitachi LaChrom

PLC instrument was used (Merck, Darmstadt, Germany) equipped

ith the d -70 0 0 interface, l -710 0 pump, l -720 0 autosampler

nd l -7455 DAD detector system, and the Spheri-5 VL, RP, C18,

00 × 4.6 mm, 5 μm column. The mobile phase was composed

f solvent A – methanol-acetonitrile mixture in 80:20 (v/v) pro-

ortion, and solvent B – 1% (w/v) ammonium acetate in ultrapure

ater, pH 7.4, mixed in a gradient mode from 90 to 10% contribu-

ion of the solvent A. A constant flow rate was used – 0.8 mL/min.

fter analysis, the column was rinsed with the solvent A (100%) for

0 min. The temperature was set at 25 °C. Injection volume was

0 μL. The detection was performed at the wavelength of 235 nm

SBe, PSo) and 405 nm (colorants). To ensure optimal signal-to-

oise ratios, different wavelengths were used for the preservatives

nd colorants. The absolute peak areas (A) were used for the quan-

itative analysis. Each sample of the sports drink was analyzed in

riplicate. 

.4. CE method 

In the case of CE method, the PA 800 plus Capillary Elec-

rophoresis instrument was used, (Beckman-Coulter, Brea, CA, USA)

quipped with the diode array detector (DAD). The unmodified

are fused-silica capillary was used. It was of 30.0 cm total

ength, 20.0 cm effective length, and of 50 μm internal diame-

er (Beckman-Coulter). Between runs the capillary was rinsed with

.1 M NaOH for 1 min, and running buffer for 2 min. Before the

rst use of the capillary at a working day: methanol for 5 min,

.1 M HCl for 3 min, deionized water for 3 min, 0.1 M NaOH for

0 min, and running buffer for 10 min were applied. For the fresh

apillary conditioning, the latter sequence was used but the du-

ation of each individual step was doubled. The pressure applied

qualed to 137.9 kPa (20 psi). Sample injection was conducted us-

ng the forward pressure of 3.45 kPa (0.5 psi) for 5 s. During sep-

rations the separation voltage of 15.0 kV (normal polarity) was

pplied, without the external pressure. The voltage ramp time was

.2 min. The measured current values were below 50 μA. The tem-

erature of cooling liquid was set at 25 °C. The detection and anal-

sis were carried out at the wavelength of 200 nm, providing op-

imal signal-to-noise ratios for both groups of analytes (the spec-

ral characteristics of UV lamps were different in the HPLC and CE

nstruments, thus different wavelengths were selected). The ionic

trength of all running buffers was kept constant on the level of

0 mM. The buffer solutions were prepared by mixing 50 mM

orax (Na 2 B 4 O 7 •10H 2 O) and 10 0 0 mM NaOH or HCl, and by fur-

her dilution with the deionized water. The five buffering solutions

ere prepared in total, their pH values were 9.50, 10.08, 10.46,

1.26, and 12.75. In addition, for method optimization the partic-

lar buffers were enriched with 7.5 mM SDS, 7.5 mM Me- β-CD or

oth of them simultaneously. The time-corrected peak areas (A/t)

ere used for the quantitative analysis. Each sample of the sports

rink was analyzed in triplicate. 

.5. Method validation 

To calibrate the HPLC and CE methods, the aqueous solutions

f standards were prepared at the following concentrations (w/v):

, 10, 15, 30 and 50 μg/mL – colorants, and 50, 100, 150, 200

nd 250 μg/mL – preservatives. For each concentration level, three

easurements were made with the HPLC and CE methods on

wo subsequent days, to estimate the inter-day precision (6 mea-

urements by one technique, n = 3 + 3). The limit of detection

LOD) and quantification (LOQ) were calculated considering the
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Table 1 

Elution program used in the optimized HPLC method. 

Step Elution Mobile phase composition Duration 

1 Isocratic A 90%, 2 

min B 10% 

2 Gradient A 90% to 10%, 12 

min B 10% to 90% 

3 Gradient A 10% to 90%, 3 

min B 90% to 10% 

4 Isocratic A 90%, 2 

min B 10% 
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ignal–to–noise ratios obtained for the lowest calibration level,

/ N = 3 and 10, respectively. 

.6. RGB model 

The RGB model for evaluating analytical methods was published

ecently by Nowak & Ko ́scielniak [18] . to get a detailed descrip-

ion of its principles, please refer to this paper. In brief, it is the

daptation of the RGB additive model of color used commonly in

lectronic devices. It assigns the three primarily colors to the three

ain attributes of any analytical method: Red – analytical per-

ormance expressed by standard validation criteria; Green – eco-

riendliness and safety for users (green chemistry), and Blue –

ractical/economical aspects. 

A general potential of a method is encoded by its resultant

olor, it depends on the additive synthesis of primary colors that a

ethod has to a satisfactory degree. To make the model more user-

riendly, some simplifications were proposed in regard to the origi-

al RGB model which offers many color combinations. In each pri-

ary scale (R, G and B), a method may be characterized as unac-

eptable, acceptable but not satisfactory, or satisfactory (only then

ossessing a given primary color), depending on the Color Score

CS). Acceptance requires the CS value ≥33.3%, while satisfaction,

66.6%. Finally, a method may be white (if it is simultaneously

ed, green and blue); yellow (red and green), magenta (red and

lue) or cyan (green and blue) – then it lacks one primary color

o be complete; red, green or blue – then it lacks the other two

rimary colors; colorless/gray – then it is not satisfactory but still

cceptable in each elementary scale, or black – then it is unac-

eptable in at least one primary scale. The individual CS values, in

urn, depend on the scores assigned by a user to the several crite-

ia chosen adequately for the red, green and blue attributes, in the

ange 0 (worst) to 100 (best). CS values are calculated automati-

ally by the algorithm as a weighted geometric mean of all scores

btained within the given attribute. To facilitate this process, scor-

ng is performed in reference to the two pre-defined thresholds:

owest acceptable values (LAV) – related to the score 33.3/100, and

owest satisfactory values (LSV) – related to the score 66.6/100. 

The RGB model provides also a quantitative measure of overall

fficiency – Method Brilliance (MB), which depends on the CS val-

es reached in the individual elementary scales and allows one to

onsider them with different weights, adjusted to a given evalua-

ion’s specification (MB is, similarly to CS, calculated as a weighted

eometric mean). The procedure is performed using the ready-to-

se templates based on standard Excel worksheets, freely available

nline (supplement to [18] ). 

. Results and discussion 

.1. Optimization of HPLC method 

Several elution procedures in both isocratic and gradient modes

ere tested to achieve the totally separated peaks of all standards

ixed in the single sample: SBe, PSo (preservatives) and TT, SY, AR,

R, BB and BC (colorants), within a maximally short time. They are

escribed in the Electronic Supplementary Material (ESM), in Ta-

le S1. The best results were obtained for the elution procedure

hown in Table 1 , which lasted 19 min in total. The respective

hromatograms are shown in Fig. 1A , dedicated to the preserva-

ives and colorants, respectively. 

.2. Optimization of CE method 

Several separation buffers were tested to achieve the totally

eparated peaks of all standards mixed in the single sample. This

as the main criterion because all buffers gave similar migration
imes (speed of analysis). They differed in pH from 9.5 to 12.75.

n addition, SDS and Me- β-CD were tested as potential buffer ad-

itives [21] . to simplify separation of azo dyes from each other. It

urned out, however, that a satisfactory resolution of all analytes

o the baseline can be obtained at pH 10.46 without any addi-

ional additive, as shown in Fig.1 E. Therefore, these conditions: bo-

ax buffer of 50 mM ionic strength, pH 10.5, none additive – were

onsidered optimal. 

.3. Validation of methods 

The validation parameters obtained for the HPLC and CE meth-

ds are shown in Table S2 in ESM. In most cases the linearity of

alibration plots, expressed by R 

2 values, is above 0.99. The out-

ier is the outcome obtained for AR analyzed with the CE method,

 

2 = 0.92, which is probably related to the asymmetric peak shape

f this particular analyte, seen in Fig.1 E and G. The sensitivity

f both methods is similar regarding preservatives, but noticeably

igher for HPLC in the case of colorants. Similarly, LOD and LOQ

alues are, in general, more favorable for HPLC. When it comes

o the averaged inter-day precision of quantitative parameters (A

nd A/t), it is, in overall, quite comparable for both methods. Nev-

rtheless, the large difference is observed if comparing qualitative

arameters – retention (HPLC) and migration times (CE). It comes

rom a relatively significant variation of electroosmotic flow ob-

erved for CE. The further comparison of both methods using more

riteria is the aim of the next section (3.5). 

.4. Analysis of sports drinks 

The quantitative results obtained for the sports drinks are gath-

red in Tables 2 and 3 , related to the preservatives and colorants,

espectively. Some differences are observed between the HPLC and

E methods, similarly for both kinds of additives. In several cases,

hey exceed the margin of error expressed by the respective SD

alues. In general, the concentration values obtained with CE are

lightly higher. The recoveries found for the HPLC method are ac-

eptable for food analysis. The recoveries for the CE method were

ot investigated (due to technical issues), nonetheless, one can an-

icipate that they would be comparable to HPLC because the sam-

le preparation step was the same for both methods. 

To enable speculation how consumption of these drinks may

mpact on health, the found concentrations have been confronted

ith the Maximal Permissible Level (MPL) and Acceptable Daily In-

ake (ADI) values, established for the individual additives by EFSA

22–27] . presented in Table 4 . 

One can see that the mean concentrations of SBe and PSo rep-

esent more than half of the allowed values (MPL), and do not

iffer much for the individual samples. The differences between

he minimal and maximal percentages of MPL are close to 25%

or SBe and 20% for PSo. The colorants, in turn, are added in yet

maller amounts with regard to MPL, except for one sample – de-

oted as “i”, where the level of AR constitutes 67% of the allowed
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Fig. 1. Chromatograms (A-D) obtained at the wavelengths of 235 and 405 nm, and electropherograms (E-H) obtained at 215 nm with the developed HPLC and CE methods: 

(A) separation of standards (concentration used: 150 μg/mL for SBe and PSo, and 15 μg/mL for TT, 4R, SY, BC, AR and BB); (B) sports drink sample – “e”; (C) sports drink 

sample – “i”; (D) sports drink sample – “j”; (E) separation of standards (concentration used: 150 μg/mL for SBe and PSo, and 15 μg/mL for TT, 4R, SY, BC, AR and BB); 

(F) sports drink sample – “e”; (G) sports drink sample – “i”; (H) sports drink sample – “j”; ( ∗) and ( ∗∗) denote the peaks coming from sweeteners, from acesulfame-K 

and saccharin, respectively; the structures of all analytes are presented on the particular electropherograms; the embedded photographs present the selected samples after 

preparation step, prior to the quantitative analysis. 
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Table 2 

Concentrations of the food preservatives found in the samples of 

sports drinks, obtained using the HPLC and CE methods, and re- 

coveries (%) obtained using the HPLC method. 

Sample Parameter SBe PSo 

HPLC CE HPLC CE 

a C (μg •mL −1 ) 71.9 83.7 149.5 167.7 

SD C (%) 2.3 5.8 3.7 8.6 

Rec (%) 96.0 98.1 

SD Rec (%) 4.2 21.6 

b C (μg •mL −1 ) 64.6 65.1 138.4 128.6 

SD C (%) 2.5 1.4 2.2 2.5 

Rec (%) 112.0 94.4 

SD Rec (%) 11.2 17.8 

c C (μg •mL −1 ) 84.7 94.3 155.9 155.4 

SD C (%) 2.8 4.7 0.4 4.8 

Rec (%) 106.4 119.8 

SD Rec (%) 9.3 13.2 

d C (μg •mL −1 ) 86.5 96.5 157.5 161.1 

SD C (%) 1.7 5.6 1.0 8.1 

Rec (%) 99.4 116.6 

SD Rec (%) 4.2 10.5 

e C (μg •mL −1 ) 77.0 86.7 157.1 154.9 

SD C (%) 2.6 7.5 0.5 15.7 

Rec (%) 102.5 94.5 

SD Rec (%) 12.0 5.6 

f C (μg •mL −1 ) 82.6 94.7 161.1 174.3 

SD C (%) 2.0 9.5 0.9 15.5 

Rec (%) 89.9 98.2 

SD Rec (%) 7.4 3.2 

g C (μg •mL −1 ) 115.7 116.0 163.4 143.3 

SD C (%) 5.8 17.5 3.3 21.7 

Rec (%) 101.3 90.0 

SD Rec (%) 6.3 16.5 

h C (μg •mL −1 ) 85.2 96.8 161.3 170.7 

SD C (%) 4.7 5.1 2.7 12.7 

Rec (%) 92.9 110.2 

SD Rec (%) 9.0 10.1 

i C (μg •mL −1 ) 90.6 100.7 169.4 182.0 

SD C (%) 7.9 9.8 1.6 13.8 

Rec (%) 92.2 100.5 

SD Rec (%) 12.2 5.4 

j C (μg •mL −1 ) 68.7 77.0 157.1 162.2 

SD C (%) 2.2 3.4 4.1 6.4 

Rec (%) 87.7 105.0 

SD Rec (%) 2.7 16.1 

k C (μg •mL −1 ) 75.6 89.8 121.4 130.2 

SD C (%) 4.2 6.7 1.8 5.2 

Rec (%) 121.9 110.2 

SD Rec (%) 20.1 18.8 

l C (μg •mL −1 ) 99.9 106.4 180.2 174.4 

SD C (%) 5.3 4.8 3.3 7.9 

Rec (%) 81.2 90.8 

SD Rec (%) 2.7 20.2 

C – concentration, Rec – recovery, SD C – standard deviation of 

concentration ( n = 3), SD Rec – standard deviation of recovery 

( n = 3). The sample denoted by “m” did not contain any preser- 

vatives. 
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Table 3 

Food colorants and their concentrations found in the samples of sports drinks, 

obtained using the HPLC and CE methods, and recoveries (%) obtained using the 

HPLC method. 

Sample Parameter HPLC CE HPLC CE 

e Analyte SY 

C (μg •mL −1 ) 10.4 10.3 

SD C (%) 0.1 0.4 

Rec (%) 90.0 

SD Rec (%) 2.4 

f Analyte TT BB 

C (μg •mL −1 ) 1.2 1.4 1.2 Not detected 

SD C (%) 0.1 0.2 0.5 

Rec (%) 98.6 98.2 

SD Rec (%) 10.2 8.5 

h Analyte AR 

C (μg •mL −1 ) 2.3 Not detected 

SD C (%) 0.1 

Rec (%) 85.0 

SD Rec (%) 2.4 

i Analyte AR 

C (μg •mL −1 ) 67.2 71.5 

SD C (%) 0.2 4.8 

Rec (%) 92.4 

SD Rec (%) 11.8 

j Analyte BB 

C (μg •mL −1 ) 3.9 4.5 

SD C (%) 0.1 0.4 

Rec (%) 89.6 

SD Rec (%) 1.4 

k Analyte BB 

C (μg •mL −1 ) 3.8 4.6 

SD C (%) 0.2 0.6 

Rec (%) 90.9 

SD Rec (%) 3.3 

l Analyte BB 

C (μg •mL −1 ) 5.3 4.6 

SD C (%) 0.1 0.3 

Rec (%) 86.8 

SD Rec (%) 4.1 

m Analyte BB 

C (μg •mL −1 ) 4.1 4.6 

SD C (%) 0.1 0.4 

Rec (%) 95.1 

SD Rec (%) 6.2 

C – concentration, Rec – recovery, SD C – standard deviation of concentration 

( n = 3), SD Rec – standard deviation of recovery ( n = 3). The samples omitted in 

the table did not contain any colorants included in the present methods. 
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alue. Notwithstanding, all concentrations are significantly below

PL, and thus fully legal. 

Nevertheless, the analysis of ADI values shows some potential

isks. As far as the concentrations of colorants are low and con-

umption of one or two sports drinks per day does not pose a

ig risk, even for children having lower body weight than adults,

he amounts of preservatives are disturbingly high. One should re-

lize that SBe and PSo, contrary to colorants, are ubiquitous in

arious foods and drinks consumed commonly by people around
he world. This rises a problem especially in children. To illustrate

his, according to the updated ADI for SBe [26] . the consumption

f even one 0.75 L drink by a child of the 30 kg body weight

overs almost half of ADI established for this substance by EFSA.

aking into account potential consumption of other popular prod-

cts containing SBe, e.g. carbonated flavored drinks, fruit juices,

alad dressings, jams, cheeses, etc., exceeding the acceptable dose

s highly likely. With regard to PSo, the situation is comparable,

ne drink covers averagely 35% of the acceptable dose in the case

f children. For this reason, one can conclude that the actual risk

elated to consumption of sports drinks studied in this work lies

n the addition of preservatives rather than colorants. Admittedly,

nly one sample purchased from the supermarket during this in-

estigation, marked as “m”, did not contain any preservatives. In

ddition, it is worth highlighting that all blue-colored drinks con-

ained BB on the similar level, around 4–5 μg/mL, which is entirely

afe value in respect to ADI, although to some people blue color

ay seem to be a sign of potentially the greatest chemical toxicity.
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Table 4 

Concentrations of the food preservatives and colorants presented in the context of the Maximal 

Permissible Level (MPL) and Acceptable Daily Intake (ADI) values established by EFSA. 

SBe PSo TT SY AR BB 

Document [26] [27] [24] [23] [22] [25] 

old ADI (mg/kg bw/day) 5 25 7.5 2.5 7.0 10.0 

new ADI (mg/kg bw/day) 5 11 7.5 1.0 7.0 6.0 

MPL for flavoured drinks (mg/kg or mg/L) 150 300 100 50 100 100 

mean% of MPL 55.8 52.0 1.3 20.9 34.8 3.7 

min% of MPL 43.1 40.5 2.4 1.3 

max% of MPL 77.2 60.1 67.2 5.3 

mean% of ADI/1 drink for adult 17.9 15.2 0.2 11.2 5.3 0.7 

min% of ADI/1 drink for adult 13.8 11.8 0.4 0.2 

max% of ADI/1 drink for adult 24.8 17.6 10.3 0.9 

mean% of ADI/1 drink for child 41.8 35.5 0.4 26.2 12.4 1.5 

min% of ADI/1 drink for child 32.3 27.6 0.9 0.5 

max% of ADI/1 drink for child 57.9 41.0 24.0 2.2 

Old ADI values were valid before 2015/16 for preservatives, and 2009/10 for colorants. ADI for 

SBe and PSo refer to the group of all chemical species containing the same benzoate or sorbate 

anion (salts, acids). 70 kg and 30 kg were assumed as the average body weights of adult and 

child, respectively. 0.75 L was assumed as the average volume of one sports drink. The mean, 

minimal (min) and maximal (max) percentages of MPL and ADI correspond to the group of all 

13 samples studied in this work. 

Fig. 2. Evaluation of the HPLC method according to the RGB model (details in the text). A detailed algorithm used for the cost estimation is shown in ESM (Table S4). 
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3.5. Evaluation based on the RGB model 

The Excel worksheets used for the evaluation of the HPLC and

CE methods with the RGB model are shown in Figs. 2 and 3 , re-

spectively. For a detailed guideline how to interpret these work-

sheets, the reader is kindly referred to the original paper demon-

strating the background of the RGB model [18] . 

The evaluation using the RGB model was performed according

to the maximally objective and unbiased specification of the al-

gorithm, to find out and critically compare general capacities and

utility of both methods. For assessing redness, we used the follow-
ng criteria: linearity of calibration plots (weight w = 3), inter-day

recision ( w = 3), LOQ ( w = 2) and percentage of false-negative

esults (not detected analytes by a particular method, w = 2); for

ssessing greenness: total consumption of liquid chemicals exclud-

ng water ( w = 3), total amount of waste produced ( w = 3), tox-

city of regents measured by a total number of hazard pictograms

 w = 2), and other occupational risks ( w = 2), whereas for assess-

ng blueness: cost of analysis ( w = 3), time of analysis ( w = 3),

estruction/consumption of sample material ( w = 2) – all calcu-

ated per 100 runs/measurements, and malfunction risk related to

he random incidents of instrumental failures expressed qualita-
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Fig. 3. Evaluation of the CE method according to the RGB model (details in the text). A detailed algorithm used for the cost estimation is shown in ESM (Table S5). 
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ively ( w = 2). All primary colors (R,G,B) were considered with the

ame significance ( W = 1). The pre-defined reference thresholds,

AV and LSV, were established critically in a maximally rational

ay. One should note that, at the present moment, it lacks the

ommonly accepted rules how to select the aforementioned vari-

bles to ensure maximal objectiveness. Therefore, this algorithm’s

pecification is in fact still inherently subjective. 

As it is seen from Fig. 2 , the HPLC method was classified as

ed, with the MB value of 60.4%. The CS value obtained for red-

ess decides on this color, it is above 66.6% because three criteria

ere scored high, as pointed by red color of the individual cells:

inearity (scored at 70/100), LOQ (80/100) and percentage of not

etected analytes (100/100). The precision, however, was assessed

s “only” acceptable and not satisfactory (55/100), as indicated by

ray color. The CS for greenness is low (46.3%), this outcome is still

olerable (above 33.3%) but far from satisfaction. It comes from two

riteria scored low at 40/100 and 30/100: consumption of liquid

hemicals (organic solvents) and waste produced (mobile phase

nd rinsing solutions), respectively. The latter was assessed below

3.3/100 and marked by black color. Two other criteria included in

he green attribute were assessed much more favorably. Regard-

ng the blue criteria, in turn, the CS value is very close to the

atisfaction threshold (66.6%), but still a bit below (66.4%). hence

he HPLC is in fact very close to being magenta (red and blue

imultaneously). The reason behind this is that cost- and time-

ffectiveness were assessed at the scores of 60/100 and 55/100, re-

pectively, which are still not satisfactory (gray color of particular

ells). The two other criteria, notwithstanding, were scored more

avorably and are represented by blue color: destruction of sample

aterial (85/100) and malfunction risk (80/100). These outcomes

uggest that the overall potential of the HPLC method is impaired
ainly by its poor greenness, caused by significant consumption of

rganic solvents. 

The CE method, in turn, was classified as green, with the MB

alue higher than for HPLC by 7% (67.5% vs. 60.4%) – compare

igs. 2 and 3 . Its redness (CSred), however, was assessed signifi-

antly worse (58.7% vs. 71.8%). Three criteria were scored slightly

ower: linearity, precision and LOQ, whereas the percentage of not

etected analytes was scored much more unfavorably (50/100 vs.

00/100). The reason is that the CE method, surprisingly, failed in

he detection of colorants present in the two particular samples,

f” (BB) and “h” (AR) – see Table 3 , despite the estimated LOD val-

es should allowed this (Table S2). The analysis of greenness shows

owever a tremendous advantage of CE over HPLC, due to the con-

umption of a minimal amount of reagents and no need for using

rganic solvent for separation at all. Thus, the criteria related to

eagents and waste volume were scored very high and marked by

reen color. Interestingly, two remaining criteria, toxicity of chem-

cals and other hazards were assessed slightly less favorably for CE

ue to the larger total number of pictograms and one more ad-

itional hazard, however, without a significant impact of the final

Sgreen value. The CS value obtained for blue attribute amounts

o 65.2%, and is similar to that obtained for HPLC. However, the

trong and weak points are located differently for both methods.

E provides the noticeably better time- and cost-effectiveness, and

ower consumption of sample material. All these criteria were as-

essed satisfactory and marked by blue color. The fourth criterion

as concomitantly scored at only 33.3/100, and this significantly

eclined the final CSblue value and deprived the CE method of a

lue color. This criterion accounts for a malfunction risk, which oc-

urred to be quite high for CE due to such incidents as capillary

reakages during measurements and problems with current stabil-
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ity. These evens often led to the discontinuation of the series of

measurements and the need to repeat it, therefore, adversely af-

fected an overall practical efficiency of the method. 

As regards a direct comparison of the HPLC and CE methods

in the qualitative sense using colors, they should be considered

as equipotent and complementary to each other. This is because

in both cases only one primary attribute was assessed satisfactory,

while two other ones, different for both methods, as only accept-

able. Secondly, according to the basic principles of the model, for

assessing final color of a method all primary colors are considered

with the same significance. In the quantitative sense, however, the

CE method can be considered better, as pointed by the MB values

(67.5% vs. 60.4%), and integrally more complete and coherent, as it

is seen from the respective CS values. In other words, the CSred,

the weakest point of the CE method, turned out better than CS-

green for HPLC, which is its true “Achilles’s heel”. 

Afterwards, the MB values of both methods were compared

once more, using the different weights assigned to the primary col-

ors, as shown in Table S3 (the modified Excel worksheets are also

available in ESM). In the first green/blue scenario, the significance

of the green and blue colors was doubled ( W = 2), whereas for

red remained unchanged ( W = 1). As it is seen from the respective

MB values, it resulted in the larger difference between methods

in favor of CE, equal to 11% (increase from 7%). Then, a red sce-

nario was considered, W for red was increased to 3, whereas for

green and blue remained unchanged ( W = 1). In such case, the

MB value of HPLC slightly exceeded CE by less than 1%. Finally,

greenness was entirely excluded from evaluation ( W = 0), while

red and blue colors were considered the same significant. In this

variant the advantage of HPLC over CE increased to over 7%. There-

fore, the indication of a better method in overall depends mainly

on the subjective emphasis put on green chemistry and greenness

as the primary method attribute. 

The aforementioned considerations allow one to delineate po-

tential predispositions of both methods. In general, the CE method

seems to be more preferable for routine analysis that requires nu-

merous measurements and do not impose stringent demands con-

cerning analytical performance, as shown in the green/blue sce-

nario. On the other hand, HPLC seems better for all applications

that favor red aspects, in particular, minimization of the false-

negative results (that occurred twice for CE), e.g. as a reference

method or basic method used occasionally. 

One should also note that both methods can potentially be im-

proved to reach better outcomes. For instance, the greenness of the

HPLC method could be increased by a column of narrower internal

diameter which would reduce the use of mobile phase, whereas

the redness of the CE method, by a coated capillary which would

reduce the interactions between analytes and inner wall improv-

ing repeatability and robustness. However, they are suggestions for

novel methods that should be considered separately. 

4. Conclusions 

An efficient separation and concurrent quantitative analysis of

two popular food preservatives (SBe and PSo) and six azo-dyes

used as colorants (BB, BC, TT, AR, SY and 4R) is feasible via the

simple HPLC- and CE-based methods with the spectrophotomet-

ric detection. Both methods were successfully applied to deter-

mine these additives in 13 samples of the common isotonic sports

drinks available in Poland. Both preservatives and four out of six

colorants were identified in real products purchased from the lo-

cal supermarket. The concentrations of colorants occurred to be

relatively low and potentially safe for consumers. However, the

worryingly high concentrations of preservatives were found, espe-

cially for children, taking into account the presence of these sub-

stances in other popular foods and drinks. The one product (out
f 13) did not contain preservatives at all, confirming that adding

hem to sports drinks can be entirely omitted. The HPLC and CE

ethods were evaluated and comprehensively compared using the

GB color model. The HPLC method was classified as red with the

rilliance value of 60.4%, whereas CE as green with the brilliance

f 67.5%. Thus, CE is faintly better in general, and also more co-

erent regarding the internal balance between the red, green and

lue aspects. However, HPLC gains advantage with the growing

ignificance of the red aspects expressing analytical performance,

r upon neglecting its environmental impact. Therefore, CE seems

etter for typical, routine or screening analysis, whereas HPLC for

ore reliable quantifications where the principles of green chem-

stry play a secondary role. This is a good example of the fact that

he RGB model enables a more thorough and transparent discus-

ion of the method’s potential, and indicates the most desirable

aths for their further improvement. 
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