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Description


Determination of the Partial Molar Volumes in Methanol-Water Solutions Kimberly A. Gines, Jirah Emmanuel T. Nolasco, Ramon Paolo T. Quintero Department of Chemical Engineering University of the Philippines – Diliman ChE 124 Instructional Laboratory: FQRUV



Abstract—In this experiment, the partial molar volumes in methanol-water solutions were determined using pycnometry. Six (6) different solutions with varying methanol mole fractions were tested in order to generate a plot of the partial molar volume versus mole fraction. From the experimental data, the plot obtained is highly accurate having a maximum error value of 2.35% and is also highly precise with respect to values obtained in the two trials. Deviations from literature values are due to the material loss resulting from the volatilization of the mixture in the flasks, unaccounted moisture, fluctuating water bath temperature, and errors due to instrumental limitations. Keywords - Partial molar volume, Gibbs/Duhem equation, pycnometry



I.



INTRODUCTION



The partial molar volume of a species in a solution is a measure of the change in the volume of the solution at the addition of the said species at constant temperature, pressure, and other species compositions [1][2]. The partial molar volume 𝑉̅𝑖 of species i in a solution is then defined as 𝜕(𝑛𝑉) 𝑉̅𝑖 = [ 𝜕𝑛 ] 𝑖



where



𝑇,𝑃, 𝑛𝑗







Figure 1. Plot of partial molar volumes of methanol (1) and water (2) in a solution at 298 K and 1 atm [1].



In the experiment, derived equations from the manipulation of the summability relation and Gibbs/Duhem equation will be utilized to determine the partial molar volumes in methanolwater solutions [3]:







𝑛𝑉 is the total volume of the solution; 𝑛𝑖 is the number of moles of species i; 𝑛𝑗 are the number of moles of other species j; 𝑇 is the solution temperature and 𝑃 is the pressure.



Partial molar properties are useful in predicting the behavior of solutions. It is known that when liquids are added to produce a specific solution concentration, the resulting volume is not equal to sum of the liquid volumes added. This resulting volume can be predicted when the partial molar volumes of the species are known. Figure 1 shows a theoretical plot of partial molar volume 𝑉̅1 and 𝑉̅2 for a methanol-water system.



𝑑𝑉 𝑉̅1 = 𝑉 + 𝑥2 𝑑𝑥  1



 where



𝑑𝑉 𝑉̅2 = 𝑉 − 𝑥1 𝑑𝑥  1



 



𝑉 is the molar volume of the solution and 𝑥𝑖 is the molar composition of species i.



This requires generating a plot of molar volumes versus molar compositions from experimental weight and density data to obtain the values for the derivative terms in equations (2) and (3). The calculated partial molar volumes of methanol and water are then evaluated by comparing it with those of Fig. 1. II.



METHODOLOGY



A. Solution Preparation Six (6) 50-mL volumetric flasks with covers were weighted using an analytical balance and labelled as I to VI. Each volumetric flask were assigned a solution concentration on the basis of methanol mole fraction: 0, 0.20, 0.40, 0.60, 0.80, and 0.95, respectively.



1



The calculation of the volume of 99.8% v/v methanol required for each solution was done using the equation



Solution



𝜌𝑀𝑒𝑂𝐻 (0.998𝑉)



𝑥=



𝑀𝑊𝑀𝑒𝑂𝐻 𝜌𝑀𝑒𝑂𝐻 (0.998𝑉) 𝜌𝑤𝑎𝑡𝑒𝑟 (50−0.998𝑉) 𝑀𝑊𝑀𝑒𝑂𝐻



where



+



TABLE I.



(3)



𝑀𝑊𝑤𝑎𝑡𝑒𝑟



𝑥 is the molar fraction of methanol; 𝜌𝑖 is the density of species i 𝑀𝑊𝑖 is the molecular weight of species i; and



𝑉 is the volume of methanol required; After the computations, the methanol volume required for each solution were then added in the flasks using a 10-mL pipette. The mass of each volumetric flask with methanol was then recorded. Distilled water was then added until the 50-mL mark of the flasks were reached. The masses of the volumetric flasks, this time containing aqueous methanol solutions, were measured. The solutions were mixed thoroughly. Using the recorded masses, the actual mole fraction of methanol in each solution were calculated since the volume added were not exactly the same volume computed from equation (4) due to the limitation of the pipette measurement in terms of significant figures. B. Determination of the molar volumes of the solutions A water bath was prepared and was maintained at a temperature of 25 °C using ice. This was made to ensure that the molar volume measurements would be made at 25 °C, the temperature where theoretical values of partial molar volumes are available (Fig. 1). The volumetric flasks were then placed in the water bath. The mass of the dry empty pycnometer to be used was measured. Solution I was then transferred to a 200-mL beaker, and 10 mL of it was pipetted into the pycnometer. The stopper of the pycnometer was then inserted, making sure that no bubbles were created in the capillary of the pycnometer. Since the contents of the pycnometer would spill, tissue paper was used to dry its external surface before its mass was measured. After pouring the contents of pycnometer and drying it using acetone, the transfer process and measurements done were repeated for solutions II to VI. Two trials for each solutions were done.



MOLE FRACTION RECALCULATION Methanol Mole Fraction Theoretical



Recalculated



I



0.000



-



II



0.200



0.227745 ± 0.00008



III



0.400



0.385914 ± 0.00008



IV



0.600



0.487277 ± 0.00009



V



0.800



0.824652 ± 0.00016



VI



0.950



0.960772 ± 0.00019 )



All recalculated mole fraction values lie near their theoretical counterparts, except for Solution IV. This may be due to various errors, which will be discussed later. The pycnometer data, which includes the mass and volume of the solution, was used to calculate the densities of the solutions. Afterwards, the molar volume was determined by multiplying the inverse of the density with the average molecular weight of the solution. The average results of these calculations are shown in Table II. TABLE II. DETERMINATION OF MOLAR VOLUME Solution



Density (g/mL)



Molar Volume (cm3/mol)



I



0.999625



18.0269 ± 0.0031



II



0.94544



22.4398 ± 0.0047



III



0.91332



25.6586 ± 0.0055



IV



0.87687



28.3469 ± 0.0062



V



0.823282



35.9414 ± 0.0097



VI



0.798445



39.4512 ± 0.0113



It can be seen that as the concentration of methanol in solution increases, the density of the solution deviates away from the density of water (1 g/mL) and becomes nearer to that of methanol (0.7918 g/mL). This illustrates the notion that solution properties consist of contributions from its components; the extent of such contributions depend on the amount of each component present [4]. A plot of Vmolar vs. xMeOH was generated, as shown in Figure 2.



C. Waste Disposal The methanol solutions and waste acetone were placed in their appropriate waste jars. The used pieces of tissue paper and tape were put in the solid waste container. III.



RESULTS AND DISCUSSION



As mentioned, the mole fraction for each solution was recalculated using the masses of methanol and water in the volumetric flasks. The recalculated mole fractions, as well as their theoretical values, are listed in Table I. Figure 2. Plot of Molar Volume vs. Methanol Mole Fraction with quadratic fit
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The plot was fitted to a quadratic function since the actual plot of Vmolar vs. xMeOH is not linear as seen in Figure 1. However, it was not fitted to higher-order polynomials so that the deviations caused by experimental errors would not be included into the fit. The partial molar volumes were determined by taking the derivative of the equation of the best-fit curve and substituting the resulting expression to Equations 2 and 3. The average values are summarized in Table III.



The plot shown in Figure 1 is replicated by plot digitization and was superimposed with the experimental values, as shown in Figure 5.



TABLE III. PARTIAL MOLAR VOLUMES Solution



Partial Molar Volume (cm3/mol) Methanol



Water



I



37.1028 ± 0.1169



18.0269 ± 0.0568



II



38.3601 ± 0.1788



17.7447 ± 0.0827



III



38.9748 ± 0.2144



17.2902 ± 0.0951



IV



39.8164 ± 0.2453



17.4466 ± 0.1075



V



40.2638 ± 0.3891



15.6134 ± 0.1509



VI



40.4543 ± 0.4588



14.8838 ± 0.1688



To assess the accuracy of the obtained values, these data were superimposed with the theoretical plot, which was obtained by digitization of the plot shown in Figure 1. Figures 3 and 4 show these graphs for methanol and water, respectively.



Figure 5. Plots of partial molar volumes and solution molar volume



It can be seen from Figures 3-5 that the experimental results are generally in agreement with the theoretical values. Aside from the reasonable fit of the experimental data, the following observations must be noted. First, the slopes of the partial volume curves are always opposite in sign. This is a consequence of the Gibbs/Duhem Equation, which may be expressed in derivative form: 𝑑𝑉̅1 −𝑥2 𝑑𝑉̅2 = 𝑑𝑥1 𝑥1 𝑑𝑥1



(4)



Also, it can be observed that as the concentration of methanol in the solution increases, the molar volume approaches the molar volume of the pure liquid, which is about 40.727 cm3/mol; when the concentration of methanol nears zero, the solution molar volume approaches that of pure liquid water, which is approximately 18.068 cm3/mol [1].



Figure 3. Partial Molar Volume of Methanol in Aqueous Solution at 298.15 K



Another property that can be determined from this experiment is the partial molar volume of methanol (1) and water (2) at infinite dilution. These values can be observed when the said components are in minute concentrations. It can be obtained graphically or analytically. The expressions for the partial volumes can be obtained by applying the equation of the best-fit curve from Figure 2 to Equations 2 and 3. 𝑉̅1 = 37.0601 + 6.7589𝑥1 − 3.3799𝑥1 2  𝑉̅2 = 17.9842 − 3.379𝑥1 2 



(5) (6)



∞



The value of 𝑉̅1 can be determined from Equation 5 setting ∞ 𝑥1 equal to zero, while 𝑉̅2 can be determined from Equation 6 ∞ ∞ setting 𝑥1 equal to 1. The values of 𝑉̅1 and 𝑉̅2 are found out to 3 3 be 37.0601 cm /mol and 14.6052 cm /mol, respectively. These results agree with values obtained from the graphical method, ∞ ∞ which are 36.93 cm3/mol and 13.40 cm3/mol, for 𝑉̅1 and 𝑉̅2 . Figure 4. Partial Molar Volume of Water in Solution with Methanol at 298.15 K
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The non-ideality of mixing methanol and water, ie. The nonadditivity of their volumes, can be traced back to the interaction of their molecules. To illustrate this point, the concept of excess volume will be used. The excess volume, VE, is the difference between the actual volume of the solution and its volume if it were an ideal solution, Vid [4]: 𝑉 𝐸 = 𝑉 − ∑ 𝑥𝑖 𝑉𝑖



TABLE V. PERECENT ERROR FOR EXPERIMENTAL VALUES



Solution



(7)



𝑖



By using the summability relation, the volumes of the solutions based on the experimental values of the partial molar volumes are obtained, as shown in Table IV.



Volume (cm3/mol)



I



49.7094



II



44.0834



III



48.9589



IV



55.0520



V



49.1772



VI



49.3021



Methanol



Water



Solution Volume (% error)



I



1.30



0.23



0.23



II



0.83



1.47



0.59



III



0.47



2.35



0.71



IV



1.48



1.44



1.46



V



0.69



0.86



0.57



VI



0.67



1.49



0.68







TABLE IV. CALCULATED SOLUTION VOLUMES Solution



Partial Molar Volumes (% error)



  Substituting these values to Equation 7, along with the values of molar volume for pure methanol and pure water, the following plot is generated.



 Figure 6. Plots of Excess Volume vs. Methanol Mole Fraction



The excess volume may be treated as a measure of nonideality. Based from Figure 6, the non-ideality is at its peak when the two components of the solution are equally present. This can be attributed to the significantly strong molecular forces of interaction between the methanol and water molecules. The hydrogen bond interaction between methanol and the surrounding water molecules is nearly the same as in pure liquid methanol; the same can be said for water [6]. These bonds are strong enough to cause the volume of the mixture to be actually less than the sum of the initial volumes of both components. In order to properly assess the accuracy of the experiment, the theoretical values were obtained by plot digitization and were compared with the experimental results. Table V summarizes the percent errors for the experimental values.



Based from Table V, the experimental values are very accurate, with the largest percent error being 2.35%. However, that does not mean that the experiment was free from errors. The possible sources of error in the experiment include: (1) instrument limitations; (2) unaccounted moisture, which might have come from the atmosphere; (3) inconsistent water bath temperature, since volume and density measurements are highly sensitive to temperature changes; (4) material loss due to volatilization of methanol; and (5) procedural errors, like using a pycnometer or volumetric flask which was not dried completely, or over-diluting the methanol solutions beyond the mark of the volumetric flask. IV.



CONCLUSION AND RECOMMENDATION



The main objective of the experiment was to determine the partial molar volumes in methanol-water system by generating a plot of the partial molar volume versus mole fraction. The values needed in this graph were from the density values obtained through the use of the pycnometer. The resulting graph was then compared to literature which is also the graph found in Figure 1. From the graph presented in the previous section, it can be seen that the results of this experiment are highly accurate, having a maximum error value of 2.35%. The results per trial were also highly precise. This implies that the experiment was successful in determining the partial molar volume of the methanol-water solutions. Errors which contributed to the deviations in the data obtained include: (1) instrumental errors due to instrumental limitations, (2) material loss due to the volatilization of the methanol-water mixture, (3) unaccounted moisture and (4) inconsistent water bath temperature which affected the accuracy of the results. Among those that were mentioned, material loss would have a larger contribution in the error part of the experiment since it was assumed that after the mole fraction of ethanol was recalculated, the moles of ethanol and water in the liquid mixture remained the same throughout the rest of the experiment. For further studies of this experiment, it would be helpful to search for more ways to decrease the volatility of the mixture and have a constant temperature bath that would maintain the desired temperature in the experiment. The moisture from the atmosphere may also be accounted by measuring various parameters of the air inside the laboratory, such as wet-bulb
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temperature. Paper tongs may also be used to ensure that the amount of moisture that would adhere to the external surface of the glassware will be minimal. Also, the partial molar volumes may be determined using other approaches aside from the Gibbs/Duhem equation, such as the concept of “apparent molar volume,” may be used [3]. These procedures however, might require more sophisticated equipment.
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