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ABSTRACT

A comparative study of the most commonly used methods for sample preparation for ICP
determination of the content of total phosphorus and sulfur in plant materials was performed on the
basis of reference material CTA-VTL-2 (Virginia tobacco leaves). The methods used in the study were
evaluated according to the recovery of total phosphorus and sulfur, ease of application and rapidity
of performance. It was found out that microwave digestion is the most suitable method for sample
preparation for simultaneous determination of phosphorus and sulfur by ICP in plant material. Dry
ashing is not suitable because of the considerable losses of sulfur during thermal processing of the
material in open vessels. The investigation revealed high correlation between colorimetric and ICP
methods for total phosphorus determination, with results generally differing within 5 to 10 %.
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CHHOPEAYBAIBE HA JU'ECTUBHUTE METOAU 3A OAPEAYBAIBE HA
BKYIIHUOT ®OCPOP KAJ PACTUTEJIHUOT MATEPHUJAJI CO ICP

HampaBeHo e KOMIapaTHBHO MPOYyYyBame Ha BOOOWYACHUTE METOJM 3a TIOATOTBYBame Ha
npuMeponu 3a onpenysame ICP-onpenyBame Ha coqpkuHara Ha BKYnHHOT (ocdop u cyndyp Bo
pacTUTeTHHOT Marepujal Bp3 0a3a Ha pedepenter matepujan CTA-VTL-2 (nucToBH 011 BUPIUHUCKA
TYTYH). MeToauTe NMpUMEHTH BO MPOYYYyBambETO CE MPOICHETH CHOPE] BPAKAkETO Ha BKYITHHOT
¢docdop u cyndyp, cClIoKkeHOCTa Ha aluIMKaljara 1 Op3uHaTa Ha U3BEAYBamkETO. Y TBPACHO € JAeKa
MUKpOOpaHOBaTa JUTECTHja € HAJIOTrOJICH METOJl 3a MOATOTOBKA HA MPHMEPOIIUTE 32 CHMYJITAHO
onpenyBame Ha Gpocdopot u cyndypor co ICP Bo pacturenen marepujan. CyBOTO criadyBame HE €
MOTOZICH METOJI TIOpaIn 3HAYUTEITHUTE 3ary0un Ha cyndyp 3a BpeMe Ha TepMmaiiHara oOpaboTka Ha
MarepujanoT BO OTBOpeHH cafoBu. Hanpasena e ciopenda momery konopumerpuckuot u [CP-metomor
3a ollpeayBame Ha BKYMHHOT Gocdop u yTBpJeHA € BUCOKa KOpeJalyja MoMery HUB, CO Pe3yinTaTH
LITO ce pa3nuKyBaat 3a 5% 10 10%.

Kayunu 300poBu: TyTyH, TUT€CTUBHU METOAH, BKyIieH ¢ocdop u cyndyp, ICP, komopumerpucku
METOAH
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INTRODUCTION

The determination of total phosphorus
and sulfur in soils and plants is very important
for agricultural and environmental studies.
Phosphorus participates in a number of processes
determining the growth, development and the
productivity of the plant: formation of cell
nucleus and cell multiplication, synthesis of lipids
and specific proteins, transmission of hereditary
properties, breathing and photosynthesis, energy
transmission from richer to poorer energetic
compounds etc. The multifarious role of P in
plant metabolism is related to its participation in
many biologically important organic compounds
— nucleid acids, nucleoproteides, enzymes,
vitamins, hormones, etc.

The determination of the total P in plant
materials requires initial mineralization of the
sample by digestion with mixtures of acids
or ashing and phosphorous determination by
different techniques, mainly colorimetry and
inductively coupled plasma optical emission
spectrometry (ICP-OES) (1, 2). The problems
related to its precise determination by ICP-OES
are mainly due to the decrease of the signal of
phosphorus in the content of calcium and other
slightly ionizing elements in test samples. This
repression of the signal could be overcome by
using scandium as internal standard (3).

As a compound of the amino acids
cysteine, cystin and meteonin, tripeptide glutation,
of different proteins and inorganic sulphates,
sulfur has an important role for oxidation-
reduction processes, the energy balance of the
plant, the functioning of the phytohormones, the
enzyme activation, chlorophill formation etc.
Nitrogen and sulfur ratios (N : S) are often used
as a diagnostic tool (4).

While the problem with phosphorus is
well known and its content in the soil and plants
is subject to constant control, in the case of sulfur
this issue has been underestimated. During the
last years, however, decreasing sulfur input from
atmospheric deposition and fertilizers has led to
increasingly widespread S deficiencies in the UK
(5). Due to the strengthening of pollution control

measures, similar trends have been observed
in other West European and North American
countries.

The problem of increased S deficiency
has led to a greater need for plant tissue and soil
testing in order to diagnose whether applications
of S fertilizers are necessary. Compared to
other important elements, testing for sulfur is
relatively new. The most widely used method
for determination of total S in plant tissues
involves the initial destruction of the organic
matter by digestion with mixtures of nitric and
perchloric acid, or ashing in the presence of
magnesium nitrate in a muffle furnace, followed
by dissolution of the ash in diluted acid (6).
The total S in solution may then be analysed by
colorimetry with the methylene blue method (7),
by turbidimetry with barium sulphate formation
(6, 8), X-ray fluorescence analysis (9, 10) or ion
chromatography (IC) (11). In the recent years,
ICP has been accepted as a basic technique for
measuring sulfur, because of its capacity for
measuring in a UV spectral range, the relative
non-presence of spectral interferences and the
possibility of multi-element analysis (12, 13).

In spite of the significant number of
publications regarding determination of the
sulfur content in plant materials, plant total S
analysis shows greater variations than those
shown for other elements. Examination of data
from a bimonthly report of the International Plant
Analytical Exchange Programme (IPE) shows
that the coefficient of variation (CV) for plant
total S is typically about 22 %, whereas for P,
K and N the CVs ranges from 10 to 15 % (14).
The higher CV for S supports the view that S
analysis is more difficult for laboratories. This
problem forces more efforts to be focused on the
two main stages of analysis — sample preparation
and appropriate methods for sulfur determination.
This necessity defines the objective of this study
- to compare different digestion methods for
determination of total phosphorus and sulfur in
plant material.
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MATERIAL AND METHODS

1. Plant material

A Polish reference material CTA-VTL-2
(Virginia tobacco leaves), containing 2204 +
78 ppm phosphorous was used in the study. For
the sulfur, a single information value of 0.669
wt % is given.

2. Digestion methods

The inductively coupled plasma (ICP)
emission spectrometry allows the determination of
both metals and non-metals. This is why it is most
suitable as a chief method for complete analysis
of the tested material. A main consideration
in the selection of digestion methods was the
possibility for simultaneous determination of
the most important macro- and micronutrients
in the plants by a single digestion procedure.
The most common methods for total or nearly
total decomposition of the sample were used as
follows:

2.1. Dry ashing:

Procedure for dry ashing at 400 °C,
450 °C, 500 °C and 550 °C in a muffle furnace,
following BDS 11708-93, was used. Samples
(0.5 g) were weighed in 50 mLglass beakers,
charged on a hot plate with stepwise increasing
temperature up to 350°C for 4 hours and finally
ashed in a muffle furnace at 400, 450, 500 and 550
°C for 1 hour. After cooling, ashes were dissolved
in 20 mLof 1.5 % HNO,, or in a composition 3:1
v/v of HCl: HNO,.

2.2. Wet mineralization:

a) HNO, + H,0, digestion

One gram of oven-dried sample was
transferred to a teflon beaker to which
10 mL of concentrated nitric acid were
added. The sample was then warmed on a
hot plate to about 85-95 °C until the initial
reaction had subsided. After cooling 0.5
mLof30% hydrogen peroxide was added
dropwise, and the sample was then
reheated. Stepwise additions of peroxide
were repeated until the sample solution
had clarified and no fats were visible.
The sample was then diluted to 50 ml.

b) Procedure for acid digestion
One gram of oven-dried sample was
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weighed into a Kjeldahl flask and 5
mLof 65% HNO, were added. The flask
was placed on a preheated hot plate and
heated until its content was evaporated
to dryness. 14 mLof 72% HCIO, were
added to the sample and it was heated for
60 min. The digest was cooled, filtrated
and diluted to 100 mL in a calibrated
flask.

Procedure for acid digestion, following
ISO 5515-1979

A tobacco sample of 2.0 to 2.5 g, dried
to constant weight, was put in a Kjeldahl
flask of 100 to 150 mL 30 mL HNO, and
4.0mL H,SO, as well as a few glass pearls
were added. The mixture was left to settle
for 12 hours and after that the flask was
carefully heated in order to avoid the
formation of foam. The heating of the
liquid continued until the boiling point
was reached and the process of boiling
continued until the liquid acquired brown
color. After that portions of 1.0 to 2.0
mL HNO, were added until the release
of nitric oxides stopped and the release
of white fumes began. The solution
was cooled down, 15 mL were added
and it was heated up again until boiling
with release of white fumes began. The
cooled solution was transferred into a
measurement flask of 50 or 100 mL and
was filled up to the marking.

The same standard was applied in the
digestion procedure, including the use
of HCIO, 6.0 to 8.0 mL HNO, were
added to the sample, it was left to settle
for 12 hours and was brought to boiling
without being evaporated to dryness.
After cooling an additional portion of 6.0
to 8.0 mL HNO, was added and the liquid
was brought to boiling as the procedure
was repeated once or twice more. After
cooling, 6.0 to 8.0 mL HNO, and 4.0 mL
H,SO, were added. The decomposition
began vigorously without heating. After
the vigorous reaction stopped, the sample
was cooled and 4.0 to 6.0 mL HNO,
and 3.0 to 5.0 mL HCIO, were added.
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d)

The boiling continued until the solution
became colorless. Then it was cooled
and brought to volume of 50 or 100 cm?.

Procedure for acid digestion, following
BDS 17365-94 for determination of
heavy metals in tobacco and tobacco
products:

A tobacco sample of 2.0 to 2.5 g dried to
constant weight was put into a Kjeldahl
flask of 100 to 150 mL 20 mL HNO,
and 5.0 mL H,SO, were added and
the mixture was left to settle for 2 to 4
hours. After that the flask was heated
in a sand bath for 30-40 minutes at 80-
90°C. At the appearance of a dark yellow
or brown coloring of the solution the
flask was cooled and 10 mL HNO, and
2 mL HCIO, were added. The heating
continued until the elimination of most
of the acids. 10 mL of distilled water
were added twice and the solution was
heated until most of it evaporated. After
cooling, the residue was treated twice by
4 mL 1M HCI and after that it was filled
up to 10 mL with IM HCI.

2.3. Microwave digestion (MW):

A procedure for microwave digestion
with different acid mixtures, following
EPA METHOD 3051, suitable for flame
AAS determination of heavy metals, was
used. A microwave digestion system

(Milestone 1200 MEGA, Italy) with 10
MRD 300 rotor with 10 positions, max.
pressure of 30 bars and max. power 1000
W was used. A homogenized sample
of 0.5 g dry substance was weighed on
assay balance into a Teflon bomb and
10 mLof concentrated nitric acid were
added. The microwave mineralization
programme comprised three stages: (i)
5 min. non-pulsed 250 W microwave
irradiation; (ii) 5 min. 400 W pulsed
microwave irradiation and (iii) 5 min.
600 W pulsed microwave irradiation.
After a one minute ventilation, the
sample was cooled and diluted to 50
ml. Several additional alternative acid
combinations including H,O, and HF
were used in accordance with EPA
METHOD 3052.

3. Phosphorus and sulfur determination

An ICP-AES spectrometer Spectroflame
MODULA (Spectro Analytical Instruments,
Kleve, Germany), equipped with two
monohromators: (i) spectral range 160 — 460 nm
with nitrogen purged optics and (ii) spectral range
240 — 790 nm with air purged optics, was used.
The analytical operational parameters were
optimized with the aim to achieve the lowest
possible limit of detection for phosphorus and
sulfur (Table 1).

Table 1. Instrument settings and measurement conditions

Parameter Index
Nebulizer Mainhard TR 30 A3
Rate of sample delivery 1.2 mLmin*!
Argon torch gas flow (cooling gas) 14 1mintAr
Argon auxiliary gas flow 0.5 1 mintAr
Argon nebulizer gas flow 1.4 1 mintAr

4. Statistical analysis

For evaluation of the correctness of

results for phosphorous, three generally accepted
criteria were used as follows:

1.

D =X — X g Where X is the measured
value and X, is the certified value.
When D is within the borders of *
26, where o is the standard deviation

from the certified value, the result is
considered to be good, when it is -30 <
D <3c - satisfactory, and beyond these
limits the result is unsatisfactory.

2. D% =D/ X, -100 — percentage
difference. When the values of D % are
in the limits + 200c / X, the result is
considered to be good, when the value is

25



Tyryn/Tobacco, Vol.62, NO 1-6, 22-29, 2012

in the limits + 2006/ X ., and + 300G/
Xy - satisfactory, and when it is out
of the limits + 3000/X ,, the result is

unsatisfactory.

3. Z=X-Xu!0 - WhenZ<2 the result
is considered to be good, when2<Z <3 -

satisfactory, when Z > 3 - unsatisfactory.

For easier evaluation of the effectiveness
of different methods for sample preparation we
have used R criterion showing the extent of
extraction of the element in percents from the
certified value. When the measured value X is

within the borders of X, + UCRM’ where U,
is the indefiniteness of the certified value, we
accept the extent of extraction to be 100%. In all
remaining cases the extent of extraction is equal
to X/ X - 100.

Due to the lack of data for standard
deviation, when determining sulfur, there was no
determined Z — criterion. In this case, when the
certified value X, is within the limits of X + o,
where o is the standard deviation of the measured
value, we accept the extent of extraction to be

100%.

RESULTS AND DISCUSSION

The emission lines at ICP-AES
determination of phosphorous and sulfur,

estimated detection limits and interferences are
presented in Table 2.

Table 2. Emission lines upon ICP determination of phosphorous and sulfur,
detection limits and interferences

Element Technique / Line Estimated D.L. Optics Interferences
ICP-OES 178.287 nm 0.015 pg ml?t I, Mo,Mn
P ICP-OES 177.495 nm 0.020 pg ml* \Y Cu, Hf
ICP-OES 213.618 nm 0.024 pg ml* Cu,Fe
ICP-OES 180.734 nm 0.010 pg ml*
S ICP-OES 182.034 nm 0.030 pg ml* v Ca, Al

According to data from literary sources,
in the case of ICP determination of phosphorus
at 177.495 nm, there is spectral interference
of copper. The concentration of copper in
tobacco leaves, according to the certificate, is
18.2 ppm, and its concentration in the tested
solutions after dilution was less than 0.05 ppm.
The pulverization of 0.10 ppm mono standard
of Cu does not give intensity different from the
background at 177.495 nm. Therefore, at this
concentration of copper, no off peak correction is
necessary. However, the content of phosphorus in
all test samples was determined at two different
wavelengths -177.495 and 178.287. The results
obtained are statistically indistinguishable, and
the table presents the average values.

The content of sulfur was determined at
wavelength of 182.034 nm. For both elements
background correction was performed. For P
determination we used the internal standard
method by adding scandium to the samples
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and standard solutions. The calibration was
performed using three standard solutions in 2 %
v/v HNO,. A commercial multielement standard
solution with concentration 100 ug/l was used
as a stock solution. The calibration standard
solutions have the following concentrations: 0,0;
5.0 and 10.0 ppm.

Thirteen samples of the tested material
(Virginia tobacco leaves) were prepared for
analysis for total phosphorous and sulfur content.
The results of the ICP analyses of phosphorous
are presented in Table 3.

The results obtained show that the
extraction of phosphorus is complete in all
variants of dry ashing and microwave digestion.
However, closer to the certified values are the
results obtained during microwave mineralization,
as the values of the Z — criterion do not exceed
2.0, and of D % - 7.0. It is observed that all
results obtained by dry ashing are higher than
the certified value, which excludes lack of
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phosphorus at these temperatures. In four of the
variants, however, the values of Z-criterion are
greater than 2.0, and those of D % reach 10.25.

The results in the case of wet digestion
are different. HNO,+ H,O, and HNO, + HCIO,

wet digestion methods are efficient and are
estimated as “good”. The efficiency of the HNO,
+ H,SO, + HCIO, digestion depends on the acid
ratio and can be “good”, while HNO, , H,SO,
digestion is unsuitable.

Table 3. Effectiveness of different digestion methods upon ICP-AES determination of
phosphorous contents in tobacco leaves. X ., = 2204 ppm, ., = 78 ppm

Method X O D D, % z R
ppm ppm

Dry ashing, 550°C 2420 200 216* 980 277 100
Dry ashing, 500°C 2430 220 226* 1025%  2.90% 100
Dry ashing, 450°C 2390 180 186* 8.44% 238 100
Dry ashing, 400°C 2280 150 76%* 345%%  097%% 100
Dry ashing + (HCI + HNO,) 2400 250 196* 8.80%  251* 100
HNO, + H,0, digestion 2240 180 36%* 163%*  046%* 100
HNO, + HCIO, digestion 2300 100 96%+ 436*%  1.23% 100
HNO, + H,S0, + HCIO, 2130 160 4% 336 095%% 100
digestion

HNO, + 1,50, + HCIO, 1930 280 274 1243 351 876
digestion

HNO, + H,S0, digestion 1490 260 714 3240 915 67.6
MW, HNO, 2230 120 26%* LIS**  033% 100
MW, HNO, + H,0, 2270 190 66%* 299%%  0.85% 100
MW, HNO, + H,0, + HF 2355 110 151%%  7.08%%  2.00%* 100

* - “satisfactory” results
** _ “g00d” results

During the last year soil and plant
laboratories have moved from colorimetry to
inductively coupled plasma (ICP) spectrometry
to quantify phosphorous in soil and plants. The
main reason is that ICP has the advantage of
being quicker and provides the possibility to
quantify phosphorus and other plant nutrients
in a single analytical process (2). However,
we have to take into account that the P value
with ICP is not always comparable with the
colorimetric P value, which usually has been
used to set up fertilizer P recommendations.
On the other hand, colorimetric procedures
offer some advantages, such as increased
sensitivity and lower instrumentation cost, and
it is unlikely that ICP will completely displace
colorimetric procedures. With the aim to define
the magnitude of the difference between ICP and
colorimetric P in the plant material investigated,

we analysed the same solutions, obtained by the
digestion methods described above, following
the colorimetric procedure for P determination,
described by M.K. John (15). The results are
presented in Table 4.

The results obtained give us ground to
recommend the use of the microwave digestion
method during sample preparation for ICP
determination of the content of phosphorus
in plant material. In addition to providing
full extraction and preventing loss during the
digestion, this method is quick and easy for
application. In case of lack of the necessary
equipment, dry ashing could be used.

The results of the ICP analyses for sulfur
are presented in Table 5, as in this case the results
of wet digestion methods, using H,SO, are not
included.
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Table 4. Effectiveness of different digestion methods upon colorimetric determination of

phosphorous contents in tobacco leaves. X .\, = 2204 ppm, o, = 78 ppm
Method X Ox D D, % z R
ppm ppm
Dry ashing, 550°C 2400 95 196* 8.89%* 2.51* 100
Dry ashing, 500°C 2260 112 56** 2.54%%* 0.72%%* 100
Dry ashing, 450°C 2350 94 146** 6.62** 1.87%* 100
Dry ashing, 400°C 2260 85 56** 2.54%%* 0.72%* 100
Dry ashing + (HCI + HNO3) 2400 102 196* 8,89* 2.51* 100
HNO, + H,O, digestion 2360 87 156** 7.08%* 2.00** 100
HN03+ HCIO4 digestion 2400 83 196* 8.89%* 2.51* 100
HNO, + H SO, + HCIO
diges?ion 274 4 2200 74 -4 -0.18%** -0.05%* 100
HNO, + H,S0,+ HCIO, 2000 99 204 926% 262 907
digestion
HNO, + HZSO4digeSti0n 1740 102 -464 -21.05 -5.95 78,9
MW, HNO3 2320 82 116** 5.26** 1.49%* 100
MW, HNO, + HZO2 2300 7 96** 4.36%* 1.23** 100
MW, HNO, + H,0, + HF 2430 95 226* 10.25* 2.90* 100
* - “satisfactory” results
** _ “g00d” results
Table 5. Effectiveness of different digestion methods upon determination of
sulfur contents in tobacco leaves
Method X, % % X o % D D, % R
Dry ashing, 550°C 0.564 0.060 0.669 -0.105 -15.70 84.3
Dry ashing, 500°C 0.596 0.045 0.669 -0.073 -10.91 89.1
Dry ashing, 450°C 0.558 0.052 0.669 -0.111 -16.59 83.4
Dry ashing, 400°C 0.605 0.050 0.669 -0.064 -9.57 90,4
Dry ashing + (HCI + HNO,) 0.581 0.061 0.669 -0.088 -13.15 86.8
HNO3 + HZO2 digestion 0.598 0.061 0.669 -0.071 -10.61 89.4
HNO,+ HCIO, digestion 0.742 0.068 0.669 0.073 10.91 100
MV, HNO, 0.744 0.057 0.669 0.075 11.21 100
MW, HNO, + H,0, 0.620 0.056 0.669 -0.049 -7.32 100
MW, HNO, + H,0, + HF 0.653 0.052 0.669 -0.016 -2.39 100

In this case, too, the best results are
obtained by microwave digestion of the samples,
as the three variants provide for 100 % recovery.
In spite of that, however, the results vary broadly
— from 0.620 to 0.744 %, and the values of _in
all measurements exceed 0.05.

None of the dry ashing variants is
suitable for determining sulfur in plant material.
Obviously, a great part of the sulfur is lost
during thermal processing of the samples in open
vessels. When using HNO, , H,O, wet digestion
method an extraction of about 90% is reached.
Poykio et al. (12) have also obtained results
close to these when determining the content
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of sulfur in a certified sample of beech leaves.
According to the same authors, the HNO, +
HCIO, digestion procedure gave lower results,
which is in contradiction with the results that we
have obtained.

Because one and the same method ICP-
AES was used in all quantitative determinations,
the comparative study carried out lead us to the
conclusion that the sample preparation is a critical
stage in determining sulfur in plant material, which
requires thorough investigations in this direction.
This conclusion is also supported by the inter-
laboratory comparison of sulfur analysis in plant
materials, summarized by Crosland et al. (5).
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CONCLUSION

A comparative study of the most commonly

used methods for sample preparation for ICP
determination of the total phosphorus and sulfur
contents in plant materials was held on the basis
of reference material CTA-VTL-2 (Virginia
tobacco leaves). The methods used in the study

ease of determination. HNO, + H,SO,
digestion, which gives low recoveries
probably due to incomplete oxidation, and
HNO,+H,SO, + HCIO, acid mixture have
to be used very carefully.

. 2. Microwave digestion and wet HNO, +
were evaluated according to the recovery of total L 3
Y, HCIO, procedure quantitatively extract
phosphorus and sulfur, ease of application and 4 . .
Ot sulfur from the plant material, while
rapidity of performance. It was found out that: Lo .
dry ashing is not suitable because of

1. Microwave digestion and dry ashing considerable losses during thermal
methods, as well as wet methods, including processing of the material in open vessels.
the use of HNO, + HCIO, quant}tatlvely 3. Microwave digestion is the most suitable
extract phosphorous from the studied plant .

: Y . method for sample preparation for
samples. Microwave digestion gives the . L
simultaneous determination of phosphorus
best results and could be recommended, . .
A . . 1 and sulfur by ICP-AES in plant material.
taking into consideration its rapidity and
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