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Abstract

:

The aim of the research was to determine the efficiency of a coagulation process with powdered activated carbon for the removal from surface water of benzo(a)pyrene and 16 polycyclic aromatic hydrocarbons (PAHs), including the sum of four standardized in the Council Directive 98/83/EC on the quality of water intended for human consumption: benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(g,h,i)perylene, and indeno(1,2,3-cd)pyrene. For the study, surface water was used, whose composition was modified with standard solution PAH MIX A. In the first stage, for water modified with standard PAH mixture, the coagulation process was conducted. As the coagulants Al2(SO4)3·18H2O, hydrolysed salts, and polyaluminum chlorides (PAX1910 and PAX19F) were used. In the second stage, the adsorption process was conducted. Powdered activated carbon was used (CWZ-22 and CWZ-30). In the third stage, the coagulation process and the adsorption process were combined. The best effects for the reduction concentrations of the sum of four normalized PAHs, as well as of benzo(a)pyrene, were obtained by applying coagulation carried out with PAX19F and aided by powdered activated carbon CWZ-30. The removal efficiency for these compounds was, respectively, 93.8% and 95.8%.
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1. Introduction


Polycyclic aromatic hydrocarbons (PAH) constitute a group of chemical compounds containing from two to seven condensed aromatic rings [1,2,3,4,5,6,7]. At present, in the environment there are over 300 different recognized compounds classified as polycyclic aromatic hydrocarbons, including 33 which are considered by the Scientific Committee on Food (SCF) to be particularly toxic. In the environment, PAHs do not occur separately, but always in a mixture [8]. The most extensively studied PAH is benzo(a)pyrene, which due to a strong carcinogenic effect and prevalence in the environment, has been recognized as an indicator for the whole group of these compounds [9,10]. For this reason, several regulations deal with PAHs in the environment. The first was the EPA Consent Decree by the Environmental Protection Agency of the USA (US EPA) in 1976 [11,12]. PAHs have been the object of many new or updated regulations. One example is the Council Directive 98/83/EC of 3 November 1998 [13], the Water Framework Directive of the European Union (EU) (Directive 2000/60/EC), that was updated in 2013 (2013/39/EU): another is the Ministry of Health Regulation of 7 December 2017 [14].



However, PAH reactivity and polarity may change depending on the type and presence of functional groups [15]. PAHs have low volatility and low water solubility, both of which decrease with increasing molecular weight [16]. These compounds are highly soluble in organic solvents, such as benzene, hexane, cyclohexane, and acetone. They demonstrate sensitivity to changes in temperature and the pH of the environment in which they occur, and to the co-presence of chemical compounds such as surfactants, pesticides, and oxidizing agents. PAHs show a high affinity for solid surface, which increases with the number of rings in the molecule. They occur mainly in a form adsorbed on the particles forming suspended solids. Naphthalene and acenaphthylene are impermanently bound to suspended solids, whereas the remaining hydrocarbons constitute a group of compounds which can occur in both dissolved and adsorbed form. PAHs get into the aquatic environment mainly from anthropogenic sources. The amount of PAH derived from natural sources is small compared to that resulting from human activity [17]. In water, the main sources of micropollutants of anthropogenic origin, including PAH, are dry and wet precipitation, wastewater, surface runoffs, and leachate from municipal and industrial landfills [18].



The permissible PAH content in water intended for human consumption is based on the sum of benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(g,h,i)diperylene, and indeno(1,2,3-cd)pyrene; it amounts to 0.1 μg/L. The permissible content of benzo(a)pyrene, 0.01 μg/L, is stated separately. In Polish legislation, the permissible levels of benzo(a)pyrene and the sum of the four PAHs in drinking water are stated in The Ministry of Health Regulation of 7 December 2017 [14] on the quality of water intended for human consumption, and in the European legislation in the Council Directive 98/83/EC of 3 November 1998 [13] on the quality of water intended for human consumption.



Due to toxic, mutagenic, and carcinogenic properties of PAHs [19,20], it is necessary to remove these compounds from water intended for human consumption and undertake a health risk assessment [21,22]. For PAH removal from water, membrane processes, advanced oxidation processes, adsorption, and biodegradation, among others, are used. The efficiency of PAH removal in these processes amounts to 72–94%. In the case of water preparation for consumption, adsorption with activated carbon has practical applications [23,24]. The efficiency of adsorption is not always satisfactory, and it depends on the type of removed adsorbates. This process should be preceded by pre-treatment processes of water, in which coagulation plays an important role [25]. Coagulation-flocculation process is regarded as one of the most important and widely used treatment processes of drinking water [26] and industrial wastewater [27] due to its simplicity and effectiveness. In the literature, there are few examples of research on PAH removal from contaminated water using a coagulation process enhanced by adsorption on activated carbon.



The aim of this research was to evaluate the effectiveness of the coagulation process, adsorption and coagulation enhanced by powdered activated carbon for the removal from surface water of benzo(a)pyrene and 15 polycyclic aromatic hydrocarbons (PAH), including the sum of the four standardized in the Council Directive 98/83/EC on the quality of water intended for human consumption: benzo(b)fluoranthene, benzo(k)fluoranthene, and benzo(g,h,i)perylene, indeno(1,2,3-cd)pyrene [13].




2. Materials and Methods


2.1. Materials


For the research, surface water from the Kozłowa Góra dam reservoir was used. The Kozłowa Góra dam Reserovir is located on the south-east outskirts of Świerklaniec commune (Poland). This reservoir was formed due to the raised water level of the Brynica River. It covers approx. 5.5 km2 of the area, and its volume is approx. 13 mln m3. It is relatively shallow, with an average depth of 4.5 m. At present, the Kozłowa Góra dam Reservoir is a water source for the Water Treatment Plant in Wymysłów, which belongs to the Upper Silesia Water Supply Company. It also functions as flood control, and it may be used for tourist-recreational activities.



Water was modified with a PAH MIX A standard solution produced by AccuStandard, Inc company (New Haven, CT, USA), in order to obtain the total concentration of standardized PAHs higher than the permissible level in water intended for human consumption. Four PAHs were introduced into the water: benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(g,h,i)perylene, and indeno(1,2,3-cd)pyrene, which are enclosed in the Directive (total concentration amounted to 0.20 μg L−1), benzo(a)pyrene (0.05 μg L−1) and the remaining 11 PAH recommended by the Environmental Protection Agency (EPA) for determination in environmental samples.



Nonhydrolyzed salt Al2(SO4)3·18H2O, produced by POCH in Gliwice, and hydrolyzed salts, polyaluminum chlorides, with commercial names PAX-XL19F and PAX-XL1910, produced by KEMIPOL company in city Police (Poland), were used as coagulants. Aluminum sulphate is a commonly used coagulant for water treatment plants in Poland. However, more and more often it is replaced by pre-hydrolyzed coagulants, i.e. due to the fact that they reduce the dose of the applied reagents. Commercial solutions of polyaluminum chlorides had alkalinity equal to 85%. The alkalinity is determined by the ratio of the number of OH− moles to Al3+ in the coagulant, defined as the coefficient r = [OH−]/[Al3+]. The relation between the “r” value and the alkalinity of the coagulant is: alkalinity (%) = r/0.03. A commercial solution of PAX-XL19F contained 16.0% Al2O3, while PAX-XL1910 contained 19.8% Al2O3. Polyaluminum chlorides and their doses were chosen based on previously conducted research [28] on the removal of turbidity, color and total organic carbon content. The recommended pH for conducting the coagulation process is 5.5–7.5; therefore, the recommended tests were carried out without pH correction. For the analyses, coagulant solutions were prepared by diluting commercial products so that they contained 1.0 g Al L−1.



In the study, powdered activated carbons were also used, with trade names CWZ-30 and CWZ-22, manufactured by GRYFSKAND in Hajnówka city (Poland). The characteristics of the carbons are shown in Table 1. The carbons were characterized by the specific surface area of 920–1134 m2 g−1, iodine number 1032–1190 mg g−1, and methylene number 29–30 cm3.




2.2. Jar Test Procedure


In the first stage, the coagulation process was conducted in 3 L glass beakers; to each beaker, 2 L of analyzed water was measured. The coagulants, 3 mg Al L−1, were introduced, and with the use of a mechanical stirrer, fast stirring was executed for 2 min (applying 250 RPM), and then slow stirring for 15 min (25 RPM). After this time, the samples were subjected to 1 h sedimentation. Afterwards, 0.5 L of water was decanted and analyzed.



In the second stage of the research, the adsorption process was conducted. One liter of analyzed modified water was measured into glass beakers with a volume of 2 L, and powdered activated carbons were introduced. The applied dose of carbons was 30 mg L−1. Using a mechanical stirrer, mixing was performed at 200 RPM for 15 min. Then, the carbon was separated from the water by filtration of the samples through a paper filter and analyzed.



In the third stage, the coagulation process was combined with the adsorption process. Among the tested coagulants, the highest removal efficiency of PAH was obtained using PAX-XL19F. Taking this into consideration, the efficiency of decreasing the sum of PAH concentrations standardized in the Council Directive 98/83/EC with studied activated carbons differed slightly, the efficiency of remaining PAH removal was higher with the usage of CWZ-30 carbon, CWZ-30 carbon was selected for enhancement of the coagulation process. Two liters of the analyzed modified water was measured into a glass beaker with a volume of 3 L. PAX-19F coagulant was introduced at the amount of 3 mgAl L−1, and with the use of a mechanical stirrer, fast stirring was conducted for 2 min (applying 250 RPM). Then, 30 mg L−1 carbon CWZ-30 was introduced, and the solution was stirred for a further 2 min. Next, slow stirring was carried out for 15 min (25 RPM). After this period, the samples were subjected to 1 h sedimentation. Then, 0.5 L of water was decanted and analyzed. Opinions regarding the order in which the coagulants are applied vary, and examples of the simultaneous introduction of coagulant and powdered activated carbon, application of coagulant first and then carbon, or the other way round, can all be found. Each of the mentioned methods has advantages and disadvantages. In water treatment plants in Poland, powdered activated carbon is most often introduced into rapid mixing chambers along with the coagulant.




2.3. Analytical Procedure


The physicochemical parameters of water were measured with the following methods: pH–potentiometrically; turbidity–with Instruments TN-100 nephelometer (Eutech Instruments Pte Ltd., Singapore), expressed in NTU–Nephelometric Turbidity Unit); color–colometrically with platinum-cobalt standard method; total organic carbon (TOC)–by infrared spectrophotometry with carbon analyzer Multi N/C (Analytic Jena, Germany), aluminum–with Aquaquant 14413 aluminum test.



For PAH separation from water, the solid phase extraction (SPE) method was applied, using Bakerbond company columns with Octadecyl C18 filling (J.T. Baker Mallinckrodt Baker, Inc. Phillipsburg, NJ, USA). For this purpose, 0.5 L of modified surface water was collected and 0.5 L of water after the coagulation, the adsorption and the coagulation enhanced by the adsorption. Propanol was added to the water samples. The samples were then passed through preconditioned Octadecyl C18 columns. PAHs were eluted from the column by filling with hexane (3 × 1 mL). The obtained eluate was gently evaporated to dryness under a stream of nitrogen, and then 1 mL acetonitrile was added to the test tube. The sample was analyzed by means of gas chromatography and mass spectrometer GC-MS (Fisons Instruments SpA, Rodano, Italy) [29,30,31,32,33,34,35]. Separation was conducted on a DB-5 column (30 m × 32 mm × 1 μm). A quadrupole mass spectrometer MS 800 (Fisons Instruments SpA, Rodano, Italy), working in a selective mode of ion monitoring was used for detection. Selective ion monitoring (SIM) m/z was applied. For each PAH, three representative ions were chosen. Identification ions of PAHs are shown in Table 2.



Determination was performed for each sample and each four injection of the obtained extract. In order to verify the applied procedure, values of recoveries for aromatic hydrocarbons with low molecular weights were determined. For this purpose, standard mixture 16 PAH MIX A by RESTEK company was introduced into a sample of distilled water and quantitative-qualitative assays of PAH were conducted, according to the procedure described above. The recovery ranged from 50.4% (naphthalene) to 92.8% (phenanthrene). The recovery values were taken into account during concentration calculations. PAH determinations were performed in duplicate.





3. Results and Discussion


Surface water was characterized by turbidity amounting to 7.5 NTU and color equal to 40 mg L−1. The TOC content was 9.1 mgC L−1. The water reaction was slightly alkaline.



The effectiveness of turbidity, color, and TOC removal by various coagulants and type powdered activated carbon are presented in Table 3.



The research results for a coagulant dose of 3.0 mgAl L−1 confirmed higher effectiveness in removal of turbidity, color and organic compounds with the usage of pre-hydrolyzed polyaluminum chlorides PAX-XL1910 and PAX-XL19F. 79% and 89% turbidity removal, 63% and 75% color reduction, were obtained. The efficiency of reduction of organic compound content assayed as TOC amounted to 33% and 38% using PAX, whereas with the application of Al2(SO4)3 this was 24%. The higher effectiveness of pre-hydrolysed coagulants, in comparison to aluminum sulphate, is determined by the presence of polycations Al2(OH)24+, Al3(OH)45+ and Al13O4(OH)247+, as well as by the difference in structure of precipitated aluminum hydroxide flocs formed during the hydrolysis of these coagulants [36,37]. Simultaneous use of powdered activated carbon CWZ-30 and coagulant PAX-XL19F improved color removal by 88%. No aluminum ions were present in water after coagulation supported by the addition of activated carbon.



PAH concentrations in modified surface water and in water after the coagulation process, the adsorption, and the coagulation enhanced by powdered activated carbon are presented in Table 4. In the results discussion, the analyzed PAH were divided into following groups:




	-

	
standardized in the Council Directive 98/83/EC on the quality of water intended for human consumption: benzo(a)pyrene and the total of: benzo(b)fluoranthene, benzo(k)fluoranthene; benzo(g,h,i)perylene, indeno(1,2,3-cd)pyrene (compounds classified as 5- and 6-ring PAH);




	-

	
2-ring PAH (naphthalene);




	-

	
3-ring PAH: acenaphthylene, acenaphthene, fluorene, phenanthrene, anthracene;




	-

	
4-ring PAH: fluoranthene, pyrene, benzo(a)anthracene, chrysene;




	-

	
6-ring PAH: dibenzo(a,h)anthracene.









In unmodified surface water, total concentration of analyzed PAH was 21.44 ng L−1. The presence of compounds representing 3-ring PAH, i.e., acenaphthylene, acenaphthene, phenanthrene, and anthracene, and benzo(b)fluoranthene representing 5-ring PAH, was not determined. The concentration of PAH included in the Council Directive 98/83/EC on the quality of water intended for human consumption, i.e., benzo(a)pyrene and the sum of benzo(k)fluoranthene, benzeno(g,h,i)perylene and indeno(1,2,3-cd)pyrene, were below the permissible level, i.e., 0.05 μg L−1. The concentration of the remaining PAH ranged from 0.59 (chrysene) to 8.58 ng L−1 (naphthalene). Using the coagulation process, the highest efficiency of reduction of benzo(a)pyrene concentration (by 84.2%) from modified water was obtained after the application of Al2(SO4)3, and the lowest (by 63.9%) after the application of PAX-XL19F coagulant (Figure 1). The usage of powdered activated carbons reduced the concentration of this compound to within a range of between 49.5 and 66.1%. The usage of powdered activated carbon CWZ-30 was 17% more effective in decreasing the concentration of benzo(a)pyrene with regard to CWZ-22 carbon. Among the tested coagulants Al2(SO4)3, PAX-XL1910, PAX-XL19F and powdered active carbons CWZ-22 and CWZ-30 for benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(g,h,i)perylene, indeno(1,2,3-cd)pyrene, a reduction in their concentration from 46.4 to 90.5% was obtained (Figure 1).



The highest efficiency of the reduction of the sum of four standardized PAH, i.e., benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(g,h,i)perylene, indeno(1,2,3-cd)pyrene, was obtained in the case of PAX-XL19F coagulant application (by 84.5%). With the usage of the remaining coagulants, Al2(SO4)3 and PAX-XL1910, the efficiencies of reduction of total concentration of these compounds were 59.4% and 67.4%, respectively. The usage of powdered activated carbons CWZ-22 and CWZ-30 allowed a reduction in the sum of four PAH by 69.7% and 67.6%, respectively (Figure 2).



Among the tested coagulants Al2(SO4)3, PAX-XL1910, PAX-XL19F and powdered active carbons CWZ-22 and CWZ-30, the lowest PAH removal from water efficiency was obtained for 2- and 3-ring compounds (Figure 3). In case of 2-ring naphthalene, the removal efficiency ranged from 34.9 (Al2(SO4)3) to 57.8% (PAX-XL19F). For 3-ring PAH, a reduction in concentration by 54.8 to 71.1% was obtained. In this group of compounds, after application of Al2(SO4)3 for coagulation, a reduction in concentration in the range of 56.6 (fluorene) to 69.0% (acenaphthene) was obtained. With the usage of PAX-XL1910 coagulant, the concentration of 3-ring PAH decreased from 51.7 (acenaphthylene) to 75.6% (fluorene). The application of PAX-XL19F influenced the decrease in the concentration of these compounds from 54.8 to 67.0%. The efficiency of removal from water of 3-ring PAH with powdered activated carbons CWZ-22 and CWZ-30 ranged from 42.2 to 64.6% (Figure 3).



For 4-ring PAH, a reduction in concentration from 57.2 to 88.7% was obtained. In this group of compounds, with the usage of Al2(SO4)3 for coagulation, a decrease in concentration in the range of 60.49% (pyrene) to 69.29% (chrysene) was obtained (Figure 4). After applying PAX-XL1910 coagulant, the concentration of 4-ring PAH decreased from 57.2 (benzo(a)anthracene) to 81.5% (fluoranthene). The usage of PAX-XL19F improved the PAH removal efficiency and a decrease in concentration from 66.0% (chrysene) to 87.4% (benzo(a)anthracene) was obtained. The efficiency of 4-ring PAH removal from water in the sorption process using powdered activated carbon CWZ-30 ranged from 83.4 to 88.7%, and was higher than the efficiency of CWZ-22 carbon (Figure 4).



Among the tested coagulants Al2(SO4)3, PAX-XL1910, PAX-XL19F, the highest removal efficiency of dibenzeno(a,h)anthracene (87.4%) was obtained using PAX-XL19F. In case of the application of powdered activated carbons CWZ-22 and CWZ-30, the removal efficiency of dibenzo(a,h)anthracene was comparable, and amounted to 61.3% and 64.7%, respectively.



The best results of reducing the concentration of benzo(a)pyrene, total of four standardized PAH, as well as concentration of the remaining PAH, were obtained using coagulation enhanced by powdered activated carbon (Figure 1, Figure 2, Figure 3 and Figure 4). In the combined process, the application of PAX-19F coagulant, and subsequently CWZ-30 carbon, yielded a decrease in the concentration of analyzed compounds in the range of from 57.8 (naphthalene) to 96.0% (pyrene, chrysene). For benzo(a)pyrene, the removal efficiency was 95.8%, and the reduction of the sum of the four standardized PAH was 93.8%.



The obtained results indicate that the coagulation, the adsorption and the coagulation enhanced by powdered activated carbon are effective in the removal from water of polycyclic aromatic hydrocarbons, including benzo(a)pyrene, and four standardized in the Council Directive 98/83/EC on the quality of water intended for human consumption. It was observed that the selectivity of PAH removal from water depends on the physico-chemical properties of the compound (e.g., number of rings in the molecule, hydrophobicity). Similarly, according to the literature data, the efficiency of removal of organic micropollutants from water is affected by the type of process used, e.g., coagulation, filtration, adsorption, oxidation, or combined processes [23,38,39,40]), which is confirmed by the results of conducted research.



According to the literature, the efficiency of the coagulation process is influenced by (1) the type and dose of the coagulant; (2) treated water composition, including content and properties of organic contamination; (3) pH; (4) water alkalinity; and (5) physicochemical properties of removed organic micropollutants [25]. In the available literature, no studies were found on the effect of coagulant dose and water pH on the effectiveness of PAH removal in the coagulation process. The application of Al2(SO4)3 or polyaluminum chlorides as coagulants for organic contaminant removal is recommended by many authors [25,41]. The obtained results suggest that, when using polyaluminum chlorides for organic micropollutant removal from water, their alkalinity is important, which should equal ca. 70%. Alkalinity of PAX-XL1910, PAX-XL19F was ca. 85%, which could affect the efficiency of the coagulation using these coagulants in PAH removal in comparison to the effects obtained during the coagulation with Al2(SO4)3. The concentration of analyzed PAH decreased in the range of 32.9 (naphthalene) to 90.5% (indeno(1,2,3-cd)pyrene). The best results were obtained using PAX-XL19F for 4–6-ring PAH removal. The obtained results confirm the results of studies of other authors [42]. Higher removal efficiency of PAH containing 4–6 rings can be explained by their good sorption on particulates. Li and co-authors [43] demonstrated that during the coagulation of organic micropollutants, sorption of these compounds on particles of organic matter naturally occurring in water (NOM) plays an important role. The authors demonstrated that polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans (PCDD/Fs) occur in water in a form bound to NOM, and during coagulation will be removed along with the NOM particulates. PAH strongly bonded to suspended solids and particulate surface, including indeno(1,2,3-cd)pyrene, benzo(g,h,i)perylene, dibenzo(a,h)antracene, and benzo(k)fluoranthene. For these compounds, the removal efficiency in the coagulation process was higher than the removal efficiency of 2- and 3-ring PAH. The obtained results confirm the correlation between PAH hydrophobicity (expressed by the partition coefficient n-octanol/water i.e., Ko/w) and the coagulation effectiveness in removal of these pollutants from water. According to Tadkaew et al. [44], for compounds demonstrating log Ko/w > 3.2, higher efficiency of their removal in the coagulation process is achieved. The log Ko/w value of analyzed PAH ranges from 3.30 to 6.58, which explains the good performance of the coagulation process in their removal. Generally, for analyzed compounds, it was demonstrated that along with increasing PAH, log Ko/w efficiency of their removal increases.



The effectiveness of the adsorption process is influenced by the type of used carbon (specific surface area, porosity, polarity, and chemical nature of the carbon surface) and the properties of removed organic micropollutants (molar weight, spatial structure of the molecule, solubility, ionic strength), as well as the temperature of the solution in which the adsorption process occurs [23,38,45,46]. Unsatisfactory results of adsorption of naphthalene may arise from the nature of the applied powdered activated carbons. Research conducted by Anita and co-authors [47] has demonstrated that the adsorption capacity in different carbon materials depends not only on the textural characteristics of the material but also on the functionalities of the activated carbons. The micropores of the adsorbents, particularly those of narrower diameter, were found to be active sites for the retention of naphthalene. In the adsorption process, dispersion forces play an important role. The authors report that for the adsorption of naphthalene a carbon with higher non-polar character is effective.



The obtained results demonstrate a correlation between PAH adsorption effectiveness and specific surface area of the powdered activated carbon. Applied in the research powdered activated carbons, CWZ-22 and CWZ-30 were characterized by a specific surface area of 960 m2 g−1 and 1134 m2 g−1, respectively. The best results were obtained using activated carbon CWZ-30, which was characterized by a greater specific surface area. Upon application of this sorbent, a decrease in analyzed PAH concentration in water was obtained, ranging from 46.5 for indeno(1,2,3-cd)pyrene to 88.7% for fluoranthene. Similar results for organic micropollutants were obtained by Liyan and co-authors [48]. The authors conducted a research on the removal of hydrophobic organic chemicals (HOCs) using powdered activated carbon and granular-activated carbon. The effectiveness of adsorption of these compounds ranged from 73.4 to 89.2%.



The research results did not confirm that an increase in molecular weight of the compound causes an increase in the adsorption efficiency. It has to be noted, however, that adsorption is affected not only by molar weight, but also by the spatial structure of the molecule, and above all, by specific interactions between the basal planes of activated carbon and the polyaromatic structure of PAH [47]. Research conducted by Guo and co-authors [49] have demonstrated that adsorbent pore structure characteristics (i.e., pore shape and pore size distribution) and adsorbate molecular conformation are important in determining the adsorption of aromatic synthetic organic compounds (SOCs) by porous carbonaceous adsorbent.



Based on the research, it was concluded that an improvement in the efficiency of PAH removal from water may be achieved by using a coagulation process enhancement with powdered activated carbon. The usage of PAX-XL19F coagulant and powdered activated carbon CWZ-30 has improved the efficiency of PAH removal max. up to 96.0% for benzene(g,h,i)perylene. It has been shown that the combination of the coagulation with the adsorption increases the efficiency of PAH removal from contaminated water. For the practical application of the results, it would be necessary to verify the research by the determination of the optimal coagulant dose and the pH of water.




4. Conclusions


Based on the obtained results, the following conclusions were drawn:




	-

	
the application of coagulants Al2(SO4)3, PAX-XL1910, PAX-XL19F and powdered activated carbons CWZ-22 and CWZ-30 was effective in PAH removal in the range of 32.9 (naphthalene) up to 90.5% (indeno(1,2,3-cd)pyrene);




	-

	
in the coagulation process, high efficiency of reduction of the sum of the four standardized PAH, i.e., benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(g,h,i)perylene, indeno(1,2,3-cd)pyrene, was obtained using PAX-19F coagulant (84.5%); the usage of Al2(SO4)3 or PAX-XL1910 obtained an efficiency of removal of these compounds of 59.4% and 67.4%, respectively;




	-

	
a good efficiency of removal of benzo(a)pyrene (84.2%) was obtained during coagulation using Al2(SO4)3;




	-

	
among the applied coagulants, good removal for most PAHs was obtained in the coagulation process with polyaluminum chloride PAX-XL19F;




	-

	
the application of powdered activated carbons CWZ-22 and CWZ-30 reduced the concentrations of benzo(a)pyrene by 49.5% and 66.1%, respectively, while the total concentration of four PAH decreased by 69.7% and 67.6%, respectively;




	-

	
better removal efficiency for micropollutants in the process of coagulation and adsorption was demonstrated for PAH containing 4–6 rings;




	-

	
the adsorption on powdered activated carbon reduced the concentrations of analyzed PAH max. up to 89.3%; the best results were obtained using activated carbon CWZ-30, which was characterized by a higher specific surface area;




	-

	
the combination of the coagulation and the adsorption increased the efficiency of removal of PAH from contaminated water; the best results of removal of analyzed PAH were obtained using polyaluminum chloride PAX-XL19F and powdered activated carbon CWZ-30; a decrease in benzo(a)pyrene concentration and total concentration of four PAH in water by 95.8% and 93.8%, respectively, was obtained.













Author Contributions


Conceptualization, A.R. and L.D.; Methodology, A.R. and L.D.; Formal Analysis, A.R. and L.D.; Investigation, A.R. and L.D.; Resources, A.R. and L.D.; Data Curation, A.R.; Writing-Original Draft Preparation, A.R. and L.D.; Writing-Review & Editing, A.R. and L.D.; Visualization, A.R.; Supervision, A.R.




Funding


This research was funded by the Polish Ministry of Science and Higher Education, grant number BS-PB-402/301/2011.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Di-Toro, D.M.; McGrath, J.A.; Hansen, D.J. Technical basis for narcotic chemicals and polycyclic aromatic hydrocarbon criteria. I. Water and tissue. Environ. Toxicol. Chem. 2000, 19, 1951–1970. [Google Scholar] [CrossRef][Green Version]

	



Boström, C.-E.; Gerde, P.; Hanberg, A.; Jernström, B.; Johansson, C.; Kyrklund, T.; Rannug, A.; Törnqvist, M.; Victorin, K.; Westerholm, R. Cancer risk assessment, indicators and guidelines for polycyclic aromatic hydrocarbons in ambient air. Environ. Health Perspect. 2002, 110, 451–489. [Google Scholar] [CrossRef] [PubMed]

	



Arey, J.; Atkinson, R. Photochemical Reactions of PAH in the Atmosphere. PAHs: An Ecotoxicological Perspective; Douben, P.E.J., Ed.; John Wiley and Sons Ltd.: New York, NY, USA, 2003; ISBN 978-0-471-56024-1. [Google Scholar]

	



Haritash, A.K.; Kaushik, C.P. Biodegradation aspects of Polycyclic Aromatic Hydrocarbons (PAHs): A review. J. Hazard. Mater. 2009, 169, 1–15. [Google Scholar] [CrossRef] [PubMed]

	



Masih, A.; Lal, J.K. Concentrations and carcinogenic profiles of polycyclic aromatic hydrocarbons (PAHs) in groundwater of an urban site at a terai belt of North India. IJAER 2014, 9, 1–8. [Google Scholar] [CrossRef]

	



Nguyen, T.C.; Loganathan, P.; Nguyen, T.V.; Vigneswaran, S.; Kandasamy, J.; Slee, D.; Stevenson, G.; Naidu, R. Polycyclic aromatic hydrocarbons in road-deposited sediments, water sediments, and soils in Sydney, Australia: Comparisons of concentration distribution, sources and potential toxicity. Ecotoxicol. Environ. Saf. 2014, 104, 339–348. [Google Scholar] [CrossRef] [PubMed]

	



Sharma, T. In silico investigation of polycyclic aromatic hydrocarbons against bacterial 1-2 dioxygenase. J. Chem. Pharm. Res. 2014, 6, 873–877. [Google Scholar]

	



Neff, J.M.; Stout, S.A.; Gunster, D.G. Ecological risk assessment of polycyclic aromatic hydrocarbons in sediments: Identifying sources and ecological hazard. Integr. Environ. Assess. Manag. 2005, 1, 22–33. [Google Scholar] [CrossRef] [PubMed]

	



Armstrong, B.G.; Hutchinson, E.; Unwin, J.; Fletcher, T. Lung cancer risk after exposure to polycyclic aromatic hydrocarbons: A review and meta-analysis. Environ. Health Perspect. 2004, 112, 970–978. [Google Scholar] [CrossRef]

	



Bach, P.B.; Kelley, M.J.; Tate, R.C.; McCrory, D.C. Screening for lung cancer: A review of the current literature. Chest 2003, 123, 72S–82S. [Google Scholar] [CrossRef] [PubMed]

	



Cai, S.S.; Syage, J.A.; Hanold, K.A.; Balogh, M.P. Ultra performance liquid chromatography-atmospheric pressure photoionization-tandem mass spectrometry for high-sensitivity and high-throughput analysis of US Environmental Protection Agency 16 priority pollutants polynuclear aromatic hydrocarbons. Anal. Chem. 2009, 81, 2123–2128. [Google Scholar] [CrossRef] [PubMed]

	



Keith, L.H. The source of US EPA’s sixteen PAH priority pollutants. Polycycl. Aromat. Compd. 2015, 35, 147–160. [Google Scholar] [CrossRef]

	



Council Directive 98/83/EC of 3 November 1998 on the Quality of Water Intended for Human Consumption. Available online: https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A31998L0083 (accessed on 29 June 2018).

	



Regulation of the Minister of Health of 7 December 2017 on the Quality of Water Intended for Human Consumption. Available online: http://prawo.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=WDU20170002294 (accessed on 29 June 2018).

	



Kim, K.-H.; Jahan, S.A.; Kabir, E.; Brown, R.J.C. A review of airborne polycyclic aromatic hydrocarbons (PAHs) and their human health effects. Environ. Int. 2013, 60, 71–80. [Google Scholar] [CrossRef] [PubMed]

	



Skurlatov, Y.I.; Vichutinskaya, E.V.; Zaitsevaa, N.I.; Shtammb, E.V.; Shvydkiib, V.O.; Semenyakc, L.V.; Baikovad, I.S. Forms and pathways of migration and transformation of hazardous chemicals in the environment. Russ. J. Phys. Chem. B 2017, 11, 576–586. [Google Scholar] [CrossRef]

	



Latimer, J.; Zheng, J. The Sources, Transport, and Fate of PAH in the Marine Environment. PAHs: An Ecotoxicological Perspective; Douben, P.E.J., Ed.; John Wiley and Sons Ltd.: New York, NY, USA, 2003; ISBN 978-0-471-56024-1. [Google Scholar]

	



Lawal, A.T. Polycyclic aromatic hydrocarbons. A review. Cog. Environ. Sci. 2017, 3, 1–86. [Google Scholar] [CrossRef]

	



Broyde, S.; Wang, L.Y.; Cai, Y.; Jia, L.; Shapiro, R.; Patel, D.J.; Geacintov, N.E. Covalent polycyclic aromatic hydrocarbon-DNA adducts: Carcinogenicity, structure, and function. Curr. Cancer Res. 2011, 6, 181–207. [Google Scholar] [CrossRef]

	



Klein, S.J. Acenaphthene. In Encyclopedia of Toxicology, 3rd ed.; Wexler, P., Ed.; Academic Press: Oxford, UK, 2014; pp. 17–19. [Google Scholar]

	



Sun, C.; Zhang, J.; Ma, Q.; Chen, Y.; Ju, H. Polycyclic aromatic hydrocarbons (PAHs) in water and sediment from a river basin: Sediment–water partitioning, source identification and environmental health risk assessment Environ. Geochem. Health 2017, 39, 63–74. [Google Scholar] [CrossRef] [PubMed]

	



Qin, N.; He, W.; Kong, X.-Z.; Liu, W.-X.; He, Q.-S.; Yang, B.; Ouyang, H.-L.; Wang, Q.-M.; Xu, F.-L. Ecological risk assessment of polycyclic aromatic hydrocarbons (PAHs) in the water from a large Chinese lake based on multiple indicators. Ecol. Indic. 2013, 24, 599–608. [Google Scholar] [CrossRef]

	



Valderrama, C.; Cortina, J.L.; Farran, A.; Gamisans, X.; Lao, C. Kinetics of sorption of polyaromatic hydrocarbons onto granular activated carbon and Macronet hyper-cross-linked polymers (MN200). J. Colloid Interface Sci. 2007, 310, 35–46. [Google Scholar] [CrossRef] [PubMed]

	



Sharma, A.; Zia-Manhood, S.; Deepak, P. Adsorption of polyaromatic pollutants from water system using carbon/ZnFe2O4 nanocomposite: Equilibrium, kinetic and thermodynamic mechanism. J. Mol. Liq. 2017, 240, 361–371. [Google Scholar] [CrossRef]

	



Alexander, J.T.; Hai, F.I.; Al-aboud, T.M. Chemical coagulation-based processes for trace organic contaminant removal: Current state and future potential. J. Environ. Manag. 2012, 111, 195–207. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Teh, C.Y.; Wu, T.Y. The potential use of natural coagulants and flocculants in the treatment of urban waters. Chem. Eng. Trans. 2014, 39, 1603–1608. [Google Scholar] [CrossRef]

	



Teh, C.Y.; Budiman, P.M.; Shak, K.P.Y.; Wu, T.Y. Recent advancement of coagulation-flocculation and its application in wastewater treatment. Ind. Eng. Chem. Res. 2016, 55, 4363–4389. [Google Scholar] [CrossRef]

	



Sperczyńska, E.; Dąbrowska, L.; Wiśniowska, E. Removal of turbidity, colour and organic matter from surface water by coagulation with polyaluminium chlorides and with activated carbon as coagulant aid. Desalin. Water Treat. 2016, 57, 1139–1144. [Google Scholar] [CrossRef]

	



Kabziński, A.K.M.; Cyran, J.; Juszczak, R. Determination of polycyclic aromatic hydro-carbons in water (including drinking water) of Łódź. Pol. J. Environ. Stud. 2002, 11, 695–706. [Google Scholar]

	



Olivella, M.A. Isolation and analysis of polycyclic aromatic hydrocarbons from natural water using accelerated solvent extraction followed by gas chromatography–mass spectrometry. Talanta 2006, 69, 267–275. [Google Scholar] [CrossRef] [PubMed]

	



Qiao, M.; Cao, W.; Liu, B.; Zhao, X.; Qu, J. Simultaneous detection of chlorinated polycyclic aromatic hydrocarbons with polycyclic aromatic hydrocarbons by gas chromatography–mass spectrometry. Anal. Bioanal. Chem. 2017, 409, 3465–3473. [Google Scholar] [CrossRef] [PubMed]

	



Kinga, A.J.; Readman, J.W.; Zhoua, J.L. Determination of polycyclic aromatic hydrocarbons in water by solid-phase microextraction–gas chromatography–mass spectrometry. Anal. Chim. Acta 2004, 523, 259–267. [Google Scholar] [CrossRef]

	



Kraleva, E.; Karamfilov, V.; Hibaum, G. Determination of PAH in the black sea water by GC/MS following preconcentration with solid-phase extraction. Ecol. Chem. Eng. S 2012, 19, 393–403. [Google Scholar] [CrossRef]

	



Anderson, K.A.; Szelewski, M.J.; Wilson, G.; Quimby, B.D.; Hoffman, P.D. Modified ion source triple quadrupole mass spectrometer gas chromatograph for polycyclic aromatic hydrocarbon analyses. J. Chromatogr. A 2015, 1419, 89–98. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Corrotea, Y.; Sánchez, K.; Rubio, M.A.; Richter, P. Extraction of polycyclic aromatic hydrocarbons from water samples into a rotating-disk microextractor and the subsequent determination by gas chromatography-mass spectrometry. J. Chil. Chem. Soc. 2014, 59, 2477–2480. [Google Scholar] [CrossRef]

	



Yan, M.; Wang, D.; Ni, J.; Qu, J.; Chow, C.W.K.; Liu, H. Mechanism of natural organic matter removal by polyaluminum chloride: Effect of coagulant particle size and hydrolysis kinetics. Water Res. 2008, 42, 3361–3370. [Google Scholar] [CrossRef] [PubMed]

	



Lin, L., Jr.; Huang, C.; Dempsey, B.; Hu, J.-H. Fate of hydrolyzed Al species in humic acid coagulation. Water Res. 2014, 56, 314–324. [Google Scholar] [CrossRef] [PubMed]

	



Brändli, R.C.; Hartnik, T.; Henriksen, T.; Cornelissen, G. Sorption of native polyaromatic hydrocarbons (PAH) to black carbon and amended activated carbon in soil. Chemosphere 2008, 73, 1805–1810. [Google Scholar] [CrossRef] [PubMed]

	



Rubio-Clemente, A.; Torres-Palma, R.A.; Peñuela, G.A. Removal of polycyclic aromatic hydrocarbons in aqueous environment by chemical treatments: A review. Sci. Total Environ. 2014, 478, 201–225. [Google Scholar] [CrossRef] [PubMed]

	



Altmann, J.; Zietzschmann, F.; Geiling, E.-L.; Ruhl, A.S.; Sperlich, A.; Jekel, M. Impacts of coagulation on the adsorption of organic micropollutants onto powdered activated carbon in treated domestic wastewater. Chemosphere 2015, 125, 198–204. [Google Scholar] [CrossRef] [PubMed]

	



Subramonian, W.; Wu, T.Y.; Chai, S.-P. An application of response surface methodology for optimizing coagulation process of raw industrial effluent using Cassia obtusifolia seed gum together with alum. Ind. Crops Prod. 2015, 70, 107–115. [Google Scholar] [CrossRef]

	



Nowacka, A.; Włodarczyk-Makuła, M. The coagulant type influence on removal efficiency of 5- and 6-ring PAHs during water coagulation process. CEER 2014, 13, 63–73. [Google Scholar] [CrossRef]

	



Li, X.; Peng, P.; Zhanga, S.; Man, R.; Sheng, G.; Fu, J. Removal of polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans by three coagulants in simulated coagulation processes for drinking water treatment. J. Hazard. Mater. 2009, 162, 180–185. [Google Scholar] [CrossRef] [PubMed]

	



Tadkaew, N.; Hai, F.I.; McDonald, J.A.; Khan, S.J.; Nghiem, L.D. Removal of trace organics by MBR treatment: The role of molecular properties. Water Res. 2011, 45, 2439–2451. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Mailler, R.; Gasperi, J.; Coquet, Y.; Deshayes, S.; Zedek, S.; Cren-Oliv, C.; Cartiser, N.; Eudes, V.; Bressy, A.; Caupos, E.; et al. Study of a large scale powdered activated carbon pilot: Removals of a wide range of emerging and priority micropollutants from wastewater treatment plant effluents. Water Res. 2015, 72, 315–330. [Google Scholar] [CrossRef] [PubMed]

	



Amstaetter, K.; Eek, E.; Cornelissen, G. Sorption of PAHs and PCBs to activated carbon: Coal versus biomass-based quality. Chemosphere 2012, 87, 573–578. [Google Scholar] [CrossRef] [PubMed]

	



Anita, C.O.; Cabal, B.; Pevida, C.; Arenillas, A.; Parra, J.B.; Rubiera, F.; Pis, J. Removal of naphthalene from aqueous solution on chemically modified activated carbons. Water Res. 2007, 41, 333–340. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Song, L.; Zhao, Y.; Sun, W.; Lou, Z. Hydrophobic organic chemicals (HOCs) removal from biologically treated landfill leachate by powder-activated carbon (PAC), granular-activated carbon (GAC) and biomimetic fat cell (BFC). J. Hazard. Mater. 2009, 163, 1084–1089. [Google Scholar] [CrossRef]

	



Guo, Y.; Kaplanb, S.; Karanfilb, T. The significance of physical factors on the adsorption of polyaromatic compounds by activated carbons. Carbon 2008, 46, 1885–1891. [Google Scholar] [CrossRef]








[image: Water 10 00886 g001 550] 





Figure 1. Removal efficiency of PAH standardized in the Council Directive 98/83/EC on the quality of water intended for human consumption. 
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Figure 2. Removal efficiency of sum PAH standardized in the Council Directive 98/83/EC on the quality of water intended for human consumption. 
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Figure 3. Removal efficiency of 2- and 3-ring PAH from surface water. 
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Figure 4. Removal efficiency of 4- and 5- ring PAH from surface water. 
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Table 1. Selected properties of powdered activated carbons.
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Properties

	
Unit

	
Powdered Activated Carbon




	
CWZ-22

	
CWZ-30






	
Specific surface area

	
m2 g−1

	
960

	
1134




	
Iodine number

	
mg g−1

	
1032

	
1190




	
Methylene number

	
cm3

	
29

	
30




	
Granulation < 0.06 mm

	
%

	
93

	
90
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Table 2. Retention times and the strongest ions peaks for PAH.
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PAH

	
Molecular Formula

	
Retention Times

	
The Strongest Ions






	
Naphthalene

	
C10H8

	
5.40

	
129




	
128




	
127




	
Acenaphtylene

	
C12H8

	
10.09

	
153




	
152




	
151




	
Acenaphtene

	
C10H10

	
10.76

	
154




	
153




	
152




	
Fluorene

	
C13H10

	
12.96

	
167




	
166




	
165




	
Phenanthrene

	
C14H10

	
17.48

	
179




	
178




	
176




	
Anthracene

	
C14H10

	
17.73

	
179




	
178




	
176




	
Fluoranthene

	
C16H10

	
23.60

	
203




	
202




	
101




	
Pyrene

	
C16H10

	
24.77

	
203




	
202




	
101




	
Benzo(a)anthracene

	
C18H12

	
31.95

	
229




	
228




	
226




	
Chrysene

	
C18H12

	
32.95

	
229




	
228




	
226




	
Benzo(b)fluoranthene

	
C20H12

	
36.17

	
252




	
250




	
126




	
Benzo(k)fluoranthene

	
C20H12

	
36.17

	
252




	
250




	
126




	
Benzo(a)pyrene

	
C20H12

	
41.28

	
252




	
250




	
126




	
Indeno(1,2,3-cd)pyrene

	
C22H12

	
51.78

	
277




	
276




	
138




	
Dibenzo(a,h)anthracene

	
C22H14

	
52.86

	
278




	
277




	
276




	
Benzo(g,h,i)perylene

	
C22H12

	
54.48

	
277




	
276




	
138
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Table 3. Effect of coagulation and adsorption with various agents on selected physicochemical properties of water.
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	Parameter
	Unit
	Surface Water
	Al2(SO4)3
	PAX-XL1910
	PAX-XL19F
	PAX19F + CWZ-30
	CWZ-22 *
	CWZ-30 *





	pH
	-
	7.28
	6.92
	7.08
	7.12
	7.16
	7.23
	7.26



	Color
	mgPt L−1
	40.0
	20.0
	15.0
	10.0
	5.0
	15.0
	10.0



	Turbidity
	NTU
	7.5
	2.1
	1.6
	0.8
	1.3
	-
	-



	TOC
	mgC L−1
	9.1
	6.9
	6.1
	5.6
	5.1
	7.4
	7.0



	Aluminum
	mgAl L−1
	0.03
	0.28
	0.07
	0.07
	0
	0
	0







* analyzed in sample after adsorption filtered through filter paper.
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Table 4. The concentration (ng L−1) of PAH in water after the coagulation process, the adsorption and the coagulation enhanced by powdered activated carbon.
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	PAH
	Detection Limit (ng L−1)
	Water after Modification
	Al2(SO4)3
	PAX-XL1910
	PAX-XL19F
	PAX19F + CWZ-30
	CWZ-22
	CWZ-30





	Benzo(a)pyrene
	0.01
	50.85
	8.06
	15.96
	18.33
	2.15
	25.70
	17.22



	Benzo(b)fluoranthene
	0.01
	49.76
	18.03
	10.01
	11.50
	2.74
	11.78
	13.71



	Benzo(k)fluoranthene
	0.01
	51.99
	26.44
	9.62
	8.83
	2.74
	26.55
	5.58



	Benzo(g,h,i)perylene
	0.01
	51.26
	20.25
	20.93
	6.46
	2.07
	12.46
	19.65



	Indeno(1,2,3-cd)pyrene
	0.01
	50.85
	18.06
	25.97
	4.83
	5.16
	11.10
	27.23



	Σ
	
	203.86
	82.78
	66.53
	31.62
	12.71
	61.89
	66.17



	Naphthalene
	0.05
	58.58
	35.80
	39.33
	36.69
	20.10
	33.20
	35.40



	Acenaphthylene
	0.01
	48.83
	20.18
	24.13
	22.60
	11.61
	28.90
	19.01



	Acenaphthene
	0.01
	49.24
	15.50
	20.38
	19.4
	13.77
	27.12
	20.95



	Fluorene
	0.01
	52.59
	22.84
	12.81
	21.01
	10.63
	22.58
	20.59



	Phenanthrene
	0.01
	48.39
	17.88
	14.43
	16.32
	13.77
	20.68
	18.00



	Anthracene
	0.01
	48.52
	20.03
	16.01
	16.49
	9.73
	17.77
	17.70



	Fluoranthene
	0.01
	51.99
	20.44
	9.61
	8.82
	2.53
	16.69
	5.87



	Pyrene
	0.01
	51.27
	20.25
	17.93
	6.46
	2.06
	12.45
	5.99



	Benzo(a)anthracene
	0.01
	50.88
	18.06
	21.76
	6.63
	2.15
	13.04
	8.12



	Chrysene
	0.01
	50.59
	15.50
	15.08
	17.18
	2.01
	13.20
	8.37



	Dibenzo(a,h)anthracene
	0.01
	51.26
	19.15
	19.03
	6.32
	2.10
	19.35
	17.64











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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