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Abstract

:

Polycyclic aromatic hydrocarbon (PAH) derivatives are mutagenic, carcinogenic, teratogenic and bioaccumulative pollutants. Investigations on hydroxylated PAHs (OH–PAHs) and Nitrated PAHs (NPAHs) in surface water are not enough. In this study, optimization and validation of an analytical method targeting nine kinds of OH–PAHs and one kind of nitrated PAH in environmental water samples are presented. The method was validated for linearity, limits of detection and quantification and recovery using spiked matrix. The linear range of most target compounds was 0.1–200 ng∙mL−1. However, the linear range of 1–hydroxy pyrene and 3–hydroxy benzo[a]pyrene started at 1 ng∙mL−1 and the linear range of 1–hydroxy phenanthrene and 9–hydroxy benzo[a]pyrene could not reach 200 ng∙mL−1. All the correlation coefficients (r2) were over 0.997. The instrumental limits of detection (LOD) and method detection limits (MDL) ranged from 0.01 to 0.67 ng∙mL−1 and 1.11 to 2.26 ng∙L−1, respectively. With this method, a lake in Hebei province, China, were screened. Three kinds of target compounds were detected. The average concentration was around 2.5 ng∙L−1, while the highest concentration reached 286.54 ng∙L−1.
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1. Introduction


Polycyclic aromatic hydrocarbons (PAHs) are mutagenic, carcinogenic, teratogenic and bioaccumulative, and some PAH derivatives are even more toxic [1,2,3,4,5,6,7]. Therefore, they are listed as hazardous substances, toxic chemicals and priority pollutants by the United States Environmental Protection Agency (EPA) [8,9]. PAHs and their oxygenated and nitrated derivatives (OPAHs and NPAHs) have been extensively studied, while the hydroxylated derivatives (OH–PAH) have not been sufficiently studied [10]. The major source of OH–PAHs in the air is the incomplete combustion of coal and biomass [11,12]. Another essential source is the microbiological and photochemical degradation of PAHs [13]. OH–PAHs are polar compounds, indicating that their solubility in water is higher than their parent PAHs. Due to its high sensitivity, high resolving power and accurate mass measurements, the Orbitrap high–resolution Mass Spectrometry (Orbitrap–HRMS) combined with high performance liquid chromatogram (HPLC) has been successfully used in screening PAHs and its derivatives. For example, Avagyan and Westerholm reported a screening method of OH–PAHs in air particulates using LC–Orbitrap–HRMS [14]. Although OH–PAHs have been detected in various aqueous matrixes [15,16,17], investigations on these compounds in surface water are not enough. Especially in lakes and small rivers in the rural area of China.



In this work, we present the optimization of a screening method targeting nine representative kinds of OH–PAHs including two pairs of isomers and one NPAH in surface water using HPLC combined with Orbitrap–HRMS. Then, this method was validated in linearity, limits of detection, quantification and matrix effects. With full validation, this method was used in the screening of a shallow lake named Baiyangdian in Hebei province, China. This provided an example for further and wider investigation on PAH derivatives in surface water.




2. Materials and Methods


2.1. Chemicals


Analytical grade standards including 2–Phenyl phenol, 1–naphthol, 2–naphthol, 1–hydroxy pyrene, 7,8–benzoquinoline and 6–hydroxy chrysene were purchased from AccuStandard (New Haven, CT, USA). 1–hydroxy phenanthrene, 3–hydroxy fluorene, 3–hydroxy benzo[a]pyrene and 9–hydroxy benzo[a]pyrene were purchased from Toronto Research Chemicals Incorporation (Toronto, Ontrario, Canada). Detailed information on these reference standards are shown in Table 1. Acetonitrile and methanol, both HPLC grade, were purchased from Merck (Darmstadt, Hessen, Germany). Ultrapure water was produced by a Milli–Q system (Millipore, Billerica, MA, USA).



All standards were purchased as solutions of 100 mg∙L−1 in methanol. 100 μL of each standard solution was mixed as stock solution and kept in a freezer under −18~−20 °C. 100 μL of stock was diluted with methanol to 1 mL as mixed standard for later use.




2.2. Study Area and Sampling


The study area was the biggest shallow lake in Hebei province, China, known as Baiyangdian. It is the main water source of residents in the area, as well as a representative of surface water environment in the rural area of north China. During June and July of 2018, forty samples were obtained from the lake and from upstream. Each sample were directly collected with a 1 L dark glass bottle along with two duplicates. All samples and duplicates were then stored at 0~4 °C using ice bags and transported back to our laboratory for extraction within 7 days.




2.3. Extraction


C18 solid phase extraction (SPE) (6 cc, 500 mg, Agela Technologies, Shanghai, China) was used to extract all environmental samples and spiked blank samples. SPE cartridges were conditioned with 5 mL methanol and then 5 mL water. After being conditioned, SPE cartridges were placed on a glass tank, where negative pressure was applied. Then, 1 L of each sample were added. All samples were not filtered and it took 20 to 25 min to load each cartridge. However, some samples did not go as fast as others. The slowest sample took about 45 min to load. The cartridges were then washed with 5 mL water, and the analytes were eluted with 4 mL methanol. The eluted fractions were evaporated to 500 µL and filtered by 0.22 µm Nylon filters.




2.4. LC and MS Conditions


The analyses were performed on an Ultimate 3000 Rapid Separation Liquid Chromatography (RSLC) system (Thermo Scientific Dionex, Germering, Bayern, Germany) coupled to a Q Exactive Plus Hybrid Quadrupole–Orbitrap High Resolution Mass Spectrometer (HR–Orbitrap–MS) with heated electrospray ionization (HESI) ion source (Thermo Scientific, Bremen, Germany).



A Kinetex F5 column (2.1% 100 mm length and diameter, 2.6 μm particle size, Phenomenex, Torrance, CA, USA) was used for the separation. The column temperature was kept at 30 °C, and the injection volume was 20 μL. Mobile phase A was ultrapure water, and mobile phase B was methanol, and the flow rate was set to 0.25 mL∙min−1, for a total of 20 min. The percentage of mobile phase B was 50% for the first 2 min, then ramped to 80% in the next 13 min, and stayed 80% for 3 min, then ramped back down to 50% in 0.1 min and held for 1.9 min.



Most OH–PAHs rapidly lose H+ in the HESI ion source and become negatively charged ions. However, NPAH such as 7,8–BQu attracts H+ and gains positive charge in the HESI ion source. To analyze all compounds of both polarities without affecting efficiency, the MS acquisition was performed in negative ionization mode and positive ionization mode simultaneously.



A T–SIM scan with two scan groups was established. The m/z and polarity of each target compounds were shown in Table 1. the spray voltage was set to −3.2 kV and +3.5 kV. Sheath gas flow rate was 55 arbitrary units (a.u.), sweep gas flow rate was 0 a.u. S–lens radio frequency level was 50 a.u., the capillary temperature was 360 °C, and auxiliary (AUX) gas heater temperature was 400 °C. The mass resolution was 70,000 (m/z 200), automatic gain control (AGC) target was set to 1e6, maximum injection time was 100 ms and isolation window was 2.0 m/z.





3. Results and Discussion


3.1. Extraction Optimization


3.1.1. Choosing SPE Columns


To compare the efficiency of extraction on three kinds of commonly used SPE sorbent, HLB, PEP and C18, seven blank matrix samples spiked with mix standard were extracted using each SPE column and then analyzed. The analytical concentration compared to the spiked concentration was calculated as recovery for each analyte. The recoveries on C18 SPE columns were between 60–100%, except for 3–OH–BaP (54.9%). However, only six analytes on HLB SPE columns had recoveries that reached 60%, while recoveries of five analytes on PEP SPE columns achieved the same level. Therefore, C18 SPE column was the final choice.




3.1.2. Choosing Elute Solvent


In order to determine which and how much Elute solvent to use, eight sets of analyses were performed using different amounts of methanol or acetonitrile as eluting solvent. The recoveries of each group were calculated and shown in Figure 1. Most compounds reached the highest recovery eluted at 4 mL methanol.





3.2. LC Optimizing


Isomers such as 1–OH–Nap/2–OH–Nap and 9–OH–BaP/3–OH–BaP are unable to be identified by the target m/z. Therefore, LC optimizing is critical for isolating and quantifying those isomers.



3.2.1. Choosing of Columns


At first, a waters ACQUITY UPLC BEH C18 (2.1 × 100 mm, 1.7 µm) column was used for separation. The gradient profile was 50% of phase B in the first 2.5 min, then gradually increased and reached 80% at the 18.75 min. Then, kept for 3.75 min, then ramped back to 50% in 0.1 min and stayed 50% in the last 2.4 min. Other conditions were the same as Section 2, Materials and Methods (line 83–89). However, the resolution of 1–OH–Nap (retention times (RT) = 5.95) and 2–OH–Nap (RT = 6.32) was 0.617 which was unacceptable. Then, a Phenomenex Kinetex F5 (2.1 × 100 mm, 2.6 µm) column were tested for isolating target compounds. The extracted ion chromatograms (EIC) were shown in Figure 2. The resolution of 1–OH–Nap (RT = 4.20) and 2–OH–Nap (RT = 4.86) was over 1.5 and the resolution of 9–OH–BaP (RT = 17.04) and 3–OH–BaP (RT = 17.42) was 1.438. Both isomer pairs were well separated.




3.2.2. Column Temperature and Mobile Phase Optimizing


Methanol and acetonitrile are both commonly used mobile phase B in reverse phase chromatography. Both mobile phases were tested under common condition. While using acetonitrile as mobile phase B, the resolution and peak tailing was not as good as using Methanol.



Then, four different gradient profiles as in Table 2. were tested; 9–OH–BaP/3–OH–BaP were not welly separated using gradient profiles 1 and 2. When using gradient profile 3, the RT of 9–OH–BaP and 3–OH–BaP were over 20 min. Therefore, the efficiency and resolution of profile 4 were the best.



The column temperature and the flow rate of mobile phase are two major factors that determine the resolution, other than the columns. Four chromatographs were obtained with the column temperature at 25 °C, 30 °C, 35 °C and 40 °C, respectively, and three more were obtained under mobile phase flow rate at 0.25 mL∙min−1, 0.30 mL∙min−1 and 0.35 mL∙min−1. Figure 3 showed the calculated resolution of each isomer pairs. However, since the retention time increases along with the increase in resolution, the efficiency, along with other factors such as the service life period of columns, were taken into consideration in the final choice of temperature and flow rate.





3.3. HESI Source Tuning


To maximize the efficiency of the HESI source, a targeted tuning was performed. The relative response under different capillary temperature, AUX gas heater temperature, spray voltage and sheath gas flow rate are shown in Figure 4. However, for different compounds, the ionic efficiency reached its peak under different parameters. Thus, the final choice of parameters was a compromise to ensure the response of most analytes were as strong as possible.




3.4. Calibration and Validation


The calibration curve ranged from 0.1 ng∙mL−1 to 200 ng∙mL−1 and at included at least seven calibration points. The instrumental limits of detection (LOD) were calculated from signal to noise ratios (S/N) of standard solutions using the definition S/N > 3. Instrumental relative standard deviation (RSD n = 7) was calculated by repeatedly analyzing mix standard solution at 5 ng∙mL−1 for seven times. Additionally, the method detection limits (MDL) was calculated according to the EPA definition of MDL, which is t(n−1, 0.99) × Standard Deviation. In order to determine the reproducibility of extraction, 1 L of pure water was spiked with 5 μL, 30 μL and 100 μL mixed standard solution, respectively and repeated 7 times each. Then, the spiked water was extracted and analyzed. The recovery and RSD of extraction at three concentrations (5 ng∙mL−1, 30 ng∙mL−1 and 100 ng∙mL−1) were then calculated. The matrix effects were determined according to the procedure by Avagyan and Westerholm in 2017 [14], which included spiking the matrix extract with mix standard solutions and comparing the response factors to those obtained from pure mixed standard solutions. All detailed information on method calibration and validation is shown in Table 3 and Table 4.




3.5. Screening Results


Seven of 10 target compounds did not reach the concentration of MDL in all 40 samples. The concentration of 1–OH–Nap, 2–OH–Nap and 2–OH–Bip were over MDL in 6, 1 and 22 samples, respectively. The maximum concentrations of 1–OH–Nap, 2–OH–Nap and 2–OH–Bip were 286.54 ng∙L−1, 2.55 ng∙L−1 and 73.97 ng∙L−1. Since the maximum concentration of 1–OH–Nap was over the linear range, the concentration of this sample was calibrated by a mixed standard solution at the concentration of 300 ng∙L−1, additionally, double checked with the duplicate of this sample. The EIC chromatogram of this sample is shown in Figure 5.



Statistics of compounds with a concentration above MDL are listed in Table 5. The result shows that in nearly half of the samples the concentration of all targets was below MDL. Additionally, the median concentration was around 2.5 ng∙L−1, which suggests that the concentration in most of the lake is around 2.5 ng∙L−1 or even lower. However, the maximum concentration was much higher, which suggests that the concentration was highly unevenly distributed.



To understand the distribution of OH–PAHs in the lake, the concentration heat map of 2–OH–Bip, 1–OH–Nap and 2–OH–Nap was shown in Figure 6b–d. Additionally, the relative position of sampling points is shown in Figure 6a. The red square represents the mapping area of the heat maps. Due to the anomalous distribution, the colour scale is exponential. For Figure 6b,c, the concentration of most of the yellow area is around 2 ng∙L−1 and that of the blue area is below MDL. The red areas suggest the high concentration of OH–PAHs only appears in a small area of the lake. The red zone of Figure 6c,d is at the same spot, but very different form Figure 6b, which shows the concentrations of 1–OH–Nap and 2–OH–Bip reach their peak at sampling point 30 (S30), while the concentration of 2–OH–Bip reaches the peak at sampling point 35 (S35), and a second peak at sampling point 39 (S39).



The high concentration of OH–PAHs appears only in a small area, suggesting that OH–PAHs in that area accumulate much faster than it disperses and degrades, which indicates a strong source of OH–PAHs in the high concentration area. To identify the source, a further investigation is needed concentrated on those red zones. One assumption is the fuel combustion of a yacht dock at the entrance of Baigouyinhe River near S30.





4. Conclusions


The optimization and validation of a target screening method using HPLC–Orbitrap HRMS were presented in this work. The linear range, correlation coefficients, RSD and MLD was sufficiently well for the investigation of environmental samples. The matrix effect was not severe (93–113%). Although ten targeted compounds were listed, we hope to expand this method to nontarget screening. Internal standard was not used in order to simulate screening unknown compounds.



With this method, a screening of nine OH–PAHs and one NPAH in the lake, Baiyangdian Hebei, China was successfully conducted. The concentration of seven target compounds did not reach MLD in all samples, while the concentrations of other three compounds were around 2.5 ng∙L−1 in most of the lake, demonstrating that the overall pollution of OH–PAHs in this area was not severe. However, an overwhelming high concentration area of 1–OH–Nap at sampling point 30 and two peak concentration areas of 2–OH–Bip were detected. These three areas need to be further investigated to understand the reason of this irregularity.



The screening results testify to the ubiquitous existence of OH–PAHs in water. Additionally, they suggest the importance of establishing a standard procedure for a nation–wide investigation on surface water.
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Figure 1. The recoveries using different kinds and amount of elute solvents. 
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Figure 2. Extracted ion chromatograms on two columns. 
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Figure 3. The resolution of isomers under different LC parameters. 
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Figure 4. The MS–response relative to the highest response in each group under different HESI parameters. 
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Figure 5. The EIC chromatogram which had the maximum concentration of 1–OH–Nap. 
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Figure 6. (a) The relative position of sampling points. (b–d) Concentration heat map of 2–OH–Bip, 1–OH–Nap and 2–OH–Nap, respectively. 
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Table 1. Detailed information on target compounds.
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	Name
	Abbr.
	Formula
	Structure
	CAS–No.
	Target Ion (m/z)
	Ion

Polarity





	1–naphthol
	1–OH–Nap
	C10H8O
	 [image: Separations 08 00247 i001]
	90–15–3
	143.05024
	Negative



	2–naphthol
	2–OH–Nap
	C10H8O
	 [image: Separations 08 00247 i002]
	135–19–3
	143.05024
	Negative



	2–phenyl phenol

(2–hydroxy biphenyl)
	2–OH–Bip
	C12H10O
	 [image: Separations 08 00247 i003]
	90–43–7
	169.06589
	Negative



	3–hydroxy fluorene
	3–OH–Flu
	C13H10O
	 [image: Separations 08 00247 i004]
	6344–67–8
	181.06589
	Negative



	7,8–benzoquinoline
	7,8–BQu
	C13H9N
	 [image: Separations 08 00247 i005]
	230–27–3
	180.08078
	Positive



	1–hydroxy pyrene
	1–OH–Pyr
	C16H10O
	 [image: Separations 08 00247 i006]
	5315–79–7
	193.06589
	Negative



	1–hydroxy phenanthrene
	1–OH–Phe
	C14H10O
	 [image: Separations 08 00247 i007]
	2433–56–9
	217.06589
	Negative



	6–hydroxy chrysene
	6–OH–Chr
	C18H12O
	 [image: Separations 08 00247 i008]
	37515–51–8
	243.08154
	Negative



	9–hydroxy benzo[a]pyrene
	9–OH–BaP
	C20H12O
	 [image: Separations 08 00247 i009]
	17573–21–6
	267.08154
	Negative



	3–hydroxy benzo[a]pyrene
	3–OH–BaP
	C20H12O
	 [image: Separations 08 00247 i010]
	133345–21–6
	267.08154
	Negative
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Table 2. Gradient profiles of mobile phase B.
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	Time (min):
	0
	2
	15
	18
	18.1
	20





	Profile 1
	40%
	40%
	95%
	95%
	40%
	40%



	Profile 2
	50%
	50%
	95%
	95%
	50%
	50%



	Profile 3
	50%
	50%
	70%
	70%
	50%
	50%



	Profile 4
	50%
	50%
	80%
	80%
	50%
	50%
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Table 3. RT, linear range, correlation coefficients (r2), LOD, LOQ and instrument RSD (n = 7) of each compound.
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	Compound
	RT (min)
	Linear Range (ng∙mL−1)
	r2
	LOD (ng∙mL−1)
	RSD (%)
	MDL (ng L−1)





	1–OH–Nap
	4.20
	0.1–200
	0.9998
	0.01
	1.98
	1.78



	2–OH–Nap
	4.86
	0.1–200
	0.9998
	0.01
	1.65
	2.05



	2–OH–Bip
	6.05
	0.1–200
	0.9998
	0.01
	0.88
	1.10



	3–OH–Flu
	8.10
	0.1–200
	0.9990
	0.05
	2.17
	1.41



	7,8–BQu
	9.08
	0.1–200
	0.9990
	0.05
	1.29
	1.69



	1–OH–Pyr
	10.83
	1–200
	0.9978
	0.28
	2.54
	1.73



	1–OH–Phe
	13.95
	0.1–50
	0.9983
	0.01
	1.37
	1.42



	6–OH–Chr
	15.47
	0.1–100
	0.9991
	0.08
	1.54
	1.66



	9–OH–BaP
	17.04
	0.1–50
	0.9980
	0.25
	2.44
	1.53



	3–OH–BaP
	17.42
	1–100
	0.9991
	0.37
	3.08
	2.26
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Table 4. RSD (n = 7) and recovery (R) of extraction at different concentrations and matrix effects.
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Compound

	
5 ng∙L−1

	
30 ng∙L−1

	
100 ng∙L−1

	
Matrix Effect




	
RSD (%)

	
R (%)

	
RSD (%)

	
R (%)

	
RSD (%)

	
R (%)






	
1–OH–Nap

	
6.9

	
91.2

	
4.9

	
89.7

	
8.8

	
85.4

	
97.8




	
2–OH–Nap

	
8.2

	
79.7

	
6.4

	
76.4

	
6.3

	
74.3

	
99.9




	
2–OH–Bip

	
4.6

	
96.6

	
5.0

	
98.7

	
7.4

	
90.0

	
95.7




	
3–OH–Flu

	
4.1

	
86.5

	
4.3

	
81.3

	
5.6

	
80.5

	
93.6




	
7,8–BQu

	
7.8

	
68.9

	
2.8

	
69.8

	
3.9

	
73.6

	
104.7




	
1–OH–Pyr

	
6.4

	
85.9

	
10.0

	
86.4

	
4.5

	
86.7

	
95.0




	
1–OH–Phe

	
5.8

	
77.9

	
5.4

	
70.3

	
6.1

	
78.6

	
113.1




	
6–OH–Chr

	
10.3

	
51.4

	
7.3

	
54.3

	
9.6

	
59.3

	
106.7




	
9–OH–BaP

	
9.7

	
50.3

	
10.7

	
59.6

	
7.7

	
63.4

	
105.1




	
3–OH–BaP

	
14.9

	
45.3

	
12.3

	
49.7

	
7.8

	
54.9

	
93.4
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Table 5. Maximum and median concentrations, number, and rate of concentrations above MDL and the sample number with the maximum concentrations.






Table 5. Maximum and median concentrations, number, and rate of concentrations above MDL and the sample number with the maximum concentrations.





	Compounds
	1–OH–Nap
	2–OH–Nap
	2–OH–Bip





	Number of Concentrations above MDL
	6
	1
	22



	Rate of Concentrations above MDL (%)
	15.0
	2.5
	55.0



	Maximum Concentration (ng∙L−1)
	286.54
	2.55
	73.97



	Median Concentration (ng∙L−1)
	2.32
	2.55
	2.88



	MDL Concentration (ng∙L−1)
	1.78
	2.05
	1.10



	Maximum Concentration Sample
	Sample 30
	Sample 30
	Sample 35
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