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Abstract
The spectrophotometric molybdenum blue method for phosphorus determination was adapted to a multiwell plate format. 
The method was sensitive and allowed for the simultaneous determination of phosphorus in many samples. It was cheap 
and eco-friendly due to application of small volumes of reagents and, therefore, it meets the requirements for “green” or 
sustainable chemistry. The method’s limit of detection (LOD) is 0.37 μg/mL and its limit of quantification (LOQ) is 1.13 μg/
mL. Its linearity is up to 30 μg of phosphorus/mL. The method was applied for the determination of phosphorus in 65 dairy 
products (yogurts, yogurt drinks, buttermilks, kefirs and homogenized cheeses) of strawberry, peach, forest fruits, vanilla 
and other flavours. The phosphorus content was 143–226 mg/100 g in flavoured yogurts, 78–204 mg/100 g in yogurt drinks, 
89–218 mg/100 g in kefirs, around 195 mg/100 g in buttermilks, and 165–277 mg/100 g in homogenized cheeses. The pre-
sented method can be used in the routine quantitative analysis of the total phosphorus content in dairy products.
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1 Introduction

Phosphorus (P) is present in various biological, agricultural, 
environmental, pharmaceutical, and food samples (Vallapra-
gada et al. 2011; Adesanwo et al. 2013). P is an essential 
nutrient naturally found in most of plant and animal foods. It 
is primarily responsible for the formation of bones and teeth 
(Mancini et al. 2018). The Nutrient Reference Value (NRV) 
for P is 700 mg/day for adults (European Parliament and 
Council 2011) but most of the population studies estimate its 
intake to be 1300–1800 mg/day (Calvo and Uribarri 2013; 
Mancini et al. 2018). It is not as high as the tolerable upper 
limit (4000 mg/day) (Institute of Medicine, Food and Nutri-
tion Board 1997) but some authors claim that its content 
in food products is underestimated and therefore the intake 
level is also underestimated (Calvo et al. 2013; Borgi 2019). 
This is especially relevant because P is also added to food 
products in a form of different food additives, which have a 
higher bioavailability than P from natural sources (Fukagawa 

et al. 2011). The excess of P intake may significantly dis-
rupt the hormonal regulation of P contributing to disordered 
mineral metabolism, vascular calcification, bone loss and 
impaired kidney function as shown for healthy young adults 
(Calvo and Uribarri 2013). Other studies also associated a 
high intake of P with the increased risk of type 2 diabetes or 
effects on bone traits (Mancini et al. 2018). Therefore, the 
level of this element should be monitored in food.

Minerals are mostly determined using atomic spectros-
copy, but because of the high LOD for P [e.g. 75 mg/L 
for atomic absorption spectroscopy in a flame (F-AAS)] 
(Perkin-Elmer 2011) another method must be applied for 
its determination. Several analytical methods have been pro-
posed for the determination of P in food samples, includ-
ing UV–Vis spectrophotometric methods (Jastrzębska 
2009; Kurzawa et al. 2009), chromatography (Ruiz-Calero 
and Galceran 2005; Sekiguchi et al. 2000), electrophoresis 
(Dušek et al. 2003), X-ray fluorescence (Jastrzębska et al. 
2003), electrothermal AAS (ETAAS) (Coşkun and Akman 
2005), inductively coupled plasma with optical emission 
spectrometry (ICP-OES) (Hwang et al. 2015), ICP with mass 
spectrometry (ICP-MS) (Cozzolino et al. 2008), and P-NMR 
(Cade-Menun 2005). The development of an analytical 
method usually results in obtaining a more sensitive, faster, 
simpler, cheaper, more informative or more environmentally 
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sustainable method (Bergquist and Turner 2018). Methods 
that use less toxic or smaller amounts of reagents or solvents 
additionally meet the requirements of so-called “green” or 
sustainable chemistry (Koel and Kaljurand 2006). Thus, the 
aim of this study was to adapt the molybdenum blue method 
to a 48-microwell plate format. This method is based on the 
formation of molybdophosphoric acid from orthophosphate 
and molybdate under acidic conditions followed by reduc-
tion to molybdenum blue (Murphy and Riley 1962). The 
intensity of blue colour is proportional to the amount of P 
in solution. In the study, we used a novel approach based 
on the simultaneous determination of P in many samples 
that can be used in a precise and accurate routine analysis 
of the mineral in dairy products. The proposed method was 
applied to various dairy samples to provide up-to-date data 
on P content in food products.

2  Materials and methods

2.1  Materials

Randomly selected flavoured dairy products of different 
brands and producers including yogurts (n = 21), yogurt 
drinks (n = 11), kefirs (n = 10), buttermilks (n = 5) and 
homogenized cheeses (n = 18) were purchased in local shops 
in Poland in 2018 (Table S1; Supplementary Material). 
ERM-BD150 Skimmed Milk Powder (European Commis-
sion’s Joint Research Centre, Geel, Belgium) was selected 
as certified reference material (CRM) to verify the accuracy 
of the analytical procedure.

2.2  Samples preparation

Heterogeneous products were homogenized using Poly-
tron PT 1300 D (Kinematica AG, Luzern, Switzerland) 
at 13,500 g and mineralized using microwave digestion as 
described by Lesniewicz et al. (2010). The mineralization 
was conducted in a microwave oven (CEM Corporation 
Mars 6, Matthews, USA). After cooling, samples were filled 
to 50 mL with demineralized water (Hydrolab, Wiślina, 
Poland). The mineralization of each sample was conducted 
in triplicates. The blank sample was prepared under the same 
conditions.

2.3  Certified reference material’s preparation

The determination of P in CRM was performed for dried 
material. For this purpose, the CRM was dried in the oven 
at 102 °C ± 0.5 °C until constant mass. Subsequently, the 
CRM was mineralized as described in the previous section.

2.4  Reagent preparation

The solution of 5% ammonium molybdate (molybdate-sul-
furic [VI] acid) was prepared by mixing 5 g of anhydrous 
ammonium molybdate dissolved in 60 mL of demineral-
ized water with a solution of 15 mL of concentrated sul-
phuric acid in 40 mL of demineralized water. The reagent 
was stored in an amber bottle at 4 °C. Its stability was 
confirmed for four weeks.

The solution of 0.5% hydroquinone (benzene-1,4-diol) 
was prepared by dissolving 0.5 g hydroquinone (benzene-
1,4-diol) in 100 mL of demineralized water with 10 μL 
of concentrated sulphuric acid. The reagent was stored 
in an amber bottle at 4 °C. Its stability was confirmed for 
four weeks.

The solution of 20% sodium sulphite  (Na2SO3) was 
prepared freshly (daily). P for AAS (1000 mg/L of water; 
TraceCERT, Supelco, Sigma-Aldrich, Saint Louis, MO, 
USA) was used as a standard.

2.5  Spectrophotometric determination 
of phosphorus

A 48-microwell plate (flat bottom) (Nunclon Delta Surface, 
Thermo Fisher Scientific, Roskilde, Demark) was used to 
determine the content of total P in mineralized samples. 
Each well contained 0.08 mL of a sample and 0.08 mL 
of water (or 0.16 mL of water as a blank), 0.08 mL of 5% 
molybdate-sulfuric (VI) acid solution, 0.08 mL of 0.5% hy-
droquinone (benzene-1,4-diol), and 0.08 mL of 20% sodium 
sulphite. The plate was left for 30 min in the dark and the 
absorbance was measured at 823 nm using BioTek Pow-
erWave XS2 microplate spectrophotometer (Biokom, War-
saw, Poland). Three determinations were performed for each 
digest of the sample.

Quantification of P was performed using an external 
standard method. The six-point calibration curves were 
prepared with standard solution (0–30 μg of P/mL of sam-
ple). The LOD and LOQ were calculated from the standard 
deviations of the blank samples (n = 20) and the slopes of 
the calibration curves (n = 6).

2.6  Statistical analysis

The data in Fig. 1 and Table S1 (Supplementary Material) 
were presented as mean ± SD for each sample. Statistical 
analyses were carried out using Statistica 13.3 (2017) (Stat-
Soft, Inc., Tulsa, OK, USA). All data were submitted to 
one-way analysis of variance (ANOVA). The significance 
of differences between mean values was determined by the 
least significant differences test (LSD) or Tukey test with 
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unequal sample size (differences between categories and 
flavours) at α = 0.05.

3  Results and discussion

3.1  Method validation and cost

Analytical characteristics of spectrophotometric molybde-
num blue method adapted to a 48-microwell plate included: 
linearity, precision, accuracy and sensitivity expressed as 
LOD and LOQ.

Precision of the method was evaluated as the relative 
standard deviation (RSD) of the intra-day (repeatability, 
n = 5) and inter-day (reproducibility in three days, n = 15) 
determinations of P standard solution. The repeatability and 
reproducibility was not higher than 3.2% and 4.0%, respec-
tively, indicating satisfactory precision.

Quantification of P was performed using an external 
standard method. The calibration curve for P (y = ax + b) 
was as follows: a = 0.0326 ± 0.0005 and b = 0.0476 ± 0.0004 

(n = 6) with a very good linearity (average r = 0.999; 
RSD = 0.03%) to at least 30 μg/mL (final concentration in 
the well, absorbance not higher than 1.1). The LOD and the 
LOQ for P determination were 0.37 μg/mL and 1.13 μg/mL 
(9.3 mg/100 g and 27.9 mg/100 g of product), respectively.

The accuracy of the method was confirmed with CRM. 
The declared content of total P in CRM was 11.0 ± 0.6 g 
in kg of dried powder, whereas the determined value was 
10.9 ± 0.3 g/kg.

The method allowed for a precise analysis of a large 
number of samples at the same run with relatively low cost. 
The cost of P determination was calculated for 480 samples 
taking into account the cost of reagents and plate, and the 
fact that the same plate can be used at least ten times. The 
estimated cost of analysis was about € 28/$ 30 (€ 2.8/$ 3.0 
per plate) (November, 20, 2020, Poland).

3.2  Total phosphorus content in dairy products

The content of P in different food products can be found 
in the literature, e.g. in the US or Polish databases 
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Fig. 1  The comparison of phosphorus content in dairy products of 
different categories and flavours. Data are presented as mean ± SD; a–
h: significant differences (p < 0.05) between mean values within the 

category of product were indicated by different letters (sorted from 
the highest to lowest values, where “a” was the highest)
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(Kunachowicz et al. 2005; USDA 2019), but some authors 
indicate significant discrepancies between values of ana-
lytical determinations and existing databases. Borgi (2019) 
underlined the limited number of studies conducted for P 
content in grocery items and claimed that the data from 
nutritional databases are underestimated and therefore the 
data on its intake are also underestimated. Therefore, we 
applied the presented method for the determination of P in 
a range of dairy products. Some of the presented results 
are a novelty in literature, e.g. the content of P in flavoured 
yogurts or drinking dairy products.

The content of P was determined in 65 dairy prod-
ucts from five categories. Results presented in Fig. 1 and 
Table S1 (Supplementary Material) show all data sepa-
rately for each category. The differences between P con-
tent in products of different flavours within one category 
were not statistically significant (p > 0.05). The content of 
P in all milk products ranged from 78 to 277 mg in 100 g; 
the lowest average content was found in yogurt drinks 
(143 ± 48 mg/100 g) and kefirs (144 ± 58 mg/100 g), while 
the highest in homogenized cheeses (225 ± 31 mg/100 g). 
The content of P in buttermilks (195 ± 5 mg/100 g) and 
yogurts (182 ± 22 mg/100 g) was similar. Statistical analy-
sis revealed significant differences among subcategory of 
homogenized cheeses and yogurts, yogurt drinks, kefirs 
(p < 0.05) but no significant differences were found between 
homogenized cheeses and buttermilks (p > 0.05).

The content of P in yogurts ranged from 143 mg (blue-
berry) to 225 mg in 100 g (strawberry and peach). The litera-
ture data mostly relate to plain yogurts with the content of P 
from 88 mg/100 g (Fuente et al. 2003) to 150–170 mg/100 g 
(Güler 2007; Zamberlin et al. 2012). The content of P in 
flavoured yogurts found in databases is higher, around 
300 mg/100 g, but it is a calculated, not analytically deter-
mined, value (USDA 2019). The relatively large discrep-
ancies observed for analytical data and databases confirm 
the need of a reliable and fast method for P determination 
underlined by other authors (Calvo et al. 2013; Borgi 2019).

In the group of yogurt drinks, the lowest content of 
P < 85  mg/100  g, was found in strawberry yogurts and 
the highest, 180–200 mg/100 g, in strawberry and peach 
products. From analysed kefirs, the best source of P, deliv-
ering 210–220 mg/100 g, were three kefirs: peach, forest 
fruits and vanilla. Five out of ten kefirs contained only 
90–95 mg of P in 100 g (different flavours). The content 
of P in buttermilks (all of strawberry flavour) was much 
higher than in yogurt drinks or kefirs. Buttermilks contained 
about 195 mg/100 g. The literature data for dairy products 
to drink, especially of different flavours, are very limited. 
Kunachowicz and co-authors (2015) estimated the content 
of P in kefirs to be 74 mg/100 g while in buttermilks to be 
80 mg/100 g. Lodi and co-authors (2010) who described 
“fermented milk beverages” showed an even lower content 

of P (25–50 mg/100 g). In USDA (2019), only several dairy 
products to drink described in relation to P content were 
found. The content of P for plain and strawberry kefirs was 
96 and 105 mg/100 g, respectively (analytical determina-
tions) and for plain buttermilk was 85 mg/100 g (nutrition 
survey).

An interesting category in our study were flavoured 
homogenized cheeses. They are very popular in Poland but 
less popular in Europe or worldwide. They are made from 
pasteurized and acidified cow milk, unflavoured or flavoured 
(preferably), and mostly consumed as a dessert. The content 
of P in most of the analysed homogenized cheeses ranged 
from 190–240  mg/100  g. Only two products contained 
significantly lower amounts of P: 165 mg/100 g (vanilla-
strawberry) and 168 mg/100 g (strawberry-peach) which was 
comparable to the data published by other Polish authors 
(138–175 mg/100 g) (Kunachowicz et al. 2015). Especially 
rich in P were four products (strawberry, raspberry and two 
vanilla) delivering 250–280 mg in 100 g.

It is commonly known that dairy products are a good 
source of P. In the American diet, 20–30% of P intake is 
provided by dairy products (Calvo and Uribarri 2013). The 
products analysed in our study should be regarded as a good 
source of this mineral. Their portion (200 g) delivered from 
22 to 79% of NRV for P. Most of them could have nutri-
tion claims related to P. In the European Union these claims 
can be added to solid products with the minimal content of 
105 mg/100 g (claim “source of”) or 210 mg/100 g (claim 
“high in”) and to beverages with the minimal content of 
52.5 mg (“source of”) or 105 mg in 100 mL (“high in”) 
(Food Safety Authority of Ireland 2019). On the other hand, 
the guidance for dietary supplements with P indicate that 
products containing ≥ 250 mg of P per portion should carry 
the statement “This amount of phosphorus may cause mild 
stomach upsets in sensitive individuals” (EFSA 2009). As 
the P deficiency is occasional in the developed populations, 
the nutrition claims are rarely presented on labels of food 
products.

4  Conclusions

In this paper, the spectrophotometric molybdenum blue 
method was adapted to simultaneous P analysis in many 
samples using a microplate reader. The method is sensitive, 
precise, accurate and can be implemented in the routine 
quantitative analysis of P content in dairy products. The 
method was applied for 65 dairy products from different 
categories and flavours. The content of P in all analysed 
yogurts, yogurt drinks, kefirs, buttermilks and homogenized 
cheeses ranged from 78–277 mg/100 g. In general, the low-
est content of P was found in yogurt drinks and kefirs and 
the highest in buttermilks and homogenized cheeses. The 
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presented method that allows a fast and reliable analysis of 
P, and the results for dozens of dairy products are beneficial 
from both an analytical and nutritional point of view.
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