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Hibiscus calyx Cobalt (Co) is an industrially important
De“’rmi"am’éi’;‘:lﬂl‘a"“ﬁca“°" of metal, and its determination at low
& concentrations is essential due to its
biological and toxicological relevance,
requiring sensitive analytical methods,
often involving preconcentration steps.
The magnetic solid phase extraction
(MSPE) becomes an efficient and
sustainable alternative. In this study, a
method based on MSPE was developed
o for the extraction and preconcentration
% of cobalt ions in agueous systems, with
determination by flame atomic
absorption spectrometry, using the calyces of the Hibiscus sabdariffa flower, after a magnetization process.
The material was prepared by washing and magnetization with iron oxide nanoparticles. Energy dispersive
X-ray fluorescence (EDXRF) characterization confirmed the high incorporation of iron (=88%), and X-ray
diffraction (XRD) indicated the presence of magnetite/hematite. The pH at the point of zero charge (pHpzc)
increased from 2.0 (natural hibiscus) to 3.0 (magnetized). The percentage of Co(ll) adsorption was significantly
higher for the magnetized material at pH 7 and 8 (=57-58% of extraction). The MSPE conditions were
optimized using factorial design and Doehlert matrix, defining the adsorbent mass (=51 mg), contact time
(=7.5 min), and eluent (0.1 mol L' HCI). The developed method showed a linear range of 0.440-10.0 mg
L' (r = 0.990), with a detection and quantification limit of 0.132 mg L™ and 0.440 mg L™, respectively.
Recovery tests in aqueous samples (coconut water, swimming pool water, tap water, calcium-rich hard
water, and cachaga—a Brazilian spirit distilled from sugarcane juice) showed variable recoveries (47.3%
to 118%), indicating that accuracy is matrix-dependent, with challenges observed in complex samples
(calcium-rich hard water and cachaca). The proposed method, using a low-cost, natural, and magnetized
adsorbent, shows potential for the determination of Co(ll), particularly in simpler matrices, aligning with the
principles of green analytical chemistry.
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INTRODUCTION

Cobalt (Co) is a metal of great industrial importance, used in the manufacture of alloys, batteries, pigments
in make-up and hair dye, cosmetic products, antimicrobial agents and catalysts for the oil industry." However,
Co is recognized as a skin allergen and is one of the main causes of allergic contact dermatitis.*® In the
environment, the most common form of Co present in soil is the Co?* ion, although Co*" can also be found
in coordination compounds, [CoOH]* and [Co(OH);]. In plant and animal tissues, Co is present in relatively
low concentrations, generally below 0.1 ug g™' on a dry weight basis.®*° In biological systems, small amounts
of Co(ll) are essential, as it is a central component of vitamin B12, which is indispensable for preventing
pernicious anemia by stimulating the production of red blood cells.®> However, ingesting large quantities
can cause adverse health effects, such as pulmonary disorders, vasodilation, flushing, cardiomyopathy,
asthma and skin irritation.*® Thus, the quantitative determination of cobalt at trace levels plays a crucial
role in areas such as environmental analysis, industrial process control and medicine, requiring sensitive
analytical methods to monitor its presence, especially in individuals exposed to this metal.’*"3

In the investigation of cobalt in different matrices, traditional analytical approaches have been employed,
including spectrophotometry,’ flame atomic absorption spectrometry (FAAS)," graphite furnace atomic
absorption spectrometry (GFAAS)'® and inductively coupled plasma optical emission spectrometry (ICP-
OES)" and electroanalytical methods.'® Although these techniques have improved sensitivity and selectivity,
effective quantitative analysis often requires the preconcentration of cobalt ions, given its low concentration
and the complexity of real samples. In this context, it is necessary to use sample preparation techniques
such as liquid-liquid extraction (LLE) and, above all, solid-phase extraction (SPE). Compared to LLE, SPE
offers advantages: it uses a small number of solvents and shows good recovery with high enrichment
factors; in addition, it allows greater flexibility in the choice of adsorbents, is easy to automate, has low
operating costs and makes it possible to reuse the adsorbent material and also allows the miniaturization
of the procedure, reducing the generation of waste. 2

Although synthetic adsorbents such as activated carbon, modified silica and ion exchange resins are
widely used because of their selectivity and high adsorption capacity, they have disadvantages related to
high costs, difficulties in disposal, risks of cross-contamination and low biodegradability.?? In this scenario,
natural adsorbents have emerged as more economical and sustainable alternatives, often derived from
industrial waste.?*2* Various materials can be used as adsorbents, and the choice will depend on the specific
application; examples include Moringa oleifera seeds,?>? coffee husks?” and banana peel flour.?® These
alternative adsorbents are expected to offer lower cost, good chemical resistance, high specific area and
high adsorption capacity compared to traditional materials. In addition, their surfaces can be chemically
modified through magnetic derivatization,?® a process which gives the adsorbent magnetic properties and
facilitates separation and filtration procedures.**-%2 This modification enhances adsorption efficiency, simplifies
solid phase separation and makes it possible to miniaturize methods, contributing to a reduction in reagent
and sample consumption.20:3334

Among the alternative materials with the potential to be used as a solid phase is Hibiscus sabdariffa
L. (roselle), an edible flower grown in tropical and subtropical regions. lts calyces are widely used in the
production of teas, iced drinks, jams, flavorings and herbal medicines. The extract from these calyces, which
are rich in antioxidants and bioactive substances such as phenolic and organic acids and anthocyanins,
shows various biological activities and is used in the pharmaceutical and food industries.-%" In addition to the
studies showing its health benefits, the literature already reports studies using this plant in green nanoparticle
synthesis to remove Pb?*, in the synthesis of carbon dots for Cré* sensors and in the bioremediation of Cré*
using its calyces.3®4° However, the use of Hibiscus sabdariffa L. as an adsorbent material for the development
of analytical methods is still explored little.

An alternative to conventional SPE is magnetic solid phase extraction (MSPE), which uses magnetized
adsorbents to form magnetic solid phases. This technique is based on magnetic interaction: initially, a
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magnetic material is used to adsorb the analytes, and after a defined contact time, an external magnet is
used to separate the material from the solution, entraining the components of interest. The analytes are then
released by desorption into a separate container. This procedure, which eliminates the need for an extraction
column, is remarkably fast and efficient, as it relies on the interaction between the magnetic adsorbent and
the analyte, which is significantly influenced by the eluent and the pH of the medium. In column-based solid-
phase extraction systems, in addition to the influence of the medium’s pH, and the type and concentration
of the eluent, the elution flow rate also becomes a crucial factor, further increasing the complexity of the
process. Thus, MSPE has stood out as a promising approach, combining cost-effectiveness, sustainability
and high analytical efficiency in the extraction of metal ions.?2303

Based on the ideas presented, the aim of this work is to develop an analytical method using MSPE and
magnetized hibiscus calyx as a solid phase for the determination of Co(ll) in aqueous samples by FAAS.
The proposal for this study is based on the high efficiency, speed and sustainability provided by MSPE,
combined with the adsorbent potential of magnetized hibiscus calyx, which allows for the rapid separation of
analytes. In this way, it is hoped to improve sensitivity and precision in the quantification of cobalt, promoting
an economical analytical approach in line with the principles of green analytical chemistry.

MATERIALS AND METHODS
Chemicals, reagents, and sample

The solutions used were prepared with ultrapure water obtained from a Milli-Q system (Millipore, Merck,
Germany) and a cobalt standard solution from Dindmica (Sao Paulo, Brazil) at a concentration of 1000
mg L™". All glassware, tubes, Pasteur pipettes and other utensils used in the experiments underwent a
rigorous cleaning process. Initially, the materials were washed with water and neutral detergent, followed
by immersion in water with detergent for 24 h. They were then rinsed with distilled water, subjected to a
new immersion in distilled water for another 24 h and, subsequently, immersed in a 10% HCI solution (v
v') for the same period. After the cleaning process, the materials were rinsed with distilled water and dried
at room temperature before use.

Solutions that required pH adjustment were prepared using dilute solutions of hydrochloric acid (HCI)
and sodium hydroxide (NaOH). The reagents used were HCI P.A. (36% w w'') and NaOH P.A. in the form
of beads. The determination of the metal ion concentration was performed by flame atomic absorption
spectrometry (FAAS) in a PerkinElmer spectrometer, model AAnalyst 400. The multielement hollow cathode
lamp (Co, Cu, Fe, Mn and Mo), also from PerkinElmer, operated at a wavelength of 240.73 nm and a
deuterium lamp for background correction. The FAAS instrument was operated as recommended by the
manufacturer: lamp current of 4 mA, slit width of 0.1 nm, burner height of 17 mm, acetylene flow rate of 2.0
L min™*, and air flow rate of 13.5 L min™".

Preparation of the adsorbent

The plant material, known as the dehydrated calyx of the Hibiscus sabdariffa flower, was purchased from
a health food store (Catalao, GO, Brazil), where it is sold for food purposes and often used in the preparation
of teas. Initially, the material was washed with deionized water under agitation in a heated magnetic stirrer
(C-MAG HS 7 IKA), simulating the tea infusion process. The water was renewed in 20 minutes cycles,
repeating the procedure until the pigments were completely removed from the material.

The magnetization of the adsorbent was performed using a ferromagnetic fluid obtained from a mixture
of 40.0 mL of ferric chloride (FeCls) at 1.0 mol L' and 10.0 mL of ferrous chloride (FeCl,) at 2.0 mol L, in
an acidic medium containing HCI 1.0 mol L. To this solution, 500.0 mL of ammonium hydroxide (NH,OH)
at 0.70 mol L' were added, resulting in the formation of a gelatinous precipitate, which was separated
magnetically using a magnet. After separation, the precipitate was subjected to successive washings with
ultrapure water and kept under stirring in the presence of perchloric acid (HCIO,) at 2.0 mol L-".#' The solid
phase was isolated by centrifugation and, to complete the peptization process, water was added to the
precipitate, forming the ferrofluid.
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For the modification of the adsorbent, 6.0 mL of the ferrofluid were added to a container containing 40.0
mL of methanol (CH;OH) and 3.0 g of the adsorbent (hibiscus), being kept under stirring for 1 h.*' The final
material was filtered using a solvent filtration system, washed with methanol and dried at room temperature.

Characterization of the adsorbent material

The adsorbent was characterized by energy dispersive X-ray fluorescence (EDXRF) and determination of
the point of zero charge (pHpzc). The incorporation of the magnetic material into the natural adsorbent was
evaluated through the application of a magnetic field generated by a magnet, as well as by X-ray diffraction
(XRD). The analysis was carried out using a Shimadzu XRD-6100 diffractometer with Ka radiation (A =
1.5418 A). The diffractograms were obtained at room temperature, with a scanning rate of 2° min” and a
20 range from 10° to 80°. The results were compared with standard patterns available in the ICDD-PDF
database (International Centre of Diffraction Data — Powder Diffraction File).

The surface electrical behavior of the adsorbent was evaluated by determining the point of zero charge
(pHpzc). The determination was performed by adding 20 mg of the adsorbent to capped flasks containing
15 mL of ultrapure water, with the pH adjusted between 1 and 12 using a portable pH meter (Akso, model
AK90). After 24 hours rest, pH measurements were repeated, and the pHpzc was calculated based on the
difference between the initial and final pH values.

Evaluation of pH influence in the adsorption of cobalt ions

Adsorption experiments were carried out using 20 mg of the adsorbent in 10 mL of an aqueous solution
containing Co(ll) ions (2 mg L"). The experiments were conducted in triplicate at room temperature. The
adsorbent was added to the aqueous solution containing cobalt ions and kept under agitation using a vortex
mixer (IKAVORTEX 3) for 15 minutes. After agitation, the material was filtered using glass wool, discarded,
and the supernatant was stored in Falcon tubes for subsequent analysis.

The choice of solution pH is essential for optimizing the adsorption process, as this parameter affects the
surface charge of the adsorbent and the distribution of metallic ion species. Therefore, the influence of the
medium’s pH was evaluated individually to observe the behavior of the adsorption process. The adsorption
of the metal ion was evaluated at different pH values (2, 7, and 8).

Optimization of adsorption and desorption parameters

The optimization of the experimental conditions for desorption and adsorption was performed using a
24 full factorial design, considering the following variables: adsorbent mass (20 mg and 80 mg), extraction
time (2 min and 10 min), eluent concentration (0.1 mol L' and 1.0 mol L"), and elution time (2 min and
10 min). Sixteen experiments were performed, in which the adsorbent was brought into contact with a
Co(ll) solution at 2 mg L' in pH 7.0, and subjected to an ultrasonic bath (Q3.8) for the predetermined time.
All factorial design experiments were performed in triplicate. The energy released by the ultrasonic bath
promotes better interaction between the solid phase and the metal ion, eliminating the need for mechanical
stirring. After this period, magnetic separation was carried out, the supernatant was discarded, and the
adsorbent was subjected to elution with 2 mL of the eluent solution, again placed in the ultrasonic bath
under specified conditions.

The experimental design included the calculation of primary, secondary, tertiary, and quaternary effects
using Octave software, aiming to maximize the absorbance obtained.

The variables that had the greatest influence on the extraction/elution process were optimized using
an experimental design based on the Doehlert matrix, with two experimental variables. For the variables
adsorbent mass and extraction time, the matrix consists of a central point accompanied by six regularly
distributed points, forming a hexagon. This approach provides a better estimation of the response as a
function of the evaluated variables. The experimental points were defined based on the coded values of
the matrix.*? Equation (1) gives the relationship between the coded values and the actual variables.
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Zi — Zi

Xi= (=) Pd (1)

Where Xi represents the coded value, Zi the actual value of the variable, Zi, the central value, AZi the
variation range, and Bd an adjustment coefficient.*?

Analytical parameters

To evaluate the analytical performance of the developed extraction method, the limits of detection
and quantification, linear range, and sensitivity were determined. These parameters were established by
constructing a calibration curve after the preconcentration step of cobalt ions, considering the concentrations
and replicates described in Table I.

Table I. Concentrations used for the construction of the calibration
curve for evaluating the performance of the extraction method

Concentration (mg L) Number of replicates

Blank 16

0.25 6

0.5 6

1 10

25 6

5 6

10 6

The accuracy of the method was evaluated through recovery tests using different aqueous samples.
Recovery, a fundamental criterion in the validation of analytical methods, represents the amount of cobalt
recovered by the developed technique in relation to the actual concentration present in the samples. For
this evaluation, samples of coconut water, tap water, swimming pool water, calcium-rich hard water, and
cachaca, were spiked with known concentrations of cobalt ions, covering the linear working range of the
method. The experiments were carried out after parameter optimization, as illustrated in Figure 1.

Individual calibration curves were constructed for each sample to compensate possible matrix effects. The
recovery experiments were carried out in triplicate by subjecting the spiked samples to the magnetic solid
phase extraction (MSPE) procedure using magnetized Hibiscus sabdariffa calyx under optimized conditions.
The resulting eluates were analyzed by FAAS. Recovery was calculated by comparing the concentration
of Co(ll) quantified in the spiked samples with the concentrations added, allowing the evaluation of the
method’s efficiency and accuracy in the presence of different matrices.*?
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Figure 1. Flowchart of the experimental procedure for the extraction of cobalt
ions using hibiscus calyx by magnetic solid-phase microextraction.

RESULTS AND DISCUSSION
Adsorbent material characterization

To verify the effectiveness of the adsorbent’s magnetization and to understand the elemental composition
of Hibiscus sabdariffa in its natural form and after the magnetization process, analyses were performed

using energy dispersive X-ray fluorescence spectroscopy (EDXRF).

EDXRF is a non-destructive analytical technique that enables the identification and semiquantitative
determination of the chemical elements presentin a sample, based on the emission of characteristic X-rays

after excitation by an X-ray source.

The results of the semiquantitative analysis, expressed as mass percentages, are presented in Table II.
In addition to the EDXRF analysis, magnetization was evidenced by the attraction of the material dispersed
in water by a magnetic field generated by a magnet. The results of the semiquantitative analysis, expressed

as mass percentages, are presented in Table II.

Table Il. Semiquantitative EDXRF results for natural and magnetized
hibiscus materials

Elements In natura hibiscus (%) Magnetized hibiscus (%)
Ca 76.78 6.40
K 40.29 0.55
Si 2.27 0.47
Fe - 87.62
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The analysis reveals that natural hibiscus contains a high percentage of calcium (Ca), potassium (K),
and silicon (Si), elements commonly found in plant-based materials; calcium and potassium are essential
macronutrients, while silicon contributes to the structural integrity of the plant. Iron was not detected,
indicating that its concentration is below the detection limit of the technique used in the analysis.

In the magnetized material, a reduction in the percentage of calcium, potassium, and silicon is observed,
which is expected due to the hot water washing step that removes soluble components. The main highlight is
the significant incorporation of iron, reaching 87.62% of the elemental composition. This high value confirms
the effective magnetization of the material, indicating a strong interaction.

* Fe,O, ICDD: n® 75-0449
+ Fe,0, ICDD: n° 21-0920

Intensity (u.a)

15 20 25 30 35 40 45 S0 55 60 65
26 (%)
Figure 2. Diffractograms of the magnetized hibiscus sample.

Figure 2 presents the diffractogram of the magnetized Hibiscus sabdariffa sample. The diffractometric
peaks observed at approximately 206 = 30.3°, 35.8°, and 63.1° correspond to the crystalline phase of
magnetite (Fe;0,), as identified in the ICDD crystallographic card No. 75-0449, confirming the obtention
of the desired magnetic phase. However, according to ICDD card No. 21-0920, the peaks located at 26 =
15.2° and 24.6° indicate the presence of a secondary hematite Fe,O; phase.

The low intensity of the diffraction peaks and the presence of a diffuse band at approximately 26 = 22° are
attributed to the organic composition of the hibiscus, since amorphous materials promote X-ray scattering
and reduce the diffraction of the crystalline phase.*

The point of zero charge (pHpzc) provides essential information about the surface charge of the adsorbent
material, representing the equilibrium between negative and positive charges.*® This parameter helps
understand the electrostatic interactions between the adsorbent and the adsorbate (cobalt ions), allowing
us to predict the material’s surface tendency to interact with cations or anions, depending on the medium’s
pH. Figure 3 shows the pHpzc results for the natural hibiscus and magnetized hibiscus samples.
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Figure 3. Study of the point of zero charge (pHpzc)
for in natura hibiscus and magnetized hibiscus.

The pHpzc of in natura Hibiscus sabdariffa was determined to be approximately 2.0, while the material
subjected to the washing and magnetization process exhibited a value of 3.0. This increase can be
attributed both to the washing of the material, which promotes the removal of various bioactive compounds
from the plant, such as anthocyanins, ascorbic acid, organic acids, flavonoids, and polyphenols, and to
the incorporation of the magnetic material.*® Thus, the adsorption of cations in solutions tends to be more
effective at pH values higher than the pHpzc, since, in this range, the adsorbent surface acquires a negative
charge, favoring interaction.

Evaluation of the influence of pH on cobalt ion adsorption by the adsorbent material

The pH is one of the most critical parameters in adsorption processes, as it governs two fundamental
dimensions of the system. First, it controls the surface charge of the adsorbent, since the medium’s pH
can drastically alter the protonation/deprotonation state of functional groups on the adsorbent material,
determining the surface charge and, consequently, its electrostatic affinity for metal species. Second, pH
influences the equilibrium among the different chemical species of the metal ion (free, complexed, hydrolyzed
etc.), directly affecting the availability of the adsorbable species. Because it simultaneously affects both the
adsorbent and the adsorbate, pH plays a dominant role that, in most cases, surpasses the relative impact
of other variables.

Therefore, the individual assessment of pH was adopted as an initial step, allowing the identification of the
pH range in which significant adsorption occurs, avoiding regions where the metal ion may precipitate, and
establishing a reliable starting point before evaluating other variables with a higher likelihood of interaction.
To evaluate the influence of pH on cobalt ion adsorption by Hibiscus sabdariffa, experiments were conducted
in solutions with pH 2, 7, and 8.

At pH 2, the in natura Hibiscus sabdariffa showed an average extraction rate of 5.13%, while the
magnetized material exhibited a rate of 10.26%. The low adsorption at acidic pH is likely due to the
protonation of functional groups on the adsorbent’s surface, leading to electrostatic repulsion with Co(ll)
ions. The slight improvement observed with the magnetized material can be attributed to the introduction
of functional groups during the magnetization process. These groups, such as the oxygen atoms present
in the magnetite structure, interact with the cobalt ion even at low pH.

At pH 7, the in natura material showed an adsorption of 2.67%, which increased to 8.00% at pH 8.
The magnetically functionalized material performed significantly better, with 57.33% adsorption at pH 7
and 58.00% at pH 8. The magnetic particles (MPs) of magnetite, incorporated into the adsorbent during
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the magnetization process, possess functional FeOH groups on their surface in aqueous media. These
groups can be either deprotonated (FeO™) or protonated (FeOH,*) depending on the pH of the medium.*
At pH values above the pHpzc, magnetite will have groups that are predominantly deprotonated (FeO™).
This contributes to the removal of cationic species due to the electrostatic attraction between the Co?* ions
and the adsorbent.

The results, illustrated in Figure 4, demonstrate that the washing and magnetization processes significantly
increased the material’s adsorption capacity, especially at neutral and alkaline pH values.

80
i ] I Hibiscus in natura
7 I Magnetized Hibiscus
B0 o
—~ 504
£ |
S 40
3 |
o
£ 304
m o
20 4
10 4 L
1 2 3 4 5 6 T 8 9
pH

Figure 4. Effect of pH on cobalt ion adsorption by in
natura and magnetized Hibiscus sabdariffa.

The magnetized material showed a slightly better extraction capacity, and additionally, the magnetic
separation of the material makes the procedure easier and more efficient.

Optimization of adsorption and desorption parameters

Solid phase extraction (SPE) offers several advantages, including simplified procedures, short extraction
times, and compatibility with various analytical techniques. Magnetic extraction emerges as a variation of
SPE. Studies conducted by Pasupuleti and Huang (2023)* highlight the diverse applications of magnetic
solid phase extraction (MSPE) in determining metal ions in environmental samples.

Despite its advantages, SPE requires the optimization of parameters that influence its efficiency, such
as extraction time, agitation method, and pH.*® To maximize the efficiency in extracting cobalt ions, a 24 full
factorial design was used to evaluate the influence of previously selected factors.?

After conducting the experiments, the significance of the variables studied was evaluated using probability
plots and percentage of effects plots, presented in Figures 5 and 6.
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Figure 6. Probability of effects for the 2* factorial design.

In optimizing the extraction procedure, significant effects for the system are those furthest from zero
on the probability plot, while non-significant effects are clustered near zero. The percentage of effects plot
indicates the relative contribution of each effect to the extraction process.

Effects 1 and 2, corresponding to the adsorbent mass and extraction time, respectively, showed positive
values and should therefore be kept at high levels (80 mg and 10 min, respectively). Effect 3, referring to
the eluent concentration, showed a negative value on the probability plot of effects, indicating that it should
be kept at a low level (0.1 mol L™).

Additionally, Figure 6 shows that effect 5, which is the interaction between the adsorbent mass and
extraction time, is significant for the system. Its positive contribution means both variables should be kept at
their high levels. Considering the most significant effects (1, 2, 3, and 5), the model explained approximately
79.03% of the data variability.

After identifying the most significant effects, a Doehlert design was used to optimize the variables with
the highest impact: adsorbent mass (1) and extraction time (2). These variables were analyzed at five and
three levels, respectively. To maximize cobalt ion extraction and evaluate the impact of the variables and
their interactions, a response surface plot was constructed, as shown in Figure 7.
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Figure 7. Response surface plot for the Doehlert design.

The critical values determined for maximum extraction efficiency were an adsorbent mass of 51.39 mg
and an extraction time of 7.5 minutes.

The statistical parameters obtained were a coefficient of determination (R?) of 0.7708 and a mean square
of residuals (MS Residual) of 0.00104. The low MS Residual value suggests good agreement between the
predicted and experimental values, demonstrating a good fit of the model to the experimental data. The
coefficient of determination (R?) indicates that approximately 77.08% of the data variability can be explained
by the model, reinforcing its suitability for process optimization.

Evaluation of analytical parameters

Validating analytical methods is essential to ensure the reliability of results, especially when determining
chemical species at low concentrations, such as in environmental, pharmaceutical, and food analyses.
Validation demonstrates that the method is fit for its intended purpose.

After optimizing the experimental conditions, we evaluated the performance of the proposed method by
assessing its limits of detection (LOD) and limits of quantification (LOQ). The linear working range defines
the concentration interval where there’s a linear relationship between the analytical signal (in this case,
absorbance) and the analyte concentration, ensuring acceptable precision and accuracy.*® Linearity was
assessed using correlation coefficient (r) and residual analysis, with 5 concentration points (Table Ill).

The LOD (Limit of Detection) is defined as the lowest analyte concentration that can be reliably detected,
though not necessarily quantified. The LOQ (Limit of Quantification) is the lowest concentration that can be
quantified with acceptable precision and accuracy within pre-established confidence limits.5'

Table Ill. Analytical parameters obtained for the developed method

Parameter Value

Linear range (mg L") 0.440-10.0

Limit of detection (mg L) 0.132

Limit of quantification (mg L) 0.440
Correlation coefficient 0.990

Equation Abs = 0.0215[C0?*] - 0.015

Sensitivity (mg L") 0.0215
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The results show an excellent correlation coefficient (r = 0.990), indicating a strong linear relationship
between absorbance and analyte concentration within the studied range.

Table IV compares the performance of the proposed MSPE method in this study with other extraction
methods reported in the literature for the determination of cobalt(ll) ions, using limits of detection (LOD),
limits of quantification (LOQ), and linear working ranges as parameters.

In a comparative analysis with other MSPE methodologies listed in Table 1V, which use adsorbents such
as zirconium nanoparticles (Zr-NPs) with polyaniline (PANI) and polythiophene, some methods show greater
detection potential, with significantly lower LOD and LOQ values. A prominent advantage of the proposed
method lies in its sustainable profile, specifically the use of plant-based adsorbent material (hibiscus calyces),
which is an abundant and low-cost industrial byproduct.

Table IV. Comparison of the proposed method with methods from the literature

Linear
Method :-n?DU) :-rSQU) range Sample Ref.
d d (mg L)
MSPE Hlblscu§ sbariffa calyx 0132 0.440 0.440, Hard water, pool water, tap water, This
magnetized 10.0 cachaca work
MSPE Zirconium nanoparticles 0.0016 0.0053 0.2, Diverse sodas, spices, vegetables, and 52
(Zr-NPs) 5.0 water samples

Polyaniline (PANI) and
MSPE polythiophene (PTH) coated 0,00173 0,0058 - Aqueous 53
magnetic nanoparticles (MNPs)

Magnetic carboxyl-modified 0.0075,
SPE nanodiamonds (MCNDs) 0.0022 0.0072 0.075 Soil samples 54
0.006 Nutritional supplements: Spirulina
SPE C-18 modified silica 0.0019 0.0063 5'0 ’ platensis tablets and Saccharomyces 55

cerevisiae yeast tablets

The method’s accuracy, assessed through recovery tests, is crucial for verifying its analytical performance
in different matrices. This parameter compares the found value with the added value (considered the true
value in this type of assay), revealing potential interferences. For this study, were selected six distinct
samples (coconut water, swimming pool water, tap water, calcium-rich hard water, and two types of cachaga),
presumably with low or no initial cobalt concentration.

The samples were fortified with Co(ll) ions at concentrations of 0.5, 2.5, and 6.5 mg L™" and then subjected
to the optimized MSPE procedure. Table V summarizes the results, showing the added concentrations, the
experimentally found concentrations, and their respective recovery percentages.

Table V. Evaluation of recovery potential

0.5 mg L' Co? added 2.5 mg L' Co? added 6.5 mg L' Co? added

Sample

Found (mg L") Recovery (%) Found (mg L) Recovery (%) Found (mg L) Recovery (%)
Coconut water 0.375 + 0.008 75.0 2.44 + 0.007 97.6 6.13 £ 0.002 94,2
Swimming pool ¢ 544 4 0004 108 2.24 +0.01 89.6 6.95 + 0.03 107
water
Tap water 0.398 + 0.003 99.6 2.28 £ 0.005 91.3 5.33 £ 0.007 82,1
Calcium-rich 0.576 + 0.003 115 1.18 £ 0.007 473 6.47 +0.002 99,6
hard water
Cachaca 1 0.419 £ 0.002 83.8 2.95+0.02 118 5.83 +0.07 89,7
Cachacga 2 0.319 £ 0.004 63.9 2.91+0.01 116 7.41+£0.04 114
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Initially, it can be observed that the recovery values vary widely, ranging from a minimum of 47.3%
(calcium-rich hard water) to a maximum of 118% (Cachaga 1). At the lowest concentration added (0.5 mg
L™"), notably low recoveries were observed for coconut water (75.0%) and Cachaga 2 (63.9%). Coconut
water is a matrix naturally rich in electrolytes, containing high concentrations of ions such as Na*, K*, Ca%*,
Mg?*, CI~, and HCO;~, among others. In solid phase extraction (SPE) processes, especially those based
on adsorption onto materials with active functional groups, the presence of these ions can generate direct
competition for the adsorption sites intended for the analyte. lons present at high concentrations, such as
K* and Mg?*, may preferentially occupy adsorption sites due to their abundance. Since the number of active
sites is limited, a portion of them may be occupied before cobalt ions interact with the material, thereby
reducing their recovery.

Similarly charged ions, particularly divalent, such as Ca?* and Mg?*, also present at high concentrations
in this matrix, can compete more effectively with Co(ll) for negatively charged sites, decreasing selectivity
and consequently reducing analyte recovery. These effects are more pronounced when the analyte is
present at concentrations near the method’s quantification limits.

At the intermediate fortification level (2.5 mg L™"), most matrices, including coconut water (97.6%),
swimming pool water (89.6%), and tap water (91.3%), showed recoveries within the commonly accepted
range (80-120%). The most significant exception was observed in the calcium-rich hard water sample,
with a low recovery (47.3%). This is likely due to the high concentration of Ca®* and Mg?* ions, which can
compete with Co?* for adsorption sites on the hibiscus or interfere with the elution/measurement step.

The low standard deviation values associated with the concentrations found (Table V) indicate good
precision (repeatability) of the final FAAS measurement. However, the wide variation in recovery percentages
across different matrices and concentrations demonstrates that the accuracy of the overall method (MSPE-
FAAS) is affected by matrix effects and/or procedural losses. The variability in recovery doesn’t primarily
originate from the FAAS reading step but rather from the preparation/extraction stages and specific
interactions with each matrix.

CONCLUSIONS

This study successfully demonstrated the viability of using Hibiscus sabdariffa calyces, a low-cost
natural material, as an adsorbent in a magnetic solid-phase extraction (MSPE) system for the extraction
and determination of cobalt ions (Co?*) by FAAS. The magnetization process was efficient, incorporating
a high percentage of iron (confirmed by EDXRF and XRD as magnetites/hematites), which facilitated
the adsorbent’s separation. Characterization showed that magnetization altered the surface properties
(increasing the pHpzc) and significantly improved the Co?* adsorption capacity at neutral and alkaline pH
(pH 7-8) compared to the in natura material.

Optimizing the extraction and elution parameters using factorial and Doehlert designs helped define the
optimal conditions (adsorbent mass = 51 mg, contact time = 7.5 min, 0.1 mol L-" HCI eluent) to maximize the
analytical response. The developed method showed satisfactory figures of merit, including good linearity
(r=0.990) in the range of 0.440 to 10.0 mg L, and detection (0.132 mg L") and quantification (0.440 mg
L) limits suitable for various applications.

The magnetized Hibiscus sabdariffa-based adsorbent shows promise as a sustainable and low-cost
alternative for determining Co?* ions. The proposed method is efficient, particularly for simpler aqueous
matrices. However, its application in complex matrices requires caution and possibly additional optimizations
or alternative calibration strategies (such as standard addition) to ensure accurate results.
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