
Abstract A flow injection system for the automatic de-
termination of total phosphorus in beer is described. The
developed manifold uses a two-stage photooxidation/ther-
mal digestion procedure together with oxidizing and hy-
drolyzing reagents to convert all forms of phosphorus
compounds to orthophosphate. Polyphosphates are hy-
drolyzed by acid and heat, and organo-phosphates are di-
gested by UV-catalyzed peroxodisulfate oxidation. The
orthophosphate formed is then spectrophotometrically de-
termined by the phosphomolybdenum blue reaction, using
stannous chloride as reducing agent. The results obtained
for a set of 19 beer samples (with concentrations from 120
to 735 mg P/L) were in good agreement with the reference
method, the maximum relative deviation found being
4.7%. Relative standard deviations for ten consecutive de-
terminations were lower than 1.5%, and a detection limit
of 1 mg P/L was achieved.

Introduction

Inorganic and organic phosphorus from brewing water
have an important impact on beer flavor and physical ap-
pearance. The measurement of its concentration in all
phases of beer production can be used to help track meta-
bolic products of fermentation and correlate beer flavor
trends [1].

Organically bound phosphates, condensed phosphates
and orthophosphates are collectively defined as total phos-
phorus (TP) [2]. Prior to analysis, TP must be converted

into a readily analyzable form, for example orthophos-
phate. This is accomplished, in water, wine, beer and bev-
erage analysis, by wet or dry digestion procedures [3–5].
The main disadvantages of these methods is that they are
relatively slow and require considerable operator care. As
a result of this, they are ill suited to TP determination for
real-time process control or continuous discharge moni-
toring. Therefore, the development of automatic proce-
dures for continuous digestion and analysis is desirable.

On-line digestion with flow injection analysis has been
recognized as a technique for rapid TP determination.
Benson and McKelvie [6] reported the determination of
TP in waters and waste waters by on-line microwave-in-
duced digestion. Woo and Maher [7] determined TP in
turbid waters using alkaline potassium peroxodisulfate di-
gestion, with good recoveries for various phosphorus
compounds, organic and inorganic, for distilled and lake
water. Later on, Benson et al. [8] reported the determina-
tion of TP in waters and waste waters by on-line UV/ther-
mal induced digestion and considered this approach more
suitable for on-line monitoring applications than the mi-
crowave digestion methods previously reported, because
of the low power requirements of this procedure.

In this work, we propose a flow injection method for
TP determination in a relatively complex matrix: beer.
The developed method uses a two-stage photooxidation/
thermal digestion procedure together with oxidizing and
hydrolyzing reagents to convert all forms of phosphorus
compounds to orthophosphate. In this procedure, poly-
phosphates are hydrolyzed with acid and heat and organo-
phosphates are digested by UV-catalyzed peroxodisulfate
oxidation. The orthophosphate formed is then spectropho-
tometrically determined by the phosphomolybdenum blue
reaction, using stannous chloride as reducing agent.

Experimental

Reagents and solutions

All chemicals were of analytical reagent grade, and deionized wa-
ter with a specific conductance less than 0.1 µS/cm was used
throughout.
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For the on-line digestion procedure, a 2 M sulfuric acid solu-
tion was prepared by suitable dilution of conc. sulfuric acid (d = 1.84;
97%), and a 6 g/L potassium peroxodisulfate solution was pre-
pared by dissolving 3 g of the solid in 500 mL of water. This solu-
tion was prepared every week.

For the color reaction, a 0.15 M sulfuric acid solution was used
as carrier, prepared by suitable dilution of conc. sulfuric acid.

The color reagent, a 9.4 g/L ammonium molybdate solution,
was prepared by dissolving 5.0 g of ammonium heptamolybdate-
tetrahydrate in water. While mixing, 18 mL of conc. sulfuric acid
was added and the volume was made up to 500 mL. This solution
was about 0.65 M in sulfuric acid and was prepared weekly.

For preparing the stannous chloride solution, 14 mL of conc.
sulfuric acid was mixed with water; 0.1 g of stannous chloride di-
hydrate and 1 g of hydrazinium sulfate were dissolved in this solu-
tion, and the volume was made up to 500 mL. This solution was
prepared daily, and contained 0.17 g of stannous chloride and 2 g
of hydrazinium sulfate per litre. Its concentration in sulfuric acid
was 0.5 M.

The phosphorus stock solution (2 g P/L) was obtained by dis-
solving 8.788 g of potassium dihydrogen phosphate in 1 L of wa-
ter. An intermediate working solution containing 0.1 g P/L was
prepared every week by diluting 50.0 mL of the stock solution to 
1 L. Working standard solutions in the range 2.00–20.0 mg P/L
were prepared daily by dilution of the intermediate working solu-
tion with water.

For the recovery assays, stock solutions (1 g P/L) of sodium
pyrophosphate and sodium phenylphosphate were prepared by dis-
solving, respectively, 3.60 g and 4.10 g of the solid in 500 mL of
water. Stock solution of trimethylphosphate (1 g P/L) was pre-
pared by diluting 1.86 mL of sodium trimethylphosphate (d =
1.214; > 98%) to 500 mL with water. Working standard solutions
containing 10 mg P/L were prepared daily by dilution of each
stock solution with water.

For the reference procedure, the molybdovanadate reagent was
prepared by dissolving 40 g of ammonium heptamolybdate-tetra-
hydrate in 400 mL of hot water and cooling. In a separate vessel, 
2 g of ammonium monovanadate was dissolved in 250 mL of hot
water and cooled, and 250 mL of 70% perchloric acid was added
to this solution. Gradually, the molybdate solution was added to
the vanadate solution with stirring, and diluted to 2 L.

Working standard solutions were prepared in the range of
5.00–20.0 mg P/L from the same intermediate working solution
described for the FIA procedure.

Beer samples were degassed in an ultrasonic bath for 10 min,
and diluted 50 fold prior to their introduction into the flow injec-
tion system.

Apparatus and flow injection system

In the flow injection system, all the solutions were propelled by
Gilson Minipuls 3 peristaltic pumps and PVC Gilson propelling
tubes. The solutions coming out from the digestion unit were in-
jected into the manifold with a Rheodyne type 5020 six-port rotary
injection valve. Omnifit PTFE tubing (0.8 mm i.d.) with Gilson
end-fittings and connectors linked the components of the manifold.
Perspex Y-shaped joints were used as confluences. An Hitachi
100–40 spectrophotometer (wavelength set at 710 nm), equipped
with a Hellma 178.713 flow cell (8 µL of optical volume) and 
connected to a Kipp & Zonen BD 111 chart recorder was used as
detection system.

The UV digestion apparatus consisted of a 4 m long Omnifit
PTFE tubing (0.8 mm i.d.) tightly wounded directly around the UV
source tube (15 W) to form a spiral reactor. The reactor was then
wrapped by an aluminium foil from the outer side. The foil pre-
vented operator exposure to UV radiation and, in addition, it re-
flected nonabsorbed UV energy back into the flowing solution to
increase decomposition efficiency.

The thermal digestion apparatus consisted of a 2 m long Om-
nifit PTFE tubing (0.8 mm i.d.) helically coiled and submerged in
a Julabo VC thermostatic bath with temperature set at 90°C.

Flow injection procedure

A flow injection manifold was designed to carry out, inside the
flow tubes, the digestion of the sample and the subsequent color
reaction, with the minimum sample pretreatment. To achieve this
purpose, the flow injection manifold consisted of two distinct
parts, being one of them the UV/thermal digestion unit and the
other the color development manifold (Fig.1).

In the digestion unit, condensed phosphates are hydrolyzed by
acid and heat, and organophosphates are digested by UV-catalyzed
peroxodisulfate oxidation. To accomplish these purposes, phos-
phorus standards or beer diluted samples (S) were continuously
mixed on-line with a stream of 2 M H2SO4 (R1) and the resulting
solution flowed to a 2 m coil (L1) placed in a thermostatic bath
with the temperature set at 90°C. Afterwards, the heated solution
merged with peroxodisulfate solution (R2) and flowed through the
4 m coil (L2) wrapped around the UV tube. An aliquot (40 µL) of
the digested solution was then injected into a H2SO4 carrier stream
and merged, at confluence z, with the color (R4) and reducing (R5)
reagents, previously mixed at confluence y. The resulting phos-
phomolybdenum blue was then monitored at 710 nm.

Reference method

The colorimetric procedure usually recommended for total phos-
phorus determination in water, beverages and wine [3–5] was used
as reference method. Samples were incinerated at 550–600°C, af-
ter previous evaporation to dryness on a hot plate. Ashes were re-
covered in nitric acid and this solution was then diluted with water
to a certain volume, which was determined by a trial and error ap-
proach. Afterwards, the color reagent (molybdovanadate) was
added to 10 mL of sample solution in a 100 mL volumetric flask
and diluted to volume with water. The absorbance was then mea-
sured at 400 nm, and the phosphorus content of the samples deter-
mined from a previously established calibration plot.
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Fig.1 Flow injection manifold developed for the determination of
total phosphorus in beer samples: D – detector (spectrophotome-
ter); Li – tube lengths ( L1 = 200; L2 = 400; L3 = 100; L4 = 100;
L5 = 200 cm); Qi – flow rates (Qs = Q1 = Q2 = 0.23 ; Q3 = Q4 =
Q5= 0.60 mL / min); Pi – peristaltic pumps; Ri – reagent solutions
(R1 = 2 M H2SO4; R2 = 6 g/L potassium peroxodisulfate; R3 =
0.25 M H2SO4; R4 = 9.4 g/L ammonium molybdate, 0.65 M
H2SO4; R5 = 0.17 g/L stannous chloride, 2 g/L hydrazinium sul-
fate, 0.5 M H2SO4); S – standards or beer samples; TB – thermo-
static bath (90°C); UVT – ultraviolet radiation tube; V – injection
volume (40 µL); W – waste; x, y, z– confluence points



Results and discussion

Optimization of the manifold

After preliminary experiments to select approximate val-
ues for each parameter, an univariate optimization proce-
dure was followed. As the flow system is divided in two
different units, each unit parameter was optimized sepa-
rately. The optimum values found are presented in Fig.1.

Study of the flow injection digestion unit.A series of di-
gestion recovery studies were conducted to establish the
reagent composition and manifold configuration for
achieving quantitative conversion of both organic and
condensed phosphorus material to orthophosphate. The
results of these assays are summarized in Table 1. All per-
centage conversion values were calculated with respect to
a calibration curve constructed from a series of potassium
dihydrogen phosphate standards.

The results summarized in Table 1 show that, as the
H2SO4 concentration was increased up to 2 M, conversion
of the three phosphorus compounds also increased, with
special incidence on the pyrophosphate recovery (from
40.6 to 85.4%). Further increases in the H2SO4 concentra-
tion had little or no effect on the conversion percentages,
and led to double peaks probably because of a pronounced
pH gradient, with a very high pH at the centre of the in-
jected plug. Concerning the peroxodisulfate solution, it
can be seen that increasing concentrations of this reagent
up to 6 g/L slightly improved (2.7%) pyrophosphate re-
coveries, but strongly increased (12.6%) conversion of tri-
methylphosphate. Increasing the peroxodisulfate concen-
tration, although providing an improvement (8.8%) of the
phenylphosphate conversion, caused a slight suppression
(2.4%) of the conversion of pyrophosphate and a decrease
(6.2%) of sensitivity.

As pyrophosphate seemed to be the most difficult com-
pound to convert, it was chosen as model compound to

accomplish optimization of the residence time. The resi-
dence time of the sample in the digestion unit was con-
trolled by the selection of the flow-rates QS, Q1 and Q2.
The results in Table 1 show that digestion recoveries in-
creased significantly up to a residence time of 6 min. Be-
yond this value, although there is a slight improvement in
the conversion of pyrophosphate, the sampling rate
largely decreased.

Study of the spectrophotometric determination manifold.
Several system parameters were tested in order to achieve
a compromise between the sensitivity of the analytical
measurements, the linear working range for the determi-
nation and the sampling rate.

Since the color reaction used in this work has been
widely studied in flow injection systems, both color
reagent and reducing reagent concentrations were set on
literature basis [9, 10].

An injection volume of 40 µL was selected. Higher in-
jection volumes produced an increase (about 30%) of the
magnitude of the spectrophotometric signals, but had the
disadvantage of considerably lowering the sampling rate
(from 40 to 30 samples per hour). On the other hand, the
use of smaller injection volumes decreased the sensitivity
by half.

A total flow rate of 1.8 mL/min was selected as a 
compromise between the sampling rate and the sensitivity
of the process. Flow rates Q4 and Q5 were made equal to
0.6 mL/min. Flow rate Q3 was studied within the range of
0.6–1.2 mL/min, maintaining a total flow rate of 1.8 mL/
min and Q4 = Q5. It was found that increasing Q3 flow rate
led to poorer sensitivity because of the influence of the pH
in the color development. So, a flow rate Q3 of 0.6 mL/
min was chosen.

As the sensitivity of the spectrophotometric phosphate
determination is strongly dependent on the acidity of the
medium, and considering the acidity of the digestate in-
jected into the system (approximately 0.67 M), a solution
of H2SO4 was used as carrier stream (R3) to avoid the in-
fluence on the analytical signal of differences of the re-
fractive indices between both solutions (Schlieren effect)
[11]. In order to select the H2SO4 concentration, different
solutions were prepared within the range of 0.15–0.65 M.
Low H2SO4 concentrations resulted in poor repeatability
(RSD = 11.2%, n = 3) and significant baseline drift, as
well as refraction index phenomena when standards or
samples were injected; higher concentrations gave rise to
low sensitivity. So, a 0.25 M H2SO4 solution was chosen
as a compromise between baseline stability, repeatability
and sensitivity. Nevertheless, a baseline drift still occurred
(Fig.2), probably due to accumulation of the colored com-
plex in the flow cell walls, but did not affect the quality of
the results.

The choice of the reactor length L5 was made accord-
ing to the results obtained with tubes of 50, 100 and 200
cm. Best sensitivity was achieved with a 200 cm reactor.
To improve the mixing of solutions and consequently
baseline stability, the coil was replaced by a knitted reac-
tor.
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Table 1 Recoveries of organic and condensed forms of phospho-
rus: reagent and residence time optimization. The standard devia-
tions corresponding to 3 measurements are indicated between
brackets

Parameter Recovery percentage

Phenyl- Trimethyl- Pyro-
phosphate phosphate phosphate

H2SO4 1 M 82.8 (± 0.1) 78.6 (± 0.3) 40.6 (± 0.1)
2 M 99.8 (± 0.2) 95.7 (± 0.1) 85.4 (± 0.1)
4 M 101.5 (± 0.3) 91.3 (± 4.1) 86.9 (± 4.4)

Peroxo- 4 g/L 92.5 (± 0.0) 92.2 (± 1.2) 87.3 (± 1.2)
disulfate 6 g/L 95.0 (± 0.7) 104.8 (± 0.7) 90.0 (± 0.8)

8 g/L 103.8 (± 1.1) 105.1 (± 0.1) 87.6 (± 0.1)

Residence 4 min – – 84.5 (± 0.8)
time 5 min – – 87.0 (± 2.0)

6 min – – 90.8 (± 1.8)
12 min – – 91.2 (± 0.7)
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Under the optimized conditions of the FIA system, the
detection limit of the methodology was calculated accord-
ing to IUPAC recommendations [12], corresponding to
three-times the standard deviation of the system back-
ground noise, to about 1 mg P/L.

Analysis of beer samples.Nineteen diluted beer solutions
(1:50) were aspirated into the developed flow injection
manifold and the concentrations of total phosphorus were
calculated by interpolation in the previously established
calibration plots, with standards from 2 to 20 mg P/L 
(typical calibration graph: absorbance  =  2.3 × 10–3 + 1.4
× 10–2 × concentration). Every standard or beer solution
was injected four times (Fig.2). Concentration levels be-
tween 2.4 and 14.7 mg P/L were found, corresponding to
120–735 mg P/L in beer samples.

In order to assess the accuracy of the FIA results (Cf),
beer samples were also analyzed by the reference method
(Cr). There was a good agreement between the two
methodologies, as can be perceived from the parameters
of the regression equation: Cf = 4.29 (± 7.06) + 0.980 
(± 0.021) × Cr; correlation coefficient = 0.999. In paren-
theses are the confidence limits of the intercept and slope
obtained with a 95% significance level [13] for 17 degrees
of freedom. These values show that there is no evidence
for systematic differences between the two sets of results.

The precision of the FIA methodology was determined
from ten consecutive injections of two beer sample solu-
tions; relative standard deviations of 0.49 and 1.45% were
observed for samples with concentrations of 320 and 
167 mg P/L, respectively.

Conclusions

Flow injection on-line digestion is a rapid method for the
determination of total phosphorus in beer samples. The
entire procedure, from digestion to determination, can be
concluded in about 7 or 8 min, compared to many hours
for manual digestion methodologies. In addition, it offers
safer conditions and saving of laboratory space and staff
time.

The UV/thermal induced digestion procedure gave re-
coveries greater than 90% for all compounds tested,
yielded results comparable to those of conventional diges-
tion methods and showed good precision.

The results obtained in this work and the versatility of
the flow injection system suggests that this approach may
be suitable for on-line monitoring applications, and al-
lows to assume its applicability to the determination of TP
in other matrices.
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