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Abstract:

 The simple and simultaneous determination of silicic, boric and carbonic acids was made using ion-exclusion chromatography (IEC) and a Corona™ charged aerosol detector (C-CAD). Silicic and boric acids were separated by the column packed with a weakly acidic cation-exchange resin in H+-form and ultra-pure water eluent, and the detector responses were improved by the addition of acetonitrile to eluent. Under the optimized conditions, the simultaneous determination of weak inorganic acids, except for carbonic acid, was successfully performed. When the conversion column packed with a strong acidic cation-exchange resin in Na+- or K+-form was inserted between the separation column and the detector, weak inorganic acids including carbonic acid could be detected by the C-CAD. The calibration curves were linear in the range of 0.5–10 mg·L−1 as Si for silicic acid (r2 = 0.996), 10–100 mg·L−1 as B for boric acid (r2 = 0.998) and 1.3–21 mg·L−1 as C for carbonic acid (r2 = 0.993). The detection limits based on three times the standard deviation were 0.03 mg·L−1 as Si for silicic acid, 0.40 mg·L−1 as B for boric acid and 0.08 mg·L−1 as C for carbonic acid. This method was applicable to river, hot spring and drinking water.
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1. Introduction


Silicon, boron and carbon are ubiquitously present in the natural environment. These elements play important roles in geochemical and biological cycles. For example, silicon dioxide, one of the chemical form of silicon, is the most abundant component of the earth’s crust and undergo physical and chemical weathering. The dissolved silicon by the weathering is transported via rivers to the oceans, where it is taken up biologically to form carbonate and biogenic silica in the tissues and skeletons of plankton [1]. On the other hand, silica is a fundamental constituent of a wide range of ceramic products, glasses, abrasives, refractory materials, fillers in paints and optical components [2]. Boron [3] and carbon [4] are also the components of earth’s crust and are known to play important roles in the natural geochemical cycles as well as in industry. In the aquatic environment, the dissolved chemical forms of silicon, boron and carbon are mainly silicic, boric and carbonic acids, which are oxide forms. These dissolved chemicals are classified in terms of weak inorganic acids, because the logarithmic dissociation constants of silicic (pKa1 = 9.5, pKa2 = 12.6), boric (pKa = 9.3) and carbonic acids (pKa1 = 6.3, pKa2 = 10.3) [5] are around or more than 6. Therefore, they are present in partially dissociated or un-dissociated forms in natural water displaying a neutral pH.



The determinations of these acids in natural water have been individually performed by the spectrophotometry based on the specific chemical derivatization with molybdate for silicic acid and with curcumin or carmine for boric acid, and by the neutralization titration method for carbonic acid [6]. Inductively coupled plasma atomic emission spectroscopy (ICP-AES) and inductively coupled plasma mass spectroscopy (ICP-MS) are also useful methods for the determination of silicic and boric acids [7,8].



Ion chromatography (IC) is known to be powerful method for the separation and determination of ionic species simultaneously, and ion-exclusion chromatography (IEC) is a very useful technique for separating relatively small weak acids [9]. While the IEC with a conductivity detector was a simple analytical system for the determination of silicic [10], boric [11] and carbonic [12] acids, the IEC with spectrophotometric detection was preferred due to the low conductimetric sensitivity depending on the limiting equivalent ionic conductance. The post-column derivatization by using molybdate for silicic acid [13,14,15] and azomethine H for boric acid [16] following the separation using IEC had been applied to improve the analytical sensitivity. However, these analytical systems were complicated by requiring an additional pump for chromogenic reagent, and none of them were for simultaneous multicomponent determination of silicic, boric and carbonic acids.



Recently, a charged aerosol detector (CAD) has been developed as a universal and aerosol-based detector for high performance liquid chromatography (HPLC) [17,18,19]. This detector is used for the detection of poor UV chromophores and non- and semi-volatile compounds including amino acids antibiotics, carbohydrates, fatty acids, hormones, lipid pharmaceuticals, phospholipids, surfactants and steroids [20]. For cations and anions as pharmaceutical counterions, zwitterionic chromatography [21], hydrophilic interaction chromatography [22] and mixed-mode chromatography [23] with a CAD had already been developed. In our previously study, the selective separation and sensitive detection of dissolved silicon and boron in aqueous phase using an IEC and a Corona™ CAD (C-CAD) was developed by combining an electrodialysis ion isolation device (EID) as a salt remover [24]. Although this method is effective for the simultaneous determination of dissolved silicon and boron in highly salty water such as seawater and hot spring water without derivatization reaction, the EID system was specially hand-made and intricate in construction.



The purpose of this study was to achieve a simple and the simultaneous determination of silicic, boric and carbonic acid in natural water by using IEC and the C-CAD. The separation column used in this study was developed for the simultaneous determination of common anions and cations that are separated by ion-exclusion and cation-exchange mechanisms, respectively [25,26,27]. Silicic and boric acids could be separated from strong acid anions through the separation column and be detected by the C-CAD, but carbonic acid could not be detected. Using the conversion column packed with strongly acidic cation-exchange resin in Na+- or K+-form, the simultaneous determination of silicic, boric and carbonic acids has been accomplished by IEC and the C-CAD.




2. Materials and Methods


2.1. Chemicals and Reagents


All reagent-grade or analytical-grade chemicals used in this study were purchased from Wako Pure Chemical Industries Ltd. (Osaka, Japan). Commercial standard solutions of phosphoric (1000 mg·L−1 as P, KH2PO3 in water), silicic (1000 mg·L−1 as Si, Na2SiO3 in 0.2 mol·L−1 Na2CO3) and boric (1000 mg·L−1 as B, H3BO3 in water) acids were used as a stock standard solution. The concentration of carbonic acid dissolving in the standard solution of silicic acid was determined by other ion chromatographic method [12] using the diluted standard solution of sodium bicarbonate (1000 mg·L−1 as C, Na2CO3 in water). Ultra-pure water (>18 MΩ·cm, Organo Co., Suwa, Japan) was used as an eluent and for the preparation of the standard solution and the reagent.




2.2. Apparatus


The ion chromatograph system consisted of dual pump (DP-8020, Tosoh Co. Ltd., Tokyo, Japan), on-line degasser (SD-8022, Tosoh Co. Ltd., Tokyo, Japan), column oven (CO-8020, Tosoh Co. Ltd., Tokyo, Japan) and a Corona™ charged aerosol detector (Corona™ CAD, ESA Biosciences Co., Chelmsford, MA, USA). Operating conditions of the C-CAD were as follows: N2 gas flow rate, 1.53 L·min−1; N2 gas flow ratio, 0.46; corona voltage, 2.31 kV; corona current, 1.0 μA; ion trapping voltage, 20.3 V; and gas pressure 35 psi. These apparatuses, except for the detector, were controlled, and the detector signal was collected with a chromatographic workstation (LC-8020 Model-II, Tosoh Co. Ltd., Tokyo, Japan). The injector was a manual six-way valve equipped with a 100 μL sample loop. The typical flow rates of the eluent were 0.6 mL·min−1. Purified N2 gas (99.999%) was used for the C-CAD. The column oven temperature was set at 45 °C.




2.3. Columns


The separation column used in this study was a Tosoh TSKgel Super IC-A/C (150 mm length × 6.0 mm i.d.) packed with a polymethacrylate-based weakly acidic cation-exchange resin (0.2 mequivalent·mL−1 cation exchange capacity). This column was conditioned by passing through 20 mL of 100 mmol·L−1 H2SO4 solution to a cation-exchange resin in the H+-form. A conversion column (35 mm length × 4.0 mm i.d.) for counter ions of analytes used in this study was packed with a polystyrene-divinylbenzene-based strongly acidic cation-exchange resin (5 μm particle size, 1.5 mequivalent·mL−1 cation exchange capacity) of TSKgel SCX (Tosoh Co. Ltd., Tokyo, Japan) via the slurry technique. This column was conditioned by passing through at least 20 mL of a 100-mmol·L−1 NaCl or KCl solution to a strongly acidic cation-exchange resin in Na+- or K+-form. These column were kept in the column oven and were equilibrated with eluent for 1 h before chromatographic runs.




2.4. Natural Water Samples


River and hot spring water samples were collected within Hokkaido, Japan. The temperature of the hot spring water was 43 °C. Commercial drinking water samples in polyethylene terephthalate (PET) bottles were purchased from a market store. These water samples were filtered through a cellulose acetate syringe filter with 0.45-μm pore size (Minisart®, Sartorius Stedim Biotech GmbH, Göttingen, Germany) and were stored in the dark at 4 °C until analysis.





3. Results


3.1. Ion-Exclusion Chromatography with the C-CAD of Weak Inorganic Acids with a Water Eluent


To optimize the analytical conditions for the separation and detection of weak inorganic acids, the retention behavior and detector responses were examined by using ultra-pure water as an eluent. The retention times of weak inorganic acids decreased gradually on increasing the eluent flow rate ranging from 0.2 to 1.0 mL·min−1, and the elution order was phosphoric acid, silicic acid and boric acid (Figure 1), while the peak of carbonic acid could not observed for at least 30 min in any case. Additionally, the detector response of these acids remained unchanged. The separation of weak acids by ion-exclusion chromatography on cation-exchange column mainly depended on the pKa1 values of acids in the ranges 1.3–6.4 [28]. The dominant proportion of phosphoric acid is dihydrogen phosphate ion (H2PO4−) and hydrogen phosphate ion (HPO42−) in water eluent, showing that these ions were almost completely ion-excluded. While both acids would be present as un-dissociated forms in water eluent and fully penetrate to the liquid within the resin, the elution of the silicic acid was faster than that of boric acid. In addition to liquid partition, it has been suggested that other mechanisms such as hydrophobic adsorption, screening effect, solute effective charge, resin structure and number of functional group [29] have an influence on the retention of weak inorganic acids. Although the attraction of weak inorganic acids to the stationary phase could be affected by the hydrophobic adsorption of common inorganic acids on resin, which are well-known as a side-effect in the separation by IEC with a polymeric resin [30,31], the detailed mechanism will be the subject of future work. In the separation column packed with cation-exchange resin in H+-form, the anions were converted to the corresponding acid [9]. Because carbonic acid molecular formed in the separation column would be decomposed into carbon dioxide and water in the drying tube of the C-CAD, carbonate ion could not be detected. Other anions would transforms the liquid phase into small droplets in the drying tube and be detected. While silicic and boric acids could be completely separated for any case of flow rate in this study, those in some natural water could not be separated from the strong acid anions (i.e., SO42−, Cl− and NO3−) at higher flow rate of eluent. In terms of adequate separation and time-consuming, the optimized flow rate was set at 0.6 mL·min−1 in this study.


Figure 1. Chromatograms of four weak inorganic acids with eluent flow rate at (a) 1.0 mL·min−1; (b) 0.8 mL·min−1; (c) 0.6 mL·min−1; (d) 0.4 mL·min−1 and (e) 0.2 mL·min−1. Conditions: separation column, polymethacrylate-based weakly acidic cation-exchange resin column TSKgel Super IC-A/C (150 mm length × 6.0 mm i.d.); eluent, ultra pure water; injected sample, a mixture solution of 10 mgP·L−1, 10 mgSi·L−1, 100 mgB·L−1 and 21 mgC·L−1; injected volume, 100 μL; column temperature, 45 °C. Peaks identification: 1, phosphoric acid; 2, silicic acid; 3, boric acid.
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3.2. Effect of Acetonitrile Addition to a Water Eluent on the Detector Response of Weak Inorganic Acids


The volatility of the mobile phase have an effect on the detector response of compound due to the improvement of droplet formation within the nebulizer spray chambers system and of mobile phase evaporation in the drying tube [19]. In this study, 5%–20% of acetonitrile in the eluent were examined, because more than 20% of acetonitrile have a bad influence on the column robustness, as suggested by Tosoh Corporation. Increasing the percentage of acetonitrile in water mobile phase significantly increased the detector response of analytes where the retention times of all analytes were almost unchanged (Figure 2). In the following experiment, the concentration of acetonitrile in the eluent was set to 15% in order to increase column robustness. Finally, the detector responses could be improved 2.1-fold for phosphoric acid, 2.3-fold for silicic acid and 1.4-fold for boric acid by the addition of acetonitrile to a water eluent.


Figure 2. Effect of acetonitrile concentration in the eluent on the detector responses for phosphoric, silicic and boric acids. Conditions: flow rate of eluent, 0.6 mL·min−1.Other conditions are the same as in Figure 1.
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Under the optimized separation and detection conditions, the typical chromatogram was shown in Figure 3. The separation of silicic and boric acids from strong acid anions of Br−, I−, NO3−, SO42− and Cl− present in natural waters were successfully performed by IEC with the C-CAD. However, the peaks of strong acid anions, which might be almost completely ion-excluded in the weakly acidic column, were overlapped with that of phosphoric acid. Therefore, the concentration of phosphoric acid in natural waters could not be determined in this study.


Figure 3. Typical chromatograms of (a) a mixture standard solution of phosphoric, silicic, boric and carbonic acids, and the solution of (b) 1 mmol·L−1 NaBr, (c) 1 mmol·L−1 KI, (d) 1 mmol·L−1 KNO3, (e) 0.5 mmol·L−1 Na2SO4 and (f) 1 mmol·L−1 NaCl under the optimized analytical conditions. Other chromatographic conditions are the same as for Figure 2. Peak identification: 1 strong acid anions (Br−, I−, NO3−, SO42− and Cl−) and phosphoric acid; 2, silicic acid; 3, boric acid.
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3.3. Effect of Conversion Column for Simultaneous Determination of Silicic, Boric and Carbonic Acids


It was previously pointed out that carbonic acid converted in the separation column packed with cation-exchange resin in H+-form would be decomposed into carbon dioxide and water in the drying tube of the C-CAD. To detect the carbonic acid using the C-CAD after separating by IEC, the conversion column packed with a strong acidic cation-exchange resin (TSKgel SCX) in Na+- or K+-form was applied. The enhancement of conductivity or UV detection for weak inorganic and organic ions had been performed through the use of post-column ion-exchange reactions [12,32,33,34,35]. Although carbonic acid could not be detected by using the conversion column in H+-form, the weak inorganic acids including carbonic acid were detected by using the conversion column in Na+- or K+-form after the elution of silicic and boric acids (Figure 4). A strong acidic cation-exchange column in Na+- or K+-form can convert carbonic acid as partially ionized form into sodium (NaHCO3) or potassium (KHCO3) salt [12,34]. Passing through the drying tube, the salt particles of NaHCO3 or KHCO3 might be formed, and the charged particles could then be detected by the C-CAD. It was recognized that the carbonic acid spends a significant amount of time residing on the surface of the polymetric resin [36], resulting in the longer retention of carbonic acid than those of silicic and boric acid. Because there were no differences in the retention time and detector response of weak inorganic acids using the conversion columns between Na+- and K+-form, the column in K+-form was used in this study.


Figure 4. Chromatograms of (a) a mixture standard solution of phosphoric, silicic, boric and carbonic acids without conversion column, and the solution with conversion column in (b) H+-form; (c) Na+-form and (d) K+-form. Condition: injected sample, a mixture solution of 10 mgP·L−1, 10 mgSi·L−1, 100 mgB·L−1 and 21 mgC·L−1. Other chromatographic conditions are the same as for Figure 2. Peaks identification: 1, phosphoric acid; 2, silicic acid; 3, boric acid; 4, carbonic acid.
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The durability of the sequence of the columns was investigated, resulting in good repeatability of retention time and detector response of the acids on the chromatographic runs repeated 20 times, as summarized in Table 1.


Table 1. Relative standard deviations of the retention times and peak areas of the analyte acids (10 mg·L−1 as Si for silicic acid, 100 mg·L−1 as B for boric acid and 21 mg·L−1 as C for carbonic acid) on the 20th-repeated chromatographic runs.


	Acid
	Retention Time (%)
	Peak Area (%)





	Silicic acid
	1.03
	3.11



	Boric acid
	1.55
	3.40



	Carbonic acid
	0.39
	3.08










3.4. Analytical Performance Using IEC with the C-CAD


Under the optimized conditions, the analytical performance of this method were evaluated. The calibration curves in linear-coordinate plots of the analyte concentrations versus peak area were not linear. In chromatographic practice, the detector response for CAD typically follows a relationship:


A = aCb



(1)




where A is the peak area, C is the analyte concentration, and a and b are constants depending on detection conditions such as droplet size, solute nature, flow rate and molar volatility [24]. Therefore, the calibration curves were plotted in a log-log fashion of the analyte concentrations versus peak area. The calibration curves of the analyte concentrations versus peak area were linear in the concentration range 0.5–10 mg·L−1 as Si for silicic acid, 10–100 mg·L−1 as B for boric acid and 1.3–21 mg·L−1 as C for carbonic acid, as summarized in Table 2. While the responses of weak inorganic acids by insertion of conversion column was slightly changed, the linearity of calibration curves for silicic (r2 = 0.999) and boric (r2 = 0.998) acids without use of the conversion column were also good. The detection limits of weak inorganic acids based on three times the standard deviations of a lowest standard solution injected 7 times were also good.


Table 2. The linear ranges, the correlation coefficients (r2) of calibration curve, detection limits and recoveries for optimized IEC with the C-CAD of silicic, boric and carbonic acids.


	Acid
	Linear Range (mg·L−1)
	r2
	Detection Limit (mg·L−1)
	Recovery * (%) (min.–max.)





	Silicic acid
	0.5–10
	0.996
	0.03
	101.4 ± 2.7 (98.2–104.6)



	Boric acid
	10–100
	0.998
	0.40
	99.3 ± 3.7 (94.3–103.5)



	Carbonic acid
	1.3–21
	0.993
	0.08
	98.4 ± 4.0 (92.2–102.8)







* mean ± S.D. (n = 5).








For the recovery test, the standard solutions at 5 mg·L−1 as Si for silicic acid, 50 mg·L−1 as B for boric acid and 13 mg·L−1 as C for carbonic acid were added to the mineral water and hot spring water samples. The results of recoveries were very good, as summarized in Table 2. Typical chromatograms for mineral water and hot spring water samples using IEC connecting a conversion column with the C-CAD were shown in Figure 5.


Figure 5. Typical chromatograms of (a) hot spring water (5-times diluted) and (b) drinking water (10-times diluted). Chromatographic conditions are the same as for Figure 2. Peaks identification: 1, phosphoric acid and strong acid anions; 2, silicic acid; 3, boric acid; 4, carbonic acid.
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4. Conclusions


Using a weakly acidic cation-exchange resin in H+-form and a pure-water-based eluent, the simple and simultaneous determination of silicic and boric acids by IEC with the C-CAD was achieved. By inserting the conversion column packed a strong acidic cation-exchange resin in Na+- or K+-form between the separation column and the detector, weak inorganic acids including carbonic acid in natural water by IEC with the C-CAD was accomplished. The effectiveness of the present methods for simultaneous determination for weak inorganic acids in natural water of river, hot spring and drinking water samples were successfully demonstrated without the specific chemical derivatization.
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