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Abstract

Phosphorus recycling from sewage sludge will be obligatory in Germany from 2029. Phosphorus content determi-
nation in sewage sludge is crucial to assess the prescribed recycling rates. Currently, German law regards sample
preparation using aqua regia digestion in a microwave or under reflux conditions as well as instrumental phosphorus
determination by ICP-OES, ICP-MS, or photometric determination with ammonium molybdate as equivalent. How-
ever, it is questionable whether these methods are indeed equivalent regarding phosphorus quantification in sludges
near the limit of 20 g/kg for mandatory recycling. To answer this question, 15 sewage sludges of 11 different waste-
water treatment plants were investigated with all permitted method (digestion and measurement) combinations.
Moreover, one sewage sludge was also examined in an interlaboratory comparison (ILC) with 28 participants. This
study shows that the above-mentioned methods differ in some cases significantly but across all method combina-
tions and sludges, phosphorus recovery was between 80 and 121% after normalization to the grand mean (average of
15 sludges between 85 and 111%). The ILC and the examination of 15 sludges produced largely similar results. There
is a tendency to higher phosphorus recovery after microwave digestion compared to reflux digestion and ICP-OES
measurements determine higher phosphorus contents than ICP-MS and photometric phosphorus determination. As
a result, the authors recommend ICP-OES determination of phosphorus in sewage sludge after microwave digestion.
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Wastewater and sewage sludge as phosphorus sources
Human excreta, wastewater, and sewage sludge are nota-
ble sources for the essential plant nutrient phosphorus.
The total phosphorus potential in all human urine and
feces accounts for about 13-22% of the global fertiliz-
ers demand according to different scenarios [15, 20, 22].
However, Kok et al. [15] expect only small shares like 4%
of this discharged phosphorus potentially recoverable
under the current economic conditions. In 2009, Cordell
et al. [9] found that there was no global priority in politics
to ensure sufficient phosphorus accessibility in future.
They recommended national governments and interna-
tional organizations to give greater value on phosphorus
recycling to avoid future scarcity. So far, politics changed
to a certain extend. In 2014, the European Union firstly
listed phosphate rock as critical raw material [10].

As a result, there are tentative governmental efforts
to stimulate phosphorus recycling from wastewater
and sewage sludge in Europe. Switzerland was the first
country with an obligatory phosphorus recycling! (from

! This phosphorus “recycling” is rather to be understood as phosphorus
recovery (many technical recycling processes do not allow a full material recy-
cling but a phosphorus extraction). However, to avoid confusions with the
analytical phosphorus recovery, phosphorus “recycling” was chosen for termi-
nology.

streams that are rich in phosphorus [25]. Austria aims to
recycle phosphorus from 65 to 85% of the national sew-
age sludge by 2030; however, a binding regulation is still
missing [7]. In Germany, phosphorus recycling from
sewage sludge is mandatory from 2029 [4]. In 2019, the
European fertilizers ordinance [3] was amended in order
to harmonize national fertilizer regulations and to open
the market for recycled fertilizer products.

German legislation
The German phosphorus recycling obligation applies
for all wastewater treatment plants (WWTPs) with
more than 20 g/kg phosphorus (related to the dry mat-
ter) in their sewage sludge. Apart from technical phos-
phorus recycling, agricultural sewage sludge utilization
is also considered to be phosphorus recycling. However,
agricultural sewage sludge utilization is not permit-
ted for sludges from WWTPs with more than 100,000
population equivalents from 2029 and for sludges from
WWTPs >50,000 population equivalents from 2032.
Processes that recover phosphorus must fulfill a recy-
cling rate of at least 80% in case of recycling from sew-
age sludge ash and 50% in case of recycling from sewage
sludge. Otherwise, the recycling from sewage sludge is
also sufficient if the remaining sludge after phosphorus
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Table 1 German EN (ISO) standards equivalent by ordinance [4] for phosphorus determination in sewage sludge

Standard Volume Description

EN 16174 2012 Sludge, treated biowaste and soil—Digestion of agua regia soluble fractions of elements

EN 13346 2001 Characterization of sludges—Determination of trace elements and phosphorus—Aqua regia extraction methods

ENISO 11885 2009 Water quality—Determination of selected elements by inductively coupled plasma optical emission spectrometry (ICP-
OES)

EN 16170 2017 Sludge, treated biowaste and soil—Determination of elements using inductively coupled plasma optical emission spec-
trometry (ICP-OES)

ENISO 17294-2 2017 Water quality—Application of inductively coupled plasma mass spectrometry (ICP-MS) — Part 2: Determination of selected
elements including uranium isotopes

EN 16171 2017 Sludge, treated biowaste, and soil—Determination of elements using inductively coupled plasma mass spectrometry
(ICP-MS)

EN1SO 6878 2004 Water quality—Determination of phosphorus—Ammonium molybdate spectrometric method

extraction has a phosphorus content below the recycling
limit of 20 g/kg. Consequently, the determination of the
recycling rate or the question whether a WWTP falls
below the recycling obligation requires a reliable phos-
phorus quantification in the respective sewage sludge.

Analytical background

The German sewage sludge ordinance [4] mentions
three different phosphorus determination methods and
two digestion methods regarded equivalent for phos-
phorus quantification in sewage sludge (Table 1). These
are inductively coupled plasma optical emission spec-
trometry (ICP-OES), inductively coupled plasma mass
spectrometry (ICP-MS), and photometric phospho-
rus determination with ammonium molybdate. Aqua
regia digestion is the only permitted sample preparation
and can be performed in a microwave or under reflux
conditions.

This paper aims to clarify whether these extraction and
determination methods are indeed equivalent (as stated
by ordinance) regarding the phosphorus content results
in municipal sewage sludges. It should be noted that
none of the equivalent standards (Table 1) does list any
process characteristics like precision values from inter-
laboratory comparisons (ILCs) for phosphorus determi-
nation in sewage sludge matrix.

In their sewage sludge management review (also about
analytical methods), Cieslik et al. [8] list ICP-OES, pho-
tometry, X-ray fluorescence (XRF), and nuclear mag-
netic resonance as applied technologies for phosphorus
determination in recycling products from sewage sludge,
whereas ICP-MS is mainly listed for several trace ele-
ments. As phosphorus does not display more than one
stable isotope, ICP-MS measurements cannot be based
on isotope dilution whereas several emission lines are
available for ICP-OES measurements.

Photometric phosphorus determination with ammo-
nium molybdate was originally developed for water
samples with low phosphorus concentrations <<1 mg/l
[27]. The calibration linearity is dependent on the
potassium tartrate concentration [19] and limited to a
maximum of 0.8 mg P/1 [18, 23]. In terms of water qual-
ity monitoring, photometric phosphorus determination
with ammonium molybdate offers opportunities for
green analytic chemistry as devices can be portable, use
of chemicals is low, and it represents a highly sensitive
and robust method for water samples [23].

However, sewage sludge is an entirely different matrix
compared to water especially regarding the high con-
tent of inorganic and organic solids. A digestion solu-
tion of sewage sludge with low phosphorus content (e.
g. 15 g/kg) contains still 150 mg P/l (microwave diges-
tion: 500 mg sludge in 50 ml) or 450 mg P/l (reflux
digestion: 3000 mg sludge in 100 ml). Maly [19] also
recommended this method for sewage sludge analysis.
However, interferences by iron were detected and the
digestion solutions were highly diluted to phosphorus
concentrations of less than 0.1 mg/l.

Kriiger and Adam [16] already found that organic
matrices affect phosphorus digestion and recom-
mended aqua regia (HCl:HNO, = 3:1) as suitable diges-
tion reagent for total phosphorus detection by ICP-OES
in sewage sludge. However, regarding studies on pho-
tometric phosphorus quantification, sewage sludge,
wastewater, or sediment samples were not digested
with aqua regia but with different ratios of H,0,, HCI,
HCIO,, HF, and H,SO, [18, 19, 23].

Moreover, ISO 6878 (photometric determination)
required by AbfKlarV [4] does not include aqua regia
digestion but digestion or oxidation with organic sol-
vents, H,SO,, K,S,04, or HNO,; and H,SO,. How-
ever, aqua regia digestion is the only permitted sample
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Table 2 List of investigated sewage sludges 1-15 with element
contents in g/kg related to dry matter

Sludge no WWTP P Ca C Fe
1 1 19 24 432 35
2 1 22 26 417 43
3 2 36 33 266 44
4 3 21 150 203 42
5 4 21 187 193 50
6 4 17 196 218 38
7 5 17 239 168 35
8 5 22 12 332 26
9 7 23 20 310 14

10 8 17 8 423 15

1 8 24 11 401 18

12 9 17 207 160 43

13 10 20 34 324 30

14 1 38 34 371 10

15 Sludge mixture 26 115 282 35

digestion by ordinance; thus, aqua regia digestions
are analyzed according to “Conclusions” (detection of
orthophosphate) of the standard. It is therefore ques-
tionable whether aqua regia digestion, which is unusual
in this context, affects photometric phosphorus deter-
mination with ammonium molybdate.

Materials and methods

Characterization of sewage sludges

15 sewage sludges from 11 WWTPs were chosen for the
investigation. Detailed information about the WWTPs
and the sludge characterization is given in Additional
file 1: Tables S1 and S2. Details on the sludge characteri-
zation are presented in Table 2. The carbon content was
obtained with elemental analysis (Elementar Analysen-
systeme, Langenselbold, Germany); other elemental con-
tents were determined using duplicate microwave aqua
regia digestion (EN 16174) and ICP-OES measurement
(ISO 11885). With a moisture measurement (Kilomatic,
Hannover, Germany) of the dried sludges, elemental con-
tents were related to the dry matter.

Sludge no. 15 was a mixture of different sewage sludges
and investigated in an ILC. Phosphorus, calcium, and
iron content were obtained by XRF (PANalytical, Almelo,
Netherlands) investigations during the homogeneity
study carried out for the ILC (Interlaboratory compari-
son). Based on the characterization details, three groups
with special matrix features can be distinguished:

1. sludges rich in phosphorus (> 30 g/kg: 3, 14),
2. sludges rich in calcium (> 150 g/kg: 4, 5, 6, 7, 12), and
3. sludges rich in carbon (>400 g/kg: 1, 2, 10, 11).
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Sewage sludge 15 was obtained by blending sludges
from WWTP 9, 10, and 11 to receive a more representa-
tive sewage sludge test material which is not specially
leaning to either one of the three categories. Details on
the homogenization and bottling of the sewage sludge no.
15 are shown in Interlaboratory comparison.

Sewage sludge preparation and analytical procedures

The sewage sludges had been freeze-dried (STERIS plc,
Derby, United Kingdom) and ground in a disk mill (Eaton
Industries, Bonn, Germany) for former investigations
and had been stored for at least several months at ambi-
ent temperature (20 °C). All sludges were digested with
aqua regia in a microwave (MLS, Leutkirch, Germany)
according to EN 16174 with respective sample intakes of
500 mg and five replicates per sludge (Fig. 1). BAM: Bun-
desanstalt fiir Materialforschung und -prifung (author’s
investigations) ILC: Interlaboratory comparison *EN
13,346 prescribes 28 ml aqua regia for reflux digestion.
EN 16,174 prescribes extra HNO;, additions for reflux
(=Reflux*) digestion in case of sludges with high organic
carbon content (more than 500 mg of the 3000 mg sam-
ple intake: 1 ml HNO; for 100 mg additional organic
carbon).

In addition, all sludges were digested under reflux con-
ditions (EN 13346) using 3000 mg sample intake with
five replicates per sludge. However, according to EN
16174, 28 ml aqua regia is only sufficient to digest 500 mg
organic carbon. Therefore, 11 of 15 sludges (those with
more than 500 mg organic carbon on 3000 mg sample
intake) were also treated with additional HNO; depend-
ing on the carbon content during a further, expanded
reflux digestion (EN 13346).

Microwave digestions were filtered (LABSOLUTE type
1005, 12-15 um) and made up to 50 ml with distilled
water. Reflux digestion solutions were filtered (LAB-
SOLUTE type 2015, 5-8 um) and made up to 100 ml
with distilled water. Seven blank digestions were per-
formed during microwave and reflux digestion. For the
measurement, two sewage sludge certified reference
materials (product IDs CRM029-50G and CRMO031-
40, Sigma-Aldrich, Laramie, USA) were digested as
duplicates in the microwave and under reflux condi-
tions. The phosphorus recovery rate from the reference
materials was between 80 and 109%, on average at 101%
(CRM029-50G) and 95% (CRMO031-40G). Details are
shown in Additional file 1: Table S3 and Figure S2. Blank
values were below 0.3 mg/l (the phosphorus concentra-
tion in digestion solutions always>100 mg/l). In total,
there were 201 digestions of the 15 sludges (four diges-
tions failed: sludge 15 reflux and expanded reflux), seven
blank digestions, and four digestions of reference sewage
sludges. The digestates were analyzed for phosphorus
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Fig. 1 Sludge treatment for ILC and BAM investigations, method combinations in detail and summarized (method class)

with all methods considered equivalent by German
regulations. The different combinations of analysis and
digestion method were described as method combina-
tion A1-F*2 in detail and summarized as method classes
A-F* (Fig. 1). Phosphorus contents were related to total
sample intake substance instead of dry matter.
Photometric determination (Analytik Jena, Jena, Ger-
many) with ammonium molybdate was done based on
a 10-point external calibration (0.08-0.80 pg/l) which

was conducted twice. Analysis and calibration were per-
formed and evaluated at 700 and 880 nm with a coeffi-
cient of determination R? of 99.94%. ICP-OES (Thermo
Fisher, Waltham, USA) measurement was done based
on a daily five-point external calibration (30-600 mg/l)
at different emission lines axially (213.6 nm) and radi-
ally (277.5 and 178.2 nm) with R? of 99.92%. However,
only the line with the best daily recovery rate (of ref-
erence materials, spiking and control standards) was
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evaluated (for most measurement days 213.6 nm). Micro-
wave samples were not diluted before measurement.
Reflux samples were diluted by a factor between 2 and
5. Each digested sample was analyzed in triplicate. ICP-
MS (Thermo Fisher, Waltham, USA) measurement was
done based on a daily five-point external calibration
(0.02—1.00 mg/1) with a R? of 99.98%. Microwave samples
were diluted by the factor 1000 and reflux samples were
diluted by the factor 2000 before measurement. Each
digestion solution was analyzed in three runs. An inter-
nal standard (100 pg/1 In, Re, and Ru; elemental standards
1000 mg/1 of Merck, Darmstadt, Germany) was used dur-
ing the ICP-MS measurements. An overview of different
calibrations is shown in Additional file 1: Figure S1.

ICP data were collected and processed with Qte-
gra (Thermo Fisher, Waltham, USA) software. Matrix
effects at ICP-OES and ICP-MS were tested by spiking
one replicate per sludge and digestion method and by
1:5 dilution according to EN 16170/16171. Elemental P
standards (10,000 mg/1 ICP-OES; 1,000 mg/l ICP-MS) of
Merck (Darmstadt, Germany) were used to spike addi-
tional phosphorus between 40 and 130% (spiking fac-
tor 0.4-1.3) of the previously determined concentration
(Additional file 1: Table S4). One calibration point (3, 4,
and 5 depending on the measurement day) was used as
control standard every 10-25 sample measurements to
monitor the instrumental drift (deviations < 3%).

Interlaboratory comparison

One sewage sludge (no. 15) was also investigated in an
ILC. This material was a mixture of different sewage
sludges from three WWTPs (Characterization of sew-
age sludges). These sludges were sieved and the frac-
tions below 200 pm were unified and homogenized for
12 h in a drum hoop mixer (Engelsmann, Ludwigshafen,
Germany).

Afterward, the mixture was bottled by a spinning rif-
fler (Retsch, Haan, Germany) with a cross-riffling step
(Additional file 1: Figure S4) in 64 units of about 54 g.
The homogeneity of the test sewage sludge was investi-
gated by powder XRF based on a one-point calibration.
The XRF device determined phosphorus, silicon, cal-
cium, iron, and aluminum. Out of the 64 bottles, 10 bot-
tled units in regular intervals from the line of bottling (at
least one of each cross-riffling step) were chosen for the
homogeneity study. They were not used in the ILC later.
Triplicates (about 1,500 mg each) were taken from each
bottle and measured by XRFE. After that, the triplicates
were shaken up to generate a new surface and measured
again which appear reasonable because of the low effec-
tively measured sample intake. Emergence depth of the
characteristic radiation (max. 0.1 mm), sample holder
diameter (27 mm), and bulk density give an effectively
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analyzed sample intake of only 25 mg. To consider the
drift of the device, sample 1-1 was measured six times
in the beginning and after the shaking. Moreover, the
bottle replicates (e. g. 1-1,1-2, 1-3) were not measured
one after another but in the order 1-1, 2—-1, 3—1, ... 10-1,
1-2,2-2,3-2... etc., to reduce drift influences.

Participating laboratories were addressed by different
distributors: Invitations were widely distributed, e. g., via
German DIN standards committees, federal ministries,
and the federal environmental agencies. Moreover, labo-
ratories with corresponding accreditations were specifi-
cally searched for via the German accreditation agency.
Each laboratory received a bottle containing 52-56 g of
sludge no. 15, a description of tasks and an excel file for
the documentation of analytical results, moisture con-
tent, device parameters, and instrumental settings.

The laboratories were asked to add no additional
HNO; to their reflux digestion solutions dependent on
the carbon content (explanation Fig. 1), so the resulting
method classes were restricted to A-F and no “enhanced
refluxes” (which are marked by a star in their abbrevia-
tion, Fig. 1). At least three independent digestions per
method class were requested for the phosphorus deter-
mination. Results were related to the original substance
and moisture content should be determined separately as
duplicates. 27 German laboratories and one Austrian lab-
oratory participated in the ILC. All digestion and analy-
sis methods according to the standards in Fig. 1 plus ISO
54321:2021 (aqua regia digestion) were permitted. Per-
formance of several method classes per laboratory was
permitted and highly encouraged.

Data treatment

Processing of data obtained at the authors’ laboratory
included 1- and 2-way ANOVA as well as t-tests using
Microsoft Excel version 2018. For a comparison of the
phosphorus recovery of all sludges and statistical evalua-
tion, results have been normalized to the grand mean and
to the mean by digestion type. All laboratory data from
ILC were treated anonymously. The ILC results were
evaluated with the program PROLab Plus (QuoData,
Dresden, Germany) according to Ref. [1].

Results and discussion

Phosphorus determination in 15 sewage sludges

The spiking and dilution during ICP-OES and ICP-MS
measurement campaign for quality control do not indi-
cate measurement faults caused by interference effects.
A complete overview of the spiking and dilution recov-
ery rates by sludge is given in Additional file 1: Table S4.
Figure 2 shows all measured phosphorus contents in the
15 sludges by sample and method combination in detail
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Fig. 2 Phosphorus contents in 15 sewage sludges (a: by method combinations; b: by summarized method classes)

as well as summarized according to the method classes.
Individual data of averages and standard deviations are
shown in Additional file 1: Tables S5, S6.

In many cases, ICP-OES determination after micro-
wave digestion (method class A) provides the highest or
second highest phosphorus recovery. This method class
is additionally characterized by a low relative stand-
ard deviation? (RSD) of 1.5% on average. Other method
classes tend to show higher RSDs between 2.6 and 4.9%.

ICP-MS precision can be significantly higher than ICP-
OES regarding trace elements in lake water [5]. However,
previous studies already found difficulties in phospho-
rus determination in wastewater by ICP-MS, such as
high blank values [28] or background interferences with
nitrogen in protein samples [6]. Moreover, there are
indications that the lowest point of ICP-MS-calibration
for phosphorus (20 pg/l) is close to the detection limit
as reported in former studies [6, 11], whereas the high-
est points of calibration are close to 10,000 counts per
second (device protection). Therefore, the dilution fac-
tors were chosen so that the concentration of the ana-
lyzed solution was between the third and fourth point of

2 Relative standard deviation (RSD) and coefficient of variation (CV) describe
the measurement variability within a given laboratory. CV} and CV, describe
the reproducibility and the repeatability standard deviation among all labora-
tories participating in the ILC. To avoid confusions, RSD was chosen for the
variability in the same laboratory and CV was chosen for the variability among
different labs.

calibration (200-500 pg/l). The ICP-MS advantage of iso-
tope dilution is not possible for phosphorus. Literature
on ICP-MS phosphorus determination in sewage sludge
is scarce. Westerhoff et al. [26] determined phosphorus
and 57 other elements in sewage sludge by ICP-MS and
did not report similar problems; they give a lower detec-
tion limit for phosphorus at 6 pg/l in the digestion solu-
tion. However, standard deviations and detection limits
were not described in this study or in the supporting
data. Averages and standard deviations (n=5). Below:
average relative standard deviation (RSD) over all sludges
(n=15) by method class. Explanation of method abbre-
viation in Fig. 1.

Apart from instrumental phosphorus quantification,
sample preparation seems to also affect the phosphorus
recovery. However, comparisons of aqua regia micro-
wave and reflux digestion of similar sample matrix are
rare in literature. The best of the authors’ knowledge is
a tendency for higher yields after microwave than after
reflux digestion according to Nieuwenhuize et al. [21] for
Cd, Cu, Pb, Mn, Fe, and Zn in sediment and soil samples.
Compared to other digestion procedures, such as heat-
ing block, microwave digestion shows higher precision
for phosphorus and other elements despite lower sample
intakes in plant leaves [11]. Generally, microwave diges-
tion is currently highly accepted for the analysis of sew-
age sludge, sewage sludge ash, or recycled products from
both [12, 16, 17, 24].
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Fig. 3 t-test results after normalization over 15 sludges (right: by method combination, left: by method class)

Photometric determination was developed for waste-
water and water samples with low phosphorus concen-
trations< <1 mg/l and digestions other than aqua regia.
There was no literature found for photometric phospho-
rus determination with ammonium molybdate in sewage
sludge after aqua regia digestion (Analytical background).
Previous studies on phosphorus determination with
ammonium molybdate found interfering effects of Fe*"
and Fe®' ions [18, 19]. These potential redox partners
interrupt the reduction of phosphomolybdic acid starting
from concentrations of only 1.5 mmol/l or 0.08 mg/1 [18].
The sewage sludges in this study contain about 10-50 g
Fe/kg — this is equivalent to clearly higher iron concen-
trations in the samples of 0.10-0.75 mg/l (calculation
based on digestion sample intakes and dilution factors).
Although ascorbic acid can minimize these effects, high
temperatures or longer reaction times are required for
iron reduction [19] than those according to ISO 6878.

Statistical evaluation

To evaluate significant differences in the phosphorus
recovery rates (-tests were performed for each pair
of method combinations and of the method classes
(Fig. 3). For this reason, phosphorus results are nor-
malized to the grand mean by sludge (mean value of
all different method combinations). The ¢-tests over
15 sludges (without expanded reflux: method classes
B*, D*, and F*) show that results from method combi-
nations of the same class are not significantly different
with the except of E1 and E2: The photometric deter-
mination at 700 nm provides higher phosphorus results
(average + 5%, maximum + 14%) than the most often

performed determination at 880 nm. For the microwave
digestions (method combinations E1 and E2), these dif-
ferences are significant (p <0.01). Different ¢-test results
for method combinations of the same method class
were summarized as “partly<0.05” or “partly<0.01”
Explanation of method abbreviations in Fig. 1

Apart from same method classes, hardly significant
differences are found between method classes A and E
(ICP-OES and photometric determination after micro-
wave digestion). ICP-OES and ICP-MS determination
also provide no significantly different results for the
method combinations B1 and D1 or D2, and B2 and C2.
Moreover, ICP-OES and ICP-MS determinations after
reflux digestion (B1, B2, D1, D2) are similar to photo-
metric determination at 700 nm after reflux digestion
(F2). Other method combinations provide significantly
different results (p <0.05 or p < 0.01).

In summary it can be stated that method combina-
tions of the same class show mostly no significant dif-
ferences. Results from method class E are significantly
different (p<0.01) from B-F. Overall, the methods do
not appear to be equivalent. With respect to the low
overall variation of less than+21% between minimum
and maximum phosphorus recovery by method class
(among all 15 sludges), however, they should neverthe-
less be regarded as sufficiently comparable.

The observed effects of digestion and instrumental
determination are also found in a 2-way ANOVA of
this normalized dataset. This two-way ANOVA (with
the factors digestion method and analytical method)
over the normalized phosphorus results in 15 sludges
supports the found differences as both digestion and
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Fig. 4 Phosphorus recovery by method class after normalization (a: grand mean, b: mean by digestion)

analytical methods have significant effects and an inter-
action was also found (Additional file 1: Table S9).

Comparison of phosphorus recovery across the sludges
Since sludges 1-15 display different phosphorus con-
tents, the complete set of analytical data needs to be
normalized to investigate the effect of digestion and
instrumental phosphorus quantification procedures. As
the “true” phosphorus contents are unknown, the recov-
ery from all analytical procedures (grand mean) is used
to normalize the data for each of the 15 sludges as per-
formed for the ft-tests and ANOVA (Statistical evalu-
ation). Additionally, the phosphorus recovery data for
each sludge are normalized (Fig. 4) to the respective
averages of the digestion procedures, such as micro-
wave (method classes A, C, and E), reflux (B, D, and F),
and reflux with additional acid (B*, D*, and F*). Although
normalization may involve risks of biases associated with
differing matrix compositions, these influences should
be limited due to the variety among the 15 different sew-
age sludges. A summary of the recovery rates from all 15
sludges for each method class is shown in Fig. 4. Some
trends are visible.

Averages and standard deviations over all sludges
(n=15), explanation of method classes in Fig. 1 Com-
pared to the grand mean, the analysis of 15 sewage
sludges shows especially higher phosphorus content
results for method classes A, C, and E, which are the
microwave digestions. If the digestion factor is excluded
by normalization, method classes A, E, B, and B* show
the highest results. These method classes are all classes

with ICP-OES analysis or the photometric determination
after microwave digestion.

The difference between the analytical methods is high-
est for the expanded reflux digestion with additional
HNO, addition which was not tested by ANOVA as
not all sludges have been treated this way (Interlabora-
tory comparison). A reason might be the amended acid
which could affect the photometric determination. The
acid is changed the most in case of sludges 1, 2, 10, and
11 due to their high carbon contents of about 400 g/kg
(for the acid addition per sample see Additional file 1:
Table S2). At the same time, carbon-rich sludges (1, 2, 10,
and 11) show averagely higher differences between ICP-
OES and photometry (F* and A normalized to the grand
mean; F* and B* normalized to digestion). Two of these
carbon-rich sludges show the highest difference in total
with a recovery rate between 80% for method class F* and
118-121% for method class A. On the other hand, there
is no general statement possible for the samples 4-7 and
12 that are rich in calcium (> 150 g/kg). Although sludges
with high calcium contents show difficulties during reflux
digestion as they high-foam when acid is added, the
P recovery rate between reflux and microwave digestion
is not clearly different to other sludges. More details on
the recovery rate per sludge and method class are given
in Additional file 1: Figure S3 and Tables S7, S8.

Finally, microwave digestion produces higher phospho-
rus results than reflux digestion in all 15 cases. ICP-OES
measurement gives higher or similar (2% recovery rate)
phosphorus results than ICP-MS and photometric deter-
mination in reflux and expanded reflux digestion with
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more HNOj; addition in 14 out of 15 cases. The samples
from microwave digestion show high recovery rates for
photometric determination, too.

Summarized over all sludges, ICP-OES determina-
tion provides higher phosphorus results than ICP-MS
and photometric determination and microwave diges-
tion provides higher results than reflux digestion. How-
ever, averaged over all 15 sludges, the recovery rate is
between maximum 111% (A and E) and minimum 85% in
method class F* (Fig. 4). If the digestion factor is excluded
by normalization to the digestion mean, this variability
is lower than4+10% with a maximum recovery of 107%
for method class B* and a minimum recovery of 90% for
method class F*.

Interlaboratory comparison

The homogeneity study of the test material (sludge no.
15) shows no significant differences for phosphorus
between the 10 bottles (Additional file 1: Table S11).
However, after shaking, silicon values apparently drop by
6% on average and calcium values raise by + 11% on aver-
age. Density-dependent separation effects from shaking
could be a reason for these results.®> As a result, labora-
tories were told to change the sample before analysis in

3 XRF analyzes the sample top layer to a depth of 0.1 mm for the sludge
matrix (arithmetical sample intake of 25 mg). Shaking can cause denser par-
ticles to sink to the bottom and less dense particles to accumulate at the top.

a larger container and to shake it overhead before taking
the replicates. The drift control of sample 1-1 resulted in
higher values for all elements (2-12%). However, system-
atic effects on the samples are minimized by the order
of the samples (Interlaboratory comparison). Moreover,
phosphorus values stay constant after shaking with an
RSD of 2.3%, and the inhomogeneity between the indi-
vidual bottles u,;, was calculated at 0.6% according to the
ISO-guide 35:2017 [2]. The XRF data are shown in Addi-
tional file 1: Figure S5 and Table S10.

Figure 5 shows the complete set of data provided by
the participants. It is visually obvious that the methods
tended to produce different results. Clearly, ICP-OES
yields on average higher P recoveries than photometry.

Five outliers were found out of 72 different means of
which four were Cochran outliers (higher RSD) and one
was a Grubbs outlier (higher mean). Outliers were elimi-
nated for further calculations. Due to the low reported
CV,, Cochran outliers should be carefully looked at
— however, three of the four Cochran outliers show a
clearly higher CV, of more than 8%. A graphic presenta-
tion of all laboratory method class results sorted by ana-
lytical methods is shown in Additional file 1: Figure S6.
The results were also evaluated by method class, instru-
mental analysis, and digestion method, which causes
differing outlier test results (Table 3). The method class
lab code is shown on the x-axis and represents the lab
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Table 3 ILC phosphorus results for different method classes (Fig. 1) and by digestion or analysis method

Method (class) I n Outliers X ) cv, CVp HorRat ET‘;;
[g/kg] [g/kg] [%] [%] [%]
A 67 19 1 26.0 0.7 15 58 1.7 25
B 59 17 3 254 0.7 13 57 16 22
C 33 " 1 254 0.7 13 4.6 13 28
D 29 8 25.0 12 4.1 75 2.1 55
E 22 6 242 15 33 8.1 23 41
F 22 6 231 12 23 6.5 1.8 35
ICP-OES 138 36 4 257 0.5 14 58 1.7 24
ICP-MS 63 18 2 252 0.7 2.1 58 1.7 36
Photometry 44 12 236 1.0 29 7.5 2.1 39
Microwave 130 36 2 250 03 1.8 6.3 1.8 29
Reflux 118 31 3 24.2 0.5 2.1 8.0 23 27
Total 248 67 5 253 0.7 19 7.2 2.0 26

I:Number of measurement values: replicates included

n: Number of datasets: different lab averages by method class (several labs performed more than one method class), no outliers

X: Mean phosphorus content

U: Expanded Uncertainty of X with factor k=2:U = 2%

CV,: Relative repeatability standard deviation (s,); variability of the replicate means per laboratory

CVjg: Relative reproducibility standard deviation (sg); variability of the means of different labs

HorRat: Horwitz ratio or ratio of CV and predicted Horwitz coefficient of variation pCVg; pCVg = 2(1~0-5/09%)

v,
CVr

number and the letter of the method class. There are
four Cochran outliers (higher standard deviations of 8D,
26B, 1C, 19A) and one Grubbs outlier (deviating mean of
11B). They have been eliminated for the calculations. All
values in Table 3 An overview of all outliers by type of
evaluation (results separation by digestion method, anal-
ysis method or method class) is given in Additional file 1:
Table S12. The outlier distribution obtained with a kernel
density estimator (general view only) is shown in Addi-
tional file 1: Figure S8.

All 28 participating laboratories performed ICP-OES as
analytical method. However, several labs performed sev-
eral method classes. As a result, there are finally 72 differ-
ent laboratory averages for the obtained method classes
(Table 3). In terms of method classes (explanation Fig. 1),
most labs performed A (n=19) or B (n=17) which
means ICP-OES determination. On the other hand, only
6 labs performed method classes with photometric phos-
phorus determination (E and F) of which 3 labs are not
accredited for this method. All laboratories with photo-
metric determination performed only photometric meas-
urements at 880 nm (for more details on accreditation
status, employed standards, and instrumental settings see
Additional file 1: Table S13). Therefore, results were also
evaluated separated by digestion and analysis method
(Table 3), rather than only by the combination of both.

L: Ratio of repeatability and reproducibility in %; 50-66% is common according to Horwitz [13]

An evaluation by method class, instrumental deter-
mination, and digestion method confirms the first
impression of differing results. Microwave digestion and
ICP-OES analysis provides the highest results. Generally,
ICP-OES analysis provides higher results than ICP-MS
which is higher than photometric analysis and micro-
wave digestions shows higher results than reflux diges-
tions. However, if the respective expanded uncertainties
(U) are considered, the general means of ICP-OES and
ICP-MS and of several method classes (Table 3) are not
significantly different.

Generally, relative repeatability standard deviations
(CV,) and relative reproducibility standard deviations
(CVy) are higher for the photometric method classes (E,
F) and for ICP-MS analysis after reflux digestion (D).
The CV, may be assessed on basis of the Horwitz model
according to Horwitz and Albert [14] which suggests a
prediction of CV; only dependent on the measurand’s
concentration but regardless of the matrix or the ana-
lytical procedures and the analyte. The resulting Hor-
witz ratio (HorRat) is between 1.3 and 2.3 for all method
classes (Table 3).

HorRat is close to the Horwitz model (< 2.0) for most
combinations which is often observed for analytical pro-
cedures applied on a routine basis. On the other side, CV;,
is tendentially lower than what might be expected from



Sichler et al. Environmental Sciences Europe (2022) 34:99

the Horwitz [13] model (50-66% compared to CVg). A
comparison of all means by method classes, digestion,
or analytical methods shows values between 23.1 and
26.0 g/kg. Significant differences (¢-tests) were found
for method class F compared to method classes A—C
(p<0.05). However, for the photometric method classes E
and F only six mean values are available.

Therefore, analytical methods were also compared by
t-test. As a result, ICP-OES (n=36) and photometry
(n=12) show also significantly different results (p <0.05).
An overview of the t-tests is provided in Additional file 1:
Figure S9. Compared to the analysis of 15 sewage sludges,
differences were found to be less significant due to the
higher variances (the investigations in only one labora-
tory (Phosphorus determination in 15 sewage sludges) do
not include the variability CV}; among laboratories).

Several laboratories varied the prescribed sample
intakes and digestion parameters (acid ratios, aqua regia
volume, digestion times, and temperatures). Photom-
etry was based on calibration ranges beyond the maxi-
mum level (according to the permitted calibration range
of ISO 6878) of 0.8 mg/l in three cases. Photometry was
calibrated using 10 concentration levels on average, while
ICP-OES and ICP-MS were based on 5 concentration
levels on average. Six laboratories worked outside their
calibration range which accounted for 44 values. An
overview of the most important instrumental settings
and measurement parameters and deviations from the
prescribed sample intakes and standard procedures is
provided in Additional file 1: Tables S14, S15. However, it
is not possible to explain outliers with specific measure-
ment parameters.

The determined moisture contents were between 0.1
and 9.3%, on average at 5.2%. Values below 3% moisture
content should be doubted, as organic matter is hydro-
scopic, and samples were already sent with a moisture
content of about 4%. Extreme values might be explained
by sample handling as most laboratories reported mois-
ture detection in a drying chamber (problems possible
with hot samples, mass losses during transportation,
incomplete dehydration, rehydration before weighing)
and only four labs used a humidity scale. Detailed infor-
mation on the reported moisture contents and the used
determination methods is given in Additional file 1: Fig-
ure S7 and Table S12.

Conclusions

The investigation of 15 sewage sludges with highly dif-
ferent matrix compositions shows different phosphorus
recoveries by method class. 2-way ANOVA and ¢-tests
show that these differences are significant in many
cases (p<0.01). These tendencies were confirmed in an
ILC with one sewage sludge (28 laboratories). However,
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significant differences were found less often. In total, the
different method classes tend to yield different phospho-
rus recoveries, but still can be considered sufficiently
equivalent with a total reproducibility standard deviation
of 7.2%. However, both investigations show the highest
phosphorus recoveries and the lowest CV, or RSD for
method class A (ICP-OES determination after micro-
wave digestion). Moreover, this method class represents
various advantages (different wavelengths to avoid inter-
ferences, moderate dilution necessary, high routine, cov-
erage of many further measurands, less time consuming).

Therefore, the authors recommend ICP-OES measure-
ment after microwave digestion as the favorable method
compared to ICP-MS or photometric determination in
combination with reflux or microwave digestion. Nev-
ertheless, based on the above-mentioned reasons, none
of the method classes examined can be excluded on
principle.

Abbreviations

ANOVA: Analysis of variance; BAM: Bundesanstalt fir Materialforschung und
-prifung (author’s institute); CVj: Statistics: relative reproducibility standard
deviation (coefficient of variation between the labs in ILC); CV,: Statistical

key figure: relative repeatability standard deviation (coefficient of variation
between the single values per lab in ILC); HorRat: Statistical key figure: Horwitz
ratio (ratio of predicted and observed reproducibility CVp); ICP-MS: Inductively
coupled plasma mass spectrometry; ICP-OES: Inductively coupled plasma
optical emission spectrometry; ILC: Interlaboratory comparison; p: Statistical
key figure: p-value or measure of evidence for the null hypothesis; R% Statisti-
cal key figure: coefficient of determination; RSD: Statistical key figure: relative
standard deviation; U: Statistical key figure: uncertainty; WWTP: Wastewater
treatment plant; XRF: X-ray fluorescence.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512302-022-00677-1.

Additional file 1: Table S1 Origin of the 15 investigated sewage
sludges and sludge treatment at respective wastewater treatment plant
(WWTP). Table S2 Characterization of the 15 investigated sewage sludges
and HNO3 addition (for samples with more than 500 mg C on 3,000

mg according to EN 16174), contents related to dry matter. Table S3
Phosphorus recovery of certified reference materials (sewage sludges,
Sigma-Aldrich, Laramie, USA). Averages (n=2) of respective measure-
ment day related to fresh matter (FM) and dry matter (DM). Table S4
Recovery rates of spiked and diluted (1:5) samples by digestion (DG).
Elemental P standards (10,000 mg/I for ICP-OES; 1,000 mg/I for ICP-MS
diluted 1:10) of MERCK were used for spiking. Table S5 Phosphorus
contents by method combination in 15 sewage sludges in g/kg. Table S6
Standard deviations of the phosphorus contents by method combina-
tion in 15 sewage sludges in g/kg. Table S7 Phosphorus recovery rate of
15 investigated sewage sludges after normalization to the grand mean.
Table S8 Phosphorus recovery rate of 15 investigated sewage sludges
after normalization to digestion mean. Table S9 Two-way analysis of
variance for the normalized (grand mean) 15 sewage sludges. Table S10
XRF results in g/kg for homogeneity study of the sludge 15 for inter-
laboratory comparison. Powder analysis of 10 out of 64 bottles (regular
intervals) from the line of bottling, three samples (x-1 to x-3) per bottle.
After analysis sample shaking and remeasurement (x-4 to x-6). Table S11
One-way analysis of variance of homogeneity study (XRF results for
phosphorus content). Table $12 ILC results by laboratory and method
class (MC) and outliers (Grubbs or Cochran) according to 1SO 5725-2



https://doi.org/10.1186/s12302-022-00677-1
https://doi.org/10.1186/s12302-022-00677-1

Sichler et al. Environmental Sciences Europe (2022) 34:99

(total summarized values main text, Table 3). Table S13 Interlaboratory
comparison, instrumental parameters by laboratory sorted by analytical
method. Table S14 Interlaboratory comparison, deviations of lab from the
sample digestion prescribed in the sample instruction letter. Table $S15
Interlaboratory comparison, deviations by of lab of from the analytical
method prescribed in the sample cover instruction letter. Figure S1
Exemplary calibration curves for ICP-OES (a), ICP-MS (b), and photometric
phosphorus determination with ammonium molybdate (c). Figure S2
Phosphorus recovery rate from reference materials CRM029-50G (029)
and CRM031-40G (031) by digestion and analysis. Figure S3: Phosphorus
recovery from 15 sewage sludges as determined by method classes A-F*
normalized to the grand mean (a) and normalized to the mean value by
digestion (b). The error bars (a) represent the standard deviation of the five
replicates (sludge 15 no. reflux digestions: three replicates) per sludge. For
an explanation of the method class abbreviations see main text Figure 1.
Figure S4 Schematic representation of the cross-riffling to generate
bottles for interlaboratory comparison (ILC). Figure S5 XRF homogeneity
results of 10 bottles (six replicates). Measurement of three samples per
bottle, shaking and new measurements from measurement number 42.
Figure S7 Cumulative curve of the moisture content analyzed by the labs
during the interlaboratory comparison. The error bars mark the standard
deviation (n=2 to 6). Figure S6 Interlaboratory comparison results

sorted by analytical method (the bars represent laboratory means and
standard deviations). The method class lab code is shown on the x-axis
and represents the lab number and the letter of the method class. Outliers
have been eliminated for the calculations. Figure S8 Interlaboratory com-
parison, distribution obtained with a kernel density estimator. Figure S9
Significant differences by method combination and method class (main
text, Figure 1) from the interlaboratory comparison and investigation of 15
sewage sludges t-test.

Acknowledgements

The authors thank all WWTP operators for the supply of sewage sludge
samples and all laboratory operators for participation in the interlaboratory
comparison.

Author contributions

TCS performed the lab acquisition for the ILC, sample preparation and analysis,
and data interpretation and wrote the manuscript. MO performed the XRF
analysis and contributed substantively to the homogeneity study for the ILC
material. AS was involved in the preparation of the ILC material and did the
PROLab ILC evaluations. RB did most of the statistical evaluations for ILC and
BAM results. RB, MB, and CA were deeply involved in the manuscript draft and
the revisions. RB and CA substantively revised the work; CA was also involved
in the work design. All the authors read and approved the final manuscript.

Funding

Open Access funding enabled and organized by Projekt DEAL. The project
was funded by the BMU Federal Ministry for Environment and supervised by
the UBA Environmental Protection Agency (Environmental Research Plan,
Grant Number 3718 26 330 0). The funding source was not involved in the
collection, analysis, or interpretation of the samples and the data or writing
the manuscript.

Availability of data and materials

All evaluated data generated or analyzed during this study are included in
this published article and its supporting information files. Raw measurement
data can be handed out on request by the corresponding author. WWTP and
laboratory data have been anonymized.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Page 13 of 14

Competing interests
The authors declare that they have no competing interests.

Author details

'Bundesanstalt Fir Materialforschung Und -Priifung (BAM), Unter den Eichen
87, 12205 Berlin, Germany. 2Technical University Berlin, Gustav-Meyer-Allee 25,
13355 Berlin, Germany.

Received: 29 June 2022 Accepted: 17 September 2022
Published online: 01 October 2022

References

1.

10.
1.

ISO 5725-2:2019. Accuracy (trueness and precision) of measurement
methods and results—Part 2: Basic method for the determination of
repeatability and reproducibility of a standard measurement method.
ISO-Guide 35:2017. Reference materials—Guidance for characterization
and assessment of homogeneity and stability.

2019/1009/EU 2019 Regulation (EU) 2019/1009 of the European
Parliament and of the Council of 5 June 2019 laying down rules on the
making available on the market of EU fertilising products and amending
Regulations (EC) No 1069/2009 and (EC) No 1107/2009 and repealing
Regulation (EC) No 2003/2003. EC (ed).

AbfKI&rV 2017 German sewage sludge directive (Verordnung zur Neuord-
nung der Klarschlammverwertung). Bundesregierung (ed) Bonn.
Baralkiewicz D, Gramowska H, Hanc A, Krzyzaniak | (2007) A comparison
of ICP-OES and ICP-MS in the determination of elements in lake water.
Atom Spectrosc 28(5):164-170

Becker JS, Boulyga SF, Pickhardt C, Becker J, Buddrus S, Przybylski M (2003)
Determination of phosphorus in small amounts of protein samples by
ICP-MS. Anal Bioanal Chem 375(4):561-566. https://doi.org/10.1007/
500216-002-1737-5

BMNT 2017 Federal Waste Management Plan 2017, Bundesmisteriaum ftr
Nachhaltigkeit und Tourismus (Austrian Federal Ministry for Sustainability
and Tourism) Vienna.

Cieslik BM, Namiesnik J, Konieczka P (2015) Review of sewage sludge
management: standards, regulations and analytical methods. J Clean
Prod 90:1-15. https://doi.org/10.1016/j.jclepro.2014.11.031

Cordell D, Drangert JO, White S (2009) The story of phosphorus: Global
food security and food for thought. Global Environ Chang 19(2):292-305.
https://doi.org/10.1016/j.gloenvcha.2008.10.009

EC 2014 The European Critical Raw Materials review Brussels.

Esslemont G, Maher W, Ford P, Krikowa F (2000) The determination of
phosphorus and other elements in plant leaves by ICP-MS after low-vol-
ume microwave digestion with nitric acid. Atom Spectrosc 21(2):42-45
Herzel H, Kruger O, Hermann L, Adam C (2016) Sewage sludge ash—a
promising secondary phosphorus source for fertilizer production. Sci
Total Environ 542:1136-1143. https://doi.org/10.1016/j.scitotenv.2015.08.
059

Horwitz W (1982) Evaluation of analytical methods used for regulation

of foods and drugs. Anal Chem 54(1):A67-000. https://doi.org/10.1021/
ac00238a765

Horwitz W, Albert R (2006) The Horwitz ratio (HorRat): a useful

index of method performance with respect to precision. J Aoac Int
89(4):1095-1109

Kok DJD, Pande S, van Lier JB, Ortigara ARC, Savenije H, Uhlenbrook S
(2018) Global phosphorus recovery from wastewater for agricultural
reuse. Hydrol Earth Syst Sc 22(11):5781-5799. https://doi.org/10.5194/
hess-22-5781-2018

Kriger O, Adam C (2017) Phosphorus in recycling fertilizers—analytical
challenges. Environ Res 155:353-358. https://doi.org/10.1016/j.envres.
2017.02.034

Krtiger O, Grabner A, Adam C (2014) Complete survey of German sewage
sludge ash. Environ Sci Technol 48(20):11811-11818. https://doi.org/10.
1021/es502766x

Mald J, Lagové M (2014) Comparison of digestion methods for determi-
nation of total phosphorus in river sediments. Chem Pap 68(8):1015-
1021. https://doi.org/10.2478/s11696-014-0555-5


https://doi.org/10.1007/s00216-002-1737-5
https://doi.org/10.1007/s00216-002-1737-5
https://doi.org/10.1016/j.jclepro.2014.11.031
https://doi.org/10.1016/j.gloenvcha.2008.10.009
https://doi.org/10.1016/j.scitotenv.2015.08.059
https://doi.org/10.1016/j.scitotenv.2015.08.059
https://doi.org/10.1021/ac00238a765
https://doi.org/10.1021/ac00238a765
https://doi.org/10.5194/hess-22-5781-2018
https://doi.org/10.5194/hess-22-5781-2018
https://doi.org/10.1016/j.envres.2017.02.034
https://doi.org/10.1016/j.envres.2017.02.034
https://doi.org/10.1021/es502766x
https://doi.org/10.1021/es502766x
https://doi.org/10.2478/s11696-014-0555-5

Sichler et al. Environmental Sciences Europe

20.

21

22.

23.

24.

25.

26.

27.

28.

(2022) 34:99

. Maly J (1985) Beitrag zur Phosphorbestimmung im Kldrschlamm. Acta

hydrochim et hydrobiol 13:137-147

Mihelcic JR, Fry LM, Shaw R (2011) Global potential of phosphorus recov-
ery from human urine and feces. Chemosphere 84(6):832-839. https.//
doi.org/10.1016/j.chemosphere.2011.02.046

Nieuwenhuize J, Poleyvos CH, Vandenakker AH, Vandelft W (1991) Com-
parison of microwave and conventional extraction techniques for the
determination of metals in soil, sediment and sludge samples by atomic
spectrometry. Analyst 116(4):347-351. https://doi.org/10.1039/an991
1600347

Qadir M, Drechsel P, Cisneros BJ, Kim Y, Pramanik A, Mehta P, Olaniyan O
(2020) Global and regional potential of wastewater as a water, nutrient
and energy source. Nat Resour Forum 44(1):40-51. https://doi.org/10.
1111/1477-8947.12187

Silva MB, Borges SS, Perdigao SRW, Reis BF (2009) Green chemistry-sen-
sitive analytical procedure for photometric determination of orthophos-
phate in river and tap water by use of a simple LED-based photometer.
Spectrosc Lett 42(6-7):356-362. https://doi.org/10.1080/0038701090
3185744

Vogel C, Hoffmann MC, Taube MC, Kruger O, Baran R, Adam C (2020)
Uranium and thorium species in phosphate rock and sewage sludge ash
based phosphorus fertilizers. J Hazard Mater. https://doi.org/10.1016/j.
jhazmat.2019.121100

VWVEA 2015 Verordnung Uber die Vermeidung und die Entsorgung von
Abféllen. Schweizer-Bundesrat (ed).

Westerhoff P, Lee S, Yang Y, Gordon GW, Hristovski K, Halden RU, Herckes
P (2015) Characterization, recovery opportunities, and valuation of metals
in municipal sludges from U.S wastewater treatment plants nationwide.
Environ Sci Technol 49(16):.9479-9488. https://doi.org/10.1021/es505
329q

Woods JT, Mellon MG (1941) The molybdenum blue reaction—a spec-
trophotometric study. Ind Eng Chem 13:0760-0764. https://doi.org/10.
1021/i560099a003

Yakimovich PV, Alekseev AV (2018) Analysis of Wastewater by ICP-MS.
Metallurgist 62(1-2):3-9. https://doi.org/10.1007/511015-018-0617-y

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 14 of 14

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



https://doi.org/10.1016/j.chemosphere.2011.02.046
https://doi.org/10.1016/j.chemosphere.2011.02.046
https://doi.org/10.1039/an9911600347
https://doi.org/10.1039/an9911600347
https://doi.org/10.1111/1477-8947.12187
https://doi.org/10.1111/1477-8947.12187
https://doi.org/10.1080/00387010903185744
https://doi.org/10.1080/00387010903185744
https://doi.org/10.1016/j.jhazmat.2019.121100
https://doi.org/10.1016/j.jhazmat.2019.121100
https://doi.org/10.1021/es505329q
https://doi.org/10.1021/es505329q
https://doi.org/10.1021/i560099a003
https://doi.org/10.1021/i560099a003
https://doi.org/10.1007/s11015-018-0617-y

	Determination of the phosphorus content in sewage sludge: comparison of different aqua regia digestion methods and ICP-OES, ICP-MS, and photometric determination
	Abstract 
	Background
	Wastewater and sewage sludge as phosphorus sources
	German legislation
	Analytical background

	Materials and methods
	Characterization of sewage sludges
	Sewage sludge preparation and analytical procedures
	Interlaboratory comparison
	Data treatment

	Results and discussion
	Phosphorus determination in 15 sewage sludges
	Statistical evaluation
	Comparison of phosphorus recovery across the sludges
	Interlaboratory comparison

	Conclusions
	Acknowledgements
	References




