
Citation: Barbatsi, M.; Economou, A.

Programmable Low-Pressure

Chromatographic Sub-90 s Assay of

Parabens in Cosmetics with

Post-Column Chemiluminescence

Detection. Separations 2023, 10, 350.

https://doi.org/10.3390/

separations10060350

Academic Editor: Paraskevas

D. Tzanavaras

Received: 18 May 2023

Revised: 7 June 2023

Accepted: 9 June 2023

Published: 11 June 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

separations

Article

Programmable Low-Pressure Chromatographic Sub-90 s Assay
of Parabens in Cosmetics with Post-Column
Chemiluminescence Detection
Margarita Barbatsi and Anastasios Economou *

Department of Chemistry, National and Kapodistrian University of Athens, 157 71 Athens, Greece;
margarita-bar@hotmail.com
* Correspondence: aeconomo@chem.uoa.gr; Tel.: +30-210-727-4298

Abstract: This work describes a new programmable low-pressure chromatography method with
post-column chemiluminescence (CL) detection for the rapid and cost-effective determination of
four parabens in cosmetic products. Elution of the target analytes was achieved using a programmable
mobile phase prepared by implementing a linear solvent gradient protocol based on appropriate flow
rate modulation of 2 MilliGAT pumps. A 5 mm monolithic C18 column was used to separate the
parabens. Post-column reaction of the eluted parabens with an acidic Ce(IV)-rhodamine 6G (Rho
6G) medium was carried out by introducing a flow stream of the reactants into the column eluate.
The light generated from the CL reaction was detected with a flow-through CL detector fabricated
in-house. The whole sequence of operations (including sample injection, generation of the mobile
phase, addition of the post-column reaction reagents and signal acquisition) was under full computer
control. Various operational parameters (the mobile phase composition and gradient conditions,
the CL reagents’ concentrations and flow rates and the length of the reaction coil) were studied.
The method was validated and applied to the analysis of various cosmetic products. The proposed
approach allows sub-90 s separation of the four parabens and their determination with a limit of
quantification of 0.2 µg L−1 with a sample throughput of 24 samples h−1. In addition, the method is
economical, makes use of low-cost low-pressure components, is fully automated and produces a low
amount of waste.

Keywords: low-pressure chromatography; parabens; chemiluminescence; cosmetics; validation

1. Introduction

Parabens are esters of p-hydroxybenzoic acid, which are extensively used as preser-
vative agents in cosmetic, pharmaceutical, and food products. Parabens exhibit chemical
stability in a wide pH range (from acidic and to weakly alkaline conditions), are biodegrad-
able, are easy and inexpensive to produce, are colorless, odorless and tasteless and exhibit
a broad-spectrum antimould and antimicrobial activity [1–6]. The preservative activity and
the hydrophobicity of parabens increases as the alkyl chain length increases. The most
commonly used parabens are the methyl, ethyl, propyl and butyl parabens (MeP, EtP, PrP,
BuP, respectively) [1–6]. Parabens are one of the most widely classes of additives in the
cosmetic and pharmaceutical industry. The use of parabens peaked around the middle of
the 2000s and has decreased since, which is attributed to stricter regulatory guidelines.

Although early risk assessment studies conducted before 2000 indicated that parabens
were safe for human use, later research suggested that parabens have shown harmful effects
on human health. Thus, they may affect the endocrine system, be involved in gestational
diabetes mellitus and can lead to the development or the proliferation of cancer [1–6].
Moreover, parabens resulting from the disposable of cosmetics pollute the environment, in
turn affecting human health [1,2,5].
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Most countries have approved the use of parabens as preservatives in cosmetics;
however, there is a current marketing trend toward “paraben-free” cosmetic products
and some countries have regulated their use. In the European Union (EU), the maximum
limits of parabens in cosmetics are set in the Regulations (EC) no. 358/2014 and (EC)
no. 1004/2014 [7,8]. These specify that iso-PrP, iso-BuP, phenylparaben (PhP), benzyl-
paraben (BzP) and pentylparaben (PeP) are prohibited. The maximum limits for the other
parabens are 0.14% for BuP or PrP, 0.4% for MeP or EtP and 0.8% for mixtures of these
four compounds, but the sum of the individual concentrations of BuP and PrP cannot
exceed 0.14%, while the use of BuP and PrP is prohibited in leave-on products intended
for the nappy area of young children below the age of three. In the United States, the use
of parabens in cosmetics is unrestricted but the Cosmetic Ingredient Review Organization
has recommended adopting the same levels as the EU [9]. Some international certification
agencies as ECORCERT (France), BDIH (Germany), NaTrue (Belgium), Soil Association
(United Kingdom), ICEA (Italy) and BIOCOSC (Switzerland) do not certify products con-
taining parabens, while the Professional Association for Natural, Ecological and Organic
cosmetics (CosmeBio) has banned the use of parabens in cosmetics since 2002 [10].

Different methodologies, mainly based on liquid chromatography, have been proposed
for the separation and the determination of parabens in cosmetics [11–13]. Over the
last few years, low-pressure separation approaches have been developed and applied to
the separation and determination of many organic compounds [14–17]. Low-pressure
techniques utilize simpler and less expensive components (pumps, valves) than the high-
pressure ones necessary for HPLC. In addition, these same components can be combined in
different modular constructions offering flexibility in the design of the desired experimental
configuration. The development of these approaches was accelerated by advances in
the field of short, monolithic separation columns that are compatible with low-pressure
separation manifolds [18–20].

Low pressure flow methodologies have been used for the separation and determi-
nation of the four common parabens with monolithic C18 columns and UV detection.
The simpler methods rely on isocratic elution with a mobile phase consisting of a single
solvent. However, since the four parabens normally used in cosmetics differ in polarity
(from the highly polar MeP to the more hydrophobic BuP), separation under isocratic
conditions is time-consuming and not efficient; therefore, it has been limited to the assay of
the more polar parabens [21,22]. A more efficient approach to modulate the elution force
of the mobile phase is based on the sequential use of two or more solvents of decreasing
polarity [23–25]. However, such brute step-gradient protocols for the simultaneous deter-
mination of parabens with UV detection lead to baseline changes that manifest as “ghost”
peaks. These problems have been attributed to the Schlieren effect caused by large changes
in solvent absorption as the concentration profile of the different solvents undergo abrupt
changes along the separation column [25,26]. The most efficient and versatile approach
for the low-pressure separation of parabens was introduced by our group and involves
a mobile phase of continuously changing composition prepared by the appropriate flow
rate modulation of two computer-controlled pumps that deliver two solvents of different
polarities [27] based on previous work by Aldock et al. [28]. However, the solvent gradient
profile is still limited by the aforementioned Schlieren effect so that the separation requires
more than 4 min, which is inconvenient for the purpose of rapid assays. The baseline
problem has been addressed by applying post-column CL detection of parabens using
the CL reaction of acidic Ce(IV)-rhodamine 6G (Rho 6G) with parabens [29,30]. This CL
reaction is based on the acidic hydrolysis of parabens to form p-hydroxybenzoic acid that
reduces Ce(IV), causing excitation ofRho 6G, which returns to its ground date by light emis-
sion. This mode of detection has been utilized for parabens detection using low-pressure
chromatography with step-gradient elution, but these assays are slow, typically requiring
several minutes to complete [29,30].
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In this work, we propose a new methodology that combines linear gradient elution for
the separation of parabens and post-column CL detection. Unlike the existing step-gradient
CL methods [29,30], the new methodology allows the stepless judicious optimization of
the mobile phase composition, thus achieving sub-90 s assay of the four parabens without
compromising the separation efficiency. Moreover, the new method is “greener” and
more cost-effective, as the faster separation requires less solvents and generates less waste
while the limits of detection and quantification are improved considerably, compared to
UV detection.

2. Materials and Methods
2.1. Chemicals and Reagents

All the chemicals were of analytical grade and were purchased from Merck (unless
stated otherwise). HPLC-grade water was used throughout. HPLC-grade MeOH was
purchased from Chem-Lab (Zedelgem, Belgium). Parabens (United States Pharmacopeia
reference standards) were used for the preparation of the paraben standard solutions.
The Ce(IV) solution was prepared by dissolving ammonium cerium(IV) sulfate dehydrate
in H2SO4.

2.2. Instrumentation

A schematic diagram of the low-pressure chromatography setup is shown in Figure 1.
It comprises 2 MilliGAT LF pumps (MG1 and MG2) (Global FIA) for delivery of the
2 solvents, a Minipuls3 pump (PP1) (Gilson) for sample loading, a Minipuls3 pump (PP2)
(Gilson) for post-column delivery of the CL reagents, a Cheminert Model C12 six-port sam-
ple injector (IV) (VICI Valco) equipped with 40 µL loop for sample injection, a Chromolith
RP-18e 5 mm × 4.6 mm monolithic separation column (MC) (Merck), a 3-way mixer
(M1) and a 4-way mixer (M2) (Vici Jour), a mixing coil (MC) and a flow-through CL
detector constructed in-house (CLD) (described in P1 and shown in Figure S1 of the Sup-
plementary Materials). The peripherals are connected to a personal computer (PC), which
performs control and data acquisition. The control of the manifold is described in P1
(Supplementary Materials), while the front panel of the control and data acquisition appli-
cation developed in LabVIEW 2013 are illustrated in Figure S2 (Supplementary Materials).
The flow tubing is Teflon (0.5 mm i.d.) and a pressure-sensitive release valve (PV) (activated
at pressure >100 psi, Global FIA) was used to prevent accidental excessive backpressure in
the manifold.

2.3. Experimental Procedure
2.3.1. Preparation of Standard Solutions and Sample Extraction

Stock standard solutions containing 1.0× 10−2 mol L−1 of each paraben were prepared
by weighing the solid compounds and dissolving them in MeOH. From these, aqueous
stock solutions containing 1.0 × 10−4 mol L−1 of each paraben were prepared by dilution
with doubly distilled water. Working standard solutions containing 0.2–20 µmol L−1 of all
the parabens at equal concentrations were prepared in solvent A. Before the analysis, the
standard solutions were ultrasonicated for 5 min to remove dissolved gas. Extraction of the
samples and recovery experiments were carried out as described previously [27]; details of
the procedures are provided in P2 (Supplementary Materials).
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Figure 1. Schematic diagram of the low-pressure chromatography manifold. MG1 and MG2, Milli-
GAT pumps; PP1 and PP2, peristaltic pumps; IV, six-port injection valve; M1 and M2, passive mixers; 
MC, monolithic separation column; CLD, CL detector; PV, pressure release valve; PC, personal com-
puter; W, waste; S, sample. Thick lines represent flow lines. Dotted lines represent control/data ac-
quisition lines. 

2.3.2. Experimental Sequence 
The experimental sequence for the analysis involved the steps shown in Table 1; the 

numerical values are the finally selected ones. The sequence was fully computer-con-
trolled and the total analysis time (including column equilibration and sample injection) 
was150 s, allowing a sample throughput of 24 samples h−1. The details of the reference 
HPLC method are provided in P2 (Supplementary Materials). 

Table 1. The experimental sequence for a complete chromatographic run. 
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Isocratic col-
umn cleaning 
in solvent B  

130–150 - Off Off 0 2.4 0:100 Inject Off 

Figure 1. Schematic diagram of the low-pressure chromatography manifold. MG1 and MG2, Milli-
GAT pumps; PP1 and PP2, peristaltic pumps; IV, six-port injection valve; M1 and M2, passive mixers;
MC, monolithic separation column; CLD, CL detector; PV, pressure release valve; PC, personal
computer; W, waste; S, sample. Thick lines represent flow lines. Dotted lines represent control/data
acquisition lines.

2.3.2. Experimental Sequence

The experimental sequence for the analysis involved the steps shown in Table 1; the
numerical values are the finally selected ones. The sequence was fully computer-controlled
and the total analysis time (including column equilibration and sample injection) was
150 s, allowing a sample throughput of 24 samples h−1. The details of the reference HPLC
method are provided in P2 (Supplementary Materials).

Table 1. The experimental sequence for a complete chromatographic run.

Step Operation
Total
Time

(s)

Separation
Time (s) a PP1 d PP2 e MG1

(mL min−1)
MG2

(mL min−1)

Solvent
A/Solvent B f

(% v/v)

Position
of IV

Data
Acquisition

1
Column

equilibration
in solvent A

0–30 - Off Off 2.4 0 100:0 Inject Off

2 Sample
loading 31–35 - On Off 2.4 0 100:0 Load Off

3
Isocratic

elution with
solvent A

36–55 0–30 Off On 2.4 0 100:0 Inject On

4 Gradient
elution 56–129 31–95 Off On 2.4→ 0 b 0→ 2.4 c 100:0→ 0:100 Inject On

5

Isocratic
column

cleaning in
solvent B

130–150 - Off Off 0 2.4 0:100 Inject Off

a Time from sample injection. b The linear flow rate gradient of solvent A was −3.6 mL min−2. c The linear flow
gradient of solvent B was 3.6 mL min−2. d The flow rate of PP1 was 2.4 mL min−1. e The flow rate of PP2 was
2.0 mL min−1. f Solvent A, 20% (v/v) MeOH; solvent B, 36% (v/v) MeOH.
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3. Results and Discussion
3.1. Selection of the Chromatographic Conditions

For all the experiments, the flow rate of the mobile phase was set to 2.4 mL min−1

since this flow rate allows for a faster separation without causing excessive backpressure in
the low-pressure manifold. Initial conditions for the CL detection were: [Ce(IV)], 5 mmol
L−1; [H2SO4], 3.5 mol L−1; [Rho 6G], 2 mmol L−1; flow rate of the CL reagents, 2 mL min−1.

In this work, an elution protocol was applied in which a single rather polar solvent
(solvent A) was used as a mobile phase in the first part of the chromatographic run in order
to separate MeP and EtP, which are polar and elute early from the monolithic C18 column.
As illustrated in Figure 2A, a solvent containing 20% MeOH allowed baseline separation
between the MeP and EtP peaks and was selected as solvent A. A less polar solvent
containing 24% MeOH did not allow a satisfactory separation between the two peaks
while a more polar solvent containing 16% MeOH resulted in longer retention times and
unacceptably wide peaks for for MeP and PrP.
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isocratic elution with different concentrations of MeOH; (B) gradient elution with gradients of dif-
ferent steepness (20% (v/v) MeOH as solvent A, 36% (v/v) MeOH as solvent B, start of gradient at 50 
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Figure 2. Chromatograms for the separation of the four parabens under different conditions.
(A) isocratic elution with different concentrations of MeOH; (B) gradient elution with gradients
of different steepness (20% (v/v) MeOH as solvent A, 36% (v/v) MeOH as solvent B, start of gradient
at 50 s indicated by black arrow); (C) gradient elution with different starts of gradient (20% (v/v)
MeOH as solvent A, 36% (v/v) MeOH as solvent B, gradient 3.6 mL min−2); (D) comparison between
isocratic elution and gradient elution with the final conditions.

However, the 20% (v/v) MeOH solvent A was not appropriate for the elution of the
MeP and PrP since it led to rather long retention times for PrP and BuP and the widening
of their peaks. Therefore, after isocratic elution of MeP and PrP using solvent A, the mobile
phase was gradually made less polar by changing its composition. For these experiments,
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the isocratic elution step was set to 50 s, i.e., directly after the complete elution of EtP.
Then, a linear solvent gradient was implemented by a flow rate modulation of two pumps
delivering solvent A and a less polar solvent B containing 36% (v/v) MeOH. The flow
rate of the pump delivering solvent A decreased linearly, while the flow rate of the pump
delivering solvent B increased simultaneously at the same rate so that the total flow rate
of the mobile phase remained constant. The effect of the flow rate gradient (expressed
as pump flow rate acceleration/deceleration in mL s−2) is illustrated in Figure 2B. When
a step solvent change was used (i.e., step change from solvent A to solvent B), the resolution
between the PrP and BuP peaks was not satisfactory. As the value of the flow rate gradient
decreased, the resolution between the PrP and BuP peaks improved, but the analysis time
also increased. A flow rate gradient of 3.6 mL s−2 was selected for further work since it
provided satisfactory resolution between the PrP and BuP peaks and short analysis time.

As previously mentioned, the duration of the isocratic step with solvent A before
applying the two-solvent gradient was initially set at 50 s (i.e., after the EtP had eluted).
At this stage, the duration of the isocratic step was studied with the view to further speed
up the analysis while maintaining favorable chromatographic conditions. As illustrated in
Figure 2C, decreasing the isocratic elution step from 50 to 30 s (a time which corresponds
to the valley between the MeP and EtP) resulted in a faster elution of the PrP and BuP
peaks, which were still well-separated. Further reduction in the isocratic elution step to
20 s (i.e., directly before the MeP peak) caused a further reduction in the retention times
of the PrP and BuP peaks, but made the separation of the MeP and EtP worse while the
sensitivity of the BuP peak decreased. Finally, a 30 s- long isocratic step was selected as the
best compromise between peak separation, sensitivity and analysis time.

Typical chromatograms of the four parabens using isocratic elution and linear gradient
elution with the selected chromatographic conditions are shown in Figure 2D, illustrating
the gains in analysis time and in sensitivity for the late-eluting peaks.

Comparative chromatograms of the four parabens with the same elution protocol and
UV and CL detection are illustrated in Figure S3 (Supplementary Materials). While the CL
detection leads to sharp and well-separated peaks for all the parabens, the UV detection
results in the appearance of ghost peaks, distorted baseline and decrease in sensitivity for
the PrP and BuP peaks. This effect has been observed before in conjunction with fast solvent
gradients in both low-pressure chromatography and HPLC and is attributed to the sudden
changes in solvent absorption as the profile of the mobile phase undergoes substantial
composition gradients along the separation column [25,26]. Therefore, UV detection is not
compatible with the fast elution gradient, which is used in the present work to provide the
fast separation of the four parabens, and the advantage of CL detection is evident. Other
important advantages of CL detection are the lower cost of the photomultiplier CL detector
with respect to a UV–Vis spectrometer and the ability to tailor the detection sensitivity by
varying the high-voltage supplied to the photomultiplier unit.

3.2. Selection of the Post-Colum CL Reaction Conditions

The different parameters for the post-column CL reaction were the composition of
the H2SO4/Ce(IV) solution, the concentration of the Rho 6G solution, the flow rate of the
CL reagents and the length of the reaction coil; a univariate approach was used to study
their effect.

As illustrated in Figure 3A, the CL signal for all the parabens increases with increasing
H2SO4 concentration in the H2SO4/Ce(IV) solution in the range studied (1–4 mol L−1);
this trend is attributed to the fact that the hydrolysis of parabens, which is necessary for
the CL reaction, is favored at strongly acidic conditions. Given the adequate sensitivity of
detection, higher concentrations of H2SO4 were not tested to avoid possible chemical attack
of the flow components and to reduce reagent consumption. The highest concentration of
4 mol L−1 H2SO4 was finally selected.
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The Ce(IV) concentration in the H2SO4/Ce(IV) was studied in the range 0.2–50 mmol L−1

(Figure 3B). The response curve exhibited a maximum at 10 mmol L−1 of Ce(IV) and
decreased at higher Ce(IV) concentrations. This decrease has been attributed to either
a self-absorption of the light emitted by the colored Ce(IV) solution or to the fact that the
reaction rate increases with Ce(IV) concentration so that the maximum CL intensity occurs
before the solution reaches the detector [30]. However, at around the maximum value of
the response curve (10 mmol L−1 of Ce(IV)), small variations in the Ce(IV) concentration
would affect the robustness of the method and, therefore, 20 mmol L−1 Ce(IV) was selected.
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The Rho 6G concentration was studied in the range 0.1–2 mmol L−1 (Figure 3C).
Maximum CL signals were obtained at 0.2 mmol L−1 of Rho 6G and the signals decreased
at a higher Rho 6G, which can be accounted for by the formation of nonfluorescent dimers
of Rho 6G, which quench the radiation emitted [30]. An amount of 0.5 mmol L−1 of Rho
6G was selected, again with the view to improve the robustness of the method.

The effect of the flow rate of the CL reagents is illustrated in Figure 3D. The CL signals
increased as the flow rate increased by up to 1.5 mL min−1 and then levelled off. This was
probably due to the fact that, at lower flow rates, the CL reaction had decayed by the time
the solution had reached the detector. A flow rate of 2 mL min−1 was selected.

The length of the reaction coil varied between 15 and 103 cm and the results are shown
in Figure 3E. The highest CL signals were obtained with the shortest reaction coil, but the
precision, especially for the PrP and BuP peaks, was low. A 45 cm long reaction coil was
selected as the best compromise between detection sensitivity and good precision.

The final chemical and instrumental conditions used for the analysis are summarized
in Table 2. The consumption of reagents for a complete chromatographic run is detailed
in Table S1 (Supporting Materials), indicating that the method is economical in terms of
consumables, which is mainly due to the short analysis time.

Table 2. Selected values of the experimental parameters.

Parameter (Units) Value

Chromatographic conditions

Sample volume (µL) 40
Flow rate of the mobile phase (mL min−1) 2.4
Duration of the isocratic step (s) 30
Gradient rate (mL min−2) 3.6
Solvent A MeOH 20% (v/v)
Solvent B MeOH 36% (v/v)

CL detection conditions

Flow rate of the CL reagents (mL min−1) 2
[Ce(IV)] (mmol L−1) 20
[Rho 6G] (mmol L−1) 0.5
[H2SO4] (mol L−1) 4

The chromatographic parameters of the paraben peaks are provided in Table 3.

Table 3. Chromatographic features of the four parabens.

Parameter (Units) MeP EtP PrP BuP

Retention time, tR (s) 20.7 38.4 65.7 81.3
Asymmetry factor, As 1.32 1.56 1.42 1.68

Resolution, Rs 1.8 2.0
Number of theoretical plates, N 85 211 1150 2094

Theoretical plates per column length (N/m) 17,000 42,200 230,000 418,800

3.3. Method Validation

Calibration curves of the four parabens were plotted as peak areas vs. concentration
in the range 0.2–50 µmol L−1 for all the parabens. The slopes and intercepts obtained
on three different days were subjected to a t-test, which indicated that they did not differ
statistically at a confidence level of 95%. The calibration features are provided in Table 4
and typical chromatograms are illustrated in Figure S4 (Supplementary Materials).
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Table 4. Calibration features of the four parabens.

MeP EtP PrP BuP

Linear range (µmol L−1) 0.2–20 0.2–20 0.2–20 0.2–20
Slope (±SD) 60.9 ± 0.10 66.4 ± 0.09 46.7 ± 0.08 42.0 ± 0.07

Intercept (±SD) 10.5 ± 8.5 6.0 ± 7.8 3.5 ± 6.6 4.0 ± 6.4
R2 0.999 0.999 0.999 0.998

LOD (µmol L−1) 0.05 0.05 0.06 0.06
LOQ (µmol L−1) 0.2 0.2 0.2 0.2

The limit of detection (LOD) of the method for the four parabens was calculated as the
concentration at which the peak height of the corresponding paraben was equal to 3.3 times
the peak-to-peak noise of the baseline (signal-to-noise (S/N) ratio of 3.3). The practical LOQ
was the concentration of the more dilute standard used for drawing the calibration curves
(i.e., 0.2 µmol L−1 for all the parabens). The LODs and LOQs are summarized in Table 4. As
shown in Table S2 (Supporting Materials), the LODs and LOQs are lower than those of the
existing low-pressure separation methods for the assay of parabens, while the separation is
faster than all the existing methods without compromising the chromatographic efficiency.

The instrumental repeatability, RSDr %, was expressed as the relative standard
deviation of the peak areas of six successive chromatographic runs and ranged from
1.1 to 2.7% (Table 5).

Table 5. Instrumental repeatability.

Concentration
RSDr (%)

MeP EtP PrP BuP

1 µmol L−1 1.4 2.0 2.0 2.7
10 µmol L−1 1.1 2.4 2.3 2.7

The trueness and precision of the method were calculated through experiments con-
ducted over four different days. The trueness was estimated by calculating the % recovery,
R%, using the following equation:

R% = Csp/Cst × 100 (1)

where Csp is the concentration calculated in the spiked paraben-free sample from the
calibration plot and Cst is the spiking concentration (10 µmol L−1). The mean recoveries
over 4 days ranged from 88 to 102%, which are considered satisfactory given the simple
and rapid pre-treatment approach used to extract the target analytes. The precision of the
method (reproducibility), RSDR %, was expressed as the relative standard deviation of
the recoveries at the four different days, which ranged from 5.5 to 8.7%. The results are
summarized in Table 6.

The robustness of the method, in terms of peak areas, was studied by intentionally
introducing small perturbations around the nominal values of some important experimental
factors, as summarized in Table S3 (Supplementary Materials). A two-level Placket Burman
experiment was designed, comprising nine experiments with an appropriate combination
of factors, as illustrated in Table S4 (Supplementary Materials). The experiments were
conducted by analyzing a standard containing 10 µmol L−1 of all the parabens and the
response was recorded in triplicate. The intervals of each parameters within which the
method is robust at the 95% confidence level were calculated as previously reported [31],
and the results are provided in Table 7.
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Table 6. Precision and trueness of the method.

MeP EtP PrP BuP

Paraben-free wet tissues

R% 101 102 95 93
RSDR % 8.5 6.2 6.2 8.1

Paraben-free liquid soap

R% 94 92 88 90
RSDR % 5.5 5.5 6.2 6.4

Paraben-free face lotion

R 96 97 93 94
RSDR % 7.8 5.5 6.7 8.7

Table 7. Intervals of the studied parameters within which the method is robust at the 95% confidence
level (gray values represent cases whereby the intervals within which the method is robust is narrower
than the perturbation interval).

Interval

MeP EtP PrP BuP
Gradient rate (mL min−2) [3.8, 3.4] [3.8, 3.4] [3.7, 3.5] [3.7, 3.5]

MeOH (% v/v) in solvent A [19, 21] [19, 21] [18,22] [18, 22]
MeOH (% v/v) in solvent B [33, 39] [33, 39] [33, 39] [34, 38]

Isocratic elution time (s) [28, 32] [28, 32] [28, 32] [28, 32]
[Ce(IV)] (mmol L−1) [18, 22] [18, 22] [18, 22] [18, 22]
[Rho 6G] (mmol L−1) [0.45, 0.55] [0.45, 0.55] [0.45, 0.55] [0.45, 0.55]

H2SO4 (mol L−1) [3.8–4.2] [3.8–4.2] [3.8–4.2] [3.8–4.2]

3.4. Application to Samples of Cosmetics

The present low-pressure chromatography method was applied to the rapid assay of
parabens in liquid soap, face lotion and wet tissue samples. Representative chromatograms
of liquid soap and wet tissue samples are illustrated in Figure 4. The results using the
present low-pressure chromatography method and HPLC (as a reference method using
a methodology adopted from [32]) are provided in Table 8. The % bias was calculated
according to the equation:

% bias = (mlp −mHPLC)/mHPLC × 100 (2)

where mlp and mHPLC are the contents calculated by the low pressure chromatography
method and by HPLC, respectively. A statistical t-test demonstrated that the contents of
parabens determined in the samples with the two methods were statistically not signifi-
cantly different at the 95% confidence level.

Table 8. Results for the determination of parabens in different samples (results are the mean of
three determinations).

MeP EtP PrP BuP

Wet tissues (% (w/w)

Low pressure chromatography 0.080 0.016 0.011 0.026
HPLC 0.088 0.017 0.010 0.024
% bias −9.1 5.9 10 −8.3



Separations 2023, 10, 350 11 of 13

Table 8. Cont.

MeP EtP PrP BuP

Liquid soap (% (w/w) ± SD)

Low pressure chromatography 0.11 0.020 0.014 0.025
HPLC 0.12 0.021 0.015 0.023
% bias 8.3 8.5 6.7 −8.7

Face lotion (% (w/w) ± SD)

Low pressure chromatography 0.092 0.023 0.0092 0.023
HPLC 0.086 0.021 0.0088 0.025
% bias −7.0 −9.5 −4.5 8.0
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4. Conclusions

A new low-pressure chromatography method with CL detection has been developed,
validated and applied to the analysis of cosmetics. The proposed method approach al-
lows the sub-90 s separation of the four parabens and their determination with a limit of
quantification of 0.2 µg L−1 with a sample throughput of 24 samples h−1; these figures
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are better than the existing low-pressure methods (Table S3, Supplementary Materials).
In addition, the method is economical, makes use of low-cost low-pressure components,
is fully automated and produces a low amount of waste and is fit-for-purpose, accurate
and robust.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/separations10060350/s1, Paragraph P1: Control/data acquisition,
chemiluminescence and UV detectors; Figure S1: Schematic diagram of the flow-through CL detector;
Figure S2: User-interface of the control and data acquisition programs; Paragraph P2: Treatment of
samples, recovery experiments, HPLC analysis; Figure S3: Chromatographs of the four parabens with:
(A) CL detection and (B) UV detection using the elution protocol shown in Table 2 of the manuscript;
Table S1: Consumption of reagents per chromatographic run; Figure S4: Chromatographs of the
four parabens in the concentration range 0.2–20 µmol L−1; Table S2: Comparison of the existing low
pressure separation methods with the present method for the determination of the four parabens;
Table S3: Factors tested and the nominal values and perturbation values; Table S4: The combination
of factors for the nine experiments conducted in the two-level Placket Burman experimental design.
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