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This paper reported a novel method for the determination of total phosphorus (TP) content in soil and
sludge by a headspace gas chromatography (HS-GC) method. It was based on a reaction between the
soluble phosphate in the digestion solution and calcium oxalate solid to form a calcium phosphate
precipitate and release oxalate ions, which can react with permanganate to form carbon dioxide, which

was then measured by HS-GC. The results showed the complete conversion of phosphate (meanwhile

Received 9th September 2019 . . . . . . -
Accepted 20th November 2019 to free oxalate ions in calcium oxalate) in 15 min at 60 °C. The present method has good repeatability
(RSD < 2.6%) and good accuracy (RD < 7.3%) compared to the reference method. Therefore, the present

DOI: 10.1039/c9ra07228d HS-GC method can become a more effective method for determining the TP content in soil and sludge
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1. Introduction

Total phosphorus (TP) content is a basic physicochemical index
of soil and sludge, since it reflects the potential of their utili-
zation. For example, poor soil usually has a low TP content,
while there are some difficulties in the biochemical treatment of
sludge with a low TP content." However, if the TP content in soil
and sludge is too high, it could be a risk to the environment,
typically leading to eutrophication due to its leaching into the
water.> Therefore, a method that can effectively determine the
TP content in soil and sludge will play an important role in the
research and development of soil melioration and the applica-
tion of sludge as a resource.

Because the TP content in soil and sludge samples includes
both inorganic and organic phosphorus species, it is mandatory
to convert all forms of these species into soluble phosphate
through digestion before testing.* For the TP analysis, the
colorimetric method based on ammonium molybdate as
a chromogenic agent to form a phosphor-molybdenum blue
complex with a maximum absorptivity at 700 nm is the most
widely used method.* Although this method could provide an
accurate analysis of phosphate in many water samples, it shows
a significant error on testing soil and sludge samples because
some co-existing species, mainly silicon, arsenic and vanadium,
can also react with molybdate to form a blue-colored complex.**
To minimize the effect of these interference species on the
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spectral measurement, the adjustment of the pH to 4.4 in the
test solution has been suggested* to prevent them from the
molybdenum blue related complex formation. However, the
results showed that such treatments cannot completely elimi-
nate the effect of silicon's interference because its content in
soil samples is too high.*” In addition, some organic cations
such as cationic dyes and quaternary ammonium ions in the
samples also have an impact on the phosphor-molybdenum
blue measurements.”

In order to eliminate the interference of other substances in
the sample matrix, separation-based detection techniques such
as ion chromatography (IC) and high-performance liquid
chromatography (HPLC) have also been proposed. Although
these methods have a high sensitivity for phosphate detec-
tion,®® there is a great risk in deteriorating the column sepa-
ration portion in IC or HPLC systems due to the presence of tiny
particles, organic acids and inorganic salts in the digestion
solution.’ As a result, time-consuming and tedious pretreat-
ment procedures such as solvent extraction and filtration must
be applied to remove these species before IC or HPLC testing.
The extractant used is usually a toxic organic solvent, e.g.,
chloroform, which is harmful to both the environment and
operators.'* Therefore, these methods are very limited in prac-
tical applications. Although the phosphate content can be
determined by inductively-coupled plasma emission spec-
trometry (ICP-OES) or inductively coupled plasma mass spec-
trometry (ICP-MS),">** the high level of inorganic salts in the
soil or sludge samples has a great impact on the accuracy of the
results.'>*°

The headspace gas chromatography (HS-GC) technique is an
effective technique for directly determining the volatile species
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in samples with a complex matrix, without or with less
pretreatment.”” If the non-volatile components in the samples
are converted into volatile species by chemical reactions, e.g.,
neutralization and redox, the applicability of HS-GC could be
greatly broadened. In the previous work,"" we successfully
determined the amounts of oxalate and hydrogen peroxide in
the industrial process effluents by an oxidation-reduction
reaction. Because phosphate can react with calcium ions in
calcium oxalate to form insoluble calcium phosphate and
release oxalate ions in the solution,” it can be indirectly
determined by measuring the carbon dioxide (CO,) produced by
the reaction between a strong oxidant (e.g., potassium
permanganate) and the free oxalate ions in the supernatant in
a sealed vial using a HS-GC technique. Compared to the
abovementioned method, sample pretreatment before the
instrument test is greatly simplified.

In this work, we proposed a redox reaction-based HS-GC
method for the determination of TP in soil and sludge
samples. The main focus of this work was the establishment of
the method, optimization of the conditions for calcium phos-
phate formation with an excess amount of calcium oxalate and
the selection of the conditions (mainly the equilibrium time
and temperature) in the HS-GC measurement. The performance
of the method was also evaluated. The present method was
effective and could be a valuable tool for the determination of
TP content in soil and sludge samples.

2. Experimental
2.1 Chemicals and samples

All chemicals used in the experiment were of analytical grade
and purchased from commercial sources. The soil samples were
collected from the farmland of Guangxi University (at N
22°51'3.21" and E 108°17'25.56"), and the sludge samples were
collected from Nanning Jiangnan Sewage Treatment Plant,
Nanning, Guangxi Autonomous Region, China (at N
22°46'58.31” and E 108°19'14.34").

2.2 Apparatus and operation

The HS-GC measurements were conducted by an automated
headspace sampler (HS 86.50, DANI, Italy) and a GC system
(78204, Agilent, US) equipped with a thermal conductivity
detector (TCD). The headspace operating conditions were as
follows. The pressurization and carrier gas pressure were 2.0
and 1.5 bar, respectively. The vial pressurization, loop equili-
bration, and sample-loop fill time were 0.20, 0.05 and 0.20 min,
respectively. The capillary column with an i.d. of 0.53 mm and
a length of 30 m (Model GS-Q, J&W Scientific, USA) was operated
at 30 °C with nitrogen carrier gas (flow rate = 3.1 mL min ") for
separating the CO, in the GC measurement. The temperature
for TCD operation was 220 °C.

2.3 Procedures of sample preparation

For the analysis of TP in soil and sludge, sample digestion
needed to be performed to ensure that all of the phosphorus
species converted to soluble phosphate. Prior to the digestion
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process, the soil or sludge samples were air-dried, crushed,
screened through a 0.149 mm mesh sieve to remove the debris,
and well-mixed. Then, a microwave digestion process was per-
formed in the present method,® in which a set of 100 mL poly-
tetrafluoroethylene (PTFE) digestion vessels and a microwave
oven (MWD-600, METASH, China) were selected. Each vessel
contained 0.25 g of the dried soil or sludge samples and 10 mL
of concentrated HNOj;. They were heated for 10 min with 574 W
of microwave power to increase the temperature to 175 °C and
then maintain the temperature at 175-180 °C.

After digestion, the resulting solution was diluted with
distilled water to a final volume of 50 mL. Then, 5 mL of the
solution was removed and placed in a 50 mL centrifugal tube
that contained 10 mL of a sodium hydroxide solution
(2.0 mol L"), 0.5 g of calcium oxalate powder and 40 mL of
deionized water. The centrifugal tubes were placed in the
incubator for strong agitation. The supernatant of the above
solutions was filtered with a 0.45 um membrane.

The filtrate (0.5 mL) and the 2.0 mL sulfuric acid solution
(2.0 mol L") were placed in 21.6 mL volume commercial
headspace sample vials, which had a small tube containing
0.5 mL of a potassium permanganate solution (0.1 mol L™%).
After the headspace vial was sealed with a septum, it was shaken
to ensure good mixing and preparation for the HS-GC
measurement.

3. Results and discussion
3.1 Methodology

There were two steps involved in the present method, i.e., the
soluble phosphate reacted with the calcium oxalate precipitated
in the alkaline medium to release free oxalate ions,

2PO,’(aq) + 3CaCy04(s) — Cas(POy)x(s) + 3C,04° (aq) (1)

Then, the free oxalate ions reacted with permanganate in an
acidic medium to generate CO, in a sealed vial,

5C,04%" + 2MnO,~ + 16H" — 2Mn** + 8H,0 + 10CO, (2)

Thus, by measuring the CO, in the vial, the phosphate
content in the sample was indirectly determined by HS-GC.

3.2 Conditions for the complete conversion of phosphate to
oxalate

3.2.1 Effect of solution pH. Since phosphoric acid is
a ternary acid and a mediated strong acid, there were four kinds
of its species that were present, ie., phosphoric acid (H;PO,),
dihydrogen phosphate (H,PO, ), hydrogen phosphate
(HPO,>") and phosphate (PO,>"), which were highly dependent
on the pH of the solution.”>** Because only phosphate can react
with calcium oxalate to form total insoluble calcium phosphate,
a proper pH in the reaction was ensure in order to achieve
a complete conversion in reaction (1).

Fig. 1 shows the effect of pH on the phosphate conversion as
evaluated by HS-GC, which measured the GC signal for CO,
according to reaction (2). It could be seen from the figure that

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Effect of the pH on the conversion of phosphate.

the CO, from the reaction increased with pH until it was greater
than 13.

This meant that the selection of the pH in the reaction
medium was important to the complete conversion of phos-
phate to release oxalate from calcium oxalate. Therefore, strong
alkali conditions, i.e., pH > 13, were suggested for the present
method.

3.2.2 Effect of reaction temperature and time. Since reac-
tion (1) occurred in a heterogeneous system, i.e., between liquid
and solid phases, the conditions required for achieving
a complete conversion of phosphate were investigated. Fig. 2
shows the effect of temperature and time on the phosphate
conversion as evaluated by HS-GC, which measured the GC
signal for CO, according to reaction (2). The higher temperature
facilitated the reaction, in which the complete phosphate
conversion was achieved in a shorter time at a higher temper-
ature. It was explained by the fact that the higher temperature
increased the solubility of calcium oxalate, from which more
calcium ions were released from the solid phase and reacted
with soluble phosphate to form the calcium phosphate precip-
itate.** According to Fig. 2, we chose 60 °C and 15 min as the
temperature and time for reaction (1) in the rest of the study.
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Fig.2 Effects of the reaction temperature and time on the conversion
of phosphate (for releasing oxalate ions from solid CaC,04,).
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Fig. 3 Effect of the equilibration temperature and time on the
conversion of oxalate to CO,.

3.3 The reaction and equilibration conditions and in the HS-
GC measurement

As previously reported,™ the temperature has a significant effect
on increasing the rate in reaction (2). However, the rate of the
reaction could not be further improved when the temperature
was greater than 70 °C as shown in Fig. 3. In actuality, the
information shown in these figures also included the time for
the phase equilibration at the given temperature. Therefore, we
chose 70 °C and 3 min as the conditions for the HS-GC
measurement.

3.4 Method calibration, precision and validation

3.4.1 Method calibration and sensitivity. The method
calibration was performed by adding the standard phosphate
solution (1000 mg L~ " P~") into a set of centrifugal tubes. After
the pretreatment procedures at the above suggested conditions,
different amounts of the filtrated supernatant from these
solutions were pipetted into a set of headspace vials and tested
by the present HS-GC method. As shown in Fig. 4, a TP
concentration below 5.0 mg was located in the linear GC signal
response range. For the sample with a TP concentration below
20 000 mg kg™, 0.25 ¢ of dried soil or sludge was suggested. If
the TP concentration in the sample was too high, a smaller
sample size was used.

By plotting the GC signals for CO, vs. the amount of TP in the
solutions, a standard calibration curve was obtained that could
be expressed as

A = 464(£181) + 151211(£591) x m  (n =7, R*> = 0.999) (3)

where A represents the GC signal area of CO, and m represents
the corresponding phosphate mass (mg P) in the centrifugal
tube.

Therefore, the phosphate concentration (mg kg™ * P~ ') in soil
or sludge could be calculated by

A 464 ”
Y= 151211 X o

where wg)iq is the dried sample mass.
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Fig. 4 Relationship between TP concentration and the reciprocal of
the GC signal for CO..

The limit of detection (LOD) and the limit of quantity (LOQ)
of the HS-GC method for TP was calculated® based on the
intercept, uncertainty of the intercept and slope in eqn (3). The
LOD and LOQ were 2.5 and 8.3 mg kg™ ', respectively, when
0.25 g of the dried sample mass was used. Therefore, the
present HS-GC method was more sensitive than the reference
method for the TP analysis because its LOD and LOQ were 10.0
and 40.0 mg kg, respectively.

3.4.2 Method precision. The repeatability of the present
method was evaluated by the quintuplicate determination of
the CO, generated from oxalate in the filtrates, which were from
the complete conversion of phosphate to oxalate as described in
the experimental section. Table 1 lists the testing data from six
samples (3 soil and 3 sludge samples) and their relative stan-
dard deviation (RSD) in the CO, measurement. Clearly, the
maximum RSD among these tests was less than 2.6%, indi-
cating that the present method had an excellent measurement
precision.

3.4.3 Method validation. A recovery test was conducted to
verify the accuracy of the HS-GC method. A known amount of
potassium phosphate was added in the soil and then deter-
mined by the present method. As shown in Table 2, the present
method had a good accuracy in the TP analysis with recoveries
of 95.7-111.2%. Therefore, the present method met the needs
for the determination of TP in the soil and sludge samples.

The accuracy of the present method was evaluated by con-
ducting a comparison test with the traditional colorimetric

Table 1 Repeatability of the method

TP, mg kg

Replicano. Soil1 Soil2 Soil3 Sludge1 Sludge2 Sludge 3
1 88.2 441 865 326 679 1486

2 86.5 444 850 319 684 1512

3 83.2 438 873 332 679 1444

4 84.3 453 859 328 660 1509

5 87.7 460 873 333 664 1473
Average 86.0 447 864 328 673 1485
RSD, % 2.6 1.9 1.2 1.6 1.6 1.9
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Table 2 Recoveries of the method

TP, mg kg *
Sample no. Added Measured Recovered, %
1 50 55.6 111.2
2 100 108.1 108.1
3 200 202.3 101.1
4 500 482.2 96.4
5 1000 956.7 95.7
6 1500 1449.8 96.6
7 2000 1923.1 96.2

Table 3 Method comparison for TP

TP, mg kg '

Colorimetric
Sample ID method (n = 3) HS-GC method (n = 3) RD, %
Soil 1 92.7 £ 9.8 85.9 + 2.1 —-7.3
Soil 2 476 £ 18 447 £ 9 —6.1
Soil 3 892 + 24 864 + 10 —-3.1
Sludge 1 336 =10 328+ 6 —-2.1
Sludge 2 682 + 15 643 + 11 —-5.7
Sludge 3 1584 £ 51 1485 + 28 —6.3

method* based on 3 soil and 3 sludge samples from different
sources as shown in Table 3. It was seen that there was a good
agreement between the results from the traditional colorimetric
method and the present HS-GC method. The relative difference
(RD) in the data between these two methods was less than 7.3%,
indicating that the present method was justifiable for testing
the TP content in soil or sludge samples.

It was also noticed in Table 3 that the TP content measured by
the traditional colorimetric method was slightly higher than that
of the HS-GC method. We believed that such a positive error was
caused by the interfering species, which was a major problem for
the colorimetric method when dealing with soil samples.”

The effect of the interference in soil and sludge on the
methods for TP determination was studied by adding different
amounts (0-500 mg) of SiO,, as a typical co-existing species,’
into the same dried sludge sample (0.25 g). The results are listed
in Table 4. It could be seen from the table that the effect of the
SiO, interference on the colorimetric method was more signif-
icant with an increase in the added SiO, mass. However, the

Table 4 Effect of the SiO, interference on the methods for TP
determination

TP, mg kg™
Sample ID  SiO, added, mg Colorimetric method HS-GC method
1 0 533.5 512.2
2 50 569.1 519.1
3 100 605.1 509.6
4 200 683.5 515.4
5 300 753.4 516.3
6 500 895.5 514.6

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Effect of the HRT on the TP concentration in excess sludge.

addition of SiO, had no effect on the HS-GC measurement. It
further proved that the results from the present method were
more objective than the traditional method for the quantifica-
tion of TP content in soil and sludge samples.

3.5. Applications: effect of the hydraulic residence time on
the TP level in the residual sludge

Hydraulic residence time (HRT) is a key operation parameter in
wastewater treatment since it could greatly affect the TP removal
efficiency and the TP level in residual sludge. Fig. 5 shows the TP
concentration in the residual sludge from a lab-scale anoxic/oxic
system with different HRT (6-14 h). Clearly, the TP level in the
excess sludge increased with increasing HRT. However, if the HRT
was too long (>12 h), the TP level decreased. This was because the
longer HRT referred to the carbon resource limit occurring in the
system, in which the glycogen accumulating organisms (GAOSs)
became dominant and suppressed the phosphorus release ability
of the polyphosphate-accumulating organisms (PAOs) in the
sludge.* It was also noticed that the decrease in the TP level
compared with that of the longer HRT seemed more significant
under the lower HRT.

4. Conclusion

A novel HS-GC method for the determination of TP content in
soil and sludge was developed. The results showed that the
present method could effectively eliminate interferences from
some co-existing species in the samples from the conventional
method. The present method had a good precision, accuracy
and sensitivity for the TP analysis. Therefore, it was very suitable
for testing the TP content in soil and sludge samples.
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