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Abstract

:

In this study, the use of recycled diatomaceous earth as the extraction phase in solid phase microextraction (SPME) technique for the determination of polycyclic aromatic hydrocarbons (PAHs) in river water samples, with separation/detection performed by gas chromatography-mass spectrometry (GC-MS), is proposed. The optimized extraction conditions are extraction time 70 min at 80 °C with no addition of salt. The limits of quantification were close to 0.5 μg L−1 with RSD values lower than 25% (n = 3). The linear working range was 0.5 μg L−1 to 25 μg L−1 for all analytes. The method was applied to samples collected from the Itajaí River (Santa Catarina, Brazil) and the RSD values for repeatability and reproducibility were lower than 15% and 17%, respectively. The efficiency of the recycled diatomaceous earth fiber was compared with that of commercial fibers and good results were obtained, confirming that this is a promising option to use as the extraction phase in SPME.
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1. Introduction


Water is an extremely valuable natural resource as it is responsible for maintaining biological, geological and chemical cycles [1,2]. Environmental problems caused by anthropogenic activities are continually increasing and gaining attention worldwide [1]. With population growth and increased industrial activities, ever greater amounts of petroleum-based fossil fuels are being consumed [3]. These fuels contain a class of compounds known as polycyclic aromatic hydrocarbons (PAHs).



PAHs are a group of organic compounds composed of multiple aromatic rings [4]. The formation of these molecules is associated with the incomplete combustion of natural organic materials, for instance, due to volcanoes or the incomplete burning of wood in forest fires, and from anthropogenic sources including industrial processes (e.g., refineries), vehicular emissions [5], cane burning [6], and others [7]. According to the International Agency for Research on Cancer (IARC) and the US EPA (the United States Environmental Protection Agency) PAHs are recognized as persistent environmental pollutants with carcinogenic and mutagenic capacity in humans [7,8]. Based on these issues, measures have been taken by governments around the world to monitor the concentrations of compounds that may be harmful to human health, with different standards and regulations being established often aimed at ensuring the quality of drinking water [7]. In Brazil, the Ministry of Health regulates waters for human consumption using benzo[a]pyrene as a marker with maximum permitted values of 0.7 µg L−1.



The determination of these pollutants generally requires a sample preparation procedure to remove matrix interferents, concentrate the analyte and make the extract compatible with the analytical instrumentation. One of the most commonly used sample preparation techniques is solid-phase microextraction (SPME) [9,10].



SPME was proposed by Pawliszyn et al. in 1990 to overcome the drawbacks of traditional sample preparation techniques such as liquid-liquid extraction and solid phase extraction [9,10]. The principle of the technique is the distribution of the analytes between the sample matrix and the sorbent (fiber), combining sampling, isolation and enrichment in a single step [11,12]. SPME fibers are composed of a fused silica or metallic support coated with an extractive phase, for instance, polymethylsiloxane (PDMS), polyacrylate (PA), or other commercially available sorbent [13,14,15,16].



In the search for new sorbent materials for SPME, biosorbents have gained prominence in miniaturized techniques because they provide greener, less expensive, renewable, and biodegradable extractive phases. Many of these biosorbents can be found in the environment and consist of macromolecules with different functional groups that can interact with different types of analytes. Our research group has previously used natural sorbents for the determination of organic contaminants using SPME [17,18]. Diatomaceous earth is of particular interest as a new biosorbent since it is discarded in large scale as a waste from breweries, where it is used for the clarification and filtration of organic materials and beers [19].



Diatomaceous earth is obtained from sedimentary rocks, originating from fossilized algae belonging to the class Bacillariophyta (diatoms). It is an amorphous mineral, comprised mainly of silica dioxide, of light weight and low molar mass, and its coloration can vary from white to gray. Structurally, diatoms have a hollow cylindrical form of low density and high surface area [20].



In this study the use of diatomaceous earth as an (bio) extractive phase in SPME is explored for the determination of PAHs in river water samples with quantification by gas chromatography coupled to mass spectrometry (GC-MS). The biosorbent was easily adhered onto a NiTi (nitinol) rod using a quick and inexpensive procedure.




2. Materials and Methods


2.1. Reagents and Materials


Analytical standards of PAHs in a mixture containing acenaphthylene, fluorene, phenanthrene, anthracene, pyrene, benzo[a]anthracene, chrysene, benzo[b]fluoranthene, benzo[k]fluoranthene, and benzo[a]pyrene (Bellefonte, PA, USA) were used to prepare stock solutions of 1 mg L−1 in acetonitrile purchased from J.T. Baker (Mallinckrodt, NJ, USA). The ionic strength was studied using sodium chloride obtained from Synth (São Paulo, SP, Brazil). The ultrapure water used in the experiments was purified in an ultrapure Mega purity system (Billerica, MA, USA). The fiber was prepared using diatomaceous earth with size less than 200 mesh, nitinol rods (2 cm length and 0.128 mm diameter), epoxy glue acquired from Brascola (São Paulo, SP, Brazil), and a heating block from Dist (Florianópolis, SC, Brazil). SPME extractions were carried out in vials of 40 mL obtained from Supelco (Bellefonte, PA, USA) aided by a thermostatic bath (Lab Companion RW 0525G, Geumcheon-gu, Seoul, Korea) and magnetic stirrers from Dist (Florianópolis, SC, Brazil). Commercial fibers (DVB/Car/PDMS, 50/30 µm; PDMS 100 µm and PDMS/DVB, 65 µm; Supelco, Bellafonte, PA, USA) were used to compare the analyte extraction efficiencies.




2.2. Instrumental and Chromatographic Conditions


An Agilent 7820A gas chromatograph with flame ionization detector (FID) equipped with a split/splitless injector and an Agilent DB-5 capillary column (30 m × 0.25 mm × 0.25 μm; Santa Clara, CA, USA) was used to optimize the method as well as to compare it with commercial fibers. On the other hand, a Shimadzu GC-MS QP2010 Plus equipped with a split/splitless injector (Kyoto, Japan) containing a Zebron ZB-5MS capillary column (30 m × 0.25 mm × 0.25 μm; Torrance, CA, USA) was used to obtain the analytical parameters of merit. The GC-MS and GC/FID was operated at the same conditions for injection and the columns temperature programs. The injection was performed in splitless mode at 260 °C for 15 min. The column temperature program consisted of maintaining the oven at 80 °C for 1 min and then increasing it 6 °C min−1 to 300 °C which was maintained for 10 min. The transfer line temperature, the ion source temperature and the electron impact ionization (EI) mode of the GC-MS were set at 280, 250 °C, and 70 eV, respectively. Helium was used as the carrier gas at a flow rate of 1.0 mL min−1. The PAHs were determined in selected ion monitoring (SIM) mode and the mass/charge (m/z) ratios employed are shown in Table 1. The m/z values in bold were used for the quantitative determination of the analytes.




2.3. Preparation of Diatomaceous Earth Fibers


The diatomaceous earth dust came from the disposal reservoir of a brewery, where this material is used for the filtration and clarification of beer (Santa Catarina, Brazil). Due to its high porosity, the material presents a high degree of saturation with organic matter from the treatment of beer. Thus, a heat treatment is required [20], not only to eliminate the residues originated from the beer filtration but to ensure that all of the organic matter adhered to the material is removed. The diatomaceous earth, after the thermal treatment, was sieved to obtain homogeneous particle size (<200 mesh). The diatomaceous earth was adhered on a 1 cm nitinol wire using epoxy glue. Then, the new fiber was inserted into the heating block at 180 °C for 90 min, resulting in a final phase thickness of approximately 40 μm. The fiber was then conditioned at 240 °C for 90 min in a GC injection port. The fiber lifetime was verified during the study by comparing the responses of the chromatographic areas of the analytes to the optimum extraction condition at a concentration of 5 μg L−1. Fibers were used while the extraction efficiency did not present a reduction greater than 10%.




2.4. Optimization of SPME Procedure


The optimization of the extraction conditions for the diatomaceous earth fiber was performed by multivariate procedures. A central composite design involving 11 experiments with triplicate at the central point was carried out. In the optimization strategy the extraction temperature ranged from 30 to 80 °C and the extraction time from 30 to 117 min. The sodium chloride concentration (0–20% m/v) was also evaluated, but in the univariate form. The extraction procedure consisted of immersing the SPME fiber directly in 25 mL of water sample spiked with 100 μg L−1 of each PAH contained in a 40 mL vial and kept under constant magnetic stirring at 1000 rpm. After the extraction, the fiber was immediately inserted into the GC injection port at 240 °C for 15 min for the thermal desorption of the analytes. The analysis was carried out by GC-FID in splitless mode. To obtain the response surface, the geometric mean of the areas of the chromatographic peaks obtained in each extraction using Statistica 8.0 software (Statsoft, USA) was used.




2.5. Comparison of the Extraction Efficiencies Using Diatomaceous Earth and Commercial Fibers


After the optimization of the analytical procedure, the diatomaceous earth was compared to commercial fibers (PDMS and PDMS/DVB) in terms of their efficiency in the extraction of the PAHs studied. The same procedure described at Section 2.4 was carried out but the ultrapure water was spiked with the analytes at a concentration of 5 µg L−1. The extractions were performed using one of the fibers at 80 °C for 70 min. The chromatographic analysis was performed by GC-MS.




2.6. Analytical Figures of Merit of the Method Developed


River water spiked with five concentrations of each analyte ranging from 0.5 to 25.0 μg L−1 was prepared to build calibration curves which were used to calculate the linear coefficient of determination (R2). The lowest concentration on the analytical curve for each analyte which enabled measures with acceptable precision (RSD < 20%) was adopted as limits of quantification (LOQs). The limits of detection (LODs) were obtained dividing the LOQ by 3.3. The precision and the accuracy of the method were evaluated by performing extractions using real water samples spiked with the analytes at 0.5 μg L−1. Precision was calculated as the relative standard deviation (RSD) obtained from spiked river water and accuracy was verified through the relative recovery of the analytes.





3. Results and Discussion


3.1. Characterization of the Diatomaceous Fiber


The diatomaceous earth samples used for the production of SPME fibers belong to the class Bacillariophyceae centricae and their color may vary from white to gray. The material consists mainly of silica, SiO2 (87–91%), alumina and ferric oxide [21].



Scanning electron microscopy (SEM) was carried out to characterize the surface morphology of the recycled diatomaceous earth. The images obtained at magnifications of 2000 and 4000× for the surface evaluation are shown in Figure 1 (A and B, respectively). An image of a cross-section of the proposed fiber was obtained at a magnification of 100× (Figure 1C). According to the SEM results, the morphology of the material shows a high porosity which facilitated the physical processes involving the sorption of the analytes.



FTIR spectroscopy was carried out to identify the functional groups in the sorbent. The FTIR spectrum obtained from the material previously conditioned at 240 °C is illustrated in Figure 2. A broad peak at ~3400 cm−1 corresponds to the O–H bonds of silanol groups. Two intense peaks between ~1200 and 1080 cm−1 were assigned to the asymmetric stretching of the Si–O–Si siloxane groups and one at ~790 cm−1 is related to the Si–O–Si vibrations attributed to mesoporous silicas. At ~475 cm−1, a peak related to O–Si–O vibration was present. Lastly, the peak at ~1600 cm−1 refers to the angular deformation of the adsorbed water molecules.



Thermogravimetric analysis was conducted to identify if there was any organic material present in the sample and since no mass loss was observed the material can be characterized as thermally stable (data not shown). This result was already expected, since the sorbent comes from inorganic material.




3.2. Optimization of DI-SPME Extraction Procedure


The extraction conditions that can influence the SPME efficiency were optimized using the diatomaceous earth fiber. The response used to feed the software Statistica 8.0 was the geometric means of the chromatographic peak areas of the analytes. The response surfaces obtained for the biosorbent fiber are shown in Figure 3.



The optimum extraction conditions selected for the proposed fiber were reached using an extraction time of 70 min at 80 °C. The addition of salt was also studied as it is known to lead to the salting-out effect. However, the use of small amounts of salt caused fiber damage and so no salt was added in the extractions.




3.3. Comparison between the Extraction Efficiencies of the Biosorbent and Commercial Coatings


A comparison between the extraction efficiencies using the proposed fiber and commercial fibers (PDMS/DVB and PDMS) was performed. The conditions for the extractions using commercial fibers were optimized (data not shown) as extraction time of 70 min at 80 °C. These values are much closed to those mentioned in the literature (extractions of 60 min at 70 °C) [22,23,24]. Figure 4 shows this comparison through bar graph using normalized peak area and considering the film thickness of each fiber. The normalization of peak areas for each analyte was made using the highest chromatographic peak areas as 100% for each analyte.



It can be observed in Figure 4 that the extraction with the PDMS/DBV coating showed good performance for acenaphthylene, fluorene, phenanthrene, and anthracene, but for the other analytes the results were not as promising. The PDMS fiber gave values below 20%, except for pyrene, and it is not efficient for this application. Taking this into account, the proposed fiber demonstrated very satisfactory performance for PAH extraction when compared to the commercial fibers, with the exception of acenaphthylene, fluorine, and phenanthrene.



In addition, reproducibility studies using two diatomaceous earth fibers were performed and the results showed no significant variation (data not shown). The repeatability obtained with the fibers was estimated comparing the results of the first extraction with those obtained after 115 extractions using the same fiber (data not shown). It was verified that there was no significant loss of extraction efficiency, confirming that the fiber produced with the biosorbent material can be used at least 115 times.



These data demonstrate the high potential for diatomaceous earth fiber as a sorbent candidate for SPME. Moreover, diatomaceous earth is biodegradable, natural, and renewable. In addition, its chemical composition provides numerous possibilities of chemical interaction with a wide range of compounds. Diatomaceous earth has a microporous structure, which facilitates the extraction of the analytes through a physical process (adsorption mechanism).




3.4. Validation Parameters


Table 2 presents some analytical figures of merit obtained in this study. The linear coefficient of determination (R2) values were >0.95, which indicates a good linear fit. The LOD and LOQ values were satisfactory based on those obtained in other studies.



Precision was evaluated in terms of intra-day repeatability (n = 3) and inter-day reproducibility (n = 9) using samples spiked at the lowest level for each analyte. The results obtained are shown in Table 3. It can be observed that the intra-day and inter-day precision for diatomaceous earth fiber presented values of RSD <15% and <17%, respectively. Relative recovery showed results between 83% and 100%, confirming the accuracy of the method.



The selectivity of the proposed method was confirmed by the absence of peaks in the retention time of the target analytes when chromatograms of the extract were obtained from the river water sample without the addition of the analytes. The only exceptions were pyrene, chrysene, and benzo[a]pyrene, but these peaks were not quantifiable. Figure 5 shows the chromatograms obtained for samples of spiked river water (10 μg L−1) and non-spiked river water.





4. Conclusions


In this study, the use of a recycled diatomaceous earth as extractive phase for SPME fiber demonstrated suitable results in comparison to widely used commercial fibers. The production of the biosorbent fiber is simple and the fibers can be reused several times. The separation and detection of the analytes by GC-MS is effective and enables the determination of PAHs in accordance with current Brazilian legislation. The proposed method using the biosorbent achieved good results of parameters of merit. The method is of low cost, because the natural sorbent can be reused in numerous extractions and is widely applicable because the material is easily obtainable.
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Figure 1. SEM micrographs obtained with the biosorbent fiber at magnifications of (A) 2000× and (B) 4000×, and a cross-section of the proposed fiber (C) at a magnification of 100×. 
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Figure 2. FTIR spectrum of the biosorbent, previously conditioned at 240 °C. 
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Figure 3. Response surface obtained for the optimization of DI-SPME procedure using biosorbent fiber (diatomaceous earth). 
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Figure 4. Comparison of extraction efficiencies of the biosorbent fiber, PDMS/DVB and PDMS coatings for determination of PAHs. Analytes: (1) acenaphtlylene; (2) fluorene; (3) phananthrene; (4) anthracene; (5) pyrene; (6) benzo[a]anthracene; (7) chrysene; (8) benzo[b]fluoranthene; (9) benzo[k]fluoranthene; and (10) benzo[a]purene. 
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Figure 5. Chromatograms (GC-MS) obtained from a river water sample spiked at 10 µg L−1 (a) and non-spiked river water sample (b). Elution order: (1) acenaphtlylene; (2) fluorene; (3) phananthrene; (4) anthracene; (5) pyrene; (6) benzo[a]anthracene; (7) chrysene; (8) benzo[b]fluoranthene; (9) benzo[k]fluoranthene; and (10) benzo[a]pyrene. 
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Table 1. The m/z values used for the determination of PAHs by GC-MS (values in bold were used for the quantification of the analytes).
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	Analytes
	m/z





	acenaphthylene
	152, 153, 151



	fluorene
	166, 165, 167



	phenanthrene
	178, 176, 179



	anthracene
	178, 179, 176



	pyrene
	202, 203, 200



	benzo[a]anthracene
	228, 226, 229



	chrysene
	228, 226, 229



	benzo[b]fluoranthene
	252, 250, 126



	benzo[k]fluoranthene
	252, 250, 126



	benzo[a]pyrene
	252, 250, 126
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Table 2. The linear range, linear equation, linearity, and limits of detection and quantification for the method developed using diatomaceous earth coating.
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	Analyte
	LOD

(µg L−1)
	LOQ

(µg L−1)
	Linear Range

(µg L−1)
	Linear Equation
	R





	Acenaphthylene
	0.16
	0.49
	0.49–25
	y = 66,956x – 30,445
	0.9890



	Fluorene
	0.17
	0.50
	0.50–25
	y = 87,809x – 54,517
	0.9911



	Phenanthrene
	0.14
	0.42
	0.42–25
	y = 326,565x – 245,240
	0.9777



	Anthracene
	0.11
	0.33
	0.33–25
	y = 364,057x – 339,574
	0.9598



	Pyrene
	0.15
	0.50
	0.50–25
	y = 979,497x – 935,649
	0.9914



	benzo[a]anthracene
	0.03
	0.10
	0.10–25
	y = 506,040x – 544,597
	0.9832



	Chrysene
	0.14
	0.42
	0.42–25
	y = 691,902x – 796,526
	0.9592



	benzo[b]fluoranthene
	0.06
	0.17
	0.17–25
	y = 158,587x – 50,481
	0.9990



	benzo[k]fluoranthene
	0.11
	0.33
	0.33–25
	y = 431,634x – 806,517
	0.9848



	benzo[a]pyrene
	0.15
	0.46
	0.46–25
	y = 295,450x – 567,387
	0.9667
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Table 3. Relative recovery of analytes and precision (inter- and intra-day) for the extraction of PAHs from spiked river water samples.
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	Analyte
	Spiked Concentration

(µg L−1)
	Relative Recovery (%)

(n = 3)
	RSD,

Intra-Day (%)

(n = 3)
	RSD,

Inter-Day (%)

(n = 3)





	acenaphthylene
	0.5
	100
	5
	10



	fluorene
	0.5
	83
	15
	10



	phenanthrene
	0.5
	97
	10
	13



	anthracene
	0.5
	93
	13
	3



	pyrene
	0.5
	92
	2
	6



	benzo[a]anthracene
	0.5
	94
	2
	6



	chrysene
	0.5
	96
	2
	6



	benzo[b]fluoranthene
	0.5
	90
	15
	17



	benzo[k]fluoranthene
	0.5
	97
	15
	17



	benzo[a]pyrene
	0.5
	93
	7
	17
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