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Abstract:



A novel analytical method for accurate determination of boron (B), phosphorous (P), and molybdenum (Mo) content in biosludge samples based on a relatively recent analytical technique, microwave plasma atomic emission spectrometry (MP-AES), is developed in the present work. Microwave assisted acid digestion method is utilized to extract B, P, and Mo from biosludge. To demonstrate the reliability and accuracy of the present MP-AES method, its results are compared with those obtained using two well-established techniques, i.e., flame atomic absorption spectrometry (FAAS) and inductively coupled plasma optical emission spectrometry (ICP-OES). Matrix variation in the MP-AES technique is found to result in minimal changes. Precision and accuracy of the developed method are demonstrated using replicate analyses of certified sewage sludge reference material, EnviroMAT (BE-1). The limit of quantification and detection of B, P, and Mo in the extracts are determined; the linear regression coefficient was greater than 0.998 for all the three techniques. Analytical wavelengths are selected according to the sensitivity and interference effects. The results obtained in this work demonstrate the potential of MP-AES technique for the determination of B, P, and Mo content in biosludge, which achieved lower detection limits, higher accuracy, and better reproducibility as compared to other techniques.
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1. Introduction


The alarming increase in the world population requires the development of new farmlands to grow sufficient food, which, in turn, necessitates greater use of fertilizers in order to achieve the required food production. In developing countries, the rising prices of chemical fertilizers, coupled with the growing concerns for sustainable soil productivity, have led to a renewed interest in the application of organic manure in soil fertility restoration [1]. Organic manure is a vital resource not only for supplying plant nutrients, but also for replenishing the organic matter content of the agricultural soils [2]. Biosludge is a by-product obtained predominantly from secondary wastewater treatment plants. The organic nature of biosludge, which contains plant nutrients and several other useful trace elements, makes it a valuable organic fertilizer for use in farming applications [3,4,5]. In view of its richness in terms of organic biomass and soil nutrient content, the best management option might be to utilize dried biosludge for agricultural purposes [6]. Owing to its attractive properties, the application of biosludge as a fertilizer has increased from 20% in 1972 to 55% in 1997 in USA [7].



Boron is an essential trace element in plants, which plays a key role in controlling calcium metabolism. In case of boron deficiency, the pectin to lipid ratio in plants is shifted in favor of pectin. A disruption of the nucleic acid metabolism, which results in growth disturbances, has also been observed in plants deficient in boron [8]. Moreover, boron is critical for both cell elasticity and the prevention of excessive conversion of sugar to starch. Phosphorus is another essential micronutrient, which mainly affects energy transfer pattern in plants. Its adequate availability stimulates early plant growth. In particular, phosphorus is required for the manufacture of phosphate-containing nucleic acids, adenosine triphosphate (ATP), and membrane lipids. Soils that have been used heavily for agricultural crops are very often deficient in phosphorus. Alkaline and calcareous soils have phosphorus deficiency because of the formation of poorly soluble calcium phosphate minerals. Such phosphorus deficiency in soils can cause shortened plant stem internodes, poor root systems, darkening of leaf tissue, and crop reduction. Similarly, molybdenum is a trace element with a key role in the biochemical processes related to the conversion of atmospheric nitrogen into useful ammonia by bacteria [9]. Its deficiency can eventually result in a diminished number of flowers, severely affecting the development of pollen in the plants [10]. In addition, molybdenum is necessary for the correct functioning of several essential metalloenzymes such as xanthine oxydase, aldehyde oxidase, and sulfite oxidase.



Common methods of chemical analysis of soils and fertilizers for mineral micronutrients include atomic absorption spectrometry (AAS), inductively coupled plasma optical emission spectrometry (ICP-OES), and inductively coupled plasma mass spectrometry (ICP-MS) [11,12,13]. In addition to the AOAC (Association of Analytical Communities) official method 965.09, AAS has been widely utilized for the quantification of various elements in plant nutrient sources [14]. The limitations of AAS with regard to sensitivity, accuracy, simplicity, and freedom from interferences have resulted in the increased use of emission-based techniques such as ICP-OES for the determination of elements in the soils and related materials [15]. Commonly employed excitation sources for emission techniques include flames, electric arcs, and plasmas. In particular, argon plasma-based systems have been utilized extensively for both qualitative and quantitative analyses over the last 40 years [16].



In this context, the microwave plasma atomic emission spectrometry (MP-AES) introduced recently by Hammer represents a very important and useful addition to the existing array of analytical techniques [17]. MP-AES is a multi-element technique that offers better detection limits over a wider analytical working range than FAAS. Unlike previous microwave-induced plasma (MIP) sources, which coupled energy from the microwave electric field, this technique uses a novel magnetically excited emission source coupled to an emission spectrometer. The resultant plasma shape allows easy entrainment of the wet sample aerosol into the core of the plasma, similar to that produced by a conventional ICP nebulizer and a spray chamber. The first commercial MP-AES instruments were introduced in 2011. In our earlier studies, this technique was utilized successfully for the generation of precise data required for geochemical investigations and mineral exploration studies of precious metals in rock and ore materials [18,19]. In another study, an attempt was made to demonstrate the potential of MP-AES for environmental studies [20]. Several other studies have employed MP-AES for the determination of trace elements such as Cu, Fe, Mn, and Zn in animal feed and fertilizers [21], gasoline and ethanol [22], petroleum crude oil [23], diesel and biodiesel [24], and biofortified yeast analysis [25]. Different procedures have been proposed for determining the content of metallic species in biosludge samples [26]. However, due to the complexity of biosludge matrices, time-consuming sample preparation and content determination procedures are typically required. In the present study, an attempt is made to develop a rapid method for the determination of B, P, and Mo content in biosludge samples utilizing the MP-AES technique. Microwave assisted acid digestion system is utilized for sample preparation and its results are compared to those determined using conventional ICP-OES and FAAS methods. Finally, the potential for the application of MP-AES in the analyses of similar materials is discussed and compared with those of FAAS and ICP-OES.




2. Materials and Methods


2.1. Instrumentation


A MP-AES instrument (Model: 4100, Agilent Inc., Santa Clara, CA, USA) was used in all trace element determinations. The sample introduction system consisted of solvent-resistant tubing, a double-pass cyclonic chamber, and an inert flow blurring nebulizer (OneNeb). The operating parameters are presented in Table 1. Details of the instrumentation have been described in previous publications [19,20]. Nitrogen gas was obtained from a generator connected to a simple air compressor. Instrumental parameters such as the nebulizer gas pressure, the viewing position (i.e., the analytical observation zone in the plasma), and the background correction were optimized automatically and individually for each element using the instrument software (MP Expert, Agilent Technologies, Santa Clara, CA, USA). The microwave-assisted acid digestion technique was utilized for the preparation of samples using the microwave assisted acid digestion system, CEM MARS 5. No further sample preparation was required and no modifiers or ionization buffers were added. For the purpose of comparison, Inductively Coupled Plasma-Optical Emission Spectrometer (Model: 720ES, ICP-OES, Agilent Inc., Santa Clara, CA, USA) with an ICP Expert II software (Agilent Technologies, Mulgrave, Victoria, Australia) and Fast Sequential-Atomic Absorption Spectrometer (Model: 280FS, FS-AAS, Agilent Inc., Santa Clara, CA, USA) with SpectrAA Pro software (Mulgrave, Victoria, Australia) were used for the determination of B, P, and Mo content in biosludge samples.



Table 1. Operating parameters of microwave plasma atomic emission spectrometry (MP-AES), inductively coupled plasma optical emission spectrometry (ICP-OES), and flame atomic absorption spectrometry (FAAS).







	
Agilent 4100 Microwave Plasma-Atomic Emission Spectrometer (MP-AES) with 4107 Nitrogen Generator

	
Plasma Conditions




	
Plasma gas

	
Nitrogen (by using an Air Compressor and a Nitrogen Generator)




	
Power of Magnetron out put

	
1 kW




	
Gas Flows




	
Plasma Gas flow-Nitrogen

	
20 L/min




	
Intermediate flow-Nitrogen

	
1.1 L/min




	
Pre-optics protection (POP) gas—Air

	
25 L/min




	
Nebulizer pressure

	
140–240 kPa (Optimize for each group of elements)




	
Nebulizer

	
OneNeb inert concentric for HF and high Total Dissolved Solid (TDS) solutions




	
Spray chamber

	
Double pass glass cyclonic




	
Solution uptake

	
1.4 mL/min (pumped)




	
Pump tubing

	
1.02 mm i.d. PVC (Polyvinyl Chloride)




	
Plasma Torch

	
Quartz torch




	
Plasma Viewing

	
Axial




	
Data Acquisition Parameters




	
Sample Uptake delay (s)

	
8




	
Stabilization time (s)

	
15




	
Rinse time (s)

	
30




	
Read time (s)

	
5




	
No. of replicates

	
3




	
Background correction

	
Auto or FLIC (Fast Linear Interference Correction)




	
Optical system

	
Czerny-Turner design Monochromator with 600 mm focal length and fixed entrance slit




	
Detector

	
Back thinned solid state charge-coupled device (CCD) detector (532 × 128 pixels)




	
Analytes (Wavelengths)

	
B (249.677 nm), P (213.618 nm) and Mo (379.825 nm)











2.2. Reagents and Materials


All chemicals used were of analytical reagent quality. HNO3 (69%), HCl (30%), and HClO4 (60%–62%) were procured from Merck (Darmstadt, Germany). Individual standard stock solutions of 1000 mg/L of B, P, and Mo (SPEX Certiprep, Inc., Metuchem, NJ, USA) were utilized. For calibrations, standards of appropriate dilutions were prepared using the individual stock standard solutions. Ultrapure water with a resistivity of 18.2 MΩ/cm was obtained using the Milli-Q system (Millipore, Billerica, MA, USA). Microwave assisted acid digestion system (CEM, Corp. MARS Express, Matthews, NC, USA) was utilized. A total of three biosludge samples were collected locally from Institute of Atmospheric Environmental Safety and Pollution Control Department, Delhi, India. A certified sewage sludge reference material (CRM) EnviroMAT™ (BE-1), which is similar in composition and applications to biosludge was utilized in this study for procedure validation.




2.3. Sample Preparation


The CEM Mars 5 closed-vessel, microwave assisted acid digestion system (Matthews, NC, USA) was used to extract the elements of interest from the sewage sludge and biosludge (city compost) samples [27]. Three different types of digestion were applied based on the recommendations reported in the United States Environmental Protection Agency (USEPA) methods 3050, 3051, and 3051A [28,29,30]. Biosludge and CRM samples (fully dried) were prepared by accurately weighing 0.5 g of each sample (in triplicate) into a Teflon/PFA-lined microwave assisted acid digestion vessels and a different composition of an acid mixture was added: Method A (USEPA 3050) is a hot plate digestion method based on using 1 g of sample with multiple steps of the addition of acid. In the first step, 10 mL of 1:1 nitric acid was digested for a few minutes followed by the addition of another 5 mL of concentrated nitric acid until completely digested. Finally, another 5 mL of HCL (30%) was added. Method B (USEPA 3051) is a microwave assisted acid digestion method based on 0.5 g of sample with the addition of 10 mL of nitric acid. Method C (USEPA 3051A) is also a microwave assisted acid digestion method based on using 0.5 g of sample with 9 mL of nitric acid and 3 mL of hydrochloric acid. Following digestion, the solutions were allowed to cool to room temperature, transferred to 50 mL volumetric flasks, made to the required volume with 18.2 MΩ/cm deionized water, and labeled. The microwave assisted acid digestion program settings are provided in Table 2.



Table 2. Operating conditions for microwave assisted acid digestion system.







	
Stage

	
Power (W)

	
Ramp (min)

	
Temp. (°C)

	
Holding Time (min)






	
Step

	
Max (w)

	
%

	

	

	




	
1

	
800

	
70

	
15

	
180

	
10




	
2

	
800

	
80

	
15

	
190

	
10




	
3

	
800

	
100

	
10

	
220

	
5












3. Experimental Section


The wavelengths used in the analysis of B, P, and Mo are listed in Table 3 for each instrument. The instrumental limit of detection (LOD) and the limit of quantification (LOQ) (Equations (1) and (2) were determined using the standard deviation obtained with synthetic solutions, which were prepared by fortifying blank solution with known concentrations (0.1 µg/mL for B and Mo, and 1.0 µg/mL for P), as follows:


LOD = 3 × S



(1)






LOQ = 10 × S



(2)




where S represents the standard deviation of nine replicates (n = 9).



Table 3. Characteristic wavelength (nm) for MP-AES, ICP-OES, and FAAS.







	
Elements

	
MP-AES

	
ICP-OES

	
FAAS






	
B

	
249.677

	
249.677

	
249.8




	
P

	
213.618

	
213.618

	
213.6




	
Mo

	
379.825

	
379.825

	
313.3










The calibration data of B, P, and Mo were generated for each instrument and are shown in (Table 4). The concentration of each element was determined when the correlation coefficient was greater than 0.998. The extract from the original sample was shared between three instruments, MP-AES, ICP-OES, and FAAS, in order to eliminate variations in sample preparation and extractions procedures in the determination of B, P, and Mo content. The results of analyses yielded two sets of data. One-way ANOVA analysis was performed to evaluate the statistical difference within the data sets.



Table 4. Linearity data for boron, phosphorous and molybdenum using MP-AES and ICP-OES.







	
S. No.

	
Elements

	
Linearity Range (mg/L)

	
Slope

	
Y-Intercept

	
Correlation Coefficient (r2)




	
MP-AES

	
ICP-OES

	
MP-AES

	
ICP-OES

	
MP-AES

	
ICP-OES






	
1

	
B

	
0.0–2.0

	
6962

	
9642

	
10.63

	
16.28

	
0.999

	
0.999




	
2

	
P

	
0.0–200.0

	
116

	
208.6

	
84.06

	
95.8

	
0.998

	
0.999




	
3

	
Mo

	
0.0–1.0

	
6075

	
7297

	
17.70

	
18.7

	
0.999

	
0.998











4. Results and Discussion


In recent years, MP-AES has been slowly emerging as one of the most powerful and popular analytical tools for the analysis of various materials. The mechanism of MP-AES is very similar to that of ICP-OES. The only difference between these two techniques is the ionization/atomization source. MP-AES uses nitrogen plasma instead of argon plasma, which is used in ICP-OES. Nitrogen plasma is sustained by a lower pressure microwave source that operates at atmospheric pressure. Nitrogen is non-flammable and cost-efficient, and can be easily sourced from the atmospheric air using a compressor. Moreover, nitrogen plasma temperature is lower (5000 K) compared to argon plasma (8000–10,000 K) [22]. As a result of this temperature difference, spectral interferences are less significant and the majority of elements remain in the atomic state, thereby resulting in simpler atomic emission spectral lines than those obtained with argon plasma [19].



4.1. Accuracy, Precision, and Detection Limits


The analytical results obtained for the determination of B, P, and Mo content in three different biosludge samples and a certified sewage sludge sample, run in duplicate (i.e., each element was determined six times), are presented in Table 5 and Table 6. Overall, the accuracy obtained for the certified reference sample using method USEPA 3051A was 90%–94%, with a precision of <2% Relative Standard Deviation. More consistent results were obtained for the elements present at higher concentrations. The obtained precisions were less than 3% RSD for the three real analytical biosludge samples. The error deviation determined for both MP-AES and ICP-OES techniques was <6.5%. The LODs obtained for B, P, and Mo using all the three methods are presented in Table 7. Clearly, MP-AES and ICP-OES are much better than FAAS. Moreover, the LODs for P and Mo in case of MP-AES are smaller than corresponding values for ICP-OES.



Table 5. Results (in mg/kg) of the analysis of Standard Reference Material (SRM)-sewage sludge EnviroMAT (BE-1) using different United States Environmental Protection Agency (USEPA) digestion methods.







	
Elements

	
Method 3050

	
Method 3051

	
Method 3051A

	
SRM-Sewage Sludge EnviroMAT (BE-1)




	

	
Concentration, (mg/kg)

	
Accuracy, %

	
Precision, % RSD

	
Concentration, (mg/kg)

	
Accuracy, %

	
Precision, % RSD

	
Bias 1

	
Concentration, (mg/kg)

	
Accuracy, %

	
Precision, % RSD

	
Bias 2

	
Consensus Value, (mg/kg)

	
Confidence Interval






	
B

	
8.9 ± 0.5

	
89.9

	
2.8

	
8.4 ± 0.6

	
84.8

	
2.9

	
−5.6

	
9.2 ± 0.4

	
92.9

	
1.3

	
3.4

	
(9.9)

	
-




	
P

	
27,105.0 ± 45

	
90.9

	
3.4

	
27,505.0 ± 65

	
92.2

	
2.1

	
1.5

	
27,946.0 ± 70

	
93.7

	
0.8

	
3.1

	
29,826

	
27,906–31,746




	
Mo

	
5.9 ± 0.2

	
92.2

	
6.2

	
5.6 ± 0.4

	
87.5

	
2.6

	
−5.1

	
5.8 ± 0.2

	
90.6

	
1.8

	
−1.7

	
6.4

	
5.9–6.9








Note: Values in bracket are not certified. They are listed for information only; - Not available; Bias 1: Bias of method 3051 for method 3050 = (elemental concentration 3051 − elemental concentration 3050)/elemental concentration 3050 × 100; Bias 2: Bias of method 3051A for method 3050 = (elemental concentration 3051A − elemental concentration 3050)/elemental concentration 3050 × 100.








Table 6. Comparison of B, P, and Mo in analytical samples digested by USEPA Method 3051A and analyzed by using MP-AES & ICP-OES.







	

	

	
MP-AES

	
ICP-OES

	
Deviation

MP-AES vs. ICP-OES

	
p




	
Sample

	
Elements

	
Concentration,

(mg/kg)

	
Precision,

% RSD

	
Concentration,

(mg/kg)

	
Precision,

% RSD






	
Biosludge-1

	
B

	
19.7 ± 1.2

	
2.4

	
18.5 ± 0.8

	
1.8

	
6.5

	
0.40




	
P

	
3513 ± 65

	
1.2

	
3548 ± 65

	
0.8

	
−1.0

	
0.71




	
Mo

	
7.7 ± 0.3

	
0.8

	
7.5 ± 0.2

	
0.6

	
2.7

	
0.06




	
Biosludge-2

	
B

	
17.1 ± 0.7

	
2.2

	
18 ± 0.7

	
2.4

	
−5.0

	
0.30




	
P

	
3423 ± 55

	
0.6

	
3476 ± 60

	
0.8

	
−1.5

	
0.42




	
Mo

	
7.7 ± 0.5

	
1.2

	
7.7 ± 0.3

	
1

	
0.0

	
0.72




	
Biosludge-3

	
B

	
18.6 ± 0.8

	
2

	
18.2 ± 0.7

	
1.4

	
2.2

	
0.65




	
P

	
3489 ± 60

	
0.4

	
3450 ± 55

	
1.8

	
1.1

	
0.15




	
Mo

	
7.1 ± 0.5

	
1

	
7.2 ± 0.2

	
1.6

	
−1.4

	
0.92










Table 7. Comparison of limit of detection (LOD) in mg/L of different techniques.







	
Elements

	
MP-AES

	
ICP-OES

	
FAAS






	
B

	
0.001

	
0.001

	
1




	
P

	
0.025

	
0.030

	
50




	
Mo

	
0.002

	
0.003

	
0.03











4.2. MP-AES Spectra of B, P, and Mo


Identical wavelengths were used (249.677 nm for B, 213.618 nm for P, and 379.825 nm for Mo) in the measurements of emission signals for both MP-AES and ICP-OES. For the determination of the analyte concentration, a direct comparison of the respective signals in the linear range was followed rather than the conventional method, which relies on rational extrapolations [19]. Analysis of the experimental results revealed that MP-AES provides a wider linear range in the calibrations for B, P, and Mo than FAAS and ICP-OES. These observations demonstrate that MP-AES is comparable to ICP-OES in multi elemental determination and a more convenient method than FAAS because of the advantages already described.




4.3. Calibrations


When calibrations were performed in different concentration ranges for B, P, and Mo, the response in each experiment was non-linear at all wavelengths examined, with a higher response at higher concentrations. Nevertheless, the software’s rational model for the calibration afforded an excellent fit (r2 > 0.998). The slope, intercept and correlation coefficient values were represented in Table 4.




4.4. Effect of Different Digestion Methods of USEPA 3050, 3051, and 3051A on Analytical Results


In order to understand the efficiencies and variations in the recovery of B, P, and Mo achieved using different USEPA digestion procedures (3050, 3051, and 3051A), a comparative study was undertaken using a sewage sludge certified reference material, CRM EnviroMAT™ (BE-1), followed by sample analysis using MP-AES. The elements B, P, and Mo were recovered at 89.9%, 90.9%, and 92.2% using Method 3050; 84.8%, 92.2% and 87.5% with Method 3051; and 92.9%, 93.7%, and 90.6% using Method 3051A, respectively. Yields obtained with Method 3051A are much closer to the certified values (Table 5) than those determined using other two methods. Moreover, the precision in the case of Method 3051A was always below 2% RSD, which is substantially better than corresponding values for other two methods, i.e., 3050 and 3051. In fact, a similar study was carried out by Chen and Ma (1998) to compare the effectiveness of four USEPA digestion methods for trace metal analysis using certified Florida soil reference materials [31]. These workers also observed that Method 3051A was more effective as compared to Method 3050 and Method 3051.




4.5. Comparison of the Analytical Performance of MP-AES, ICP-OES, and FAAS


Three different biosludge samples and one sample of certified sewage sludge reference material were digested using the USEPA method 3051A and the resulting sample solutions were analyzed by MP-AES and ICP-OES, and flame-AAS. The analytical results are provided in Table 6 and the graphical representation of the same results is shown in Figure 1. The analysis showed that the FAAS failed to detect B, P, and Mo at low levels of concentrations. The detection limits of MP-AES are much better than those of FAAS, and are much closer to those obtained using ICP-OES, even in the determination of other elements such as Fe, Zn, Mn, and Cu. The one-way statistical analysis of variance (ANOVA) performed on the results obtained using MP-AES and ICP-OES yielded a p-value greater than 0.05, indicating that there were no statistically significant differences between the two techniques [21].


Figure 1. Agreement between certified values and the values obtained in this study by MP-AES and ICP-OES for B, P and Mo in SRM-Sewage Sludge EnviroMAT (BE-1).



[image: Applsci 07 00264 g001]








5. Conclusions


Most of the soil testing labs, especially for agriculture purposes, cannot afford expensive analytical instruments in developing countries. MP-AES is a relatively cheaper multi-element instrumental technique. The results of this study indicate that MP-AES can be a cost-effective analytical tool for the routine and direct analysis of biosludge samples for critical micronutrients. The methodology developed in this work is simple and efficient, and provides high sample throughput. ANOVA tests demonstrated that there are no significant differences between the analytical results obtained using MP-AES and ICP-OES for the determination of B, P, and Mo content in biosludge samples. Compared to ICP-OES, MP-AES is more economical because of its lower cost and the use of an easily sourceable nitrogen gas, which can be generated using an air compressor and a nitrogen generator. In addition, LODs and LOQs determined for B, P, and Mo using MP-AES are comparable to the well-established ICP-OES technique, and are significantly superior to those obtained with FAAS. In fact, analyses of B, P, and Mo, which are difficult using FAAS, can be carried out using the MP-AES technique in a single run. In addition, this technique has several advantages, such as the possibility of deployment even in remote locations where access to gases such as argon can be difficult. This study reveals that MP-AES is cost-effective as well as accurate for determining the content of B, P, and Mo in biosludge samples and is a convenient replacement for FAAS and ICP-OES. The procedure developed in this work will be beneficial for analytical applications in the future.
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