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Abstract

:

A novel method utilizing non-aqueous capillary electrophoresis (NACE) with indirect ultraviolet detection (IUD) has been developed for the analysis of five quaternary ammonium compounds (QACs). The QACs analyzed in this study include dodecyl trimethyl ammonium bromide, tetradecyl trimethyl ammonium bromide, dioctyl dimethyl ammonium chloride, octyldecyl dimethyl ammonium chloride and didecyl dimethy ammonium bromide. The separation process was carried out on an uncoated fused quartz capillary with a total length of 50.2 cm (effective length 40.0 cm) and a diameter of 50 μm. The separation buffer consisted of a mixture of MeOH/ACN (90:10, v/v) containing 2 mmol/L sodium acetate, 2 mmol/L trifluoroacetic acid (TFA) and 16 mmol/L dodecyl dimethyl benzyl ammonium chloride. The sample buffer utilized a mixture of MeOH/ACN (20:80, v/v) containing 2 mmol/L TFA. During analysis, a separation voltage of 7 kV was applied, resulting in a current of approximately 2.3 μA. The detection wavelength was set at 214 nm to ensure optimal sensitivity. Under optimal conditions, the method exhibited excellent performance characteristics, with a limit of detection of 0.5 mg/L and a limit of quantitation of 5.0 mg/L for the five QACs. Linear calibration curves were obtained in a concentration range of 5.0 to 100.0 mg/L, with correlation coefficients exceeding 0.999 for all compounds. The recoveries of the five QACs ranged from 92.3% to 114.7%, with relative standard deviations below 7.4%. To assess the applicability of the NACE-IUD method, 17 commercially available samples were successfully analyzed. The results confirmed the suitability of the method for accurate determination of the five QACs in disinfectant products. Notably, this method offers an environmentally friendly approach for the analysis of these QACs.
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1. Introduction


Quaternary ammonium compounds (QACs) are extensively utilized as the main active ingredients in various applications, including household products, food processing, clinical environments and personal care items, like hand sanitizer and disinfectant wipes. These compounds exhibit broad-spectrum antimicrobial effects against bacteria, fungi and viruses [1]. Typically, the recommended working concentration of QACs does not exceed 1000 mg/L [2]. For terminal disinfection in intensive care units, surface wiping with concentrations of 1000–2000 mg/L is advised [3]. QACs consist of positively charged nitrogen atoms linked to alkyl chains, primarily methyl or benzyl groups [4]. To enhance water solubility, hydrophilic parts of QACs are often composed of chloride ions (Cl−) or bromide ions (Br−). Based on their chain segment structures, QACs can be classified as single long-chain, double long-chain, heterocyclic and gemini compounds [5]. Single long-chain QACs, such as dodecyl trimethyl ammonium bromide (DTAB) and tetradecyl trimethyl ammonium bromide (TTAB), possess effective antibacterial properties and typically contain one alkyl chain (n ≥ 8). The length of the alkyl chain is related to the antimicrobial efficacy, with QACs featuring an alkyl chain length of 12–16 exhibiting the strongest effects [6]. Double long-chain QACs exhibit enhanced antimicrobial activity against Gram-positive bacteria compared to single long-chain compounds [7]. Didecyl dimethy ammonium bromide (DDAB) represents a type of double long-chain QAC that is considered safer and less harmful than single long-chain QACs [8,9]. Dioctyl dimethyl ammonium chloride (DDAC) and octyldecyl dimethyl ammonium chloride (ODAC) are synthesized by modifying the functional groups and anions of single long-chain QACs. Approximately 36% of disinfectant formulations contain mixtures of QACs with different alkyl chain lengths and other adjuncts to enhance antibacterial efficacy [10,11].



In China, the State Administration for Market Regulation permits the use of DTAB, TTAB, DDAC, ODAC and DDAB (Table 1) in disinfectants [12]. These five QACs exhibit good water solubility and strong polarity, enabling the formation of micelles in aqueous solution at low concentrations. Various methods, including titration [13] and ion-selective electrode potentiometric titration [14], have been recommended or reported for determining the total content of QACs. However, these methods cannot differentiate between QAC species or measure their individual content accurately. Additionally, colorful or cloudy samples may affect the visual determination of the titration endpoint. Although potentiometric titration avoids color interference and the use of indicators, the surfactant electrode’s lifetime is reduced by common additives like ethanol in disinfectants, leading to increased analysis costs. High-performance liquid chromatography (HPLC) is often coupled with a universal detector, such as ultraviolet detectors (UV) [15], evaporative light-scattering detectors (ELSDs) [16] or mass spectrometry detector (MS) [17], to detect, identify and quantify QAC species in disinfectant products. MS detectors offer high sensitivity for analyzing QAC residues in food or environmental samples. However, when analyzing disinfectant samples containing QACs at % levels [18], the samples must be diluted at least 104 times, resulting in significant error amplification. Moreover, MS detectors are more expensive than UV detectors, and their operation requires skilled professionals. The strong adsorption characteristics of QACs often lead to peak tailing when using HPLC with an initial mobile phase of 45% acetonitrile [16]. QACs can also contaminate the ion source, necessitating frequent cleaning, which is a cumbersome process and reduces the ion source’s lifespan. The lack of chromophore makes UV detection unsuitable for these five QACs since they do not exhibit significant ultraviolet absorption.



Capillary electrophoresis (CE) is a cost-effective, environmentally friendly and high-resolution technique for charged analytes [19,20]. CE is typically performed using aqueous buffers, but for QACs with poor water solubility, the use of a non-aqueous solvent as the separation medium offers advantages [21]. Indirect UV detection is a simple method for analyzing QACs without chromophores, eliminating the need for a derivatization step to convert the analytes into a UV-responsive state [22]. Previous studies have employed non-aqueous CE with indirect UV detection to separate and determine QACs. Weiss et al. achieved the simultaneous separation of four single long-chain QAC homologues using a 57.5% tetrahydrofuran–phosphate buffer system and determined TTAB in disinfectants, with the theoretical plate number for DTAB exceeding 1.5 × 105/m [23]. Shamsi et al. utilized a borate buffer containing methanol to simultaneously analyze DDAB with tetraethylammonium, 2-chloroethyltrimethylammonium chloride, tetrabutylammonium and tetrahexylammonium [24]. Heinig et al. improved upon Weiss et al.’s work by using 50% tetrahydrofuran and pH 4.4 phosphate buffer solution to achieve the simultaneous separation and determination of four single long-chain QAC homologues and three double long-chain QAC homologues in facial cleanser samples [25]. Liu et al. added sodium dodecyl sulfate to Heinig et al.’s separation buffer, enabling the simultaneous separation of the four single long-chain QAC homologues and four double-long-chain QAC homologues in hair conditioner and liquid fabric-softener samples [26]. Koike et al. employed a phosphate buffer (pH 2.0) containing 50% acetonitrile to simultaneously analyze 24 single long-chain QAC homologues, including C8–C18 alkylbetaines and alkylamidopropylbetaines, in hand sanitizer and shampoo samples [27]. Moreira et al. developed non-aqueous microchip electrophoresis and a capacitively coupled contactless conductivity detection method utilizing a mixture of methanol and acetonitrile and sodium deoxycholate to efficiently separate 10 quaternary ammonium salts. This method was employed to determine the corrosion inhibitor in oil pipeline coatings, yielding theoretical plate numbers of 8.7 × 104–3.0 × 105/m [28]. These studies demonstrate that the non-aqueous separation system, wherein the separation and the sample buffers are prepared using organic solvents, effectively minimizes analyte adsorption to the capillary’s inner wall, resulting in higher separation efficiency.



Considering that the National Standard GB 38598-2020 requires the labeling of active ingredient contents in disinfectants, stable active ingredients like QACs must fall within 90–110% of the specified value [29] to ensure disinfection efficacy. However, results obtained through the simple National Standard titration method often deviate from the declared content range, emphasizing the need for an NACE-IUD method that minimizes QAC adsorption to enhance determination accuracy. Ensuring that the QAC content matches the label is crucial for maintaining product quality and disinfection efficacy. Thus, the present study aimed to develop a simple NACE-IUD method for the simultaneous separation and determination of these five QACs in commercial disinfectant products.




2. Materials and Methods


2.1. Reagents and Chemicals


The chemicals used in this study were purchased from reputable suppliers and were of analytical reagent grade, unless otherwise specified. Sodium hydroxide, phosphoric acid, sodium dihydrogen phosphate and anhydrous sodium acetate were purchased from China National Pharmaceutical Group Co., Ltd. (Beijing, China). Methanol (MeOH, chromatographic grade), acetonitrile (ACN, chromatographic grade), glacial acetic acid (ACS grade) and trifluoroacetic acid (TFA, ACS grade) were all obtained from Merck (Shanghai, China). Dodecyl trimethyl ammonium bromide (DTAB, purity 99.0%), tetradecyl trimethyl ammonium bromide (TTAB, purity ≥ 99.0%), dioctyl dimethyl ammonium chloride (DDAC, purity 99.0%), octyldecyl dimethyl ammonium chloride (ODAC, purity 98.0%), dodecyl dimethyl ammonium bromide (DDAB, purity 98.0%) and dodecyl dimethyl benzyl ammonium chloride (DDBAC, purity ≥ 95%) were supplied by Aladdin Biochemical Technology Co., LTD (Shanghai, China). Ultrapure water was obtained from a Milli-Q purification system (Millipore, Bedford, MA, USA) with a specific resistance of 18.2 MΩ.



The stock mixed standard solutions of the QAC (10 g/L) were prepared by dissolving 100.0 mg of each QAC standard in 10 mL of ACN and stored at −20 °C. Working mixed standard solutions of 1 g/L were prepared by diluting the stock solutions with ACN. Mixed standard solutions at different concentrations (5.0, 10.0, 20.0, 40.0, 60.0, 80.0 and 100.0 mg/L) were obtained from the working mixed standard solutions by dilution with sample buffer, which consisted of a mixture of MeOH and ACN in a 20:80 ratio (v/v) and contained 2 mmol/L TFA. All solutions, including stock solutions and mixed standard solutions, were stored at 4 °C.




2.2. Sample Preparation


For liquid samples:



Transfer 0.2 mL of the liquid samples to a 10 mL centrifuge tube. Dilute the sample by adding 1.8 mL of sample buffer (MeOH/ACN, 20:80, v/v, containing 2 mmol/L TFA) to the centrifuge tube. Vortex the tube for 30 s to ensure thorough mixing. Repeat the above steps for a total of three replicates. Analyze each replicate separately.



For wet tissue samples:



Squeeze the liquid from the wet tissue into a 2 mL centrifuge tube. Transfer 0.2 mL of the liquid sample to a 10 mL centrifuge vial with a cap. Dilute the sample by adding 1.8 mL of sample buffer (MeOH/ACN, 20:80, v/v, containing 2 mmol/L TFA) to the centrifuge vial. Vortex the vial for 30 s to ensure thorough mixing. Repeat the above steps for a total of three replicates. Analyze each replicate separately.



Note: if the measured concentrations of QACs in the samples are higher than the upper linearity range of the method, additional dilutions should be performed. Serially dilute the 0.2 mL liquid sample with 1.8 mL of sample buffer until the measured concentrations fall within the linearity range of the method.




2.3. Instrumental Analysis


The analysis was performed using a PA 800 Plus CE apparatus (Beckman Coulter, United States) equipped with a diode array detector (DAD). The CE system utilized an uncoated fused quartz capillary with the following specifications: 50 μm internal diameter, 50.2 cm total length and 40.0 cm effective length. The capillary was obtained from Yongnian Ruifeng Chromatographic Device Co., Ltd. (Handan, China). The operating temperature of the cartridge was set at 25 °C. The electrophoretic separation voltage applied during analysis was 7 kV, while the operating current was maintained at 2.3 μA. The detection wavelength used for monitoring the analytes was 214 nm. During the injection process, the sample was introduced into the capillary using a pressure of 0.5 psi, and the injection time was 14 s. The separation buffer employed for the CE analysis consisted of a mixture of MeOH and ACN in a ratio of 90:10 (v/v). The buffer also contained 2 mmol/L sodium acetate, 2 mmol/L TFA and 16 mmol/L DDBAC. Before the initial use of a new capillary, it underwent a washing procedure to ensure its cleanliness. The capillary was sequentially flushed with 1 mol/L NaOH aqueous solution for 30 min, followed by ultrapure water for 2 min and, finally, with the separation buffer for 5 min. Between consecutive runs, the capillary was preconditioned with the separation buffer for 3 min. This step aimed to ensure the stability of the baseline, reproducibility of the corrected peak area and migration time of each analyte in order to obtain reliable and consistent results.




2.4. Method Validation


In the analysis, several validation parameters were assessed, including the limit of detection (LOD), limit of quantitation (LOQ), linearity, recovery and precision.



The LOD and LOQ of the five QACs were determined based on the spiked concentrations that corresponded to signal-to-noise ratios of 10 and 3, respectively. This means that the LOD is the lowest concentration of the analyte that can be reliably detected, while the LOQ is the lowest concentration that can be accurately quantified. To establish the linearity of the method, a linear regression equation was constructed. The corrected peak area, which is obtained by dividing the peak area by the migration time, was plotted on the y-axis, while the seven different concentrations (5.0, 10.0, 20.0, 40.0, 60.0, 80.0 and 100.0 mg/L) of the mix standard solutions were plotted on the x-axis. This regression equation helps determine the relationship between concentration and response, enabling accurate quantitation of unknown samples within the linear range. Recovery was evaluated by analyzing samples spiked with QACs at concentrations of 20, 40 and 60 mg/L. The recovery is calculated as the measured concentration of the spiked samples divided by the spiked concentration of the standard solution, expressed as a percentage. This parameter assesses the accuracy and efficiency of the method in extracting and quantifying the analytes from the sample. Precision was expressed as the relative standard deviation (RSD), which indicates the variability in the results. Intra-day RSD was calculated by using the recoveries of seven replicates analyzed within a single day, while inter-day RSD was calculated by using the recoveries from three consecutive days. These RSD values provide information about the reproducibility and reliability of the method over time.



Overall, these validation parameters help assess the sensitivity, accuracy, linearity and precision of the analytical method used for the determination of QACs in the samples.




2.5. Application in Real Samples


The developed NACE-IUD method was employed to detect five QACs in 17 commercially available disinfectant products. These products were obtained from local supermarkets or online stores and included a variety of disinfectant items, such as laundry detergents, hand sanitizers, skin cleaners, disinfectants and disinfectant wet wipes. In order to prepare the samples for analysis, certain steps were followed. If needed, the samples were heated and dried to remove any excess moisture. Subsequently, they were redissolved using the sample buffer. After redissolution, the samples were appropriately diluted for injection into the CE system. By applying the NACE-IUD method to these samples, the presence and concentrations of the five QACs could be determined. This allowed for the evaluation of the QAC content in different types of disinfection products available on the market.





3. Results and Discussion


3.1. Optimization of Separation Buffer


3.1.1. Organic Solvent and Its Content


In the analysis of QACs using CE, the concentrations of QACs can reach levels where they tend to aggregate and form micelles when dissolved in aqueous solutions, particularly when the concentrations exceed the critical micelle concentration (CMC) [30]. The CMC of QACs typically falls within the range of micromolar (μmol/L) to millimolar (mmol/L) concentrations. Although organic solvents can disrupt the formation of micelles, complete destruction of micelles is not achievable when the total concentration of QACs is high. The presence of micelles can result in issues, such as tailing peaks, poor separation efficiency and inconsistent migration times. To address these challenges and improve separation efficiency, the addition of organic solvents to the CE system is necessary. In this case, organic solvents, such as MeOH and ACN, were used to increase the solubility of QACs, disrupt micellle formation and reduce QAC adsorption onto the capillary inner wall. The addition of organic solvents also helps improve the stability of migration time and baseline in the CE system [23,24,25,26,27]. To optimize the separation efficiency, different proportions of MeOH and ACN were tested. Pure MeOH or ACN resulted in issues, such as drifting baselines or increased noise signals. However, when gradually increasing the proportion of ACN in a mixture of MeOH and ACN, better results were obtained, including a more stable baseline, improved peak shapes and reduced migration time variations. It is important to note that the choice of MeOH and ACN in the separation buffer was influenced by several factors. When the volume ratios of MeOH and ACN exceeded 90:10 (v/v), the CE equipment’s current became unstable or even interrupted, preventing the proper execution of the separation procedure. Based on the experimental results, a MeOH and ACN mixture with a volume ratio of 90:10 (v/v) was selected as the optimal composition for the separation buffer in order to achieve stable baselines, well-defined peaks and consistent migration times during the analysis of QACs using CE.




3.1.2. Ultraviolet Absorption Agent and Its Concentration


In the absence of a chromophore in the five QACs, indirect UV detection was employed for their analysis. Indirect UV detection involves the use of an ultraviolet absorption agent as a background electrolyte, which serves as the chromophore [31]. The analytes cause a change in the background signal, and this change is detected. In this case, DDBAC was used as an ultraviolet absorption agent in the aqueous separation buffer to facilitate the detection of QACs without chromophores [23,27]. When the QACs pass through the DAD, their presence results in a decrease in absorbance, which is detected as negative peaks. To visualize these negative peaks as positive peaks, the output is reversed using the P/ACE station software. To optimize the performance of the indirect UV detection method, different concentrations of DDBAC were investigated while keeping other CE conditions unchanged. Concentrations of DDBAC ranging from 8 to 18 mmol/L were tested. It was observed (Figure 1) that as the concentration of DDBAC increased, the separation, migration time and sensitivity of the five QACs also improved. The chromatographic peak symmetry was enhanced with high DDBAC concentrations. However, it was found that when the DDBAC concentration reached 18 mmol/L, the increase in sensitivity was not significant, and the working current of the CE equipment was prone to interruptions. Additionally, an increase in baseline noise was observed in proportion to the absorbance. Therefore, based on these findings, a concentration of 16 mmol/L DDBAC was determined to be the optimal choice. This concentration provided a balance between sensitivity, stability and baseline noise for the analysis of the five QACs.




3.1.3. Conjugated Acid–Base Pair and Their Concentration


In CE, it is necessary to include a conjugated acid–base pair in the separation buffer to enhance electrical conductivity and decrease the CMC. Commonly used electrolytes for this purpose include sodium acetate, sodium phosphate, sodium dihydrogen phosphate and ammonium acetate. In this study, sodium acetate was chosen for its compatibility with the solvents and its potential for sample stacking effects. The concentration of sodium acetate was investigated while keeping other CE conditions constant. Concentrations of 1, 2 and 3 mmol/L of sodium acetate were tested. Increasing the concentration of sodium acetate has the effect of reducing the electroosmotic flow (EOF) in CE. This reduction in EOF leads to an increase in the effective separation distance and improves the separation efficiency. Figure 2 illustrates these improvements. However, it was observed that the working current of the CE equipment became unstable when 3 mmol/L of sodium acetate was used. Moreover, high ionic concentrations can generate a Joule heat effect, which can result in flat peaks and low resolution [32]. Based on these findings, a concentration of 2 mmol/L of sodium acetate was chosen for further study. This concentration provided a balance between reducing the EOF, improving separation efficiency and maintaining a stable current without generating excessive heat.



In the CE separation buffer, the choice of acid is limited when the concentration of sodium acetate is low (2 mmol/L). The three most commonly used acids in this context are acetic acid, trichloroacetic acid and TFA. As the acidity increases, the pH of the separation buffer decreases, leading to the full suppression of the ionization of hydroxyl groups on the inner wall of the quartz capillary. This results in a decrease in charge density and EOF of the CE system [33]. Among the three acids, TFA was selected for the separation buffer due to its superior chromatographic performance for the five QACs being analyzed. The concentration of TFA was investigated at 1, 2 and 3 mmol/L, respectively. Considering factors, such as signal response, chromatographic separation and apparatus stability, the final choice was determined to be 2 mmol/L of TFA in the conjugated acid–base pair in the separation buffer. This concentration proved to be the optimal performance for the analysis of the five QACs.





3.2. Optimization of Sample Buffer


3.2.1. The Choice of the Type and Concentration of Organic or Inorganic Acid


To ensure effective sample stacking and achieve narrower and sharper peak shapes, the conductivity of the sample buffer should be relatively lower than that of the separation buffer. In this study, the sample buffer was optimized considering the 2 mmol/L concentration of sodium acetate and the choice of acid. Acetic acid, trichloroacetic acid and TFA were considered as options for the sample buffer. As mentioned above, the decrease in pH due to increased acidity in the separation buffer leads to weaker capillary wall dissociation, lower charge density and decreased EOF [33]. Considering the best chromatographic performance of the five QACs, TFA was selected as the acid in the separation buffer. Now, for the sample buffer, the concentration of TFA was investigated at 1, 2 and 3 mmol/L, respectively. After evaluating factors, such as signal response, separation efficiency and CE stability, it was determined that 2 mmol/L of TFA in the sample buffer provided high signal response, good separation performance and stable CE conditions. Therefore, the optimal concentration of the organic acid in the sample buffer was determined to be 2 mmol/L of TFA, considering the overall performance of the analysis.




3.2.2. The Choice of Solvent and Its Content


In order to ensure quantitative accuracy and precision, the type and content of the solvent in the sample buffer were thoroughly investigated. The solvent in the sample buffer plays a crucial role in the analysis [34]. To determine the optimal solvent type and its content in the sample buffer, various combinations were tested while keeping the other CE conditions constant, as mentioned in Section 2.3. The solvent options include 100% MeOH, 100% ACN and different volume ratios of MeOH and ACN mixtures (10:90, 20:80, 40:60, 50:50, 60:40, 70:30, 80:20 and 90:10, v/v). It was observed that the electric current became unstable when using sample buffers consisting of 100% MeOH, 100% ACN or MeOH/ACN mixtures with a ratio of 10:90 (v/v). Additionally, an increase in the MeOH content in the MeOH/ACN mixture led to decreased sensitivity and increased migration time of the five QACs. This can be attributed to the fact that ACN is more effective than MeOH in disrupting micelles [35]. Based on these observations, the optimal solvent in the sample buffer was determined to be a mixture of MeOH and ACN with a proportion of 20:80 (v/v). This composition provided stability in the electric current and ensured suitable sensitivity and migration time for the analysis of the five QACs.





3.3. Optimization of Separation Voltage


The separation voltage plays a significant role in the migration time of analytes and the separation efficiency in CE [36]. In this study, the effect of different separation voltages on the analysis of the five QACs was investigated. Various separation voltages, ranging from 5 kV to 9 kV, were tested, while keeping the previously selected conditions constant. It was observed that the migration time of the analytes and the separation efficiency were noticeably influenced by the separation voltage. Higher separation voltages generally result in shorter migration times for the analytes. However, an increase in voltage also leads to an elevation in Joule heat, which can disturb the baseline and cause undesirable effects [37]. On the other hand, lower separation voltages tend to broaden the electrophoretic peaks of the QACs and reduce the overall separation efficiency. Considering that NACE typically exhibits lower electric current and Joule heat compared to aqueous CE [38], higher separation voltage can be used in this study. However, it was observed that when the separation voltage was lower or higher than 7 kV, the peak symmetry decreased, peak broadening occurred and instability in the noise signal was observed (Figure 3). Based on these observations, 7 kV was determined as the optimal separation voltage in this study. This voltage provided a good compromise between sensitivity, separation efficiency and stability, ensuring satisfactory peak symmetry and minimizing peak broadening and noise instability.




3.4. Method Validation


The LOD and LOQ values were determined for the five QACs (DTAB, TTAB, DDAC, ODAC and DDAB) using the developed NACE-IUD method. The LOD was found to be 0.5 mg/L, while the LOQ was 5.0 mg/L for all five QACs.



The linearity range of the method was determined to be 5–100 mg/L, and the correlation coefficients for the calibration curves were all above 0.9991 (Table 2), indicating a strong linear relationship between the concentration of the QACs and their corrected peak areas. Table 3 presents the recovery results for fortified samples of the five QACs at different concentrations. The recoveries ranged from 92.3% to 114.7% for the spiked concentration of 20–60 mg/L. The intra-day relative standard deviations (RSDs) were between 0.4% and 3.8%, while the inter-day RSD ranged from 0.9% to 7.4%. These results demonstrate good recovery and precision of the NACE-IUD method. To evaluate the selectivity of the method, electropherograms of a blank disinfectant sample, mixed standard solution of the five QACs and spiked samples were compared. Figure 4 shows that no interference peaks were observed near the migration time of each QAC, indicating good selectivity of the method. The separation of the five QACs was achieved in less than 16 min with good resolution. The calculated theoretical plate numbers for DTAB, TTAB, DDAC, ODAC and TTAB were 97,907, 122,734, 139,955, 121,930 and 145,824, respectively, indicating high separation efficiency. The resolution values between DTAB and TTAB, TTAB and DDAC, DDAC and ODAC and ODAC and DDAB were 2.382, 1.635, 2.379 and 2.205, respectively. These values are favorable for accurate integration and quantitation of the peaks.




3.5. Application in Real Samples


The developed NACE-IUD method was successfully applied to analyze seventeen commercially available disinfectant products. These products represented a wide range of disinfection applications. The electropherograms of the samples were compared with those of the standard solutions to identify the presence of the five QACs. The detection rate of DDAB in the samples was 100% (17/17), indicating that DDAB is a commonly used component in disinfection products. On the other hand, the detection rates for ODAC, DDAC, TTAB and DTAB were lower, with 52.9% (9/17), 47.1% (8/17), 11.8% (2/17) and 11.8% (2/17), respectively. This suggests that these QACs were present in a smaller number of disinfection products. The concentrations of these five QACs in the disinfectant products varied widely, ranging from 0.01 to 30.7 g/L on average (Table 4). This indicates the presence of different levels of QACs in the tested products, with some products containing higher concentrations than others. Overall, the results demonstrate the practicality of the NACE-IUD method for the analysis of QACs in commercially available disinfectant products. It provides valuable information about the presence and concentrations of these QACs, allowing for quality control and regulatory compliance in the disinfection industry.





4. Conclusions


The developed NACE-IUD method with indirect UV detection proved to be effective for the determination of two single long-chain QACs (DTAB and TTAB) and three double long-chain QACs (DDAC, ODAC and DDAB) in disinfectant products. Since these QACs lack chromophores, the method utilized an indirect UV detection approach. The separation buffer contained 16 mmol/L DDBAC as an ultraviolet absorption agent, along with a MeOH/ACN (90:10, v/v) mixture, 2 mmol/L sodium acetate and 2 mmol/L TFA. The sample buffer consisted of a mixture of MeOH/ACN (20:80, v/v) and 2 mmol/L TFA. The analysis of 17 commercially available disinfectant products using this method revealed that DDAB was the most frequently detected QAC in these products. The method demonstrated practicability, ease of use, satisfactory accuracy and good precision in the analysis of QACs in disinfectant products. Overall, the NACE-IUD method with indirect UV detection offers a reliable and efficient approach for the simultaneous determination of multiple QACs in disinfectant products, proving to be valuable information for quality control and regulatory purposes.
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Figure 1. Electropherograms of the optimization of DDBAC concentration (mmol/L): a. 8; b. 10; c. 12; d. 14; e. 16; f. 18. 20 mg/L of mixed standard solution of five QACs. 1. DTAB; 2. TTAB; 3. DDAC; 4. ODAC; 5. DDAB. CE conditions: uncoated fused quartz capillary (50 μm internal diameter, 50.2 cm total length, and 40.0 cm effective length); detector: DAD; separation voltage: 7 kV; injection time: 14 s; ultraviolet-absorption-agent: DDBAC; detection wavelength: 214 nm. 
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Figure 2. Electropherograms of optimization of TFA concentration in the separation buffer TFA concentration (mmol/L): a. 1; b. 2; c. 3. 1. DTAB; 2. TTAB; 3. DDAC; 4. ODAC; 5. DDAB. The other conditions are the same as in Figure 1. 
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Figure 3. Electropherograms of separation voltage on migration time separation voltage (kV): a. 5; b. 6; c. 7; d. 8; e. 9. 1. DTAB; 2. TTAB; 3. DDAC; 4. ODAC; 5. DDAB. The other conditions are the same as in Figure 1. 
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Figure 4. Electropherograms of (A) blank disinfectant sample, (B) 40 mg/L of mixed standard solution of five QACs, and (C) five QACs spiked at a concentration of 40 mg/L in blank disinfectant sample. 1. DTAB; 2. TTAB; 3. DDAC; 4. ODAC; 5. DDAB. The other conditions are the same as in Figure 1. 






Figure 4. Electropherograms of (A) blank disinfectant sample, (B) 40 mg/L of mixed standard solution of five QACs, and (C) five QACs spiked at a concentration of 40 mg/L in blank disinfectant sample. 1. DTAB; 2. TTAB; 3. DDAC; 4. ODAC; 5. DDAB. The other conditions are the same as in Figure 1.



[image: Separations 10 00387 g004]







[image: Table] 





Table 1. Chemical information of five QACs.
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	Chemical Name
	Molecular Formula
	CAS Number
	Chemical Structure





	Dodecyl trimethyl ammonium bromide
	C15H34BrN
	1119-94-4
	[image: Separations 10 00387 i001]



	Tetradecyl trimethyl ammonium bromide
	C17H38BrN
	1119-97-7
	[image: Separations 10 00387 i002]



	Dioctyl dimethyl ammonium chloride
	C18H40ClN
	5538-94-3
	[image: Separations 10 00387 i003]



	Octyldecyl dimethyl ammonium chloride
	C20H44ClN
	32426-11-2
	[image: Separations 10 00387 i004]



	Didecyl dimethyl ammonium bromide
	C22H48BrN
	2390-68-3
	[image: Separations 10 00387 i005]
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Table 2. Linearity range, equation of linear regression and correlation coefficient of five QACs.
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	Analytes
	Linearity Range (mg/L)
	Equation of Linear Regression
	Correlation Coefficient





	DTAB
	5–100
	y = 71.124x − 58.861
	0.9994



	TTAB
	5–100
	y = 44.845x − 7.752
	0.9995



	DDAC
	5–100
	y = 36.408x − 7.911
	0.9996



	ODAC
	5–100
	y = 41.05x − 32.093
	0.9991



	DDAB
	5–100
	y = 36.25x − 24.121
	0.9998
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Table 3. Recoveries, intra-day RSD (n = 7) and inter-day RSD (n = 3) of the developed method.
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Analytes

	
Spiked Levels

(mg/L)

	
Recoveries

(%)

	
Intra-day RSD

(%)

	
Inter-day RSD

(%)






	
DTAB

	
20

	
106.4

	
3.8

	
5.1




	
40

	
109.3

	
0.6

	
1.4




	
60

	
93.2

	
2.9

	
4.7




	
TTAB

	
20

	
109.7

	
3.7

	
7.2




	
40

	
113.7

	
0.5

	
4.4




	
60

	
95.6

	
2.4

	
3.3




	
DDAC

	
20

	
110.4

	
2.8

	
5.1




	
40

	
110.7

	
0.4

	
1.9




	
60

	
92.3

	
2.8

	
4.3




	
ODAC

	
20

	
114.7

	
3.6

	
7.4




	
40

	
112.6

	
0.5

	
2.2




	
60

	
94.1

	
2.7

	
3.8




	
DDAB

	
20

	
112.5

	
2.5

	
4.5




	
40

	
108.6

	
0.4

	
0.9




	
60

	
95.2

	
2.9

	
5.2
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Table 4. Concentrations of five QACs in commercially available disinfectant products.
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Sample

	
Brand

	
Sample Type

	
Average Concentrations (g/L)




	
DTAB

	
TTAB

	
DDAC

	
ODAC

	
DDAB






	
1

	
Jian Zhisu

	
Disinfectant laundry detergents

	
/

	
/

	
14.5

	
30.7

	
25.2




	
2

	
Lv San

	
Disinfectant laundry detergents

	
/

	
/

	
/

	
/

	
26.8




	
3

	
Shu Bitai

	
Hand sanitizers

	
/

	
/

	
/

	
/

	
1.4




	
4

	
An Lijiu

	
Skin cleaners

	
/

	
/

	
/

	
1.0

	
1.1




	
5

	
Neosanitiz

	
Skin cleaners

	
/

	
/

	
/

	
/

	
0.49




	
6

	
Luo Wa

	
Disinfectants

	
/

	
/

	
5.3

	
11.0

	
8.0




	
7

	
Yi Kang

	
Disinfectants

	
/

	
/

	
0.8

	
1.6

	
1.9




	
8

	
Xi Debao

	
Disinfectants

	
/

	
/

	
/

	
/

	
30.0




	
9

	
Jing Guan

	
Disinfectants

	
/

	
/

	
/

	
/

	
0.9




	
10

	
Mo Runlai

	
Disinfectants

	
/

	
/

	
/

	
/

	
1.5




	
11

	
Jie Lijia

	
Disinfectants

	
0.2

	
0.1

	
0.5

	
0.8

	
2.5




	
12

	
Jian Zhisu

	
Disinfectants

	
/

	
/

	
0.01

	
0.03

	
0.02




	
13

	
Xin Pu

	
Disinfectants

	
/

	
/

	
/

	
/

	
0.8




	
14

	
Li Erkang

	
Disinfectants

	
/

	
/

	
0.1

	
0.3

	
0.1




	
15

	
An Jie

	
Disinfectants

	
/

	
/

	
/

	
/

	
0.7




	
16

	
Yi Kanghuoxing

	
Disinfectants

	
/

	
/

	
3.9

	
5.3

	
3.2




	
17

	
Xiao Boshi

	
Disinfectant wet wipes

	
0.1

	
0.1

	
0.7

	
0.9

	
1.1




	
Detection rate (%)

	

	

	
11.8

	
11.8

	
47.1

	
52.9

	
100.0








“/” stands for “not detected”.
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