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Abstract: Trace metal elements (TMEs) are among the most important types of pollutants in the
environment. Therefore, a precise determination of these contaminants in several environmental
components is required for the safety assurance of living organisms. Spectroscopic analysis is an
efficient technique employed to detect and determine TME contents in numerous samples. Hence, to
achieve reliable and accurate results when using spectroscopic analysis, samples should be carefully
prepared. In the present study, the comparison of eight digestion methods of five vegetal samples
was carried out to quantify Cd, Mn, Al and Mg contents using the atomic absorption spectroscopy
technique. According to the extraction techniques used in this study, results showed an outstanding
difference in TME levels determined in the same vegetal sample. The results obtained indicated
that the highest Mn concentrations were recorded when using the mixture of HNO3-HCIOy in
the studied species: atriplex portulacoides, arthrocnemum indicum, olea europaea BCR-62, ulva
lactuca and ulva lactuca BCR-279 compared to all other methods. Regarding the extraction of Cd,
our results showed that heated extraction using different acids (HNO3-H;SO4-HCIO4, HCI-HNO3,
HNO3-HCIO,4, HNO3-H,SO,4, HNO3-HCI-HCIO4 and HNO3-HCI-H,SO,4) was the most efficient in
atriplex portulacoides, arthrocnemum indicum, olea europaea BCR-62, ulva lactuca and ulva lactuca
BCR-279. Similarly, these heated acid digestion techniques (efficient for Cd) showed the highest
levels of Al in atriplex portulacoides and arthrocnemum indicum. However, for the Mg extraction,
our results revealed that the effectiveness of the method used depended on the plant species studied.
Regarding these findings, the efficiency of metal quantification by AAS depends on the digestion
procedure, the metallic ion to determine and the plant species.

Keywords: trace metal elements; acid mineralization; environmental protection; spectroscopic analysis

1. Introduction

Trace metal elements (TMEs), contained in various types of samples (water, soil and
plant tissues, etc.) can be precisely measured by highly sensitive spectroscopic techniques,
such as graphite furnace (GFAAS), hydride generation atomic absorption spectrometry
(HGAAS) and flame (FAAS) [1]. Several techniques require aqueous samples to determine
metal concentrations [2]; therefore, solid samples generally require conversion to soluble
forms using digestion methods. For metal analysis, several methods have been employed
for the digestion of plant tissue, such as drying and conventional digestion, ignition
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and microwave digestion, drying and microwave digestion, wet acid digestion, and a
mixture of concentrated acid digestion, etc. During the dry ashing procedure, some of
the TMEs in the sample might vanish via the adsorption of elements on the walls of
the furnace, or volatilization, such as arsenic (As), chromium (Cr) and lead (Pb), which
may be lost at ashing temperatures of 500-550 °C [3]. Usually, for the dissolution of
herbal product samples, acid digestion methods are used before the elemental analysis [4].
Indeed, in spectroscopic elemental analysis, acid digestion of the sample is a crucial step
of the completely analytical procedure. In highly complex matrices such as herb and
plant materials, acid digestion has a considerable effect on the retrieval of several analyte
contents [1]. Numerous studies have shown that acid digestion methods provide relevant
results which, except for the metals associated with silicates, could reach up to 100% in the
determination of the total elemental composition, depending on the studied element [5,6].
For metal extraction, a variety of acids or acid mixtures have been used, among which
the most frequently used are nitric (HNO3), sulfuric (H,SOj), perchloric acids (HCIOy),
and hydrochloric acid (HCI) [7]. The choice of a combination of acids or an individual
acid is based on the nature of the matrix to be decomposed [8]. In addition, there are
multifarious methods that require the use of a combination of an acid with an oxidant, such
as hydrogen peroxide.

Specific plant species can absorb and hyperaccumulate metal contaminants and/or
excess nutrients from the growth substrate [9]. These latter will be absorbed and accumu-
lated mainly in the roots, the primary biological metal pool in plants. Nevertheless, a small
amount of the metals will be translocated into the shoots [10-12], except highly mobile
metals such as zinc, manganese, cadmium, lanthanum and cerium [13-15]. Although these
metal internalization processes take place within plant tissues, these elements are still prone
to being exported during senescence to the adjacent ecosystems [16], entering the food
chain [17], or even being remobilized to the sediment during decomposition processes [18].
Thus, considering the key biogeochemical role of plants in ecosystems, it becomes of ex-
treme importance to disentangle the best procedures to analyze metals in plant tissues with
the highest efficiency possible.

The research work carried out in this paper is a continuity of works published by
Sleimi et al. [19] in the Sustainability journal. Indeed, it was demonstrated that cation
contents varied with digestion methods used. The present study is intended to appraise
the effectiveness of eight different acid digestion methods in order to recommend the most
effective one which leads to the maximum recovery of other TMEs which were not studied
by Sleimi et al. [19]. The analysis of cadmium (Cd), manganese (Mn), magnesium (Mg) and
aluminum (Al) was conducted using flame atomic absorption spectrometry.

2. Materials and Methods
2.1. Sample Preparation

This study focused on different plants: atriplex portulacoides, arthrocnemum indicum,
ulva lactuca (field samples) and two certified reference materials from the Community
Bureau of Reference-BCR: olea europaea BCR-62 and ulva lactuca BCR-279. Regarding
field samples, shoots were collected from twelve individuals per species and per station.
The sampling area was limited to 20 m? per species. Plant samples (aerial parts) were dried
for two weeks (until constant weight) at 60 °C. Then, dry samples were pulverized using
an agate ball mill.

2.2. Methods of Digestion

The samples were submitted to eight different acid digestion methods: cold extraction
with nitric acid diluted at 1%, cold extraction with nitric acid diluted at 10% and heated
extraction using different acid digestion, as detailed below, to recognize the most suitable
digestion method to measure the contents of Cd, Mn, Al and Mg in the plant samples by
atomic absorption spectrophotometer (AAS).
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2.2.1. Nitric Acid Digestion (1% and 10%)

Cold extraction was carried out with two different concentrations of nitric acid of 1%
(method A) and 10% (method B), according to the method of Larson et al. [20]. An aliquot
of 25 mg of fine powder of the plant sample was placed in steel cups. After drying for 24 h
at 60 °C, 10 mL of nitric acid was poured into the mixture and left at the temperature of the
laboratory for 15 days. All the samples were agitated occasionally to ensure better contact
between the powder plant and the acid solution. Finally, the mineral deposit was filtered
through ashless filter paper (Whatman N°1, 90 mm diameter circles). The extracts were
stored at 4 °C up to the time of the assay.

2.2.2. Acid Mixtures Digestion

The extraction was achieved through a heated attack using six different acid digestion
methods, such as the following: nitric-sulfuric-perchloric acid digestion (method C) in a
proportion of (10:1:0.5, v/v/v) [21-23]; hydrochloric-nitric acid digestion known as aqua
regia mixture (method D) in a proportion of (3:1, v/v) [24]; nitric-perchloric acid digestion
(method E) in a proportion of (3:1, v/v) [25]; nitric-sulfuric acid digestion (method F) in a
proportion of (2:1, v/v) [26]; nitric-hydrochloric-perchloric acid digestion (method G) in a
proportion of (5:1:0.5, v/v/v) [2] and nitric-hydrochloric-sulfuric acid digestion (method H)
in a proportion of (5:1:1, v/v/v) [8] (Table 1). About 40 to 50 mg of plant powder, formerly
desiccated in an incubator at 60 °C for 24 h, was poured into a Khjeldahl flask with 3 mL of
the mixture of acids, as explained above, and was then placed on a heated ramp. To ensure
good mineralization, the temperature was increased gradually, up to 150 °C by increments
of 50 °C every 15 min, then to 350 °C by increments of 100 °C every 15 min. Incineration
was subsequently maintained for one hour at 350 °C. After two hours of mineralization, a
white ash was obtained that would be dissolved in 50 mL of nitric acid (0.05%). Hence, the
solutions obtained were kept at 4 °C until the analysis.

Table 1. Acid digestion procedure.

Methods Reagents Proportions Time/min
C HNO; /H,S0,/HCIO,4 10:1:0.5, v/v/v 120
D HCI/HNO; 3:1,v/v 120
E HNO3;/HCIO4 3:1,v/v 120
F HNO;/H,S04 2:1,0/v 120
G HNO3 /HC1/HCIO4 5:1:0.5,v/v/v 120
H HNO3;/HC1/HS04 5:1:1,v/v/v 120

2.3. Trace Metal Element Analysis

After the digestion procedure, the concentrations of Cd, Mn, Mg and Al contained in
the final solutions were determined by means of the flame atomic absorption spectrometer
(Perkin Elmer 900T, Waltham, MA, USA). For each element assessed, the spectrometer
requires specific hollow cathode lamps (HCI) and a deuterium lamp for continuous back-
ground correction. Instrumental operating parameters for each element (e.g., wavelength,
slit width etc.) are shown in Table 2. In order to prepare a series of composite standards, a
calibration with standard solutions of 1000 mg-L_1 of Cd, Mn, Mg and Al was used.
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Table 2. Instrumental parameters for flame atomic absorption spectrometer FAAS of TME analysis.

Metal Wavelength (nm) Sli::;i)d th Bcagl:il;(:ilg;d Oxid?ﬁlﬁlcgtylene Lampe Type
cd 228.8 0.7 Yes Alr: focztg’ lene HCI
Mn 279.48 0.2 No Air: facgtg lene HCI
Mg 285.21 0.7 No Alr: ﬁ)cgtg lene HCl
Al 309.27 0.7 No Nzo:(;z:c;;ylene HCI

2.4. Statistical Analysis

The analysis of variance (ANOVA) coupled with pairwise Tukey honest significant
difference test (HSD) was carried out in order to assess the existence of significant differ-
ences between the concentrations attained by different extraction procedures. Values were
presented as mean =+ standard deviation, n = 10. Bars marked with different letters are
significantly different at p < 0.05.

3. Results
3.1. Cadmium Assay

Generally, assay results of the Cd showed that heated extraction, using different acid
combinations, produced the highest Cd recoveries in all species studied (Figure 1). In
fact, the highest Cd contents recorded were 249.4, 246.6, 251.2, 246.6 and 242.5 pg-g~! dry
weight (DW) in atriplex portulacoides, arthrocnemum indicum, olea europaea BCR-62,
ulva lactuca and ulva lactuca BCR-279, respectively.
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b p b b b _— by

; o
To200F @ a
]
< 100
o
o

Olea europaea BCR-62 Ulva lactuca

Cd, ng.g ' DW

Cd, pg.g ' DW

- 8 B &
®
»

o)

o

o

o

- o

o

Cd, pg.g' DW
- & §
En
»

nr

Cd, pg.g' DW

Figure 1. Contents of Cd (ug-g~! DW) in atriplex portulacoides, arthrocnemum indicum, olea
europea BCR-62, ulva lactuca and ulva lactuca BCR-279 using methods A, B, C, D, E, F, G and
H. Values were presented as mean + standard deviation, n = 10. Letters (a, b) show a significant
difference (p < 0.05) between the concentrations attained by different extraction procedures.

3.2. Manganese Assay

Figure 2 shows the levels of Mn according to the extraction process in plants stud-
ied beforehand. Overall maximum Mn levels were obtained upon the application of
extraction method E, presenting Mn concentration values of 681.1, 801.1, 1106.1, 878.7
and 1809.4 pg-g~! DW in atriplex portulacoides, arthrocnemum indicum, olea europaea
BCR-62, ulva lactuca and ulva lactuca BCR-279, respectively.
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Figure 2. Contents of Mn (png-g~! DW) in atriplex portulacoides, arthrocnemum indicum, olea
europea BCR-62, ulva lactuca and ulva lactuca BCR-279 using methods A, B, C, D, E, F, G and H.
Values were presented as mean =+ standard deviation, n = 10. Letters (a, b, ¢, d) show a significant
difference (p < 0.05) between the concentrations attained by different extraction procedures.

3.3. Magnesium Assay

Our results showed that the highest Mg levels were attained using method C in atriplex
portulacoides and arthrocnemum indicum, and the quantified Mg contents were 2185.7

and 2296.6 ug-g~! DW in atriplex portulacoides and arthrocnemum indicum, respectively
(Figure 3).

Atriplex portulacoides

Arthrocnemum indicum

Olea europaea BCR-62 Ulva lactuca

Mg, ng.g' 1 DW

Figure 3. Contents of Mg (ug-g~! DW) in atriplex portulacoides, arthrocnemum indicum, olea
europea BCR-62, ulva lactuca and ulva lactuca BCR-279 using methods A, B, C, D, E, F, G and H.
Values were presented as mean =+ standard deviation, n = 10. Letters (a, b, c) show a significant
difference (p < 0.05) between the concentrations attained by different extraction procedures.



Separations 2023, 10, 40

60f 11

Otherwise, it was revealed that the contents of Mg were higher using the extraction
methods F and H in olea europaea BCR-62 and method H in ulva lactuca (Figure 3), while
methods A and B were the most reliable for Mg extraction in ulva lactuca BCR-279.

3.4. Aluminum Assay

The determination of Al using different acid digestion methods showed that the
heated extraction methods achieved the highest Al levels in atriplex portulacoides and
arthrocnemum indicum (Figure 4). On the other hand, methods D and H proved to be more
efficient for Al extraction in olea europaea BCR-62, ulva lactuca and ulva lactuca BCR-279
samples. For example, the highest Al contents recorded were 3227, 3951, 7329, 8377 and
8752 ug-g~! DW in atriplex portulacoides, arthrocnemum indicum, olea europaea BCR-62,
ulva lactuca and ulva lactuca BCR-279, respectively.

Atriplex portulacoides Arthrocnemum indicum
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Figure 4. Contents of Al (ug-g~! DW) in atriplex portulacoides, arthrocnemum indicum, olea europea
BCR-62, ulva lactuca and ulva lactuca BCR-279 using methods A, B, C, D, E, F, G and H. Values
were presented as mean + standard deviation, n = 10. Letters (a, b, ¢) show a significant difference
(p < 0.05) between the concentrations attained by different extraction procedures.

4. Discussion

The diversity of the techniques used for preparing plant materials for elemental
analysis has engendered a great deal of interest as well as controversy. The mineralization
of plant samples is often considered to be a necessary technical step that precedes the
spectral determination of particular metals; it is a crucial procedure for the final quality
of the entire analytical process. It should be accurately enhanced in accordance with
either the matrix or the specific analyte [27]. It is important and also preferable to select
a simple procedure of digestion that reduces the sample time, diminishes the danger of
contamination during handling, and includes relatively safe procedures [28].

For the digestion of various samples for metal analysis, several methods have been
suggested in previous studies. Aqua regia has been recommended as the most efficient
method of digestion for samples with low organic matter or carbonate contents such
as agricultural soils and sediments [29]. It was also suggested that nitric acid digestion
presented the highest efficiency in recovering Cd, Mn, and Ni in the majority of compost
samples [7]. For the recovery of TME in six types of composts, the comparison between
nitric acid and aqua regia digestion revealed an equivalent analytical sensitivity. However,
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nitric acid digestion extracted more Pb, Cd, Cu and Zn, while aqua regia digestion recovered
more Cr, Ni and Hg. Moreover, it is preferable to substitute aqua regia digestion by nitric
acid digestion since the latter is less expensive and more environmentally benign [30].

According to Uddin et al. [1], the best acid mixture for the decomposition of herbal
samples was hydrochloric-nitric acids HNO3;-HCl in a ratio of 1:3, owing to the ability of
the combination to release the metallic ions from such complex matrices of herbal materials
and thereafter to reduce the level of the noise during the detection procedure.

Furthermore, the study of the quantification of potassium (K), phosphorus (P), calcium
(Ca), iron (Fe), copper (Cu), Mg, Zn and Mn contents in rice (oryza sativa) and barley
(hordeum vulgare) seedlings revealed that the digesting capacity of HNO3 acid and HNO;—
HClOy acid mixture was not significantly different [31].

In the present study, our data indicated that the highest Min concentrations were
recorded using method E (p < 0.05), which represented the mixture of HNO3-HCIO; in
studied species: atriplex portulacoides, arthrocnemum indicum, olea europaea BCR-62,
ulva lactuca and ulva lactuca BCR-279, compared to all other methods.

According to Shaibur et al. [31], in the scientific world of plant nutrition, nitric acid-
perchloric acid mixture is considered to be the prominent digesting reagent. It was also
revealed that using the nitric/perchloric acid procedure is better than using only nitric acid
for digestion, due to the better element recovery. However, perchloric acid digestion can
cause the loss of K and B by volatilization; in addition, the use of specially designed hoods
is required, since perchloric acid introduces the risk of explosion [32]. Otherwise, Warman
and Muizelaar proved that nitric/perchloric acid and nitric acid procedures presented the
same analytical sensitivity, and there is no advantage in using the more expensive and
hazardous nitric/perchloric acid digestion [33].

On the other hand, results showed that the heated extraction method led to the highest
Cd level in atriplex portulacoides, arthrocnemum indicum, olea europaea BCR-62, ulva
lactuca and ulva lactuca BCR-279 and the highest Al content in atriplex portulacoides,
arthrocnemum indicum.

In addition, it was reported that the digestion method of organic matter is dictated by
not only the elements to determine but also by the elemental content of the plant tissue [34].
According to Uddin et al. [1], the herbal samples have complex matrices since they consist
of either one herb or a mixture of herbs obtained from different parts of the plant, such as
seeds, roots, leaves, and flowers, which might have different chemical properties.

The results obtained also showed that all digestion methods tested achieved the
highest Cd, Mn and Al levels compared to the certified reference values of 0.1 pg-g~!
DW, 57 ug-g~! DW and 450 pg-g~! DW, respectively, in olea europaea BCR-62 (Table 3).
Likewise, we noticed that the digestion methods used in this study led to the greatest Cd
level in ulva lactuca BCR-279 (Table 4).

Table 3. Comparison of results obtained using tested digestion methods with certified reference
values in Olea europaea BCR-62.

Olea europaea BCR-62 Cd (ug-g—1 DW) Mn (ug-g~1 DW) Al (ug-g—1 DW)
Method A 181.5 187.6 1345.9
Method B 175.1 100.8 1725.7
Method C 233.3 364.1 1144.6
Method D 236.4 442.3 7329.9
Method E 251.2 1106.1 1691.9
Method F 229.1 443.7 2792.9
Method G 231.7 366.4 1498.2
Method H 219.1 286.1 7051.0

Certified reference value 000.1 057.0 0450.0
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Table 4. Comparison of results obtained using tested digestion methods with certified reference
values in ulva lactuca BCR-279.

Ulva lactuca BCR-279 Cd (ug-g~1 DW)
Method A 167.875
Method B 170.833
Method C 221.062
Method D 210.322
Method E 242.534
Method F 234414
Method G 232,081
Method H 235,996

Certified reference value 000.274

The correlations between eight digestion methods used to determine Cd, Mn, Al and
Mg contents in plant tissues are shown in Table 5. For Cd assay, the methods B and F were
negatively correlated (p < 0.01). However, the methods C, D, E presented a significant
positive correlation at p < 0.01 and p < 0.05. Also, method H was negatively correlated to
method D and G (p < 0.05). All the methods used in this study to quantify Mn contents were
positively correlated and the correlation was significant at p < 0.01 and p < 0.05. Regarding
Al assay, a positive correlation was observed between the methods D and H (p < 0.01).
In addition, method F was highly correlated to methods C and G (a positive significant
correlation was recorded at p < 0.01), and method A was positively correlated to methods
B, D, E and H (p < 0.05). For Mg, method A was positively correlated to methods B, E and
G (p <0.01) and methods D and F (p < 0.05). On the other hand, the methods D, E, E, G and
H were positively correlated at p < 0.01 and p < 0.05 and all these methods were found to
be positively correlated to method B (p < 0.01 and p < 0.05).

Table 5. The correlation between the digestion methods for Cd, Mn, Al and Mg determined in plant
tissues (Pearson correlation).

Cd

A B C D E F G H
A 1
B 0.145 1
C 0.206 —0.669 1
D 0.412 —0.275 0.809 * 1
E 0.005 —0.569 0.944 ** 0.857 * 1
F —0.343 —0.950 ** 0.580 0.281 0.580 1
G 0.584 —0.353 0.151 0.336 0.040 0.323 1
H —0.444 0.330 —0.522 —0.823 * —0.565 —0.393 —0.761 * 1

Mn

A B C D E F G H
A 1
B 0.994 ** 1
C 0.974 ** 0.973 ** 1
D 0.858 * 0.838 * 0.912 ** 1
E 0.952 ** 0.929 ** 0.962 ** 0.844 * 1
F 0.974 ** 0.965 ** 0.967 ** 0.803 * 0.987 ** 1
G 0.998 ** 0.993 ** 0.976 ** 0.882 * 0.937 ** 0.958 ** 1
H 0.992 ** 0.997 ** 0.961 ** 0.803 * 0.933 ** 0.973 ** 0.987 ** 1
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Table 5. Cont.

Al
A B C D E F G H

A 1

B 0.820 * 1

C —0.408 0.009 1

D 0.764 * 0.670 —0.623 1

E 0.741 * 0.847 * 0.288 0.274 1

F —0.220 0.312 0.918 ** —0.370 0.436 1

G 0.050 0.569 0.706 —0.130 0.600 0.920 ** 1

H 0.716 * 0.494 —0.812* 0.962 ** 0.107 —0.599 —0.351 1

Mg

A B C D E F G H

A 1

B 0.968 ** 1

C —0.198 —0.185 1

D 0.711 * 0.840 * —0.025 1

E 0.973 ** 0.991 ** —0.301 0.814 * 1

F 0.732 * 0.789 * —0.718 * 0.688 0.848 * 1

G 0.946 ** 0.971 ** —0.414 0.791 * 0.992 ** 0.906 ** 1

H 0.662 0.810 * —0.436 0.830 * 0.813 * 0.889 * 0.849 * 1

(*) Correlation is significant at 0.05; (**) Correlation is significant at 0.01.

To sum up, the effectiveness of AAS in quantifying the different TME is influenced by
the technique used for extraction, the element to be determined, and the plant tissue.

5. Conclusions

The shoots of atriplex portulacoides, arthrocnemum indicum, olea europaea BCR-
62, ulva lactuca and ulva lactuca BCR-279 were collected, rinsed and oven-dried, and
subsequently crushed and homogenized. Eight procedures of extraction were tested to
show the best method of turning dry samples into solutions of Cd, Mn, Mg and AL

Our results showed that the application of nitric—perchloric acid mixture (method E)
was the most efficient digestion method for the extraction of Mn in atriplex portulacoides,
arthrocnemum indicum, olea europaea BCR-62, ulva lactuca and ulva lactuca BCR-279
when compared to all other methods. In addition, all heated extraction methods, including
methods C, D, E, F, G and H, were the most appropriate techniques for solubilizing Cd
ions into solution from all studied plant species, and also for dissolving Al in atriplex
portulacoides, arthrocnemum indicum. In addition, in atriplex portulacoides, arthrocne-
mum indicum, olea europaea BCR-62 and ulva lactuca, the maximum recovery of Mg
was obtained by the heated extraction procedures. However, the methods A and B were
the best extraction methods for ulva lactuca BCR-279. According to these findings, and
despite the fact that the atomic absorption spectrophotometer is known to be efficient in
elemental composition analysis and the quantification of TME in solution, the application
of the appropriate digestion method is the most crucial key to achieving the extraction of
the maximum amount of a specific metal containing in various samples.
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