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Summary/Abstract:

The shear rate dependences of the viscosity of CMC solutions, dilutions produced from 1% high molecular weight (HMW) CMC lab stock: (1:50, 1:100, 1:150, 1:200, 1:250, and 1:500), were determined at a constant temperature of 30ºC using Brookfield and Capillary Viscometers.  A viscosity vs. speed plot, Figure 1, reflected at a higher shear rate range occurring at 75 RPM to 200 RPM, the CMC solutions’ trends approach Newtonian behavior.  The Log(Viscosity) vs. Log(Speed) plot, Figure 2, indicates linear trends in this higher shear rate range; however, while the slopes, -0.3365±0.0404, -0.2062±0.1481, and -0.3347±0.1623, were not one, which would have indicated a Newtonian solution, they did indicate the CMC’s behavioral model follows the power-law.

Objectives/Specific Aims:
CMC is a derivative of cellulose and a model polymer for Biorheology studies as well as many industrial uses, such as a thickening agent. Aqueous solutions of CMC may be either non-Newtonian or Newtonian depending on molecular weight, concentration, and temperature.  In this experiment the main objective was to find the minimum dilution of a 1% stock Carboxymethylcellulose (CMC) solution that exhibits non-Newtonian pseudoplastic behavior.  By finding this minimum concentration, one may determine when the CMC’s behavior changes from pseudoplastic, non-Newtonian to Newtonian.  In addition, the model of the CMC’s shear-rate dependent viscosity as well as its range of linear and nonlinear behavior may be determined.  The three specific aims were:

1. Determine, at a constant temperature of 30ºC, shear rate dependences of the viscosity of CMC solutions: dilutions made from 1% high molecular weight (HMW) CMC lab stock: (1:50, 1:100, 1:150, 1:200, 1:250, and 1:500).

2. Using only the BV, collected data to determine the minimum concentration at which CMC exhibits pseudoplastic behavior (basis previously described in the proposal).  Then the CV was used to collect data for the range—1:200, 1:250, and 1:500 dilutions, including the minimum concentration in order to verify this determination and to obtain more accurate data.

3. For solutions that are non-Newtonian, the parameters of suitable Rheological models, which are to be fit to the obtained data, will be determined, and for Record and analyze the pseudoplastic/Newtonian behavioral changes of the CMC solutions.
Through using the experimental methods incorporating Brookfield Viscometers and Capillary Viscometers in order to find the concentration at which CMC no longer exhibits non-Newtonian behavior as well as CMC’s viscosity’s dependency on shear rate, a behavioral model of Carboxymethylcellulose (CMC) may be determined.
Background


The determination of the CMC solution as a Newtonian or Non-Newtonian liquid is explored by finding the resulting viscosity of the liquid due to shear stress.  Newtonian liquids have constant viscosity regardless of shear stress, whereas non-Newtonian liquids exhibit changing viscosities as shear stress increases.  CMC in the stock concentration is a non-Newtonian liquid due to its molecular structure.  As a long polymer chain, it is prone to self-impedence.  The determination of the viscous property of CMC solutions using the BV is straightforward.  The digital display will show the current viscosity of the liquid solution.  The BV simulates laminar flow (a situation in which viscosity is a factor in determining the flow rate) by keeping the distance from the submerged mass to the side of a cylinder of CMC solution, very small (Source4).  Measuring CMC viscosity values using the CV is not practical because they are meant to measure the viscosity of Newtonian liquids.  Thus, finding the shear rate for each size of CV is not a pragmatic method of comparison (Source2).
Theory


The dilution range of 1:50 - 1:500 was selected to determine the point where the CMC solution exhibits near Newtonian behavior. In the analysis of the BV data, rotational velocities below 50 RPM were discarded because of the trend of rapidly decreasing viscosities over an increasing shear rate. This did not allow for comparison between relative natures of the different dilutions. Due to the time involved with using the CV, trials were run on the BV initially, and the solutions exhibiting near Newtonian behavior were then run through the CV, in order to produce data within the desired trends. 

Materials and Methods:
Refer to BE 309 lab manual for pertinent methods and materials
Results:
It was not possible to obtain the correct dilution factor to obtain a pseudoplastic solution of Carboxymethylcellulose.  The minimum concentration (maximum dilution) at which the CMC solutions approached Newtonian behavior was determined to be at a dilution of 1:200 of the 1% high viscosity CMC stock solution.  Figure 1 shows the Viscosity vs. Speed plots for solutions of 1:50, 1:100, 1:150, 1:200, 1:250 and 1:500 dilutions.  The slopes with 95% confidence intervals of the 1:200, 1:250, and 1:500 dilutions at Brookfield Viscometer shear/speed rates above 75 RPM were                          -0.006±0.00274, -0.003±0.00285, and -0.004±0.00326, respectively. Figure 2 displays the Log (Viscosity) vs. Log (Speed) to investigate the behavioral model of CMC.  The slopes for the 1:200, 1:250, and 1:500 dilutions with 95% confidence intervals were -0.3365±0.0404, -0.2062±0.1481, and -0.3347±0.1623, respectively. 

The capillary viscometers were calibrated and their viscometer constants were obtained. The constants with relative standard deviations were 263801.4±1.64% for the size 50 CV, 69019.6±1.49% for the size 100 CV, 28320.9±1.49% for the size 150 CV, and 11905.8±0.38% for the size 200 CV.  Table 1 shows the aforementioned data as well as the 95% confidence intervals of these viscometers. 

The 1:200, 1:250, and 1:500 dilutions were run through the four calibrated capillary viscometers with 3-6 trials per dilution performed for each capillary. The viscosities of these 3-6 trials were determined and averaged as shown in Table 2. The average viscosities across all used capillary viscometers with 95% confidence interval for the 1:200, 1:250, and 1:500 dilutions were found to be 1.097±0.133 cP, 1.308±0.108 cP, and 1.462±0.182 cP, respectively.  The precision of these values yielded a range of relative standard deviations from 4.9%- 7.8%.  A comparison between the Brookfield viscometer and the capillary viscometers for the accuracy of the obtained viscosity values was conducted and the percent errors for the 1:200, 1:250, and 1:500 dilutions were 22.5%, 29.6%, and 19.1%.

Analysis and Discussion of Results:

In this experiment the main objective was to find the minimum dilution of a 1% stock Carboxymethylcellulose (CMC) solution that exhibits non-Newtonian pseudoplastic behavior.  To achieve this several solutions of the aforementioned dilution factors were made.  The Brookfield viscometer (BV) was used to measure the apparent viscosity as a function of shear rate for the various solutions, simply because the shear rate can be quickly and precisely changed.

From running the 1:50 dilution in the BV at speeds 50-200, apparent viscosity values ranged from 5.6 cP at speed 75 to 4.33 cP at speed 200. This significant decrease of viscosity for an increase in shear rate is typical for a pseudoplastic solution, and signified a need for much higher dilutions. The apparent viscosity values for the lower shear rates (speeds of 1-50) were not considered in the analysis because all the solutions exhibited a rapid decrease in apparent viscosity as a function of shear rate, and thus these values were not useful in determining the relative nature of the solutions. As seen in Figure 1, the solutions with 1:100 to 1:500 dilutions had slopes that were closer to 0 as compared to the 1:50 dilution. This plot of the apparent viscosity versus shear rate indicates that the solutions were more Newtonian and less sensitive to changes in shear rate. However, a Newtonian solution would have a slope of 0, and the slopes of these higher dilutions were still significantly different than 0. Further, the slopes of the log of apparent viscosity versus the log of shear rate for all the solutions were significantly different than 1, the slope that would be exhibited by a Newtonian solution. Thus, none of the solutions were Newtonian.


The 1:100 to 1:500 dilutions had slopes of viscosity versus shear rate that wavered, but exhibited no clear trend. This is evidenced by an additional plot (Figure 3) of the slope from Figure 1 versus the dilution ratio of each solution, and a trend-line for this new plot had an R-squared of 0.02. This suggests that the accuracy of the BV would limit its ability to precisely determine the minimum concentration that would show pseudoplastic behavior, and no solutions with higher dilution factors were made.

Additional Brookfield Viscometer trials were carried out with the 1:500 CMC solution, at a constant temperature of 30ºC, in order to determine repeatability of the data.  Two additional trials (data in Table 1) were produced where the shear rates and speeds were first increased and then decreased in the high shear rate range at speeds of 75 RPM to 200 RPM.  The standard deviation of the data at each respective speed/shear rate yielded the Y-error bars for the Viscosity vs. Speed graph, Figure 1.  The Y-error bars, with an average magnitude of 0.1874, are too small to be seen on the graph.

The pseudoplastic nature of CMC solutions is caused by interactions between the CMC molecules. Thus, in theory a solution would be Newtonian only if each CMC molecule in the solution were infinitely far apart and had no interaction with each other. This suggests that CMC solutions would become Newtonian as a function of decreasing CMC concentration, as confirmed by our BV data, but that it would only be Newtonian if it were practically water and its viscosity were equal to that of water.  Additionally, in the high shear rate range occurring at speeds of 75 RPM up to 200 RPM on the Brookfield Viscometer, the CMC solutions followed the power-law viscosity shear-rate dependency behavioral model.  Seen in Figure 2, linear trends occur at the higher shear rate range indicating this power-law model of behavior.
The capillary viscometers (CV) were used because they yielded results that were both more precise and more accurate. Each size CV has a different shear rate that is a function of flow rate and the cube of the diameter of the capillary. However, the CV is designed for application to liquids that exhibit Newtonian flow behavior (see ASTM reference to standard ASTM D-445), and the calculation of the shear rate for each size CV was impractical.

The flow time of a solution running through the CV is proportional to the viscosity divided by the density of the solution. To determine this proportionality constant for each size CV (sizes 50, 100, 150, and 200), two sucrose solutions of different concentrations were run through each CV, and the concentrations were chosen for each CV based on the recommended range of viscosity/density (see Fisher manual reference). The constant was then determined to be equal to the flow time multiplied by the density divided by the viscosity (see sucrose calculations reference), and can be seen in Table 1. 

Because the CV is much more time intensive that the BV, fewer solutions were tested. 1:200, 1:250, and 1:500 dilutions of the stock 1% CMC solution were used to see if the CV could reveal any trends in this concentration range that the BV could not show. Taking the flow time and dividing it by the respective proportionality yielded the apparent viscosity. The density was ignored in this equation because the measured density of each of the three solutions was 1.00g/mL. The 1:500 solution was not tested in the size 200 CV because the flow time was less than 15 seconds, and time that was too small to be relied on for accuracy and precision.

Without shear rate values for the various size CVs, the apparent density values were only compared to see if they all were within the 95% confidence interval of the average viscosity. In fact, the 1:200 and 1:250 were not within this interval, and their decrease in apparent viscosity with increasing CV size is indicative of a pseudoplastic fluid. The apparent viscosity values for the 1:500 solution were within its confidence interval of its average viscosity. However, there is an 8.2% decrease in apparent viscosity values between the size 50 and size 100 CV, which suggests that this solution is still pseudoplastic, and testing in other sized CVs would yield more definitive results.

Our CV data, as well as our BV data, point to the overall conclusion that all of the dilutions tested were non-Newtonian. Further, both apparatus reveal that the solutions become more Newtonian with decreasing CMC concentration, reflected by a decrease of the apparent viscosity’s sensitivity to changes in shear rates. This suggests that the solution would exhibit Newtonian behavior only if the CMC is dilute enough that the solution is essentially water, and this transition would be difficult if not impossible to determine because of the limits of both types of apparatus. 
Conclusions:
1. A viscosity vs. speed plot, Figure 1, at a higher shear rate range occurring at 75 RPM to 200 RPM reflected that the CMC solutions’ viscosity’s dependency on shear rate trends approach Newtonian behavior.
2. Using the BV and CV, the minimum concentration at which CMC exhibits pseudoplastic behavior was narrowed to the range including and below the 1:200, 1:250, and 1:500 CMC solution dilutions.

3. The Log (Viscosity) vs. Log (Speed) plot, Figure 2, indicates linear trends in this higher shear rate range reflecting power-law behavior; however, since the slopes— -0.3365 ± 0.0404, -0.2062 ± 0.1481, and -0.3347 ± 0.1623, were not one, they did not indicate purely Newtonian solutions.
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[image: image2.emf]Fig. 2 - Relationship of Log(Viscosity) vs. Log(Speed) with the BV 

(reflecting the same Newtonian Range as in Fig. 1)
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Table 1: Raw Brookfield Viscometer Data Taken for the 1:500 Dilution Solution of CMC in order to Determine Reproducibility of the Data

	Speed
	Trial 1 (Viscosity) (cP)
	% Max Torque
	Trial 2 (Viscosity) (cP)
	% Max Torque
	Average (Trial1&2)
	Data used for Visc vs. Speed Graph

	50
	1.5
	2.5
	1.38
	2.3
	1.44
	1.8

	75
	1.2
	3
	1.44
	3.6
	1.32
	1.88

	100
	1.2
	4
	1.38
	4.6
	1.29
	1.71

	120
	1.27
	5.1
	1.5
	6
	1.385
	1.52

	150
	1.3
	6.5
	1.46
	7.3
	1.38
	1.42

	200
	1.29
	8.6
	1.32
	8.8
	1.305
	1.38

	150
	1.3
	6.5
	1.38
	6.9
	1.34
	

	120
	1.42
	5.7
	1.5
	6
	1.46
	

	100
	1.26
	4.2
	1.44
	4.8
	1.35
	

	75
	1.48
	3.7
	1.6
	4
	1.54
	

	50
	1.44
	2.4
	1.32
	2.2
	1.38
	


Table 1: Capillary Viscometer Calibration Data for ASTM sizes 50, 100, 150, and 200

	Bulb
	bulb constant
	bulb const relative st. dev.
	bulb const 95% conf.

	50
	263801.4
	1.635337
	4527.302

	100
	69019.6
	1.487632
	1077.514

	150
	28320.92
	1.494079
	444.0543

	200
	11905.81
	0.379382
	47.40138


Table 2: Capillary Viscometer Data Taken for 1:500, 1:250, and 1:200 solutions at various capillary sizes

	Size
	1:500
	1:250
	1:200

	50
	1.158743
	1.419439
	1.624568

	100
	1.063219
	1.313327
	1.443861

	150
	1.068733
	1.293832
	1.412913

	200
	 
	1.204453
	1.366699

	Average
	1.096898
	1.307763
	1.46201

	St. Dev.
	0.05363
	0.067598
	0.114317

	t critical
	4.302656
	3.182449
	3.182449

	95% Conf.
	0.133224
	0.107564
	0.181904


[image: image3.emf]Fig. 3 Trend in Viscosity/Shear Rate vs. Dilution Factor
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