Development of an HPLC method for the determination of glycerol oxidation products
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Abstract.

An HPLC method for the separation of glycerol oxidation products, namely as glyceraldehyde, dihydroxyacetone, mesoxalic, tartronic, glycolic and glyceric acids on an ionic-exchange 8% crosslinked calcium sulfonated divinylbenzene-styrene resin column by means of HPLC was developed and validated. The conditions reported include temperature (70 °C), flow rate (0.5 mL min-1) and concentration of the mobile phase (3 mM H2SO4) using isocratic elution with Ultraviolet and Refractometric detectors. The effect of the variables (mobile phase flow and concentration and temperature of the column) on the resolution of peaks is described. Excellent linearity was observed for all analytes over the concentration range of 0.5 to 10 mg mL-1. The method was also validated in terms of intra-day precision, sensitivity, accuracy, and detection and quantification limit. The method conditions were applied in the identification of products derived from the chemical oxidation of glycerol.
1. Introduction

Glycerol (1,2,3-propanetriol) is an all around extending side product of the transesterification process. The search for alternative energy sources has increased its worldwide market presence as a result of the biodiesel production. Moreover, it is an important molecule since it can serve for compounds formation through a variety of chemical reactions. The three hydroxyl groups, that the glycerol molecule contains, are susceptible to hydrogenation, esterification, dehydration, etherification, oxidation, pyrolysis, transesterification, oligomerization, polymerization, and carboxylation. Among them, the oxidation of glycerol draws a special attention due to the practical valuable compounds that are formed, as it is shown in Figure 1. However, in practice, several glycerol oxidation products are formed during the reactions because the selectivity for a specific product is not easy to achieve and still remain as a challenge [1]. Whether they originate from electrochemical, anodic, catalytic, chemical, or enzymatic oxidation, all the products generated are of practical value [2]. Therefore, it is important to have accurate and rapid methods for their analysis, identification and quantification. Techniques such as Thin Layer Chromatography [3] and HPLC have been used for the identification, yield and quantitative determination of glycerol oxidation products. In particular, HPLC has been broadly used as it provides short elution times and easy sample preparation since there is no need of derivatization [4]. 
Literature data collected in Table 1, shows that when using HPLC for the identification of glycerol oxidation products, the preferred type of stationary phase selected has been a cation exchange column. According to the configuration of the hydroxyl groups, compounds such as carbohydrates can form complexes with metals, for example Ca or Ag ionically bound to the support which is usually a sulfonated divinylbenzene-styrene resin [5]. The range of interactions depends on the substance undergoing analysis and the degree of selectivity required. Resin-based columns are impermeable to compounds with high molecular mass due to the presence of 8 % cross-linkage [6].
Typically, methods using resin-based HPLC columns are based on the principle that it is more appropriate to modify and optimize the chromatographic conditions, such as flow, mobile phase or temperature, rather than modify the structure of the analyte, as it is presented in derivatization steps. Low concentrated sulfuric acid solutions (4–10 mM) [2, 7-17] and water [18,19] have been used as mobile phases in a temperature range of 25 to 70 °C. However, in some cases [20-26] the method conditions are not fully specified. In addition, difficulties in the identification of glycerol and dihydroxyacetone have been reported [8, 10] due to their closer retention times. Changes in the temperature and flow were proposed without improvement in the separation. The use of Ultraviolet (UV) and Refractometric (RI) detectors allowed distinguishing the presence of glycerol and dihydroxyacetone (DHA) since the last one can be selectively identified on UV detector at 210 nm. Chen et al., [21] found similar problems using an HPX-87H ion exclusion column with H2SO4 as mobile phase in a concentration range of 5 mM to 20 mM. The use of a solution composed by 65:35 deionized water-acetonitrile containing 0.5 mM H2SO4 promoted the separation of glycerol and DHA with good resolution. Kwon and Koper [13] reported an overlapping of glyceraldehyde and glyceric acid molecules. They proposed to increase the temperature, from 30 °C to 80 °C to overcome the superposing signals peaks, while performing the HPLC analysis. 
Since a common purpose using HPLC is to achieve a satisfactory separation of all the compounds of interest with acceptable resolution [27, 28], our aim was to optimize a method for the selective identification of glycerol oxidation compounds, with special emphasis on the separation of overlapping peaks of glycerol, dihydroxyacetone, glycolic acid, glyceric acid and glyceraldehyde by measuring the resolution between the consecutive peaks. Validation parameters such as linearity, intra-day precision, accuracy, sensitivity, limit of detection and quantification, were determined. This is, to our understanding the first attempt reported to optimize the method conditions for the separation of glycerol oxidation products that overlay their peaks due to the closeness of their retention time by means of HPLC.
2. Experimental
2.1 Instrument. 
Analyses were carried out using a modular Waters HPLC instrument with manual injection. The system comprises a Waters 600E pump, a vacuum degasser VD 040 (Watrex, Czech Republic), a Refractive Index detector (Waters 2414), and an Ultraviolet detector UV200 (Watrex, Czech Republic). Data analysis and acquisition were performed with Clarity Chromatography Station [29]. A reversed-phase column Aminex HPX-87C (300 mm x 7,8 mm; Bio-Rad) was employed for HPLC separation. 

2.2 Chemicals and reagents.
Deionized water was used in all procedures (Millipore). Glycerol (Propane-1,2,3-triol), glyceraldehyde (2,3-Dihydroxypropanal), dihydroxyacetone (1,3-Dihydroxypropan-2-one), tartronic acid (2-Hydroxypropanedioic acid) , glycolic acid (2-Hydroxyethanoic acid), glyceric acid (2,3-Dihydroxypropanoic acid), and mesoxalic acid (Oxopropanedioic acid) standards were obtained from Sigma. Sulfuric acid (H2SO4), chromium trioxide (CrO3), sodium bicarbonate (NaHCO3) and ethyl methyl ketone (Butan-2-one) were analytical grade chemicals purchased from Merck. 
2.3 Sample preparation.

Stock solutions of each standard were prepared. 100 mg of the respective compound were weighted, and dissolved with deionized water in a 10 mL volumetric flask and filtered through a nylon Millipore filter (0.22 m). Concentrations ranging from 0.5 to 10 mg mL-1 were prepared for calibration. A 0.01 M H2SO4 solution was made by weighing 1.024 g of 95 % H2SO4 (0.54  mL), pouring it into a 1 L volumetric flask and dissolving deionized water. From this stock solution, different concentrations of sulfuric acid were prepared to be used as mobile phase for the method development. For the purpose of the applicability of the method, Jones reagent was prepared by adding 5.75 mL of H2SO4 over 6.69 g of CrO3 and the solution was dissolved with deionized water (25 mL). Glycerol solution was prepared by weighting 1.7 g of the alcohol and aforing up to 10 mL with ethyl methyl ether. 

2.4 Chromatographic Method Development
The analysis of the glycerol oxidation products was performed using an ion exchange Aminex HPX-87C (300 mm x 7,8 mm) column in isocratic mode with aqueous H2SO4 solution as mobile phase and monitored at 210 nm by UV detection of carbonyl compounds from carboxylic acids, ketones and aldehydes. In order to reveal the order of elution and the individual retention time of each of the standards, a first set of experimental conditions including flow: 0.7 ml min-1, temperature: 60 °C, and 0.01 M H2SO4 as mobile phase was used. The temperature of the refractometric detector remained constant at 30 °C. After the introductory experiment was conducted, a solution containing a mixture of the standards was analyzed at 30 and 60 °C under the same conditions. In order to optimize the mobile phase composition for the HPLC analysis, different flow rates (0.2, 0.5, 0.7 and 0.8 mL min-1) and mobile phase conditions of aqueous H2SO4 (1, 3, 5, and 10 mM) were tested and the column temperature was increased to 70 °C. The injection volume used was 20 L and the temperature of the RI detector remained constant at 30 °C. Triplicates of all standards were analyzed.
2.5 Chromatographic validation
Detection limit test was carried out by analyzing different concentrations of glyceric acid, the compound that showed the less response in RI detector. Dilutions were prepared sequentially from a solution that presented a signal to noise (S/N) ratio of at least 30 until the S/N ratio was approximately 3. The intra-day precision test was performed to know the variability in measurements between experiments in terms of the peak-area ratios at a specific concentration on the same day. For the HPLC Calibration curves, six different concentrations of the standards (0.5, 1, 2, 5, 7, and 10 mg ml-1) were prepared and the suitability was analyzed by means of linear regression. Sensitivity of both detectors was determined by using the variability in the response (mV.s) at six different concentrations (mg mL-1). Accuracy was determined by using the method of standard addition and in terms of percent recovery. Three different fortified levels were prepared by adding solutions of specific concentration (2, 5 and 10 mg ml-1) to a pre-analyzed sample (un-fortified solution). The percent recovery, R (%), was calculated using the equation (1), where CB represent the difference in concentration between the fortified and un-fortified samples, and CA stands for the concentration added in the fortified sample.
(1) R (%) = (CB / CA) x 100 
The standard score (Z-score) was calculated to know the closeness of accordance between the concentrations measured in the sample and the standard reference solution as shown in equation (2), where  the σ value represents the standard deviation of the population. Normally, Z-score values between -2 and 2 are considered to be acceptable. 

(2) Z-score = (CA - CB) / σ
Normally, during the development of a chromatographic method, it is recommended to change sequentially conditions that will optimize values for capacity factor (k), selectivity ( efficiency (N) and resolution (Rs), such as mobile and stationary phase composition and temperature. Optionally it is possible to vary column conditions (flow rate, columns length or particle size) [6]. As showed in equation (3), Rs is usually expressed as a function of k, and N, therefore this value was used as the variable response for the optimization purpose. Calculation of Rs value for two adjacent bands (represented as “A” and “B”) was performed according to equation (4), where tB and tA corresponds to the retention time of both compounds, and W represents the bandwidths at half height of both peaks. For precise and rugged quantitative analysis, an Rs value greater than 1.5 is usually required [28].
(3)  Rs = (1/4) (α - 1) N1/2 {k / (1 + k)}

(4)  Rs = 1.18 (tB - tA) / (W0.5,A + W0.5,B)
2.6 Method application
The developed and validated method was applied to analyze the chemical oxidation products of glycerol obtained via reaction with Jones reagent. Briefly, 10 mL of a chromium trioxide solution in sulfuric acid were added dropwise to a 10 mL glycerol diluted solution (1.7 %) in an ice bath. The addition was slow and proceeded for approximately 20 min. After the entire chromium oxide solution was added, the reaction mixture was neutralized by the addition of a saturated aqueous solution of NaHCO3 and 5 mL of ethyl methyl ketone were used for extraction. Finally, the product was filtered, diluted with water (1:10 ratio) and analyzed by means of HPLC. 
3. Results and discussion
3.1 Method development
The elution order of the different standards was detected from the first set of individual determinations (0.01 M H2SO4, 60 °C and flow rate of 0.7 ml min-1). It was seen that mesoxalic with a retention time of 7.2 min and tartronic (9.2 min) acids eluted firstly and then two groups of compounds eluted with closer retention times: The first group comprised glyceraldehyde (12.8 min), glyceric acid (14.2 min) and glycerol (14.4 min); and the second group included glycolic acid (16.7 min) and dihydroxyacetone (17.6 min). When the standards were in a mixture (Figure 2), elution peaks of glyceric acid and glycerol overlapped and both groups showed insufficient level of resolution in both detectors. At similar conditions, when using a cation exchange resin in the hydrogen form, the signals of glycerol and dihydroxyacetone were overlapped as discussed by Brandner [8]. Noll et al., [30] reported that even the single change in the resin ionic form can lead to variations in the results. Only glyceric acid could be identified without problems of overlapping by UV since glycerol does not present absorption in this detector.
3.1.1 Effect of column temperature, flow rate and concentration of the mobile phase.

The effect of column temperature, flow rate and concentration of aqueous H2SO4 as mobile phase was analyzed. It was detected that the separation of glycerol oxidation products obtained on a sulfonated divinylbenzene-styrene resin column is dependent on these factors. When the eluent enters the column, the equilibrium of the ionic strength in the packing material starts to take place to allow the binding of the analytes. The presence of aqueous media in the mobile phase helps to swell the stationary phase and make it permeable. Once the molecules interact with the resin, different degrees of adsorption occur by reversible bindings with the support. 
Decreasing the temperature from 60 to 30 °C did not improve the separation since the peaks were still highly asymmetric with a notable fronting observed. This situation was overcome by increasing the column temperature to 70 °C. The use of higher temperatures, decrease the viscosity of the mobile phase and the backpressure which allows the use of higher flow rates without reducing the efficiency [31, 32].  Moreover, these changes alter the selectivity pattern due to variations in the enthalpy and entropy between the solute and the stationary phase [33]. An increase in the temperature using sulfonated divinylbenzene-styrene resins benefits the separation of glycerol oxidation compounds. A similar observation was made by Moore and Stein [34] during the separation of amino acids using a Dowex-50, 0.9 x 100 cm, in the sodium form with different temperature conditions and buffers as mobile phase that progressively increased the pH. The temperature can be limited by the recommendations of the column manufacturer, usually a maximum operating temperature of 80-85 °C is proposed to avoid damage of the column.
Due to the fact that the determination using RI detector allows the identification of all the compounds, the Rs values reported here are for this type of detector. The resolution between glyceraldehyde and glyceric acid increased with the raise in flow rate and concentration of sulfuric acid in mobile phase as it is presented in Supplemental Figure 1. Maximum resolution (1.26) between these two substances was achieved at a flow rate of 0.7 ml min-1 and 10 mM H2SO4 (pH=1.7). On the contrary, after further analyses it was detected that using a concentration of H2SO4 below 5 mM (2 < pH < 2.7) improved the separation between glyceric acid and glycerol. Additional decrease of concentration to 1 mM (pH > 2.7), caused that not only glyceraldehyde peak overlapped with peaks of glyceric acid but also glycerol peak started to overlap with glycolic acid. A similar effect was observed for peaks of mesoxalic and tartronic acids which reduced the resolution at lower concentrations of sulfuric acid as shown in Figure 3. Using 3 mM H2SO4 as mobile phase at a flow rate of 0.5 mL min-1 allowed a resolution of 0.6 between glycerol and glyceric acid. 
The decrease of H2SO4 concentration positively influence the Rs value between glycolic acid and dihydroxyacetone as illustrated in Supplemental Figure 2. Separation is achieved due to the individual properties of each molecule to interact with the cation exchanger because of differences in their charges, charge densities, distribution on their surfaces and nature of its functional group. In addition, the affinity of the support for ionic and non ionic parts of the molecule is an important factor that also determines the degree of separation [34]. The degree of ionization and the repulsive force are proportional to the pH of the medium and therefore to the pKa of the analyte. Organic acids are separated through partitioning and ion exclusion mechanism and in our determinations we detect an elution order according to the increase of pKa [35]. The pH of the eluent and temperature can influence the pKa value. Decreasing the concentration of acid media in the mobile phase causes the solutes to reduce the degree of protonation and consequently they become less positively charged. Reduction of the flow raised the resolution only slightly. In the case of the mesoxalic and tartronic peaks (Supplemental Figure 3), optimum conditions were achieved when using a concentration of 3 mM H2SO4, 2.2 in pH and flow of 0.5 mL min-1. Further lowering of the sulfuric acid concentration caused the mesoxalic acid to leave the column almost at a time equal to the hold-up time. Table 2 summarizes the conditions that allowed the identification of the standards reported in this study with the respective value of resolution acquired. 
During the chromatographic separation of compounds in resin-based HPLC columns, different mechanisms can occur. Among the most important, ion exchange, ions exclusion, ligand exchange, gel permeation, size exclusion, reversed phase and normal phase partitioning are included [36]. Carbon atoms that are linked to a radical [OH]- can coordinate with the metal ion according to the stereochemistry of the respective hydroxyl groups. Mechanism of ion exclusion and hydrophobic interactions are provided by the charge of the resin and the polystyrene particles contained in the support respectively. The selectivity of the separation and the chromatographic properties during the analysis are also influenced by the counter-ion attached to the support (e.g., Calcium, Lead, Silver or Hydrogen), due of differences in the ionic radius and ligand exchange in aqueous solutions. 

3.1.2 Validation parameters

For quantitative analysis it was assumed that the area of the peaks in the chromatogram was proportional to the concentration of the respective compound. Quantification was made by calibration curves based on the UV and RI spectrophotometric response of known amounts of the standards in aqueous solutions. Table 3 presents the analysis in a concentration range of 0.5-10 mg mL-1. A flow rate of 0.5 mL min-1 was used with 3 mM H2SO4 as mobile phase at 70 °C. Linearity was determined by means of the calculus of the regression. All calibration curves showed a good linear correlation (r2 > 0.999) within the concentration range. 
In order to know the detection limit, the respective concentration was considered to be positive when the S/N ratio in triplicate exceeded the value of 3. A concentration of 0.01 mg mL-1 could still be registered by the instrument under this condition. As quantification limit can be registered when the signal to noise ratio is 10:1 [37], a concentration of 0.1 mg mL-1 could be quantified by the instrument. The Coefficient of variation (CV), which represents the dispersion of the response of both detectors from seven independent analyses around the mean was calculated and is presented as a percentage in Table 4. The range is from 2.3 to 4.2 % for the UV detector and from 1.75 to 6.39 % for the RI detector which indicates satisfactory values for precision of the instrument. Similarly, the sensitivity test performed at six different concentrations showed acceptable CV values as presented in Supplemental Table 1. Figure 4 shows the pattern around the line of constant response for glyceric acid determination.  Values below 1 mg mL-1 starts to exceed the 5 % level of deviation in both detectors. Therefore the method showed reliable quantification over the range of 1 to 10 mg. Values outside the linear range of the detector sensitivity can be considered as the limit of quantification but according to Ribani et al., [37] the value obtained by the signal to noise ratio generally is lower than the one obtained by the sensitivity test. 
3.2 Method application
The chromatogram of the sample from Jones oxidation of glycerol is presented in figure 5. It was seen that the real oxidation products were clearly identified using the developed HPLC method  (flow rate of 0.5 mL min-1, 3 mM H2SO4 as mobile phase, and a temperature of 70 °C). The concentrations of the products were: glycerol (90 ±0.04 mg mL-1), glyceraldehyde (4.14 ±0.03 mg mL-1), glyceric acid (5.85 ±0.029 mg mL-1), and dihydroxyacetone (1.54 ±0.036 mg mL-1). Accuracy was determined by using the sample obtained from the chemical oxidation of glycerol as unfortified solution. Supplemental Table 2 presents the percent recoveries and Z-score at the respective fortified level for each compound determined in triplicate. In all cases, it was found a recovery from 96.5 to 103.3 % in both detectors for the studied levels and a Z-score within the acceptance limits. This demonstrates the method suitability in the identification of glycerol oxidation products by HPLC. 
4. Concluding remarks
There are very few HPLC methods published that discuss the identification and separation of glycerol oxidation compounds that overlap their peaks in HPLC analysis. Moreover, these methods do not clearly states a methodology for the optimization of the chromatographic method. In this work, a method that optimizes the separation and enables the identification of seven different compounds by means of HPLC is reported. Chromatographic conditions that allowed reproducible elution of individual peaks and acceptable resolution between compounds with similar retention time are proposed. Conditions that modify the degree of protonation of the compounds to be separated such as the change of pH altered the retention time of the analytes. The use of a sulfonated divinylbenzene-styrene resin column in the calcium ionic form was effective for the analysis. The method was validated for intra-day precision, detection and quantification limit, linearity, accuracy and sensitivity. The method reported was successfully applied for the identification of products obtained from the chemical oxidation of glycerol.
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Figure Captions.

Figure 1. Glycerol oxidation pathway.

Figure 2. Chromatogram of the first set of experiments (flow: 0.7ml min-1, temperature: 60°C, mobile phase: 0.01M H2SO4). 
Figure 3. Chromatograms of a mixture of standards using concentrations of H2SO4 between 1 mM to 5 mM. 
Figure 4. Sensitivity test for quantification of glyceric acid in RI detector. 

Figure 5. Chromatogram of the products obtained by the chemical oxidation of glycerol using Jones reagent. 
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Table 1. Method conditions reported in literature for the identification of glycerol oxidation products by HPLC.
	Column
	Mobile phase
	Column temperature (°C)
	Reference

	Aminex HPX-87H
	10 mM H2SO4
	60
	[7, 8]

	Aminex HPX 87C
	10 mM H2SO4
	60
	[9]

	Aminex HPX-87H
	5 mM H2SO4
	60
	[2,10]

	Aminex HPX-87H
	5 mM H2SO4
	55
	[11]

	Aminex HPX 87H
	5 mM H2SO4
	45
	[12]

	Aminex HPX-87H
	5 mM H2SO4
	30
	[13]

	Alltech IOA 1000
	5 mM H2SO4
	25
	[14]

	Alltech QA-1000
	4 mM H2SO4
	70
	[15]

	Aminex HPX-87H
	4 mM H2SO4
	30
	[16]

	ICPak Ion Exclusion
	0.4 mM H2SO4
	70
	[17]

	Hitachi GL-C610-S
	Water
	60
	[18,19]

	Alltech OA-1000
	10 mM H2SO4/10 mM H3PO4
	Not reported
	[20]

	Aminex HPX-87H
	65:35 H2O–acetonitrile containing 0.5 mM H2SO4
	
	[21]

	Aminex HPX-87H
	0.01 M H2SO4
	
	[22]

	Rezex ROA
	0.01 N H2SO4
	
	[23]

	Alltech OA-1000
	Not reported
	
	[24]

	Zorbax SAX
	
	
	[25]

	Sarasep Car-H
	
	
	[26]


Table 2. Summary of conditions allowing the identification of all the standards analyzed with the respective resolution achieved.

	H2SO4 (mM) in mobile phase
	pH
	Flow rate

(mL min-1)
	Resolution

	
	
	
	Mesoxalic-Tartronic acid
	Glyceraldehyde-Glyceric acid
	Glyceric Acid-Glycerol
	Glycolic Acid-Dihydroxyacetone

	3
	2.2
	0.5
	3.13
	0.73
	0.61
	1.27

	3
	2.2
	0.7
	3.1
	0.96
	0.51
	1.22

	2
	2.4
	0.5
	3.0
	0.85
	0.56
	1.35


Table 3. Standard curves for glycerol oxidation products.
	Standard
	
	Equationa) (y=ax)

	
	Retention time
	UV detector
	RI detector

	
	
	
	

	
	
	a
	r2
	a
	r2

	Mesoxalic acid
	9.2
	3653.786
	0.9995
	1054.025
	0.9996

	Tartronic acid
	10.84
	5111.204
	0.9991
	1235.887
	0.9998

	Glyceraldehyde
	17.19
	731.7548
	0.9990
	1483.127
	0.9997

	Glyceric acid
	18.54
	1213.569
	0.9999
	885.373
	0.9998

	Glycerol
	19.26
	
	
	1244.132
	0.9999

	Glycolic acid
	21.43
	1379.977
	0.9999
	981.756
	0.9998

	Dihydroxyacetone
	23.03
	1572.767
	0.9999
	1224.625
	0.9997


 a)Range 0-10 mg ml-1
Table 4. Intra-day Precision Test of the HPLC method for the determination of glycerol oxidation products.
	Standard
	 
	UV detector
	 
	RI detector

	
	
	Average of 7 determinations (mV.s)
	Standard deviation
	%CV
	
	Average of 7 determinations (mV.s)
	Standard deviation
	%CV

	Mesoxalic acid
	
	588.1
	14.07
	2.39
	
	199.97
	5.51
	2.75

	Tartronic acid
	
	920.36
	21.21
	2.30
	
	226.47
	6.79
	3.00

	Glyceraldehyde
	
	102.78
	4.32
	4.20
	
	246.01
	15.72
	6.39

	Glyceric acid
	
	203.22
	5.70
	2.80
	
	384.75
	6.76
	1.75

	Glycolic acid
	
	177.21
	7.01
	3.95
	
	129.44
	5.11
	3.94

	Dihydroxyacetone
	 
	192.48
	6.46
	3.35
	 
	152.24
	6.06
	3.98
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