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Abstract 
The analysis of the chemical composition of biomass plays an important role in all steps of the life cycle of biomass, espe-
cially in thermal conversion processes. Electrothermal vaporization (ETV) coupled with inductively coupled plasma optical 
emission spectrometry (ICP-OES) is a promising approach for biomass analysis as almost no sample preparation is required, 
samples can be analysed quickly, and the release of elements from the sample can potentially be quantified with temperature 
resolution. In this work, the concentration of seven important side and trace elements is determined in beechwood, torrefied 
wood, wheat straw, miscanthus, and spruce bark. For comparison and validation of the ETV setup, four additional methods 
of analysis are applied to determine the elemental concentration. Chemical fractionation analysis (CFA) is conducted to 
investigate the chemical association form. In addition, microwave pressure digestion is carried out with two different acid 
solutions (HNO3 and HBF4). X-ray fluorescence (XRF) analysis is performed to determine the ash composition of all sam-
ples. The spread between most of the results of the different measurement techniques is with less than 20 % well within the 
expected range for heterogeneous biomass samples. Large deviations, such as the sulphur concentration in the XRF analysis, 
can be explained by the method used. The ETV results are in very good agreement with the CFA and microwave pressure 
digestion results. As these methods are well established, ETV analysis has proven to be suitable for the analysis of side and 
trace elements in biomass.

Graphical Abstract

Keywords  Electrothermal vaporization · Chemical fractionation analysis · Biomass composition · Side elements

 *	 Hendrik Mörtenkötter 
	 h.moertenkoetter@tum.de

Extended author information available on the last page of the article

http://crossmark.crossref.org/dialog/?doi=10.1007/s12649-023-02129-0&domain=pdf


	 Waste and Biomass Valorization

1 3

Statement of Novelty

This paper demonstrates the first successful validation of 
the analysis of different biomass fuels in an ETV-ICP-
OES system that is required for the temperature-resolved 
analysis of biomass samples.

Introduction

Biomass is currently the largest source of renewable 
energy in the world [1]. With a rising demand for renew-
able energies and limited availability of sustainable bio-
mass, more advanced methods of biomass utilization need 
to be implemented. This does not only include cleaner and 
more efficient thermal conversion processes, but also ash 
utilization and the use of biomass as a sustainable carbon 
source for chemical processes. Biomass and ash composi-
tion is crucial in all these processes, since there are limits 
on certain elemental concentrations, both from the process 
side and from regulation [2–4].

There are multiple methods of analysis available for 
investigating the composition of solid biomass samples 
[5–11]. These methods vary in complexity, cost, duration, 
hazardousness, possible sample size, and accuracy. Since 
biomass is usually a highly heterogeneous sample even 
within one batch, analysis of multiple samples can give a 
more accurate picture of the sample at hand [12]. Hence, 
cost and duration influence the overall accuracy, because 
a cheaper or quicker method can analyse more samples in 
the same time or for the same costs. Thus, depending on 
the application and elements of interests, different methods 
of analysis are suitable.

The elemental analysis of solid biofuels is largely 
regulated in standardized protocols [6, 7, 11]. The proto-
cols can be divided into X-ray fluorescence spectroscopy 
(XRF) and wet chemical analysis methods. The determi-
nation of the elemental composition by XRF is regulated 
in ISO 16696 [11]. While XRF requires only little sample 
preparation, the standard recognises the challenge of deter-
mining very low elemental concentrations or elemental 
concentrations in inhomogeneous samples. The suggested 
fused bead method to overcome these challenges is only 
applicable to non volatile components [11].

As an alternative to XRF, wet chemical analysis meth-
ods can be used. DIN EN ISO 16967 standardises the 
analysis of aluminium (Al), calcium (Ca), iron (Fe), mag-
nesium (Mg), phosphorous (P), potassium (K), sodium 
(Na), and titanium (Ti) in solid biofuels [6]. In a first step, 
the solid biomass samples are solved in a microwave pres-
sure digestion. The protocol requires hydrofluoric acid 

(HF), which is a powerful contact poison. The handling 
of hydrofluoric acid makes this method of analysis danger-
ous, time-consuming and expensive, as many safety pro-
tocols must be followed. In theory, HF is needed to break 
down the silicate matrix of the biofuels. Compared to coal, 
biomass contains fewer silicates. Moreover, Zimmermann 
et al. found that a fluoroboric acid (HBF4) based digestion 
protocol can sufficiently break down the silicate matrix 
and returns comparable results [13]. The resulting solu-
tion of the microwave pressure digestion can then be ana-
lysed using Inductively Coupled Plasma Optical Emission 
Spectrometry (ICP-OES), Inductively Coupled Plasma 
Mass Spectrometry (ICP-MS), Flame Atomic Absorption 
Spectrometry (FAAS), or Flame Emission Spectroscopy 
(FES) [6].

The determination of the chlorine and sulphur content is 
standardised in DIN EN ISO 16994. In general, the same 
microwave pressure digestion can be utilized, but neither 
hydrochloric acid (HCl) nor sulphur containing acids can 
be used. It mus be considered, that some volatile chlorine 
compounds can evaporate from the digestion. Moreover, 
the protocol limits the detection method to ICP-OES or Ion 
Chromatography (IC) [7, 14]. Thus, for wet chemical analy-
sis advanced equipment is necessary. Overall, the standard-
ised protocol for wet chemical analysis is a time consuming 
and expensive procedure that requires hazardous chemicals 
but returns accurate results.

Another factor that needs to be taken into account are 
systematic errors that can occur due to various factors, 
including weighing errors, pipetting errors, and contamina-
tion. Weighing errors can be caused by environmental fac-
tors such as temperature and air currents. In addition, the 
detection limit of the balance plays a significant role when 
the sample mass is small. Pipetting errors can occur due to 
imprecise handling, user error, or when the pipette is not 
exactly calibrated for the liquid at hand. Contamination is 
another source of systematic error and can be caused by 
improper handling of the sample, use of contaminated equip-
ment, or exposure to dust or moisture. Longer and more 
elaborate procedures are more prone to systematic errors 
due to the increased likelihood of mistakes in handling and 
measurement. In general, the mentioned errors are likely to 
be higher than the detection limits and accuracies of an XRF 
or ICP-OES system.

Electrothermal vaporization (ETV) is a promising 
approach for the analysis of biomass samples. The sam-
ples are vaporised in a resistively heated furnace under an 
inert atmosphere. The resulting aerosol is then led into an 
Inductively Coupled Plasma Optical Emission Spectrometer 
(ICP-OES). ETV analysis has several advantages over wet 
chemical analysis methods, among them a wide range of 
detectable elements, rapid analysis, little sample prepara-
tion, and the potential to quantify the release patterns from 
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biomass with temperature resolution. However, since the 
ETV method relies on reference materials for calibration 
and every element needs to be carefully tuned, extensive 
validation is required to achieve reliable results.

ETV analysis in general has long been established [15, 
16]. It is an accepted method for the analysis of trace ele-
ments in materials science [17–19]. Resano et al. estimate 
the precision of ETV-ICP-OES methods to 5–15% and the 
usual working range of the determination of elemental con-
centrations up to 10,000 mg/kg [20]. The upper working 
range is primarily limited by plasma and spectrometer over-
load. High concentrations can thus either not be analysed or 
the heating rate has to be reduced [21]. While plant materi-
als have been analysed in an ETV-ICP-OES by Detcheva 
et al., their investigations focus on trace elements with sig-
nificantly lower concentrations [22]. The most recent works 
in ETV-ICP-OES analysis by Hommel et al. investigate the 
potassium and sulphur release from coal [23]. However, coal 
contains significantly lower amounts of potassium and due to 
the origin, the matrix differs from a typical biomass matrix.

The focus of this work lies on the validation of an ETV 
method for the analyses of side elements in biomass. To min-
imise matrix effects, plant based reference materials are used 
for calibration. While aqueous standards are usually used for 
calibration, reference materials with a similar matrix show 
a similar release behaviour, which is important for tempera-
ture resolved measurements. Since some of the investigated 
elemental concentrations exceed the usual working range of 
ETV-ICP-OES systems, validation of the results is necessary 
[20]. In contrast to the existing literature, the concentration 
of the elements investigated, the sample type, and the cali-
bration materials differ in this work.

For the validation of the ETV system, five biomass sam-
ples are analysed in the ETV and by four other methods. 
First, a chemical fractionation analysis (CFA) is performed. 
CFA is a method adapted from Zevnehoven et al. to deter-
mine the chemical associated form of the analysed elements 
[24]. By comparing the results of the CFA and the ETV 
system, it can be shown whether the bonding type of the 
element has an influence on the release behavior and thus 
on the detectability using an ETV setup. Furthermore, the 
analysis methods complement each other, because the solid 
products of the CFA can be analysed in the ETV system. 
The concentration in the liquid leachate and the solid residue 
should add up to the concentration in the raw biomass.

In addition, two microwave pressure digestions with 
different acid solutions are analysed. Microwave pressure 
digestion is fully commercially available and widely used 
[6, 25]. The results of the microwave pressure digestion can 
therefore be used as a benchmark in the validation process.

X-ray fluorescence (XRF) analysis is used to have a 
solid sample method as a reference. XRF and the other 
methods can analyse numerous elements. Therefore, the 

elements studied and discussed must be reduced to the 
relevant elements that can be analysed with all the meth-
ods used.

The elements present in biomass can be categorized in 
main-, minor-, and trace-elements. The main elements car-
bon, hydrogen, and oxygen are almost completely released 
during combustion. The minor elements are responsible 
for most of the ash-related problems, as they make up the 
majority of the bottom and fly ash in combustion pro-
cesses [2]. For a better understanding of these processes, 
the analysis of the minor elements is therefore of central 
importance. In this work, the primary focus lies on the 
determination of the minor elements in biomass.

As there is no uniform definition of the minor elements 
in literature, nitrogen (N), silicon (Si), chlorine (Cl), 
potassium (K), sodium (Na), calcium (Ca), magnesium 
(Mg), sulphur (S), and phosphorus (P) are considered 
minor elements of biomass. All side elements except nitro-
gen, chlorine and silicon are analysed in all methods of 
analysis. The liquid sampling methods can not determine 
chlorine and nitrogen, because the used acids contain these 
elements. Silicon could form components that are volatile 
at room temperature with some of the acids, so it can not 
be accurately quantified by all methods and is therefore 
excluded from the comparison. In addition to the minor 
elements, the concentration of zinc (Zn), usually consid-
ered a trace-element, is analysed [2].

The biomass samples investigated are selected on the 
basis of their origin and expected composition to cover 
a wide range of solid biomass samples. Two stalk-like 
biomass samples are investigated. Straw is an agricultural 
residue and its thermal conversion is usually a challenge 
[26]. The other stalk-like biomass sample is miscanthus, 
an energy crop. Pretreated biomass are represented by tor-
refied wood. Bark is chosen because it usually has higher 
concentrations of minor elements than the core wood [27]. 
Beechwood is a conventional wood and regularly used in 
thermal conversion processes [28].

The results are used to validate electrothermal vapori-
zation as a method for the detailed analysis of different 
types of biomass and different elements. The results are 
also used to compare the concentration of the seven ele-
ments studied in the different types of biomass and the five 
methods of analysis.

Experimental

This section describes the procedures employed for the 
analysis of biomass in this work, as well as optimisa-
tion protocols for the analysis using electrothermal 
vaporization.
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Samples

In all analysis samples from the same batch are taken. 
Beechwood is supplied in milled form from J. Rettermaier 
& Söhne GmbH + Co KG, Germany under the brand name 
Lignocel HB 120. Spruce bark is sourced from Metsä Fibre 
Oy, Finland. Torrefied wood pellets are supplied form from 
TorrCoal Technology B.V., Netherlands and milled before 
analysis. It consists of various woody biomass types that are 
torrified at 285 °C to 450 °C and pressed into pellets [29]. 
Miscanthus is grown, harvested and milled by Forschung-
szentrum Jülich, Germany. Wheat straw is taken from per-
sonal sampling.

The moisture content of all biomass samples is deter-
mined by thermogravimetric moisture measurements (Touch 
Moisture 611-3453, VWR International BV, Belgium). For 
CFA analysis, samples are dried at 108 °C overnight and 
their residual moisture is measured in a thermogravimetric 
analyser. For ETV, samples are not dried but instead kept at 
room conditions, due to the fact that moisture after drying 
would not remain constant during the extended time required 
for weighing multiple samples, thus falsifying weights. 
Instead, dry basis concentrations are calculated based on the 
routine thermogravimetric moisture measurements. Those 
samples that are not pre-milled are milled to pass a 0.5 mm 
sieve. Except for the difference in moisture content, the same 
biomass samples are used in all measurements.

Wet Chemical Analysis Methods

Microwave Pressure Digestion

Conventionally, precise analysis of ash elemental composi-
tion in biomass is performed by microwave pressure diges-
tion. A small sample (either raw biomass or ash) is hydro-
lysed and oxidised in the presence of an oxidising acid at 
high temperature and pressure, thereby dissolving all inor-
ganic constituents while breaking down the sample matrix. 
In this work, nitric acid (65% HNO3) and hydrochloric acid 
(32% HCl) are used along with tetrafluoroboric acid (50% 
HBF4) as a fluorinating agent, according to a method by 
Zimmermann et al. [13]. Furthermore, a set of digestion 
experiments omitting fluoride are performed, using only 
HNO3, to assess whether this safer and more convenient pro-
tocol yields comparable results to the conventional method.

For HBF4 digestion, approx. 250 mg of raw sample are 
placed into a PTFE-lined pressure vessel, to which 7 mL 
of 65% HNO3, 3 mL of 32 % HCl and 2 mL of 50% HBF4 
are added. For HNO3 digestion, approx. 100 mg of sample 
and 10 mL of 65% HNO3 are used. The vessel is sealed 
and loaded into a ETHOS.lab temperature-controlled micro-
wave system (MLS Mikrowellen-Labor-Systeme GmbH, 
Germany). The temperature is set to ramp to 180 °C within 

60 min, followed by 240 min hold time. After cooling, the 
solution is transferred quantitatively into a 100 mL PP volu-
metric flask and diluted with demineralised water. Elemental 
concentrations of the resulting solution are determined using 
liquid sampling ICP-OES.

A SPECTRO ARCOS 2 ICP-OES spectrometer from 
SPECTRO Analytical Instruments GmbH, Germany, set 
up in a side-on plasma configuration is used. For liquid 
sampling measurements, sample solutions are fed into the 
nebulizer via a peristaltic pump from a CETAC ASX-560 
autosampler (Teledyne Technologies Inc., USA). For solid 
sampling measurements, the ETV is connected directly to 
the plasma torch via PTFE tubing approx. 70 cm in length 
and 4 mm in inner diameter. Measurement conditions for 
ETV-ICP-OES experiments are listed in Table 1.

Chemical Fractionation Analysis (CFA)

The procedure for CFA is based on works by Zevenhoven, 
Werkelin et al. [24, 30], as well as past works at the Chair 
of Energy Systems [31, 32]. Through subsequent leaching 
of solid biomass samples in water (H2O), 1 M ammonium 
acetate solution (NH4Ac) and 1 M hydrochloric acid (HCl), 
minor elements are fractionated into four groups. These are 
water-soluble salts (e.g. K+, Na+, Cl−), organically asso-
ciated ions (e.g. Mg2+, Ca2+), acid-soluble salts (e.g. Ca 
and Mg carbonates and sulfates) and inert minerals (e.g. 
silicates, oxides) [24]. The leaching method by Werkelin 
et al. employs a single H2O leaching step, followed by three 
NH4Ac and two HCl lechings, with solvent volumes of 5 to 
10 mLs per gram of sample [30]. This procedure is adapted 
as follows to allow for better suspension of the sample in 
the solvent as well as to ensure complete leaching (see also 
Fig. 1): 

1.	 2 × in 20 mL/g H2O, room temperature, stirring, 24 h
2.	 3 × in 20 mL/g 1 M NH4Ac, room temperature, stirring, 

24 h and
3.	 2 × in 20 mL/g 1 M HCl 80 °C, stirring, 24 h

A sample of 5 g is placed in an Erlenmeyer flask along with a 
stir bar, to which 100 mL of the respective solvent is added. 
A watch glass is placed on top to limit evaporation and stir-
ring is turned on for 24 h. In the case of HCl leaching, the 
flask is placed in a 80 °C oil bath and fitted with a reflux con-
denser. After leaching, the sample is filtered through a filter 
paper in a Büchner funnel using vacuum filtration. In the 
case of samples with a high proportion of colloidal matter, 
centrifugal separation is performed to prevent clogging of 
the filter. The flask is rinsed three times with approx. 20 mL 
of H2O to recover all of the sample, each time pouring it 
through the funnel to wash the filter cake, thus ensuring no 
solutes are retained. After drying for approx. 10 min on the 
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filter, the sample is transferred back into the flask and the 
procedure is repeated for the next leaching step. The lea-
chate was transferred quantitatively into a volumetric flask 
and diluted to the respective volume of 250 mL or 500 mL, 
depending on the expected concentration of the analyte. 
After the final H2O and NH4Ac steps, a small sample of the 
leached solids is taken and dried at 108 °C for analysis of 
residual elemental concentrations in ETV.

Solid Sampling Methods

Electrothermal Vaporization (ETV)

An ETV 4000 from Spectral Systems GmbH, Germany, 
equipped with the AD-50 autosampler is used for the ETV 
analysis. It is fit with graphite Maxi-Tubes Improved and the 
corresponding graphite Maxi, premium quality sample boats 
are used, as supplied by the manufacturer.

A schematic setup of the ETV system is shown in Fig. 2. 
The sample is introduced into the resistively heated furnace 
in a graphite boat. An optical pyrometer is integrated in the 
door of the furnace and reads the temperature of the sample 
boat. The graphite tube of the furnace is held in position by 
two graphite contacts. The temperature is adjusted by chang-
ing the electrical power conducted through the furnace. 

During operation, the power is automatically regulated so 
that the temperature read by the pyrometer corresponds to 
the set temperature. The vaporised sample is transported 
out of the furnace tube by an argon carrier stream, which 
is referred to as “Argon 2” by the manufacturer. Tetrafluo-
romethane (CF4) is added into the carrier gas stream as a 
modifying gas. The modifying gas enables the evaporation 
of compounds with high boiling temperatures, prevents the 
formation of carbides, and promotes nucleation to form a 
dry aerosol [22]. After the furnace tube the bypass argon 
flow “Argon 1” dilutes the sample gas and helps the forma-
tion of a dry aerosol that is then led into the ICP-OES. The 
“Argon 3” stream cools the metal housing and ensures that 
all graphite parts are under a protective inert atmosphere 
[33]. The internal pyrometer of the ETV unit is calibrated 
weekly with an external reference pyrometer supplied by 
Spectral Systems GmbH, Germany. The resulting linear cor-
rection function is programmed into the ETV temperature 
controller.

Parameters for ETV experiments as well as the tempera-
ture program are listed in Table 1. The parameters are partly 
based on procedures optimized in a previous work [34].

The method development for ETV measurements is an 
iterative procedure, since sample mass, heating rate, and 
selected spectral line in the ICP-OES must match. While 
the heating rate should be sufficient to achieve a transient 
signal intensity that is well above the limit of detection for 
the chosen spectral line, an excessive rate of vaporization 
at high heating rates may lead to suppression of signals due 
to effects associated with (over-)loading of the plasma [35]. 
Additionally, the rate of aerosol formation can influence the 
transport efficiency from the ETV to the ICP-OES [36, 37]. 
To reduce and investigate the influence of the heating rate, 
multiple heating rates are investigated.

Since no overload of the analysed elements is detected 
under 800 °C, all samples are heated to 800 °C in 20 s. 
Above 800 °C different temperature profiles are chosen to 
get to the final temperature of 2400 °C that is held for 20 s. 
The temperature is linearly increased by 10

◦C

s
 . The twenty-

three applied temperature profiles have temperature jumps, 
in which the temperature is rapidly increased to a target 
temperature between 850 and 2000 °C and held there for 
60 s. This way, the release at the target temperature can be 
investigated. After the temperature jump, the temperature 
profile continues to heat to 2400 °C with a heating rate of 
10

◦C

s
 . The peak vaporization temperature of 2400 °C is a 

trade off to minimize degradation of graphite components 
while ensuring complete vaporization of the sample. A purge 
step following vaporization and cooling prevents memory 
effects [34].

The results of all 23 temperature profiles are averaged. 
In doing so, the effects of heating rates can be minimised 

Fig. 1   Illustration of chemical fractionation analysis procedure 
employed in this work

Fig. 2   Setup of the Electrothermal Vaporization Unit coupled to the 
ICP-OES
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and the overall accuracy can be increased by increasing the 
amount of sample analysed.

The routines are calibrated with the certified reference 
materials (CRM) IPE-568 and IPE-638. The IPE-568 refer-
ence material is milled grain of summer wheat (Triticum 
aestivum) from the Netherlands. IPE-638 is milled maize 
(Zea mays L.) also originating from the Netherlands [38, 
39]. Biomass CRMs are chosen to minimize the influence 
of matrix effects, both in the vaporization process and in 
the plasma.

The recorded transient signals are integrated over the 
entire measurement duration and the mass of the respec-
tive elements in the reference sample plotted against the 
resulting intensity. Fitting of data points according to the 
following linear or first order rational function yields the 
calibration parameters used to calculate elemental mass m 
from integrated intensity I:

For IPE-568 standardization, 19 samples, including two 
blanks, are weighed into the sample boats, ranging from 0.4 
to 9.59 mg. For IPE-638, 20 samples, including one blank, 
are measured, ranging from 0.25 to 10.81 mg. It is found that 
IPE-638 yields superior R2 values and calculated concentra-
tions of biomass samples that are closer to wet chemical 
analysis values. Therefore, all ETV results presented here 
are based on IPE-638. A summary of standardization param-
eters is listed in Table 2.

XRF

As a second solid sampling method, X-ray fluorescence 
spectroscopy (XRF) is used. Due to the sensitivity of 

(1)m = a ∗ I + b

(2)m =
b + c ∗ I

1 + a ∗ I

the XRF system, biomass ash is investigated instead of 
raw biomass. In this work, ash is prepared according to 
DIN EN ISO 18122 by heating the biomass samples to 
550 °C in a muffle furnace [8]. For the creation of the 
sample pellets that are introduced into the XRF system, 
100 mg of ash are homogenized with 20 mg of CEREOX® 
wax (FLUXANA ® GmbH & Co. KG, Germany) using a 
mortar and pistil. The resulting mixture is then pressed 
into a pellet in a benchtop hydraulic press. All samples 
are analysed in a Shimadzu EDX 800HS energy-disper-
sive XRF-Spectrometer (Shimadzu corporation, Japan). 
It is assumed that the analysed elements are present in the 
highest oxide form. To obtain mass-related concentrations 
(mg/kg) of the elements, the results of the XRF measure-
ments are converted with the corresponding conversion 
factors [6, 40].

Compared to the wet chemical analysis methods, the 
sample preparation of the XRF measurements is easier and 
safer. The used method is developed for the ash analysis. 
Wide ranges of biomass types and concentration can be a 
challenge, since accurate XRF measurements require matrix-
specific calibration. [41]. In addition to the elements ana-
lysed in all analytical methods, the conducted XRF analysis 
includes aluminium, silicon, titanium, manganese, iron, 
strontium and barium.

Results and Discussion

The results of the chemical fractionation analysis are shown 
in Fig. 3. On the horizontal axis the analysed elements are 
shown for the investigated biomass samples of beechwood 
(BW), miscanthus (MC), wheat straw (WS), spruce bark 
(SB), and torrefied wood (TW). The vertical axis holds the 
concentration in the sample. The concentrations leached in 
each steps are staged so the bar graph holds the total concen-
tration. The leaching steps are indicated by different colours.

Table 2   Parameters for 
quantitative ETV-ICP-OES 
measurements using CRM IPE-
638 standardization

R rational, L linear
“Lowest” and “Highest” refers to the calculated mass of the element contained in the smallest and largest 
measured CRM sample, respectively, hence providing a window of values where calibration is expected to 
be most accurate

Element Spectral line (nm) Reference 
conc. (mg/kg)

Fit func R
2 Lowest [mg] Highest [mg]

K 769.896 25,000 R 1.00E+00 6.25E−03 2.70E−01
Na 589.592 110 L 9.93E−01 2.75E−05 1.19E−03
Ca 184.006 4040 R 9.97E−01 1.01E−03 4.37E−02
Mg 279.079 2040 L 9.98E−01 5.10E−04 2.21E−02
Zn 213.856 48.6 L 9.95E−01 1.22E−05 5.25E−04
S 182.034 1470 R 9.98E−01 3.68E−04 1.59E−02
P 177.495 2000 R 9.92E−01 5.00E−04 2.16E−02
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Independent of the biomass type, potassium, sulphur, 
and phosphorous are almost completely solved by the water 
fraction. Ammonium acetate is needed to solve calcium and 
magnesium out of the biomass samples. The hydrochloric 
acid fraction only contains relatively large concentrations 
of calcium in spruce bark and torrefied wood. This is to be 
expected, as bark is known to contain more calcium than 
core wood, some of which is in the form of oxalate, which 
is only soluble in acid [24]. For torrefied wood, it is a result 
of the torrefication process, which seems to transform some 
of the more soluble fractions into more inert species [42].

Figure 4 shows the potassium concentration found in 
beechwood by the different methods of analysis. The bar 
of the CFA Residues holds the potassium concentration of 
the solid residues after each leaching step. The residues are 
analysed using the ETV setup. Since most of the potassium 
in beechwood is water soluble, only small concentrations 
are detected after the water leaching step and hardly any 
potassium is left after the other two leaching steps of the 
chemical fractionation analysis. The concentrations of the 
other methods of analysis are in the same order of magni-
tude. The lower concentrations in the HBF4 leachate might 
be explained by relatively small samples sizes and the het-
erogeneity of the sample.

An overview of the elemental concentration in beech-
wood detected by the different methods is shown in Fig. 5. 
The results are sorted by the element. The column for potas-
sium is identical to Fig. 4.

The detected concentrations are in the same order of 
magnitude for all methods of analysis. Except for the potas-
sium concentration, XRF gives the lowest elemental con-
centrations in beechwood. This may be due to errors in the 
ashing process, or the generally difficult calibration of the 

XRF method. The liquid sampling methods and the ETV-
setup detect comparable concentrations for all elements. The 
deviations are within a range that can be explained by the 
heterogeneity of the sample.

The elemental concentrations in beechwood range from 
less than 100 mg/kg to over 3000 mg/kg. In other biomass 
samples examined, such as straw, the range of concentrations 
is even greater. This is a challenge, especially for the ETV 
setup, as sample amount, heating rate and the chosen spec-
tral lines have to match the expected concentration to get 
accurate results. Since the results of the EVT-Setup are in 
agreement with the results of the liquid sampling methods, 
the ETV-Setup has proven to be sufficient for the analysis of 
the investigated elements in beechwood.

Figures 6-12 compare the elemental concentrations in the 
investigated biomass samples and the applied methods of 

Fig. 3   Chemical fractionation analysis of beechwood (BW), mis-
canthus (MC), wheat straw (WS), spruce bark (SB), and torrefied 
wood (TW)

Fig. 4   Potassium concentration in beechwood for different methods 
of analysis. “CFA residues” shows the potassium concentration of the 
solid fraction after each CFA step, analysed by ETV

Fig. 5   Composition of beechwood for different methods of analysis
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analysis. The different methods are shown on the horizontal 
axis. The CFA residues are not included in these diagrams, 
as they give different results by definition. The coloured 
lines connect the measured concentration of each biomass.

In theory, the connection of the data points should result 
in straight horizontal lines. As the investigated samples are 
highly heterogeneous and the methods of analysis vary, the 
resulting lines are not perfectly horizontal. In this way, it is 
possible to asses the heterogeneity of the sample for each 
element. Furthermore, it is possible to get a general over-
view of the robustness of the methods with respect to the 
analysed element.

The potassium concentration is shown in Fig. 6. The 
stalk-like biomass miscanthus and straw have significantly 
higher potassium concentrations than the woody biomass 
samples of beech wood, torrefied wood and spruce bark, as 
expected for these plants [43]. The concentrations obtained 
with the different methods differ only slightly. Since potas-
sium is of great interest in the fine particle and deposition 
formation, the ETV method was primarily tuned to provide 
accurate results for potassium. This might explain the higher 
consistency compared to other elements.

The sodium and zinc concentration, shown in Figs. 7 
and 8, are low compared to the other investigated elements. 
Bark naturally shows relatively high concentrations in both 
elements and the relatively high concentrations in toreffied 
wood can be explained by the torrefication process [27]. 
The high deviation between the different measurements 
can be explained by the low concentrations. The signal to 
background ratio becomes less clear for low concentrations, 
so these elements are more susceptible to inaccuracies. 
Additionally, if the inorganic compounds originate from 

impurities from harvest and processing, statistic deviations 
are more significant in small samples sizes.

Figure  9 shows the calcium concentration. With the 
exception of the XRF results of straw, all concentrations 
agree well. Bark and torrefied wood have high calcium con-
tents for the reasons mentioned above.

The magnesium content, shown in Fig. 10, ranges from 
about 400 to 1000 mg/kg for all biomass types. The XRF 
results are outliers compared to the other methods of analy-
sis. In the case of straw, bark, and torrefied wood the XRF 
results are elevated, but in the case of beechwood, the XRF 
magnesium concentration is significantly lower compared to 
the other methods. One explanation could be, that the pro-
cess of creating the ash is a source of error. Impurities from 
the muffle furnace, aging of the crucibles, and multiplied 

Fig. 6   Potassium concentration in different types of biomass for dif-
ferent methods of analysis

Fig. 7   Sodium concentration in different types of biomass for differ-
ent methods of analysis

Fig. 8   Zinc concentration in different types of biomass for different 
methods of analysis
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weighing errors could falsiefiy the results. As other elements 
can be reliably determined by XRF, it is more likely that the 
detection of magnesium itself might be problematic. In the 
applied XRF method, the calibration of magnesium is less 
accurate compared to other elements.

The sulphur content is shown in Fig. 11. Stalk-like bio-
mass has three to four times higher sulphur concentrations 
compared to the samples of woody origin. While the liq-
uid sampling methods and the ETV yield similar results, 
the XRF sulphur concentration is significantly lower for all 
biomass types. A significant amount of the sulphur in the 
biomass appears to evaporate from the biomass during the 
production of the ash sample.

Figure 12 shows the phosphorous concentration of the 
analysed biomass samples. The different methods of analysis 
show consistent results. The ETV result for straw is an out-
lier, since it returns by far the highest concentration. Com-
pared to the other biomass samples, beechwood has a signifi-
cantly lower phosphorous concentration. Stalk-like biomass 
and bark seem to have naturally higher phosphorus concen-
trations and the torrefication process seems to increase the 
concentration. Since the XRF analysis are consistent with 
the other methods of analysis, most of the phosphors stays 
in the ash. This should be considered when discussing phos-
phorous recycling.

The chemical fractionation analysis shows consistent 
results when compared to the other methods. Water lech-
ing shows that the majority of the investigated elements are 
bound as soluble salts. The ammonium acetat and the hydro-
chloric acid leaching step are only necessary for the analy-
sis of calcium and magnesium. As the multiple leaching 
steps are time intensive and require a lot of work, chemical 

fractionation should only be applied when the chemical 
associated form is of interest.

The results of the ETV System agree well with the results 
of the liquid sampling methods. Moreover, with only few 
exceptions, the ETV value is in between the results of the 
three liquid sampling methods. The ETV is neither system-
atically above nor below the expected value. The comparison 
with the CFA shows that the ETV provides reliable results, 
regardless of the chemically associated form of the analysed 
element. While a wide range of concentrations is a challenge 
for ETV methods in general, the applied method proved to 
be reliable and robust for the given variety of elemental con-
tents. This is not only shown by the range of concentrations 
in the analysed biomass samples, but also by the plausible 
investigation of the CFA residues with significantly lower 

Fig. 9   Calcium concentration in different types of biomass for differ-
ent methods of analysis

Fig. 10   Magnesium concentration in different types of biomass for 
different methods of analysis

Fig. 11   Sulphur concentration in different types of biomass for differ-
ent methods of analysis
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concentrations. When taking the small sample size and the 
elaborate method creation process into account, the ETV 
setup can compete with commercial available liquid sam-
pling methods for the analysis of biomass composition. Fur-
thermore, in contrast to the liquid sampling methods, ETV 
may be suitable for the analysis of chlorine and silicon.

The microwave pressure digestion in HNO3 and in a solu-
tion of HNO3, HCl and HBF4 return reliable results, that 
agree well with each other and the results of the CFA and 
ETV system. The deviations are in the range of the expected 
heterogeneity of the biomass samples. As there is no sys-
tematic deviation between the digestion in HNO3 and in a 
solution of HNO3, HCl, and HBF4, the digestion in HNO3 
seems to be sufficient. Compared to the CFA, the microwave 
pressure digestion ensures a complete dissolution. The ICP-
OES liquid sampling method used for analysis in CFA and 
microwave pressure digestion is different from the method 
used for the ETV system, even if the same ICP-OES system 
is used. For calibration, a multi-element standard supplied 
by the manufacturer of the ICP-OES system can be used for 
liquid sampling. Compared to the solid sampling method, 
it is proven and commercially available. Therefore, micro-
wave pressure digestion most likely provides the most reli-
able results.

The XRF measurements are most cost-effective measure-
ments because the sample preparation and measurement pro-
cedure require little time and material. For some elements 
like potassium, phosphorus, sodium, zinc, and calcium, 
the XRF results are in an acceptable range when taking the 
other methods as a reference. For sulphur and magnesium 
however, the XRF results are not reliable. In the case of 
sulphur this can be traced back to the ashing process. Since 
the production of ash is an integral part of the measure-
ment procedure in order to meet the sensitivity thresholds of 

the XRF system, volatile elements cannot be analysed with 
this method. Another challenge is the correct calibration for 
all elements at once. Since the ash elements are assumed 
to be present in their highest oxide form, deviations from 
that assumed compound could lead to conversion problems. 
For the analysis of magnesium the employed calibration is 
insufficient. The calibration could be optimised in order to 
determine magnesium contents more accurately. In addition 
to the seven elements presented here, seven other typical ash 
elements are analysed by the XRF. All in all, the XRF analy-
sis gives a quick and comprehensive overview over the ash 
composition of the investigated biomass, but lacks accuracy 
for some elements. When using XRF analysis, the results 
should therefore be critically reviewed for each element.

Figure 13 shows the relative deviation of each method of 
analysis from the concentration determined by wet chemi-
cal analysis with HNO3. The HNO3 method is chosen as 
a reference, because it is well established and yields reli-
able results. The relative deviation is calculated according 
to Eq. 3 by averaging the deviation of all samples. The bars 
indicate the standard deviation within the different biomass 
samples. Since the phosphorous analysis of the NH4Ac frac-
tion of the miscanthus sample was invalid, this measure-
ment point was excluded from the data set. Other than that, 
Fig. 13 shows the results of all 5 methods of analysis for all 
5 biomass samples.

Potassium yields the most homogeneous results for all meth-
ods. The average deviation from the HNO3 measurements 
are close to zero and the standard deviations are within the 
expected range for biomass analysis. The measured sodium 

(3)

Relative deviation =

∑

Relative deviation of each sample

Number of samples

Fig. 12   Phosphorus concentration in different types of biomass for 
different methods of analysis Fig. 13   Relative derivation from HNO3 measurements for the differ-

ent methods of analysis sorted by element
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concentration in miscanthus differed drastically in the CFA 
and the XRF analysis. The resulting standard deviation are 
therefore unusually high. The XRF measurement of sulphur 
are systematically lower than all other elements. For the 
other elements, most methods differ in an acceptable range 
from the HNO3 measurements.

Since biomass samples are usually highly heterogeneous, 
deviations between different measurements and methods are 
expected. Comparison with the HNO3 measurements and the 
other methods shows that ETV analysis is well within the 
accuracy range of wet chemical analysis. For all analysed 
elements, the ETV analysis has standard deviations compa-
rable to other methods of analysis or even lower.

Conclusion

In this paper, the minor elements in five different biomass 
samples are analysed using five analytical methods. The 
range of biomass samples under examination spans from 
stalk-like biomass such as straw and miscanthus, to woody 
biomass including bark and beech wood, to pretreated fuel 
such as torrefied wood.

Five different methods of analysis are used to validate 
an electrothermal vaporization unit connected to an induc-
tively coupled plasma optical emission spectrometer (ETV 
ICP-OES) for the analysis of solid biomass samples. A 
chemical fractionation analysis (CFA) is performed to 
investigate the influence of the chemically associated 
form on the release behavior and the detectability in the 
ETV setup. Microwave pressure digestion with two differ-
ent acid solutions (HNO3 and HBF4) is performed. Since 
microwave pressure digestion is the standardised method 
for the analysis of minor elements in biomass, the results 
of the HNO3 are taken as a benchmark for all other meas-
urements [6]. Moreover, X-ray fluorescence (XRF) is per-
formed to determine the elemental concentration in ash 
samples of the biomass.

While microwave pressure digestion yields reliable and 
accurate results, it involves elaborate sample preparation 
and the handling of strong, potentially toxic acids. The three 
staged CFA process is time consuming and has the risk of 
multiplying errors. The applied XRF methods required ash-
ing and therefore has problems to detect volatile elements. 
Once a robust and validated method for the ETV system is 
developed, the system has several advantages. Since little to 
no sample preparation is required, multiple samples can be 
analysed in a short time. This enables the analysis of more 
samples which can give a more accurate picture of a hetero-
geneous feed stock like biomass. In addition, ETV analysis 
can potentially provide temperature resolved release patterns 
of the analysed elements.

The spread between most of the results of the different 
measurement techniques is well within the expected range 
for heterogeneous biomass samples. However, the spread is 
wider for elements like sodium, zinc, and sulphur, while the 
results for potassium, calcium, magnesium, and phosphorous 
are more homogeneous.

Of the methods used, only the XRF method deviates sig-
nificantly from the results of the other methods for mag-
nesium and sulphur concentration. The deviation can be 
explained with the required ashing procedure and an insuffi-
cient calibration for the analysed magnesium concentration.

The results of the ETV are well within the range of the wet 
chemical analysis methods. The ETV results do not deviate 
significantly from the HNO3 chemical analysis. Moreover, 
the comparison of the CFA and the ETV results prove that 
the chemically associated form does not influence the ETV 
analysis. While a wide concentration range is a challenge for 
an ETV method in general, the consistent results of potassium 
concentration demonstrate the robustness of the developed 
method. The potassium concentrations range from 1000 mg/
kg in beechwood to over 10,000 mg/kg in wheat straw and are 
determined by ETV with a similar accuracy as with the other 
methods. The robustness towards different orders of magni-
tude of concentrations is also emphasised by the analysis of 
the CFA residues in the ETV. It can be shown that the ETV 
setup is within the accuracy range of the liquid sampling 
methods used. While the analysis of potassium, magnesium, 
sulphur, calcium and phosphorous is very accurate, the ETV 
method can be improved for the analysis of sodium and zinc.

All in all the accuracy and complexity of five differ-
ent methods of analysis compared in order to validate an 
ETV system for the analysis of minor and trace elements 
in biomass.

Outlook

The next step is the development of a liquid calibration 
method for the ETV system. This is necessary for the analy-
sis of some trace elements. In addition, the ETV system’s 
ability to analyse biomass release patterns with temperature 
resolution is going to be implemented and validated.
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