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Abstract

:

This work presents the first development of an analytical turbidimetric method for the determination of legal alcohols in alcohol-based hand sanitizer products. A typical iodoform reaction is exploited to form a yellow product in the form of precipitates. An iodoform test shows a positive result as yellow precipitates in the presence of ethanol and isopropanol; therefore, the test can only be used to distinguish between methanol and those legal alcohols. In the presence of molecular iodine (I2) and a strong alkaline solution, the legal alcohol is converted to the corresponding carbonyl compound (i.e., ethanol to acetaldehyde, isopropanol to acetone). The susceptibility of this intermediate towards the reaction with hydroxide ions (strong alkaline condition) results in formations of yellow precipitation of iodoform (CHI3) and a water-soluble carboxylate salt in the solution. Therefore, this change allows for the detection of legal alcohols through either naked-eye observation (as semi-quantitative analysis) or a common benchtop/portable photometer/spectrophotometer (as quantitative analysis) by means of turbidimetric analysis. In this work, turbidimetry is employed, which is a useful alternative detection method in analytical practice, especially with colored samples in hand sanitizing products. This is because they can employ wavelengths at which the colored solution does not absorb light. As a result of our developed method, the calibration plots are in the range of 30 to 100% (v/v) for both ethanol and isopropanol. The limit of detection (LOD) (3SD of y-intercept/slope) was found to be 7.4% (v/v) ethanol and 6.5% (v/v) isopropanol. Direct analysis of the non-pretreatment of the sample is achieved. The results indicate that our new proposed analytical method is fit for purpose and valid to detect the legal alcohols in alcohol-based hand sanitizing products for both international and Thai regulations (at least 70% (v/v)). Our quantitative results were also comparable to a standard analytical method, such as the use of a gas chromatography-flame ionization detector (GC-FID). Our developed method and analytical operation could potentially be developed into a practically portable analysis.
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1. Introduction


During the period of the Coronavirus Disease 2019 (COVID-19) outbreaks, beginning in 2019 [1], the World Health Organization (WHO) raised people’s concerns and awareness about personal protection from the infection by wearing a mask, maintaining a physical distance, and cleaning hands properly. Thus, alcohol-based hand sanitizing products have become a common portable item for convenient hand rubbing in our daily lives. According to the WHO regulations, hand sanitizing products should only use ethanol and isopropanol, defined as legal alcohols in this work, as their main ingredient. A significant increase in the global demand for legal alcohols has led to concern about methanol adulteration in the step of production of alcohol-based hand sanitizing products. The use of methanol (also called wood alcohol) as an ingredient in hand sanitizers and disinfectants is banned in the EU, US, and most other countries.



To legalize the quality of alcohol-based hand sanitizers, some guidelines have been launched to limit the methanol contents found in the products. The United States Food and Drug Administration (U.S. FDA) limits the concentration of methanol found in hand sanitizers at 200 mg L−1 (equivalent to 0.02% (v/v) [2]. According to the regulation of Thailand, the FDA-Cosmetic Control Group declares alcohol-based hand sanitizers as cosmetic products, with an allowance level of denatured methanol ≤ 5% (v/v) and at least 70% (v/v) legal alcohol (i.e., either ethanol, isopropanol, n-propanol, or a mixture of these alcohols) [3,4]. The concentration range with the greatest germicidal efficacy is important as it is a human healthcare product. While non-healthcare groups also recommend alcohol-based hand sanitizers, they usually do not specify an appropriate concentration of alcohol. According to the global healthcare issue, the detection of adulterated methanol and legal alcohols in such samples of alcohol-based hand sanitizing products is therefore necessary prior to retail to customers.



Based on the alcohol and composition of the alcohol-based hand sanitizer products, distillation can be employed to determine the amount of alcohol in samples [5]. However, the distillation method has relative sensitivity. A simple alcoholmeter [6] and simple spectrophotometry [7], or the exploitation of the schlieren effect in liquid flow [8] based on the reaction of ethanol with a stable acidic dichromate reagent, can also be used for liquid forms of samples, although not for gel or foam formulations.



Gas chromatography (GC) is normally used to determine the alcohol contents in alcohol-based hand sanitizer products. The use of headspace-GC coupled with either a flame ionization detector (FID) or a mass spectrometry detector [9] is a common technique that provides adequate sensitivity, accuracy, and automation. GC is a typically analytical method for the determination of various types of alcohols [10]. Separation is carried out through the vaporization of alcohol from the liquid phase to the gaseous phase and through a partition to the stationary phase coated on the GC capillary column. Solid phase microextraction (SPME) [11] is used to enhance the elimination of sample matrices prior to injecting it in the GC system. Nuclear magnetic resonance [12] and a Fourier Transform infrared (FTIR) spectrometer can be employed to measure the methanol adulterated in ethanol fuel [13]. The use of a Raman spectrometer is also a powerful method for the identification of alcohol structures in alcoholic drinks [14]. With the characteristic peaks in the spectra obtained from the NMR, FTIR, and Raman spectrometers, chemometric analysis with multivariate (i.e., principal component analysis, PCA, and partial least square, PLS) is practically applied to the data set for differentiating and determining the alcohol contents in hand sanitizer products. Regarding the employment of large instrumentation, it requires the pre-treatment of the sample, the use of solvents, significant maintenance cost, and a long time to perform the analyzes. Reducing the time-consuming operation would then assist the rapid detection and quantitation of legal alcohol in sanitizing products.



To date, only a handful of chemical reactions have elicited significantly different naked-eye responses in the presence of methanol, ethanol, and isopropanol. The facile on-site quality monitoring of alcohol-based hand sanitizers through phase separation and color development with a butyl acetate–crystal violet mixture [15] is currently reported. The method utilizes the alcohol-dependent miscibility of alcohol–water binary mixtures in n-butyl acetate for analysis. The phase separations in the alcohol/water/n-butyl acetate ternary mixtures are quantitatively identified through color contrast, developed through the addition of crystal violet.



The iodoform test [16,17], a typical organic reaction, produces a yellow precipitation of triiodomethane (iodoform) after applying a molecular iodine (I2) to a solution containing ethanol under basic conditions, while other primary alcohols (e.g., methanol) fail to give the same results. The test also gives a positive result for isopropanol, a secondary alcohol commonly used in sanitizing products, and to the sanitizing products that mainly contain legal alcohols contaminated with significant amounts of methanol. Due to the non-highly specific nature of the iodoform test, its application is limited to only differentiating pure methanol from pure legal alcohols (e.g., ethanol, isopropanol). However, there is no report of an exploited iodoform reaction for the quantitation of legal alcohols in methanol-free hand sanitizer products.



Based on the literature, we aim to develop a simple method for the determination of legal alcohol (ethanol and isopropanol), as well as the detection of the adulteration of methanol. Although the iodoform reaction is commonly used to distinguish methanol from legal alcohol, the typical iodoform reaction has yet to be reported for the quantitative analysis of ethanol and isopropanol. Herein, we present the first development of a simple analytical turbidimetric method using the typical iodoform reaction for the analysis of ethanol and isopropanol in hand sanitizing products. The iodoform test shows a positive result (yellow precipitation) in the presence of ethanol and isopropanol, whereas methanol does not give the precipitate formation. Therefore, our proposed test can be used to both distinguish between methanol and those legal alcohols and to quantify the amount of legal alcohol. In the presence of molecular iodine (I2) and a base, the alcohol of interest is converted to the corresponding carbonyl compound (i.e., ethanol to acetaldehyde, isopropanol to acetone). The susceptibility of this intermediate towards the reaction with hydroxide ions (strong alkaline condition) results in formations of a yellow precipitation of iodoform (CHI3) and a water-soluble carboxylate salt in the solution. Therefore, this change allows for the detection of legal alcohols through naked-eye observation and quantitative analysis by means of turbidimetric analysis. The sequence of the addition of the reagent and the optimization were investigated. Our quantitative results were also compared with a standard analytical method, such as the use of a gas chromatography-flame ionization detector (GC-FID).




2. Materials and Methods


2.1. Standard Alcohols and Reagents


All solutions were prepared in deionized Milli-Q® water (Merck, Darmstadt, Germany). Highly purified alcohols were used for the preparation of a series of standard alcohol solutions. Methanol (CH3OH, 99.9% purity), ethanol (C2H5OH, 99.9% purity), and isopropanol ((CH3)2CHOH, 99.8% purity) were purchased from RCI Labscan, Dublin, Ireland. All standard alcohol solutions were prepared in the unit of percentage by volume (% (v/v)), depending on the types of alcohol. The two types of standard alcohols used in this work were single standard solutions. For example, a 10.00 mL single standard of 10.0% (v/v) ethanol and isopropanol was prepared by mixing 1.00 mL of pure ethanol and pure isopropanol with 9.00 mL of deionized water, respectively.



In addition, 12% (w/v) of sodium hydroxide was prepared by dissolving 12.0 g of NaOH (Merck, Darmstadt, Germany) in 100.0 mL of deionized water in a 500 mL beaker. The beaker was placed in a bowl of water to absorb the heat generated by the dissolution process. Next, 3% (w/v) of iodine solution was prepared by dissolving 3.0 g of anhydrous iodine (I2, BDH, Istanbul, Turkey) and excess of potassium iodide (KI, Merck, Germany) into 100.0 mL of deionized water. This iodine solution was kept in a brown container to avoid light and stored in the refrigerator (4 °C) for a week before usage.




2.2. Samples


Seven synthetic samples (SS1–SS4 as a single component, and SS5–SS7 as a mixed component) with nominal values were prepared by diluting alcohol(s) in deionized water. Two commercial samples (CS1 and CS2) of alcohol-based hand sanitizers in the form of spray were purchased from local drugstores in Bangkok, Thailand. Sample dilutions were not required prior to the quantitation of either ethanol or isopropanol.




2.3. Analytical Procedure of Alcohol Analysis Using Iodoform Reaction-Based Turbidimetry


In this work, we exploited the typical iodoform reaction to develop our analytical procedure for the analysis of ethanol and isopropanol. Figure 1 shows the optimum operating procedure employed in the direct detection of either ethanol or isopropanol. A glass reaction vial was filled with 1.00 mL of 12% (w/v) of sodium hydroxide solution. A certain sample (or alcoholic standard solution) was then added into the same vial (200 μL for ethanol and 7 μL for isopropanol). The mixture in the vial was gently swirled for 1 min. To achieve the iodoform reaction, 2.00 mL of 3% (w/v) of iodine solution was finally added into the vial and, subsequently, gently swirled for 2 min. The yellow precipitates are then formed and clearly observed as visualizations of the turbidity. The mixture with precipitate was immediately transferred into a 1 cm quartz cuvette and measured the transmittance (practically in absorbance as default of Perkin Elmer Lambda 25 UV/Visible Spectrophotometer) at 1000 nm. A signal response as absorbance at 1000 nm was then employed to construct the calibration plots for the analysis of the alcohols in the hand sanitizer samples. Each experiment was a triplicate measurement in order to consider the precision, with statistical values of SD and %RSD.




2.4. Validation


The gas chromatographic (GC) technique coupled with a flame ionization detector (FID) (model 6890N, Agilent Technologies, Santa Clara, CA, USA) was employed to detect and conform the types of alcohols and their concentrations with our developed method. The GC-FID condition was carrier helium gas at 1.0 mL min−1 flow rate, 1 μL injection volume, with 1:50 split ratio. The inlet temperature was 260 °C and a flame ionization detector was set at 250 °C. The temperature program was employed with holding for 6.5 min with the initial temperature at 30 °C, and rising by 100 °C min−1 to 250 °C and holding for 3.0 min. The HP-Innowax GC column was 320 μm i.d., 0.25 μm film thickness. A series of working standard solutions of alcohols (methanol, ethanol, and isopropanol) in the range of 0.3–10.0% (v/v) were prepared from the pure alcohols.





3. Results and Discussion


3.1. Prove of Concept Applicable to Turbidimetric Determiantion of Legal Alcohol in Alcohol-Based Hand Sanitizing Products


As shown in the chemical reaction in Figure 2, in the presence of molecular iodine (I2) and a base, the alcohol of interest is converted to the corresponding carbonyl compound (i.e., ethanol to acetaldehyde, isopropanol to acetone). A hydrogen atom at an α-carbonyl carbon is deprotonated by the base to generate a carbanion (or an enolate) that subsequently reacts with a molecular iodine. This step can be conducted repetitively until achieving the triiodoacetyl derivative. The susceptibility of this intermediate towards the reaction with hydroxide ions results in formations of yellow precipitation of iodoform (CHI3) and a water-soluble carboxylate salt in the solution.



We prove the concept of the capability of an iodoform reaction with several types of alcohol. The results are shown in Figure 3. The reagent blank is clear with a yellow color due to the molecular iodine solution. With the addition of methanol in the reagent blank, we still observe the clear yellow solution, but it is a little faded due to the dilution after the addition of the methanol solution. We clearly observe the yellow precipitate and turbid in the cuvette as either ethanol or isopropanol is added to mix with the reagent blank. Therefore, this change allows for the detection of legal alcohols (ethanol and isopropanol) through naked-eye observation and quantitative analysis by means of turbidimetric analysis. The iodoform test therefore gives the positive result (yellow precipitation) in the presence of ethanol and isopropanol; thus, the test can be only used to distinguish between methanol and those legal alcohols.



In a borderline case, legal alcohols (ethanol and isopropanol) adulterated with methanol still obtain positive results due to the iodoform reaction of legal alcohols. In addition, a sample containing a mixture of legal alcohol, i.e., ethanol mixed with isopropanol, to be at least 70% (v/v), could not be differentiated by our developed method as both alcohols achieve positive results. However, we found that all of the samples we tested contained a single type of alcohol, either ethanol or isopropanol, which was confirmed by the results of the gas chromatography. Therefore, our developed turbidimetric method with an iodoform reaction is still applicable to the analysis of legal alcohol in alcohol-based hand sanitizer products.




3.2. Necessity of Exploitation of Turbidimetric Quantitation of Legal Alcohols Using the Iodoform Reaction


Detection based on the phenomena of light scattering, or so-called turbidimetry, is an alternative detection method that is useful in analytical practice, especially with colored samples. This is because they can employ wavelengths at which the colored solution does not absorb the light. Turbidimetry is the process of measuring the loss of intensity of transmitted light due to the scattering effect of particles suspended in the mixture (solid-phased suspended in liquid phase). Light passes through a filter, creating light of a known wavelength (with light absorption-free color sample), which is then passed through a sample cuvette. A typical benchtop/handheld type of photometer/spectrophotometer can be employed to detect the transmitted light, which is able to plot the calibration graph for quantitative analysis.



Regarding the iodoform reaction, it is effective for distinguishing methanol from ethanol and isopropanol. The reaction also shows a positive result for the alcohol-based hand sanitizing products that mainly contain legal alcohols contaminated with significant amounts of methanol. As the iodoform test does not have a highly specific nature, its application is limited to only differentiating pure methanol from pure legal alcohols (e.g., ethanol, isopropanol).



The regulation of alcohol allowance in sanitizing products—which requires methanol contents of less than 5% (v/v)—does not guarantee the quality control of hand sanitizer because the level of legal alcohol must also reach 70% (v/v) as a key assessment. Therefore, the iodoform test is necessary for the quantitation of legal alcohols —in which methanol does not interfere with the analysis—to comply with the health and safety regulation of alcohol-based hand sanitizing products.



In addition, the light scattering of colloid particles (turbidimetry) has been widely used through the formation of solid particles using suitable precipitating reagents. The benefit of the phenomenon of light scattering is useful when dealing with colored samples. This is because it can employ wavelengths at which the colored solution does not absorb the light. In this work, we employed a near infrared (NIR) region with a wavelength of 1000 nm as the detection wavelength to ensure that the colorant in the sample and the reagent color do not interfere with the analysis.




3.3. Optimization


According to the operational procedure mentioned in Section 2.3 and Figure 1, physical and chemical parameters were optimized to obtain the suitable procedure for the turbidimetric quantitation of legal alcohols using the iodoform reaction.



3.3.1. Sequence of the Reagent Addition


According to the mechanism of the iodoform reaction, shown in Figure 2, we designed the sequence of the addition of the solution with a stepwise operation. The aqueous standard solutions of methanol at 30, 60, and 90% (v/v) were tested with three designate sequences, as follows. Sequence 1: iodine solution + NaOH solution + sample solution; Sequence 2 NaOH solution + sample solution + iodine solution; Sequence 3: iodine solution + sample solution + NaOH solution.



The results are shown in the bar graphs in Figure 4. With sequence 1, there were no observed signals from any of the standard methanol solutions. Due to no excess halogenation reacting to the alcohol, an iodoform product was not generated. We then modified the sequence regarding the chemical reaction in Figure 2. We designed the other two sequences, allowing the sample to first react to either NaOH (sequence 2) or iodine (sequence 3). We found that both modified sequences produced the iodoform product. The signal responses from sequences 2 and 3 are comparable. However, in this work, sequence 2 was selected for further experiments as it gave more precise experimental data (RSD < 4.6%).




3.3.2. Effect of Chemical Concentration for Iodoform Reaction


The concentration of the iodine and NaOH solutions were investigated in terms of their sensitivity and linearity response. Table 1 shows the results of the investigation of the chemical concentrations for the iodoform reaction. The selection criterion is based on the compensation of the slope from the linear equation and the linear range. According to the results, iodine at 3% (w/v) and NaOH at 12% (w/v) were selected as the optimal concentrations for further experiments.





3.4. Concentration-Dependent Turbidimetric Determination of Ethanol and Isopropanol in Alcohol-Based Hand Sanitizing Products


With the optimal analytical condition, as mentioned in Section 3.3, we selected sequence 2, with the use of 3% iodine (w/v) and NaOH at 12% (w/v), to complete the chemical reaction (shown in Figure 2). We then tested the concentration-dependent detection with a series of standard solutions of ethanol and isopropanol, from 10 to 100% (v/v). Figure 5 displays the images of the products of the iodoform reaction as yellow precipitates. As observed in Figure 5, the turbidity increases with the increasing concentrations of alcohol as the limiting agent in the reaction.



As shown in Figure 5, the turbidity from the yellow precipitates obtained from the iodoform reaction with ethanol is slightly less turbid compared to those from isopropanol, even though we added a relatively low volume of isopropanol. This indicates that the kinetic reaction of ethanol is relatively slow compared to isopropanol.




3.5. Analytical Performance of Iodoform Reaction-Based Turbidimetric Determination of Legals Alcohol in Hand Sanitizing Products


As shown in Figure 6, the concentration dependence of either ethanol or isopropanol (10–100% (v/v)) is confirmed with the linear calibration plots. The calibration graph of ethanol is Absorbance1000nm = (0.0122 ± 0.0004)% ethanol (v/v) − (0.301 ± 0.030), r2 = 0.997, whereas the calibration graph of isopropanol is Absorbance1000nm = (0.0138 ± 0.0004)% isopropanol (v/v) − (0.308 ± 0.030), r2 = 0.997). The limit of detection (LOD) (3SD of y-intercept/slope) was found to be 7.4% (v/v) ethanol and 6.5% (v/v) isopropanol. The results indicate that our calibration plots are fit for purpose and valid to detect the legal alcohols in alcohol-based hand sanitizers for both international and Thai regulations. Direct analysis of the non-pretreatment of sample can be achieved.




3.6. Applications to Alcohol-Based Hand Sanitizer Samples


According to the analytical procedure in Figure 1, we then demonstrated the applicability of the optimal sequence of adding the chemical solution and the concentration of the reagents in Section 3.3 for the quantitation of ethanol and isopropanol in alcohol-based hand sanitizer samples. As shown in Table 2, an aqueous solution of MeOH (70% v/v) did not produce precipitations after applying the conditions of the iodoform test (SS1), which allows for the quantitative analysis of ethanol and isopropanol contaminated with MeOH (5% v/v) (SS4 and SS5). Moreover, the test could be applied for the analysis of legal alcohols in real samples (CS1 and CS2).



According to the results in Table 2, we then selected the quantitative data from samples SS2, SS3, SS4, SS5, CS1, and CS2 for a statistic comparison of our developed method and GC-FID. Our developed iodoform-based turbidimetric method gave a good agreement with those obtained from GC-FID (Paired t-test: tstat = 0.99, tcrit = 2.57, p = 0.05). In term of the statistical comparison, a Pearson’s correlation plot provides the acceptable results with the linear equation y = 0.9087x + 6.4257 (r2 = 0.9887). This indicates that there is no statistical difference between the two methods. The iodoform test could therefore be used to examine the concentration of ethanol and isopropanol in alcohol-based hand sanitizing products without a difference in the result compared to GC-FID and without any interference from methanol in the samples (SS4 and SS).



In addition, the Bland-Altman plot (as shown in Figure 7) was also plotted. The plotting is a relationship between the difference of the two methods and the average concentration of the two methods. The data were subsequently plotted in this relationship and sandwiched with two straight horizontal lines of ±1.96 SD. If the data is spread inside the boundaries of ±1.96 SD, it indicates that there is no difference between the two methods. Thus, both methods can be used to investigate such samples, with similar results. From the results, our method provided the data in the boundaries of ±1.96 SD, which means that the iodoform test could be used to examine the concentration of ethanol and isopropanol in alcohol-based hand sanitizers without a difference in the result compared to GC-FID.



In addition, our work was compared with other reported methods for the quantitation of ethanol, isopropanol, and methanol in hand sanitizing samples. Details of the comparison are shown in Table 3.





4. Conclusions


In this work, we exploit a typical iodoform reaction with a turbidimetric determination for legal alcohols (ethanol and isopropanol) in alcohol-based hand sanitizer products. Methanol does not give a positive result with the iodoform reaction. Yellow precipitates of CHI3 can be produced when either ethanol or isopropanol react with a molecular iodine solution in a strong alkaline condition. Turbidimetric determination is then employed to detect the yellow precipitates of CHI3 at a detection wavelength of 1000 nm. Concentration-dependent turbidimetric determination is therefore reasonable and acceptable for ethanol and isopropanol in alcohol-based hand sanitizing products. The turbidity relates to the concentration of legal alcohols in hand sanitizer, leading to an evaluation of the disinfectant efficiency of the product. Our developed method provides the calibration plots that are fit for purpose and valid to detect the legal alcohols in alcohol-based hand sanitizers for both international and Thai regulations. Direct analysis of the non-pretreatment of samples can be achieved. This is the first report of a typical iodoform reaction for an aspect of analytical chemistry in terms of quantitative analysis. Our developed method and analytical operation could potentially be developed into a practically portable analysis.
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Figure 1. Analytical procedure of iodoform reaction-based turbidimetric determination of ethanol and isopropanol in alcohol-based hand sanitizer products. 
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Figure 2. Chemical reaction of iodoform for quantitation of ethanol and isopropanol in alcohol-based hand sanitizing products. 
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Figure 3. Comparison of appearance of product formation using iodoform reaction with reagent blank (iodine solution mixed with NaOH) mixed with methanol (MeOH), ethanol (EtOH) and isopropanol (i-PrOH). 
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Figure 4. Bar graphs showing the absorbances measured at 1000 nm obtained from three sequences of stepwise addition of solution with iodoform reaction for quantitation of ethanol in hand sanitizers. Error bars in calibration plot were from triplicate measurements. ND: not detected. 
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Figure 5. Images taken from products of iodoform reaction with yellow precipitates obtained from (a) ethanol and (b) isopropanol ranges between 0 to 100% (v/v) alcohol. 
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Figure 6. Calibration plots of ethanol and isopropanol employing the iodoform reaction-based turbidimetric determination in alcohol-based hand sanitizer samples. 






Figure 6. Calibration plots of ethanol and isopropanol employing the iodoform reaction-based turbidimetric determination in alcohol-based hand sanitizer samples.



[image: Analytica 04 00019 g006]







[image: Analytica 04 00019 g007 550] 





Figure 7. The Bland–Altman plot of the iodoform-based turbidimetric detection and GC-FID for quantitation of ethanol and isopropanol in alcohol-based hand sanitizing products. 
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Table 1. Investigation of concentrations of iodine and sodium hydroxide for iodoform reaction-based turbidimetric detection of ethanol.
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Concentration

	
Linear Equation, r2

	
Linear Range a






	
Iodine solution (% w/v)

	

	




	
1

	
y = (0.0356 ± 0.00003)x − (0.3274 ± 0.0087), r2 = 0.9998

	
10–40




	
3

	
y = (0.0388 ± 0.0016)x − (0.4617 ± 0.0825), r2 = 0.9950

	
30–70




	
5

	
y = (0.0349 ± 0.0017)x − (0.1104 ± 0.0898), r2 = 0.9927

	
30–70




	
10

	
y = (0.0349 ± 0.0005)x − (0.2730 ± 0.0279), r2 = 0.9993

	
30–70




	
NaOH solution (% w/v)

	

	




	
6

	
y = (0.0391 ± 0.0020)x − (0.0635 ± 0.0620), r2 = 0.9974

	
20–40




	
y = (0.0211 ± 0.0007)x + (0.6226 ± 0.0486), r2 = 0.9954

	
40–90




	
12

	
y = (0.0378 ± 0.0014)x − (0.3266 ± 0.0618), r2 = 0.9934

	
10–70




	
24

	
y = (0.0503 ± 0.0015)x − (1.2604 ± 0.0692), r2 = 0.9998

	
30–60








a % (v/v) ethanol; y: absorbance at 1000 nm; x: concentration of ethanol (% (v/v)).
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Table 2. Quantitative results for alcohol contents in alcohol-based hand sanitizing products obtained from iodoform reaction-based turbidimetric determination as compared with GC-FID method.
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Sample

	
Nominal Value (% v/v)

	
Alcohols (% v/v)




	
Iodoform-Based Turbidimetry

	
GC-FID






	
SS1

	
70 (MeOH)

	
nd.

	
73.9 ± 0.3 (MeOH)




	
SS2

	
70 (EtOH)

	
70.07 ± 1.98 (EtOH) a

	
71.0 ± 0.4 (EtOH) a




	
SS3

	
70 (i-PrOH)

	
69.48 ± 2.28 (i-PrOH) a

	
69.5 ± 0.4 (i-PrOH) a




	
SS4

	
80 (EtOH) +

5 (MeOH)

	
82.79 ± 1.77 (EtOH) a

nd.

	
83.7 ± 0.3 (EtOH) a

5.5 ± 0.02 (MeOH)




	
SS5

	
80 (i-PrOH) +

5 (MeOH)

	
81.40 ± 3.05 (i-PrOH) a

nd.

	
82.7 ± 0.6 (i-PrOH)

5.5 ± 0.03 (MeOH)




	
CS1

	
70 (EtOH)

	
70.24 ± 3.18 (EtOH) a

	
69.0 ± 0.2 (EtOH) a




	
CS2

	
70 (i-PrOH)

	
70.11 ± 2.98 (i-PrOH) a

	
70.4 ± 0.1 (i-PrOH) a








SS: synthetic sample; CS: commercial sample; nd.: not detected; MeOH: methanol; EtOH: ethanol; i-PrOH: isopropanol. a Quantitative data employed for statistical comparison.
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Table 3. Comparison of our developed turbidimetric method and previous works for analysis of alcohols in hand sanitizer products.
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	Method
	Target Analyte
	Working Range

(% (v/v))
	LOD, LOQ (% (v/v))
	Analysis Time (min)
	Sample Consumption

(μL)
	Formulation Type
	Ref.





	NIRS a
	EtOH
	40–90 b
	NR
	1
	120
	Gel, liquid
	[18]



	PELA c
	MeOH, EtOH,

i-PrOH, n-PrOH
	Ca. 5.5–80 d
	5.5 d,†
	NR
	NR
	Gel
	[19]



	HS-GC/FID e
	EtOH
	35.2–91.9 f
	35.2 f,§
	9.5
	100 g
	Gel
	[20]



	HS-GC-MS h
	EtOH,

i-PrOH
	0.012–0.20 i
	NR
	13.33
	2000
	Liquid
	[21]



	Iodoform-based turbidimetry
	EtOH,

i-PrOH
	30–100
	7.4 j,†, 6.5 k,†
	2 l
	200 j, 7 k
	Liquid
	This work







NR: not reported; † For LOD (Limit of Detection); § For LOQ (Limit of Quantitation); a Near infrared spectroscopy; b For aqueous format; c Pyroelectric linear array infrared detector; d A mean component of methanol, ethanol, isopropanol, and n-propanol; e Headspace gas chromatography with flame ionization detector; f Converted from% (w/w); g Converted from weight to volume by density of water (1 g/mL); h Headspace gas chromatography–mass spectrometry; i Converted from% (w/v); j For EtOH; k For i-PrOH; l From the whole process of 3 min; Ca. = Abbreviation of circa.
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