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2.3.3 Colorimetry analysis 

For total P measurements, the sulfuric acid-nitric acid digestion and persulfate digestion 

procedures described in Standard Methods for the Examination of Water and Wastewater were used 

(Methods 4500-P B, Parts 4 and 5)8. Deviations and exact volumes are described in sub-section 2.3.3.1. 

After digestion of samples, colorimetric determination was done using Seal Analytical AutoAnalyzer 

Method No. G-103-93 Rev. 10 (multitest MT8, p.11). This method is based on the ascorbic acid method 

described in Standard Methods (Method 4500-P E)8. Absorption measurements were made at 660 nm. 

2.3.3.1 Digestion  

Digestion was done on 10 mL samples in 20 mL glass vials. For sulfuric acid-nitric acid digestion, 

0.2 mL concentrated sulfuric acid and 1 mL of concentrated nitric acid were added. For persulfate 

digestion, 0.2 mL of 30% sulfuric acid and 80 mg/L ammonium persulfate was added. The samples were 

placed on a hot plate in the fume hood for 2 hours at 105 °C or until the volume had been reduced to 1 

mL. After removing from the heat and cooling to room temperature, 1 drop of phenolphthalein was 

added followed by 5N sodium hydroxide until a faint pink color persisted. The samples were re-diluted 

to 10 mL by weight. 

2.3.3.2 Standards, blanks and quality control 

Standards in the 0-6 mg P/L range were made from a 1000 mg P/L stock solution prepared using 

KH2PO4 (99%, from BDH). 18 MΩ·cm Milli-Q® (Millipore Corporation) de-ionized water was used for all 

solution preparation. Blanks (prepared using ultrapure water) and standards were run through the 

digestion steps.  
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2.3.4 ICP-OES instrumentation and analysis 

The ICP-OES model used was Perkin-Elmer Optima 8000 dual-view, equipped with a Perkin-

Elmer S10 autosampler. A gemcone nebulizer with an argon humidifier, cyclonic spray chamber, and 

ceramic torch were used. Pump tubes were 1.14 mm internal diameter and were made of PVC. 

Autosampler tubes were 1.14 mm internal diameter and made of PharMed. The software used for data 

processing was WinLab32 Version 5.5.0.0714. Phosphorus was measured in the axial mode at 213.6 nm. 

Other operating conditions used include: power: 1500 W; pump flow rate: 2 L/min; plasma gas (Ar): 15 

L/min; auxiliary gas (Ar): 0.5 L/min; nebulizer gas (Ar): 0.6 L/min; viewing height above induction coil: 15 

mm.   

Calibration solutions were prepared using KH2PO4 in Milli-Q water. These were checked against 

calibrations done in synthetic wastewater matrix and were found not to be different (Figure 7 in 

supplementary data). The carrier solution used was 2% HNO3. All samples were acidified with nitric acid 

to pH 2-3 prior to analysis. 

2.4 Results and discussion 

2.4.1 Uncertainty in ICP-OES results 

The detection limit (defined as three times the standard deviation of the blank sample for n ≥ 5) 

for colorimetry was measured to be 0.002 mg P/L. For ICP-OES, the value was found to vary with each 

analysis date and ranged from 0.01-0.09 mg P/L.  

Uncertainty in ICP-OES measurements can be estimated from Figure 3. There is high variation 

for samples at and below 0.15 mg P/L. 



 

25 

 

 

Figure 3. Estimation of uncertainty in ICP-OES. Both plots show the same data on different scales. Coefficient of variation = 

standard deviation in measurement/mean value. 

2.4.2 Determination of TP recoveries in model compounds 

Table 2 shows the TP recovered in ATP, PhyA, AEP and the CRM, for low and high 

concentrations, by ICP-OES as well as colorimetry with persulfate digestion and sulfuric acid-nitric acid 

(SANA) digestion. 

Table 2. Analytical recoveries (reported as percentages) for the model compounds. Values in blue are considered ‘good’ (90-

100%); values in green are considered ‘moderate’ (70-89% or 111-130%), values in red are considered ‘poor’ (0-15%). DL = 

detection limit; n = number of samples measured. 

Compound 
ICP-OES 

Persulfate 

digestion 

SANA 

digestion 
ICP-OES 

Persulfate 

digestion 

SANA 

digestion 

0.15 mg P/L, unless noted otherwise 4-5 mg P/L 

H3PO4 CRM 
91 ± 5  

(n = 3) 

(1 mg P/L) 

123 (n = 1) 

(1 mg P/L) 

124 (n = 1) 

93 ± 3  

(n = 3) 

109 

(n = 1) 

107 

(n = 1) 

ATP 
93 ± 2  

(n = 3) 

77 ± 3  

(n = 3) 

91 ± 5  

(n = 3) 

93 ± 12  

(n = 4) 

99 ± 1  

(n = 3) 

90 ± 1  

(n = 3) 

PhyA 
89 ± 14  

(n = 3) 

71 ± 2  

(n = 3) 

< DL 

(n = 3) 

91 ± 4  

(n = 3) 

93 ± 1  

(n = 3) 

11 ± 2  

(n = 3) 

AEP 
98 ± 3  

(n = 3) 

75 ± 2  

(n = 3) 

< DL 

(n = 3) 

93 ± 4  

(n = 3) 

106 ± 6  

(n = 3) 

< DL 

(n = 3) 
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ICP-OES gave essentially full recoveries at both low and high concentrations for all compounds 

tested. The recoveries for the 0.15 mg P/L samples were 89-98%, and the recoveries for the 4 mg P/L 

samples were 91-93%.  

The recoveries for colorimetry with persulfate digestion were also good for the 4 mg P/L 

samples (93-109%). However, for the 0.15 mg P/L, the values were only 71-77% for the model 

compounds, and were much higher than expected for the CRM: 123%. The difference in the behavior of 

low- and high- concentration samples is not immediately clear.  

The SANA digestion worked well for ATP and CRM only for 4 mg P/L samples (with recoveries of 

90 and 107% respectively). At the low concentration, only ATP was recovered well (91%). The CRM was 

unexpectedly high (124%). Recoveries for both PhyA and AEP were very low, for both low and high 

concentrations (11% for PhyA for the high concentration, and below detection for all other samples). 

The results for the ATP, PhyA and AEP are not surprising. Condensed phosphates (e.g. ATP) are easier to 

break down than other organic P compounds. It is likely that the conditions used for SANA digestion 

were not harsh enough for breaking down the more refractory AEP and PhyA, but they were for 

persulfate digestion.  

In this study, persulfate digestion appears to be better than SANA digestion for breaking down 

organic P compounds, and ICP-OES appears to be better than colorimetric methods of TP determination. 

2.4.3 Wastewater samples 

A total of 91 wastewater samples were analyzed for TP by ICP-OES and colorimetry with 

persulfate digestion. Due to poor recoveries for model compounds obtained by SANA digestion, this 

method was not tested on wastewater samples.  
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Figure 4. Linear regression on wastewater samples. The x- and y- axes are in logarithmic scale, and have been greyed to view 

the data points easily. 

 

Figure 5. Relationship between ICP-P/colorimetry-P and colorimetry-P (col-P) for all wastewater samples. The different 

graphs show the same data with different x-axis scales. The black horizontal line represents ICP/Colorimetry = 1. 

A linear regression and correlation (Figure 4) was performed on the wastewater samples to 

determine if the results using both methods are comparable. A highly significant relationship was found 
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between the two methods. When all samples were analyzed together, the linear equation obtained was 

y = 1.12x + 0.16 with r2 = 0.94 and p < 0.05. The 95% confidence intervals for the slope were 1.06-1.18 

and 0.00-0.32 for the intercept. As the slope and the intercept are higher than 1 and 0 respectively, the 

regression analysis implies that the TP measured by ICP is consistently higher than that measured by 

colorimetry.  

The relationship of ICP-P/colorimetry-P to colorimetry-P (Figure 5) indicates that the deviation 

from 1:1 is greater for concentrations below 0.15 mg P/L. There are two possible reasons for this: (1) 

ICP-OES may not be as sensitive at concentrations below 0.15 mg P/L. Figure 3 shows high uncertainty in 

ICP-OES measurements below 0.15 mg P/L. (2) Persulfate digestion does not completely recover all the 

TP in the samples. Poor recoveries for lower concentration samples using persulfate digestion were 

shown in Table 2. 

To observe if the amount of organic P in wastewater samples affects the results of TP analysis in 

ICP-OES and colorimetry, an analysis of ICP-P/Colorimetry-P versus the organic P content in the 

wastewater samples was performed (Figure 6).  

 

Figure 6. Effect of %organic P in the wastewater sample on the ICP-P/colorimetry-P ratio. 
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It was hypothesized that digestion (for colorimetric analyses) may not break down all organic P 

and hence give lower colorimetry-P values, whereas ICP will be able to measure all TP in the samples. 

Hence, as the percent organic P in samples increases, the ICP-P/Col-P ratio should increase. However, 

Figure 6 shows a very weak relationship between the two (r2 = 0.325). A low, albeit, positive slope was 

obtained and the difference between ICP-OES and colorimetry was as high as twice in some cases 

(sample with 96% organic P in Figure 6). It must be emphasized that this analysis was only performed on 

6 samples and for more conclusive results, a greater number of samples should be analyzed. 

2.5 Conclusions 

Analytical recoveries of three naturally occurring organic phosphorus compounds in water were 

compared between ICP-OES and the ascorbic acid colorimetric method (Standard Methods 4500-P E). 

Digestions for colorimetry were done using the sulfuric acid-nitric acid (SANA) and persulfate methods. 

The compounds tested were adenosine 5’-triphosphate (ATP), phytic acid (PhyA) and 2-aminoethyl 

phosphonic acid (AEP). Of these, PhyA and AEP are refractory compounds and resistant to hydrolysis. 

Comparisons between ICP-OES and colorimetry with persulfate digestion were also made using 91 

samples with wastewater or wastewater-like matrices.  

The detection limit for colorimetry was measured to be 0.002 mg P/L, and 0.01 - 0.09 mg P/L for 

ICP-OES.  

ICP-OES recovered all model compounds to > 89% at both low (0.15 mg P/L) and high (4 and 5 

mg P/L) concentrations. Persulfate digestion recovered all compounds to > 93% at high concentrations, 

but to ≤ 75% at low concentrations. SANA digestion recovered ≥ 90% ATP, but ≤ 10% PhyA and 0% AEP. 

Since recoveries of ICP-OES were closest to 100% particularly at the low concentration, the results 
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suggest ICP-OES is the most accurate and reliable method for measuring total phosphorus in refractory 

compounds.  

The uncertainty in ICP-OES measurements, estimated from standard deviations for known 

phosphate standards, was high for concentrations below 0.15 mg P/L making the technique insensitive 

to low measurements. 

A strong correlation was found between ICP-OES and persulfate digestion followed by 

colorimetry, with p < 0.05. The linear equation obtained was y = 1.12x + 0.16 with r2 = 0.94. The slope 

indicated that ICP-OES consistently measured higher phosphorus than colorimetry. The disagreements 

in the measurements were much greater for concentrations below 0.15 mg P/L. It is not clear whether 

the anomaly is due to ICP-OES recovering higher phosphorus, and/or due to the persulfate method 

giving incomplete digestions. The difference was also greater (as much as twice) for samples with high 

organic phosphorus. 

More work is needed for both methods before low phosphorus concentrations can be 

accurately made and compared. Based on the high recoveries for organic phosphorus model 

compounds, ICP-OES seems very promising. 
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2.8 Supplementary data 

Table 3. Characterization of wastewater samples. NOTE: % inorganic P = (RP/TP) x 100; % organic P = 100 - % inorganic P. 

Sample 

No. 
Sample description 

P Speciation 

RP  

(mg P/L) 

TP  

(mg P/L) 

% inorganic 

P 

% organic 

P 

1 

Reverse osmosis concentrate from 

municipal water recycling facility 

(filtered) 

21.43 ± 1.61 

(n = 5) 

19.58 ± 0.33 

(n = 3) 
100%* 0% 

2 

Reverse osmosis concentrate from 

municipal water recycling facility 

(filtered) 

2.29 ± 0.04 

(n = 3) 

3.65 ± 0.02 

(n = 3) 
63% 37% 

3 
Secondary effluent from a 

municipal WWTP (filtered) 

0.19 ± 0.01 

(n = 3) 

0.21 ± 0.00 

(n = 2) 
91% 9% 

4 
Tertiary final effluent from a 

municipal WWTP (filtered) 

1.34 ± 0.00 

(n = 3) 

1.60 ± 0.02 

(n = 2) 
84% 16% 

5 
Final effluent from a municipal 

WWTP (unfiltered) 

0.05 ± 0.00 

(n = 2) 

0.31 ± 0.00 

(n = 2) 
16% 84% 

6 
Final effluent from an automotive 

industrial WWTP (unfiltered) 

0.40 ± 0.02 

(n = 2) 

8.96 ± 0.22 

(n = 2) 
4% 96% 

 

Figure 7. Comparison of calibration curves made using pure water and synthetic wastewater. The synthetic wastewater 

composition used in shown in Table 4. 
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Table 4. Synthetic wastewater composition (prepared in aqueous medium). Adapted from Jung e. al. (2005)21. 

Compound Concentration (mg/L) 

Magnesium sulfate (MgSO4•7H2O) 24.0 

Calcium chloride (CaCl2•2H2O) 2.4 

Sodium bicarbonate (NaHCO3) 300.0 

Sodium acetate (CH3COONa) 820.3 
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3 Chemical removal of total phosphorus from synthetic wastewater to low 

levels 

3.1 Abstract 

The most abundant form of phosphorus in wastewater, inorganic phosphates, has been well 

studied for P removal to prevent eutrophication in natural waters, but less attention has been given to 

the examination of removal of organic forms of P. This work tested the ability of manganese oxide 

nanoparticles and iron oxide as potential catalysts for conversion of organic P into inorganic forms, as 

well as the roles of iron and aluminum oxides as coagulants and adsorbents to subsequently allow P to 

be removed by sedimentation. The chemical conditions under which the metal oxides can efficiently 

achieve these roles were studied, including addition of hydrogen peroxide and sodium hypochlorite as 

oxidation aids, and varying metal dosage and pH. Adenosine 5’-triphosphate (ATP), 2-

aminoethylphosphonic acid (AEP) and phytic acid (PhyA) were used as organic P model compounds, 

representing a range of organic forms of P. ICP-OES was used as the primary analytical tool to detect 

phosphorus removal. Essentially complete removals of 99-101 % were obtained for the model 

compounds at pH 5-7, 0.05-0.5 M H2O2, and Fe:P molar ratio of 5:1. Tests in synthetic wastewater 

showed that presence of possible interfering ions did not reduce the removal efficiency, demonstrating 

great potential of removing organic P from real wastewater. 

  


