Chapter V

__________________________________________________________________

EXPERIMENTAL RESULTS AND DISCUSSION

__________________________________________________________________________

V-l.0 ZIRCONIUM SULFATE PRODUCTION 

A study of the production of zirconium sulfate, in a continuous stirred tank reactor, was performed by following a predesigned experimental plan, which addressed 6 processing variables, resulting in 16 experiments.  This plan was discussed in Section III-3.0 and summarized in Tables III-IV and III-V of Section III-3.2.3.  This chapter presents the results of that study and discusses the implications of these results on the processability of zirconium sulfate powders. 

V-1.1  Starting State Reactants

To begin this work, the chemical "state" of the starting materials was monitored at the start of each production run to ensure a uniform reactant source.  The measured parameters include stock zirconyl chloride solution density, ρPZC, acid feed density, ρAF, of the starting ammonia, pH and concentration of the stock zirconyl chloride and the pH and concentration of the acid feed were chosen to represent uniform preparation and sampling.  These measured values are compiled in Table I, Table II and Table III for the 16 production runs.  From Table I, the zirconyl chloride solution density and the diluted acid reactants are shown to be uniform with less than a 0.05% deviation found within these 16 samples and a 0.08% change in the absolute zirconyl chloride solution density, which was established in Table I of Appendix A as ρPZC =1.0749 +/- 0.0006 g/ml.  The densities of the two base solutions were assumed constant at ρconc=0.898 g/ml for [NH4OH]conc =14.4 N and ρdil=0.99 g/ml for [NH4OH]dil=1.0 N.  The techniques used to establish a constant concentration of the starting solutions exhibited reproducibility within +/- 2.5%, gravimetric techniques proved to be within +/- 1.9% and the concentrations determined by ICP fell within a +/-0.6% error.  The excellent agreement between gravimetry and ICP, in the determination of the zirconyl chloride concentration (0.4141 M versus 0.4123 M), justifies the use of the gravimetric technique as shown in Table II.  The determination of absolute pH values met with more difficulties.  All the measured values fell within a 21% window of reproducibility, which seemed to be a function of the pH value itself.  The error in reproducibility for the stock zirconyl chloride solutions (a pH of 0.25) was found to be 8.1 %; whereas, the more acidic acid feed (pH -0.05) was less reproducible with an error of 20.3%.  This magnitude of error is not excessive when measuring such low pH values.

[image: image1.wmf]=

r

T

           

[image: image64.png]


    

Considering all these measured parameters, it can be concluded that the state of the starting solutions was indeed uniform over the span of these 16 experiments. 

V-1.2 Precipitation Step

The zirconium sulfate powders were produced according to the protocol established in Appendix A of this dissertation.  The properties, particle size distributions and morphology of these resultant powders proved to be vastly different, depending on the processing parameters.  In the next few pages, an overview of these results are presented. 
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V-1.2.1  Measured Precipitation Conditions

The actual precipitation conditions were monitored during the course of each run. Parameters such as: 1. filtration rate, 2. volumetric overflow rates, 3. slurry density, 4. slurry pH, 5. zirconium mass fraction in the wetcake, 6. yield, 7. overflow slurry temperatures, 8. reactor temperature as well as the 9. mass flow rates of acid and base streams, were measured systematically during the run.  This section gives the measured results for mean residence time, τ, slurry density, ρslurry, overflow slurry temperature, Tslurry and slurry pH.  The remaining 

parameters are presented throughout this chapter in various other locations. 

In order to confirm the reactor pH measurements, a verification of the overflow slurry sample was made approximately one month after completion of all 16 production runs.  These values represent a pH meter calibrated once for all 16 readings.  Upon recalibration with a new probe, the room temperature readings were taken and are compiled in Table IV for comparison to the values measured during the run.  These “errors” in absolute pH readings range from 0 to 7.5%, with an average of 3.6 +/- 2.1 %.  In all future analysis, the verified pH values will be used exclusively. 

The assembly of four additional measured parameters (shown in Table V), reactor temperature, Tr, slurry temperature, Tslurry slurry density, ρslurry, and mean residence time, τ, illustrates the excellent reproducibility exhibited with this mini-plant. The temperature controller sustained an absolute error for the set point of 95 oC of 0.11% (
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95.140 +/- 0.104 °C) and for the 80-degree setpoint 0.06% (
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80.143 +/- 0.052 °C).  These temperatures were measured over an 8 hour period every 4 seconds.  The measured slurry temperatures and densities were dependent upon the specific run conditions, making margins of error on these parameters irrelevant.  The mean residence time was evaluated by employing a temperature correction of the slurry density up to the reactor operating temperature along with knowledge of the total reactor mass flow.  The slope for the temperature correction was 
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made by measuring two separate slurry densities with extreme densities (e.g., PCB8 and PEB1) at 25 and 95 oC.  A linear interpolation was used, within this operating range, applying an average slope of 
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5.48531·10-4 g/ml·oC.  By use of this correction, the high and low values of τ were found to be 117.26 +/- 0.32 min. and 59.51 +/- 0.60 min., respectively.  For this calculation, ρslurry was temperature corrected to the reactor temperature, Tr (which gives the τ value at Tr).  The absolute error, upon comparison to the desired set points of τ =60 and 120 min., is 0.82% and 2.34%, respectively.  The larger error associated with the high τ value, is largely due to the lack of temperature compensation used with the reactant feed densities when calculating the mass flowrates of the reactants.  This correction would have less of an effect at lower values of τ.  These reported τ values have average reproducibility errors of 1.013 +/- 0.583% (ranging from 0.09 to 1.86%). 

The monitored mass now rates of the acid and base feed streams are reported in Table VI along with their calculated acid/base feed ratios (which is related to the reaction pH, shown later in Section V -2.0).  The within-sample error of macid and mbase were found to be 1.023 +/- 0.578% and 1.007 +/- 0.582 %, respectively.  In conclusion, the input concentrations flow rates and temperatures were carefully controlled in the precipitation study presented within this dissertation.  A high degree of control is necessary if any valid conclusions, as to the affects of each parameter, are to be drawn.    
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V-1.2.2  Elemental Analysis  

Elemental analysis of the stock zirconyl chloride and mother liquor solutions was performed 

by use of ICP techniques.  The results of this analysis are shown in Table VII and Table VIII, respectively, for the following 10 elements: Zr, Hf, AI, Fe, Ba, Ca, Mg, Si, Ti and P.  An overall mass balance for this process can be performed using the information contained in these two tables; where the difference in input concentrations (Table VII) and the liquid phase output concentrations (Table VIII) yields the solid phase concentration (Table IX)--assuming impurity concentrations in the dilution water, NH4OH (conc), H2SO4 (conc) and HCI (conc) to be negligible.  It should be pointed out, that this simplistic approach does not account for the losses in elemental concentrations due to the washing of the powders; however, it does give an upper bound for the powders impurity level and theoretical yield values.  The stock zirconyl chloride solutions are shown (Table VII) to be quite pure, with the hafnium, phosphorus and calcium leading the list of impurities with 1.35% hafnium, 1450 ppm phosphorus and 1080 ppm calcium present.  The iron, aluminum and silica levels were effectively reduced by implementation of the zirconyl chloride purification step (Appendix A.1), resulting in a 50-200 fold reduction in the iron and aluminum levels when comparing impurity levels before purification1. 

One of the pressing questions regarding the precipitation of zirconium sulfate is the purification capability of this step.  If elements of differing solubilities are reacted in the same system, a percentage of the more soluble species will remain in solution, thus purifying the less soluble solid particulate formed.  This precipitation step (performed under the stated conditions) was shown to reject magnesium and calcium quite well; however, the aluminum, phosphorus, iron and hafnium rejection was negligible for most samples.  This result is not so surprising since magnesium and calcium are known to be more soluble than the other elements present, over this pH range.  It should be noted, that the results for sample #PCB4C were found to be inconsistent with the other samples measured due to the presence of very fine solid particulates formed upon aging, which did not settle out of solution with time. The ICP technique is typically used for liquid phase analysis, thus solid particles present during measurement invalidate these results. 

A comparison of the solid phase impurity levels shown in Table IX, with some typical zirconium sulfate powders made by similar precipitation techniques2, shows that all the measured impurities are well below their counterparts with the exception of phosphorus, not typically found at all in zirconium sulfate.  These typical powders, cited by Blumenthal, contained approximately 2% Hf, 1500 ppm Si, 1000 ppm Ti, 300 ppm of Al, Mg and Ca, and 50 ppm of Fe and Ba.  The maximum theoretical Zr yield is also shown in Table IX, ranging from 99.9 to 100% (average of 99.97 +/- 0.069%) over the span of these experiments.  From these results it can be concluded that the concentrations of impurities, found in the precipitated zirconium sulfate powders, fell within the acceptable range.  Impurity rejection was weakly correlated with reaction pH.  All process correlations will be discussed further in Section V-2.0.
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V-1.2.3 Measured Yields 

An experimental yield was determined using the procedure described in Section IV -17.0, after correcting to room temperature.  These measured values are presented in Table X along with the difference in the maximum theoretical yield (Table IX) and this measured value.  This difference is indicative of the extent of losses incurred due to "outside" parameters; these could include: 1. losses in zirconium concentration due to washing, 2. power input less than the minimum power required for achieving slurry homogeneity and/or 3. inefficiencies in the collection of the quantitative analysis samples.   For the moment lets assume that these losses were incurred due to a less than minimum power input (#2) and as the particles grow to a certain size the power needed to throw the larger particles over the top of the draft tube was insufficient and consequently there was an accumulation of bigs on the bottom of the reactor with time.  Under these conditions, the well-mixed assumption breaks down and the CSTR is not operating in its predesigned fashion.  One way to validate this premise is to consider the correlation between the average particle size and the yield difference shown in Table X.  A correlation between the average particle size and the yield difference does exist, albeit a weakly correlated one.  This relationship is shown in Figure 1 along with the correlation statistics.  An F ratio of 10.2 indicates that the null hypothesis (i.e.. Ho=Ŷ=Ybar, meaning there is no relationship between the x and y variables) can be rejected with 95% confidence.  This logarithmic relationship between particle size and this yield difference exists with an r2 of 0.4209.  The low p value of 0.00655 projects the high significance of this proposed model.  However, the low correlation coefficient indicates extreme care in interpolating from this model should be exercised.  By accounting for yield losses in this way, it is apparent that a specific energy input is needed to achieve uniform sampling.  However, even with these transfer losses existing in this study an acceptable 87% overall yield was obtained. 
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V-l.2.4 Cake Void Fraction 

The way in which a ceramic powder fills a fixed volume, under force, can be indicative of the particle size distribution. The cake packing fraction, s' (=mc/mwc ,see Appendix B), and the corresponding void fraction, ε (related by Equation (V -1 )), were calculated from the measured results, as is shown in Table XI. 
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where ρs= the density of the dry solid and ρ is the density of the filtrate.  The void fraction extended from 65% (#PEB4) to 92% (#PEB2) over the span of these experiments with an overall average of 79% voids.  This void fraction will be shown to have a significant effect of cake filterability. 

V-l.2.5 Filter Rate Test 

The Filter Rate Test, as is explained in Appendix B, measures the flow through a packed bed at a constant pressure.  The beds resistance to flow, αavg is tabulated along with the results of the filter rate test, for the 16 samples, in Table XII.  These results show a large deviation in filterability as a function of the specific operating
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conditions; ranging from the easily filtered Sample #PCB1 (αavg= 0.45·1011 m/kg) to the stubborn filtering gel of Sample #PEB2 (αavg= 73.46·1011 m/kg).  The average specific cake resistance, when considering all 16 powders, was found to be 12.25·1011 m/kg. 

V-I.3 Powder Analysis 

The analysis of the zirconium sulfate powders after precipitation is the emphasis of this section. Powder properties measured include particle size distributions and morphology, TGA, X-ray crystallinity, specific surf areas and pore size distribution analysis. 
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V-1.3.1 Particle Size Distributions and Morphology 

The particle size distributions by area along with their SEM micrographs (using three magnifications, 4, 10 and 20K) are shown in Appendix C for all 16 powder samples.  These micrographs show the fractal nature of the particles.  This fractal behavior changes depending on run conditions; ranging from the dendritic form of Sample #PCB7 upon drying (Figure 2), to the packed spherical shape of Sample #PEB4, as shown in Figure 5.  Figure 3 and Figure 4 continue to illustrate the diversity in particle morphologies present within these samples.  The particle size distributions by area for these four samples are shown in Figure 6 through Figure 9, and the average sizes (for all 16 runs) are compiled in Table XIII.  The overall average particle size of the zirconium sulfate powders was determined to be 
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=3.60 μm with a standard deviation of σ=4.04 μm.  The nature of these types of formation is determined by the degree of necking between the particle growth units; that is, if the growth units are stabilized during the formation step, which aggregate upon standing, a fine fractal powder results.  Conversely, if agglomeration is the controlling formation step then the small growth units will be fused together creating larger, unaggregated, particles tending towards spherical.  The structures are determined by the pre- as well as post-reaction conditions.  The actual affects of these reaction conditions will be quantified later in this chapter. 

  [image: image10.jpg]Figure 2: SEM micrographs of zirconium sulfate powder, #PCB7 at magnifications of a. 360 X
and b. 20000 X. Fine particles aggregate upon drying forming dendritic structure; therefore,
degree of agglomeration is small.





[image: image11.jpg]Figure 3: SEM micrographs of zirconium sulfate powder, #PCB3 at magnifications of a. 4000 X
and b. 20000 X. Fine particles agglomerate during formation step producing a fractal powder
with a large degree of inter-particle necking.





 [image: image12.jpg]Figure 4: SEM micrographs of zirconium sulfate powder, #PCB5 at magnifications of a. 4000 X
and b. 20000 X. A flower type structure with a larger degree of inter-particle necking during
the formation step.
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Figure 5: SEM micrographs of zirconium sulfate powder, #PEB4 at magnifications of a. 400 X
and b. 20000 X. A high degree of agglomeration produces a more spherical particle with a lower
void fraction.
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V -1.3.2 Thermal Gravimetric Analysis (TGA )  

The stoichiometric ratio of zirconium to sulfate, Zr/SO4 in the powder samples (technique described in Section IV -12.2), as well as the number of moles of water, #H2O, attached to the powder surface in its equilibrium, ambient condition was determined by TGA.  The thermal decomposition of pentazirconium disulfate to monoclinic zirconia in air can be considered as a two step reaction, when heated gradually up to 950 °C.  The two decomposition steps are proposed in the following two equations: 

                Zr5O8 (SO4 )2 ·X H2O
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   5ZrO2 + 2SO3 ↑                                                        (V-3) 

The first reaction (considered a drying step) can typically take place up to 300 °C before the weight loss (due to dehydration) becomes negligible; with the average temperature of the first peak established as 103 +/- 11 °C for these 16 measurements.  The second decomposition step typically begins around 600 °C and is essentially complete by 800 °C.  The average for the second peak was determined to be 696 +/- 10 °C for these 16 experiments.  If Reaction (V-3) is allowed to go to completion, monoclinic zirconia results with a stoichiometric recovery ratio of 5 moles of zirconia per mole of pentazirconium sulfate.  Quantitative analysis of these two decomposition steps allows the determination of the Zr/SO4 ratio and #H2O.  The reproducibility associated with this technique was established by duplicating TG analysis on Sample #PEB3.  For the two measurements made, Sample #PEB3 was found to have a Zr/SO4 of 2.60 +/- 0.0038 and #H2O of 19.30 +/- 0.1887.  This simple verification shows the reproducibility in the Zr/SO4 to be +/- 0.15% and in the #H2O to be +/-1%. 

For these measurements, two characteristic types of results occurred:  One had two well defined peaks (see Figure 10), corresponding to the decomposition reactions shown in Equations (V-2) and (V-3), and the other with an additional peak at 475 °C (see Figure 11).  The additional peak in Figure 11 has the same shape as that of the last two small peaks present in the decomposition of the zirconyl chloride (ZrOCl2· 8H2O).  A sample of purified and dried zirconyl chloride powder was decomposed in air, resulting in the curve shown in Figure 12.  These last two peaks are characteristic of the release of the two ionically bonded chlorine molecules, also present in the Fluka zirconyl chloride sample measured as a standard (Figure 13).  This particular bond has essentially the same bond energy as the chlorine bond in FeCl3 shown in Figure 14, where the peak temperatures are similar. 
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These decomposition curves suggest that the presence of the extra peak (shown in Figure 11) exists because of the incomplete hydrolysis of either the starting acid or the precipitation reaction itself.  Establishing a criteria that a “substantial” peak is one with a greater than 1% weight change, 4 of the 16 samples exhibited this extra peak. From these TGA curves, we can conclude that Samples #PCB1, #PCB5, #PEB1 and #PEB4 were not fully hydrolyzed; with Sample #PEB4 being the most incomplete of the four showing an additional peak of 2.3%. 

The measured values of the Zr/SO4 ratio and #H2O’s are summarized in Table XIV.  For the four samples exhibiting the extra peak, the weight loss associated with the extra peak was considered an impurity for the purposes of these calculations and thus was added to the dehydration peak.  Consequently, the resultant effect of incomplete hydrolysis of Equation (III- 10) on these characteristic values is that the #H2O would decrease slightly and the Zr/SO4 ratio would increase since less Zr-SO4 bonds would be formed leaving excess ZrOCl2 as product. Nonetheless, the overall stoichiometric properties of the zirconium sulfate powders were found to have a Zr/SO4 ratio of 2.46 with 1.4 moles of water adsorbed.  These results are typical of those quoted for this reactions3 (i.e., Zr/SO4=2.50 with 14-16 moles of water). 

_________________________________

3Beyer, G.H., Koerner, E.L. and E.H. Olson (1955), U.S. Atomic Energy Commission Report #ISC-634 (unclassified), “Conversion of Zirconium Sulfate to AnhydroU8 Zirconium Tetrafluoride”.
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V-1.3.3 X-Ray Diffraction 

To verify the actual residual decomposition product from Equation (V -3), powder X-ray diffraction was used.  This technique can be considered for crystalline powders only.  If upon It exposure of the powder sample with an X-ray beam, a broad peak results over the entire range of scattered angles, the sample is classified as non-crystalline or amorphous.  This was the result found for typical uncalcined, "as precipitated", powders (Sample #PCB4, as shown in Figure 15).  Otherwise, if well defined peaks form at characteristic angles, a comparison to a known standard pattern can be made verifying the presence of extra phases (polymorphs) or additional compounds. From the characteristic spectrum which results (describing the relative crystallinity), an estimation as to the average crystallite size may also be made4.  The relationship relating the broadening of X-ray diffraction peaks due to the average crystallite size was first given by Scherrer as5 
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where D is the average crystallite size--assumed to be a cube--perpendicular to a specific reflecting plane.  K is a constant based upon model assumptions (K=0.94 for these conditions), λ is the wavelength of radiation, βhm is the line broadening (in radians) at half maximum and θ is the peak angle of diffraction.  However, peak broadening can result from sources other than the crystal size dependence; therefore, an -instrumental broadening" correction must 

_____________________________

4Theunissen, Gerald (1990), “Microstructural, Fracture Toughness and Strength of (Ultra) Fine-Grained Tetragonal 

Zirconia Ceramic”, Ph.D. thesis, Delft University of Technology, The Netherlands. 

5Scherrer, P. (1918), Goett, Nachr, 2, 98. 
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be made if the average crystallite size is to be more than a rough estimation.  These corrections for Kα- splitting and asymmetric instrument broadening can be made when applying graphical fitting routines6.  The determination of the average crystallite size was made for the monoclinic zirconia Sample (#PCB4) shown in Figure 16, by fitting the (
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) and (
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) peaks with a Cauchey distribution and correcting for instrument broadening.  This powder sample was prepared by calcining for 6 hours at 1000 oC in air.  The impurity levels in this sample can be considered negligible since peak shifts (from an undoped standard) are nonexistent.  The resultant fit parameters are given in Table XV.  By use of Equation (V-4), along with these fit parameters, the average crystallite size of Sample #PCB4 was determined to be 32 nm. 

V-1.3.4 Surface Area Measurements 

For the characterization of the zirconium sulfate powders prepared in this study, nitrogen adsorption at 77 K was used to measure the surface of the powders in their equilibrium ambient state (i.e., with the adsorbed number of waters in tact).  The isotherms for two exemplary samples, of extreme surface areas, are presented in Figure 17 and Figure 18.  The curve shown in Figure 17 shows little historesis along the condensation line, which is characteristic of larger particles (low specific surface area) present with little or no micropores.  Conversely, the scan in Figure 18, shows large historesis due to the condensation and evaporation of nitrogen in the micropores or fine channels present in this sample.  By applying the BET equation, powder specific surface areas, Ŝ, can be established from the typical isotherms exhibited in Figure 17 and Figure 18.  These values, along with the associated C values (in the BET equation), are given for all 16 samples in Table XVI.  The specific surface area demonstrates a large sensitivity to changes in run conditions, producing surface areas ranging from 1.5 to 20 m2/g with an overall average of Ŝ=6.35 +/- 6.1 m2/g.  A complete analysis of surface area with respect to processing conditions will be considered later in this chapter.

The pore size distributions can also be calculated from these characteristic isotherms and are presented (for the same two samples) in Figure 19 and Figure 20, respectively.  The distribution shown in Figure 19 is quite

_____________________________ 

6 Klug, H.P. and L.E. Alexander (1974), X-Ray Diffraction Procedures, John Wiley & Sons, Toronto. 
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misleading however, due to limitations in the nitrogen adsorption technique.  Inherent in the theory and methodology of this technique, is the fact that a pore size of 600 Ǻ (radius=300 Ǻ) is the largest pore measurable.  Because of this constraint, the pore size distributions--for the low specific surface area samples--are not measuring the greatest percentage of pore sizes present.  Therefore, all that can be concluded from a pore size distribution such as Figure 19, is that large macropores--greater than 600 Ǻ exist, which have not been accounted for.  On the other hand, a much larger percentage of pore sizes are measured in Figure 20, suggesting that the measured average pore size of 300 Ǻ is as good an estimation as one can expect. 

The reproducibility of the nitrogen adsorption technique--applying BET analysis--was measured using the two previously highlighted samples.  Three measurements were taken for each sample.  The results show that for Sample #PCB1C, Ŝ=1.82 +/- 0.09 (or +/- 4.9%) and C=55.26 +/- 14.17 (or +/- 25.7%) and for the higher surface area powder, #PEB2C, Ŝ=16.96 +/- 0.32 m2/g (or +/- 1.86%) and C=50.11 +/- 2.63 (or +/- 5.3%).  Therefore, inter-sample specific surface area measurements can be expected to be within +/- 5% of their average value, with a much larger error associated with the measured beat or adsorption constant, C; a typical error of +/- 30% seems much more likely here. 

The effect of the complete drying or the particles surface was also studied.  This was accomplished by the further drying or Sample #PCB1 at l00 oC for 3 hours under vacuum.  This releases the waters of hydration associated with the zirconium sulfate powders resulting in smaller average aggregate sizes, making powder handling more difficult (under these conditions it is quite easy to draw a substantial amount of powder into the vacuum pump of the BET apparatus).  This “completely dried powder” had a specific surface area, Ŝ, of 2.14 m2/g and a C value of 

73.  If one assumes the previously measured inter-sample error of 5% to be applicable, these samples are significantly different (with 95% confidence).  However, the 18% increase in specific surface area, due to complete
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drying, is not seen as enough of a change to warrant the extra effort to characterize all 16 samples.  It should be mentioned that the greatest change in surface area, due to additional drying, should be realized for the low specific surface area powders where agglomeration is high (e.g., #PCB1). 

V-2.0 ANALYSIS OF STATISTICALLY DESIGNED EXPERIMENTS 

The next few sections of this chapter will analyze the results of the experimental design implemented in this study (review Section III-3.0).  The statistical procedure used is called the analysis of variance and covariance7, ANOV. This correlation technique determines if random samples are drawn from the same population (i.e., statistically the same or different) by considering the comparison of two distinct variances--within and between samples.  This test for significance differences relies upon the F distribution probabilities to establish the confidence levels.  The use of analysis of variance techniques requires the following three assumptions:   1. random and independent samplings from normally distributed populations,   2. linear model (either interactive or non-interactive) is a true representation of the observations and   3. the residual errors are normally distributed about the standardized population mean of zero with a variance of σ2.  This last constraint is met only when samples are drawn from "homogeneous groupings" and when the chosen model represents the data. 

The criterion for quantifying the homogeneity of groupings was first proposed by Bartlett8.  This well accepted test--now known as Bartlett's test--determines if the variances between each of the subgroups are identical; where the null hypothesis, Ho, is that σ21= σ22= σ23= σ2i. 

Bartlett's test and the residual error normality test are used here not to reject/accept the entire correlation but to emphasize the areas in the analysis of variance techniques that are not satisfied.  If Bartlett's test is rejected, this means that other outside parameters also affected the value of the response variable.  A rejection of the normal residual error constraint says that the proposed model is insignificant in accounting for the entire trend in the response variable. 

The results of the statistically designed experiments within this dissertation were investigated by use of a two-way analysis or variance technique using an interactive linear model.  All hypothesis testing was based upon  95% level of confidence. When the interaction terms were shown to be insignificant, then I linear non-interactive model was employed.  Furthermore, if one term statistically dominated the non-interactive model then a one-way analysis of variance technique was utilized to establish the specific linear dependence of the single parameter on the response variable.  This statistical funneling procedure allowed the experimental data to be characterized. 

_______________________________________________

7 Downie, N.M. and R.W. Heath (1965), Basic Statistical Methods, 2nd Edition, pp. 176-188, Harper & Row, New 

York. 

 
8Bartlett, M.S. (1987), "Some Example of Statistical Research in Agriculture and Applied Biology", J. Royal Statistical Soc. 4, pp.137-170.

V-2.1Results of Chemical Block 

A compilation of the experimental results for the chemical block is presented in Table XVII.  The experimental results include:  (1) Zr/SO4 ratio,  (2) #H2O adsorbed,  (3) Mass packing fraction, s′,  (4) Filter rate test, FRT,  (5) Specific cake resistance, αavg ,  (6) Zirconia yield (based on feed),  (7) Average particle size by area, 
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,  (8) Impurity level of hafnium (ppm) in the filtrate and (9) Specific surface area, ŜBET.  These response variables were chosen to represent a wide cross-section of precipitated powder properties.  The measured values for each production run, along with their statistical design set points, are presented in Table XVIII for both the chemical and engineering blocks of experiments.  The two additional variables shown in Table XVII (i.e., pH measured and R′actual) were monitored to establish the accuracy in controlling the reaction pH by fixing the starting acid/base ratio, R′SD.   For clarity, it becomes necessary to reiterate the definition of these three parameters.   The statistical design acid/base ratio is R′SD, the acid/base ratio from measured mass flow rates is R′actual and the reaction pH is called "pH measured".  The value of R′actual is different from R′SD since ultimately the reaction pH was desired within a certain operating range making adjustments in R′ during operation necessary.   Restated, R′SD can be considered the theoretical acid/base ratio and R′actual is the implemented one.  Typically, 23 statistically designed experiments are represented by a cube; however, due to the inability to control the reaction pH accurately using a fixed acid/base ratio, a distorted cube resulted for the chemical block of experiments (presented in Figure 21 ).  This deviation decreases the accuracy in predicting the resultant interaction terms.  As a result, the only affects shown to be significant in Table XVII are the non-interactive terms.  From Table XVII, it can be seen why the pH varied with R′SD.  The actual acid/base ratio, R′actual had to be adjusted due to changes in the dilution factor, DF, as well as R′SD. This dual dependence had a significant affect on the pH measured.  The final relationship between the R′SD set point and the measured pH is shown in Figure 22 along with the associated error bars.  Although the control of pH by using a set R′SD was not very favorable, the average values obtained through this relationship were excellent.  For a R′SD of 52.2 an average pH of 1.56 (desired=1.55) resulted and (or R′SD=58.9 an average pH or 1.12 (desired=1.10) was found.  It should be noted that neither assumption for the ANOV technique were met for this correlation. Nonetheless, a qualitative assessment for the sensitivity of the pH control for this reaction is exhibited.  From Figure 22 it can be seen that the variance at the lower value of R′SD is much smaller than that of the higher--more acidic--value (which implies homogeneous sampling is not observed by Bartlett's test).  The most obvious conclusion is that the reaction kinetics for zirconium sulfate precipitation increases as the pH increases.  Unfortunately, kinetic data for this reaction is unavailable in any form so verification of this conclusion is difficult.  This result leads to the well know inference, however, a more stable control scheme results at the higher pH values. 
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The single effect of pH (through R΄SD) is shown to be significant (p=0.0321) for the case of impurity rejection--in the form of Hf concentration in the filtrate.  Hafnium rejection is chosen because of its similar solubility to zirconium--thus making rejection more difficult.  This positive linear dependence is given in Figure 23 and shows how a difference in pH of 1.56 to 1.12 can increase the rejection from 62 to 333 ppm Hf . 
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The reaction pH (manifested as R΄SD) was found to play an additional role in the multi-variable dependence on ŜBET (p=0.0134); the individual role of each component varied ŜBET from 1. Tr: 3.25 to 2.62 m2/g, 2. DF: 1.4 to 4.55 m2/g and 3. R΄SD: 3.6 to 2.25 m2/g for the low and high values of this control variable.  The role of R΄SD is seen as more significant (p=0.0109) than the dilution factor, DF (p=0.0247) or reaction temperature, Tr (p=0.0335).  These results present some interesting points; one being the weak temperature dependence on ŜBET, seen as a negligible change even though we will show later in this section the importance of this processing parameter. Secondly, as the base concentration increases (a decrease in DF) the ŜBET decreases, suggesting that as supersaturation increases (decrease in DF) the degree of aggregation increases such that a marked affect on ŜBET results.  A 225% increase in surface area for a decrease in base concentration of 14.4 N to 1.0 N NH4OH shows the importance of the dilution factor in controlling the final particle morphology.  An example of these dilution effects is illustrated upon comparison of powders #PCB3 and #PCB4.  These samples were both produced at 80 °C using a R΄SD of 58.9, the dilution factor being the only variable.  Sample #PCB3, with a DF=14.4 (dilute base) gave a ŜPCB3=3.47 m2/g and Sample #PCB4, DF=1.0 (concentrated base) gave ŜPCB4=1.77 m2/g.  The morphological effects are shown in the high magnification SEM micrographs in Figures 6(b) and 8(b) of Appendix C.  The increase in inter-particle necking in Figure 8(b) (#PCB4) is the direct result of an increase in base concentration.  Finally, the role of reaction pH on specific surface area is also found to be significant. A change from 3.6 to 2.25 m2/g for a pH
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change of 1.56 to 1.12 shows how the role of pH affects the precipitated powder .  As the reaction pH decreases, larger more tightly packed particles are formed (i.e., a decrease in ŜBET). 

An additional 5 response variables are shown in Table XVII to be significantly affected by the reaction temperature.  This control parameter shows, in many different ways, the key role reaction temperature plays in the formation of zirconium sulfate powders.  The number of waters of hydration, #H2O, mass fraction zirconium in the wetcake, s΄ (proportional to void fraction), filter rate test, FRT, zirconium yield and average particle size by area, 
[image: image39.wmf]area

x

, were found to be influenced by the reaction temperature.  This temperature dependence is shown graphically for #H2O (p=0.0001), s΄ (p=0.0011), FRT (p=0.0337) and 
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 (p=0.0098) in Figure 24, Figure 25, Figure 26 and Figure 27, respectively. 

An additional 2.5 moles of hydration water (20.4% change) were measured for the 15 °C increase in reaction temperature (Figure 24).  This increase in the waters of hydration mimicked the dependence of 
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, giving a correlation between #H2O's and 
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, shown in Figure 28.  A change in particle morphology could account for this type of behavior; when the more fractal (yet smaller) particles are dried at 50 °C a higher percentage of exposed surface would allow a greater percentage of water to be evaporated in 12 hours.  Alternatively, the larger 
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more compact, spheres would tend to trap the water such that more energy would be needed for its removal.  This reaction seems to behave in this manner in that the zirconium solubility decreases (implied by an increase in yield) with increasing reaction temperature, in the range of 80-95 oC. 

For the same temperature change, an additional 10% in solids fraction in the wetcake (from 41% to 5l% solids) was discovered (Figure 25).  This 23.6% increase in solids fraction relates to an increase in the packing fraction and is also shown in Figure 29 to be proportional to particle size.  The larger the particle, the more tightly packed is the bed (i.e., less void fraction).  This result has been verified both theoretically9 and empirically10 for various ranges of particle size distributions; where the former authors showed that for log-normal distributions particle packing densities as high as 0.58 could be obtained for an optimum σg of 1.7 using isotropical compaction. Furthermore, the fluidized bed studies of Khoe, et al10 showed how bimodal distributions packed tighter than that of comparable narrowly or widely dispersed powders.  The filter rate test is also shown to be heavily influenced by the reaction temperature.  A 385% change in FRT's (from 0.2 to 1.0 ml/min·cm2) was found for a 15 oC increase in 

__________________________________

9Konakawa, Yasuhiro and Koso Ishisaki (1990), Powder Technology 63, pp.241-246, "The Particle Size Distribution for the Highest Relative Density in a Compact Body". 

10Khoe, G.K., Ip, T.L. and J.R. Grace (l991), Powder Technology 66, pp.127-141, "Rheological and Fluidization Behavior of Powders of Different Particle Size Distribution". 

reaction temperature.  Two regions of filterability have been defined in Figure 26; namely, the slow and medium filtration regions11.  If we require that the zirconium sulfate powder produced be "filterable" (defined as filtration rate of 0.2 ml/min·cm2 or above) then from the proposed correlation given in Figure 26 we can conclude that an operating temperature of 89 oC or greater must be employed (using the 95% confidence interval error bars).  The average FRT for 89 oC is 0.7 ml/min·cm2.  The average particle size (by area) is also influenced by the reaction temperature, as is demonstrated in Figure 27.  The average particle size increases by 39% (from 3.54 to 4.92 μrn) for an increase of 15 oC.  This increase in particle size results due to an increase in supersaturation with increasing temperature; thus increasing aggregation and changing the more fractal structures to a slightly more compact, spherical one.  This increase in fractal dimension has large ramifications on the processability of ceramic powders, as is exhibited in these response variables. 

The impact of the three operating parameters on the reaction yield was determined to be significantly influenced by the reaction temperature and the dilution factor.  However, the influence of each operating parameter moves in the opposite direction.  This planar regression (p=0.0053. r2=0.8278) is presented in Figure 30 along with the experimental results.  The average affect of temperature increases the yield by 7% where the dilution factor plays a greater role by decreasing the yield by 14%, for an increase in the control variable.  The positive slope for the temperature affect on yield suggests that the solubility is negatively affected by temperature in this operating range; that is, as the temperature increases the solubility goes down.  This model illustrates how the yield of the zirconium sulfate precipitation reaction can be maximized (~94% recovery) by using concentrated NH4OH at the highest possible reaction temperature (in this case 95 oC). 

The relationship between the measured FRT and 
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 (shown in Figure 31) suggests that more than one factor influences the flow of liquid through this packed bed.  Once the average particle size becomes larger than 
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=4.25 μm, the affect of average size on cake filterability becomes insignificant (for particles less than 6 μm). This inflexion point also turns out to be the point of minimum temperature operation established earlier by filterability considerations.  The conclusion from Figure 26 was that to ensure a medium-range filtration rate, a reaction temperature of 89 °C or greater is needed; this corresponds to a powder with a FRT of 0.7 ml/min·cm2 with the value of the inflexion point being (i.e., 
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 =4.0 .um and FRT=0.7 ml/min·cm2). 

A final conclusion from the chemical block analysis is that the reaction pH is important in controlling the final chemical composition of the powder complex.  The trade-off between impurity rejection and the Zr/SO4 ratio is shown in Figure 32.  A reaction pH of 1.15 (or greater) is necessary to maintain a Zr/SO4 ratio of 2.3 or higher.  This restriction fixes the hafnium impurity rejection capacity of the precipitation reaction as seen in Figure 32.  For a pH
[image: image47.wmf]³

 l.l5, the maximum amount of hafnium that can be adsorbed into the filtrate is 300 ppm. 

________________________________

11Walas, S.M. (1987), Chemical Engineering, March 16, pp.75-81, “Rules of Thumb”.
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From the chemical block of experiments we have quantified the compositional affects of reaction pH, the structural and economical affects (in the form of yield) of reaction temperature and base concentration.  In the next section this same type of evaluation will be performed for 3 mechanical operating parameters. 

V-2.2 Results of Engineering Block 

A tabulation of the statistical analysis of the experimental results for the engineering block are given in Table XIX.  The measured values used in the engineering block were given earlier in Table XVIII.  The new operating parameters used in the engineering block are: 1. mean residence time, τ (low value=60 min. and high value=120 min.), 2. a mixing design parameter, MD (low value=Baffles and high value-Draft Tube) and 3. mixing power, MP (low value=500 RPM and high value=1300 RPM). 

To begin this evaluation, a check of the influences of these 3 operating parameters on the measured reaction pH was made to ensure that a constant pH was maintained throughout this block.  In Figure 33 is the relationship between the reaction pH and the order in which the eight runs were made.  This increasing linear time dependence (r2=0.6269) could possibly result from: 1. incomplete mixing or 2. a change in the state of zirconyl chloride.  The care taken earlier to establish the starting state of the zirconyl chloride stock solution was thought to be sufficient, however, one is never sure if the variables measured correctly describe the equilibrium state of the solution.  The engineering block operating parameter which most accounts for this change is the reactor mixing 
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design (p=0.0755); however , an acceptance, at 95% confidence, for this relationship is not possible.  Nonetheless, throughout this experimental block we will consider the reaction pH a constant (pHavg=1.80 at block mid-point=4.5) and proceed with the ANOV as stated. 

The reactor mixing power, MP, is shown in Table XIX to be the most important single operating parameter for the 9 measured response variables in the engineering block.  The mixing power significantly affected the average particle size by area, 
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, as well as the specific surface area, ŜBET.  The single component linear dependence of 
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the mixer RPM on the average particle size is presented in Figure 34 with an r2 of 0.4231 (p=0.0480).  As the agitation rate increases from 500 to 1300 RPM’s the average particle size grows from 0.92 to 5.00 μm.  Even though this correlation is weak, this 443% increase in 
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 suggests the importance of a shear field in this aggregation process; that is, the energy necessary for particle growth over the 1 μm barrier comes from the agitator power input. This same principle is further verified by the linear relationship between the mixing power and the specific surface area.  Figure 35 describes this trend with an r2 of 0.4955 (p=0.0309).  For the same increase in mixing rate the ŜBET decreases 69% (from 14.84 to 4.66 m2/g). This change is considered substantial. 

Multi-faceted effects are exhibited by three other response variables; namely, FRT, s΄ and reaction yield. The dual affect of MP and τ•MD•MP on the measured FRT is presented in Figure 36.  The correlation coefficient, r2, for this relationship was found to be 0.8682 (p=0.0027).  This plane defines a region of operation for reasonable filtration times.  If filtration rates are to be maximized, then the reactor should be operated using baffle inserts with high a agitation rate and short residence times; which could yield filtration rate tests as high as 1. 77 ml/min·cm2. The insertion of the draft tube in this case seems to increase the attrition rate due to the increase in the localized mixing intensity and collision frequency, thus creating more fines and consequently a low FRT.  The increase in mean residence time simply gives this attrition process more time to work. 
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The packing density of the wet cake is determined by the mixing power as well as the mixing design.  This relationship is given in Figure 37 and has an r2 of 0.7076 (p=0.0199).  As the reactor energy is increased--while using the baffle insert--the packing density of the cake increases to a maximum value of 56% solids for these experiments.  The previously mentioned attrition affects are also verified in this relationship since the increased fines population creates a more dense cake. 

Finally, the zirconia yield is affected by a highly interactive 3-way correlation.  The variables that influence yield are the MD, MP and the τ•MD interaction.  This model, albeit insignificant (p=0.2579, r2=0.2977), has single value interaction terms of MD (p=0.0476), MP (p=0.0215) and τ•MD (p=0.0251) suggesting a highly interactive relationship affects the measured Zr yield values.  This result verifies the affect of the insufficient reactor energy distribution; resulting in a mechanical loss of yield, discussed earlier in Figure 1.  In conclusion, sampling of the top of the reactor introduces a chaotic behavior partially explained from an energy distribution standpoint when concentration gradients exist.  An additional cause of these concentration gradients can be caused by the choice of reactant injection and withdrawal points. 

The engineering block has provided information about the importance of finding a desirable reactor layout with a specific energy input.  The conclusions drawn from the mixing design and mixing power parameters have shown the importance of monitoring and controlling the energy distribution within the reactor environment. Additional care is needed for use in slurry systems because the ability to dampen the mixer energy input to the fluid is sufficiently higher in such a system.  The trade-off between growth by shear aggregation and death by attrition is controlled by these three mechanical factors, with the mixing power having the largest affect. 

V-3.0 SUMMARYOF ZIRCONIUM SULFATE PROCESSING AFFECTS 

The precipitation variability study presented was performed to establish the important experimental conditions in the precipitation of zirconium sulfate powders.  The decoupling of the intertwined processing parameters is necessary since the contribution of each individual component, and their interactions, determine the final powder properties.  If the importance of each operating parameter can be established, a processing scheme can be developed to produce ceramic powders with a certain particle size and morphology for specific applications.  The range in the final powder properties shows the sensitivity of the experimental design protocol.  For the 16 experiments performed, the 9 measured response variables ranged from:

1. Zr/SO4:  2.1 → 2.6 (molar ratio). 

2. #H2O:  12 → 19 (moles). 

3. s′:   0.2 → 0.6 (mass ratio). 

4. FRT:  0.05 →8 ml/min·cm2. 

5. Cake flow resistance, αavg:   0.5 → 74 m/kg. 

6. Zr yield:  74 → 98%. 

7. 
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:  0.7 → 8.5 μm. 

8. ŜBET:  1.5 → 20 m2/g. 

9. [Hf]:  1 → 500 ppm. 

These results were used to characterize the affects of the six operating parameters.  The actual statistical analysis results for the chemical and engineering blocks were presented in Table XVII and Table XIX, respectively.  A summary of these overall results is presented qualitatively in Table XX for all six operating parameters.  From this table it is evident that processing changes cause diverse changes in the precipitated powder. 

The analysis of the statistically designed experiments has brought to light many points important in the manufacture of zirconium sulfate powders. These conclusions are listed below. 

  1.  An input acid/base ratio is not sufficient in maintaining a constant reaction pH over a range of 

  processing conditions in a continuous stirred tank reactor.  Adjustments must be made in this ratio to    

  compensate for operational changes in the base concentration. 

2.  As the reactant ammonia concentration decreases, the inter-particle necking decreases, giving an   

increase in specific surface area. 

3.  The solubility of zirconium decreases with increased reaction temperature.  This conclusion is based   

upon increases in Zr yield with increasing temperature. 

4.  An increase in reaction temperature yields larger aggregates that pack tighter under constant   

pressure; yet filter faster than powders precipitated at lower temperatures. 

5.  The reaction yield can be maximized by precipitating at high temperatures using a concentrated 

ammonia solution.  Yields as high as 94% (on the average) can be achieved by this zirconium sulfate 

precipitation process. 
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6.  A reaction pH 
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 1.15 ensures a Zr /SO4 
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 2.3 which also controls the amount of impurity rejection 

[Hf] 
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 300 ppm.  Over the span of these experiments, the reaction pH was shown to only affect the impurities of the final powder; no structural properties were affected by pH. 

7.  An increase in mixing power increases the average particle size as well as the filter rate test with a resultant decrease in specific surface area. 

8.  The mean residence time has little or no affect on the response variables measured in the range of 60-120 min., but does play a role in controlling attrition.  The conclusion being that to minimize the rate of attrition one should minimize τ. 

9.  Perfect mixing did not result from this design set-up.  Many results lead to the conclusion that concentration gradients existed throughout the reactor and that a reactor design (in terms of mixing power and mixing design) should account for the changing particle sizes. 

10.  Shear aggregation is the dominant growth mechanism for particles over 1 μm. 
11.  An excellent zirconium sulfate powder can be produced by this precipitated process using the following conditions:  To ensure a reasonable degree of filterability, the minimum reaction temperature, 

Tr min, should be 89 oC;  this precipitating condition would produce a powder with 
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=4.0 μm, ŜBET= 7.0 m2/g, FRT=0.7 ml/min·cm2 with a reaction yield of 91%.  An acid/base ratio, R΄SD, of 53.1 would be needed (meaning R΄actua1=51.2) to obtain the desired reaction pH of 1.5 while using concentrated ammonia 
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(DF= 1) as the titrant.  The chemical composition of this ideal powder would have a Zr/SO4 of 2.42 with     

 13.8 moles of hydrated H2O and a hafnium concentration of 100 ppm in the mother liquor.  The mixing 

 rate should be > 1100 RPM's using a baffle design with a τ value of 60 min. 

A few additional points (not studied in the statistical design) should be highlighted here pertaining to the overall processing of zirconium sulfate. 

1. From the nitrogen isotherms an average pore size was estimated for a typical freeze dried amorphous   

powder (Zr5(SO4)2 ·X H2O) to be 30 nm.  From the assertion that particles form due to random packing12  

(i.e.. non-fractal growth, packing=0.63), an estimate as to the size of the single aggregate growth unit 

surrounding the pore can be shown to be 48 nm.  In an attempt to verify this smallest size, photon 

correlation spectroscopy was used to measure the size of the primary particles; the average particle size of 

6 measurements over 4 hours were found to be 84 nm.  This difference suggests that on the average 5 of 

the smallest growth units (i.e., 48 nm) aggregate to form the slightly larger aggregate growth unit (i.e., 84 

nm).  These two techniques give the size of the amorphous growth unit present in the precipitation of 

zirconium sulfate. Alternatively, the crystallite size (i.e., the smallest crystallite grain size in crystalline 

monoclinic zirconia) was measured by XRD in the calcined powder as reported earlier . 

________________________________

12 Theunissen, Gerald (1990), “Microstructural, Fracture Toughness and Strength of (Ultra) Fine-Grained Tetragonal Zirconia Ceramics”, Ph.D. thesis, Delft University of Technology, The Netherlands. 

The size of this smallest unit was found to 32 nm.  Unfortunately, a comparison between these two size  

scales is not possible because of the conditional dependence between the sintered and amorphous powder structure (i.e., fractal nature which makes particle necking more easily achieved). 

2.  An attempt to characterize the colloid stability factor present in the zirconium sulfate precipitating environment was made by measuring the zeta potential in the system.  A typical zirconium sulfate slurry (overflow Sample #PEB8O) was titrated using acoustophoretic titration as described in Section IV-13.3.  The results of this titration are shown in Figure 38 over a pH range of 2-12.  The erratic results of this experiment present the possibility as to why zirconium sulfate precipitations are typically difficult to control.  The adsorbed, potentially determining, sulfate ion--in the low pH range 
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 3.5-- detaches slowly as the pH increases.  This trend was first proposed in Section III-1.0 by suggesting that the Zr-SO4 bonds can only be formed in highly acidic environments.  Therefore, as the pH increases a certain percentage of sulfate bonds convert to the more stable Zr-O bonds; this explains the tendency for the Zr/SO4 ratio to increase with increasing pH.  This changing surface charge finds its transition point at a pH of ~ 3.5.  This is to suggest that the Zr-O bonds are dominant for pH values greater than 3.5 and the sulfate ion remains free in solution.  From Figure 38 we can estimate an isoelectric point (IEP) of 3.5 for this precipitated zirconia complex.  In Table II-VI the IEP of zirconia was reported as ranging from 4-6 depending on the preparation technique.  Based upon this reported IEP range, along with the information reported in Table II-V, a measured value of 3.5 seems reasonable for the precipitated zirconium sulfate slurries. 

3.  The viscosity of these 2-5% (by weight) solids slurries was measured and found to exhibit Newtonian behavior over the range of shear rates measured (0 to 1000 l/sec.) with an overall average of 1.2 cp at 25 °C (average of two differing samples). 

This chapter has studied the precipitation and processing of zirconium sulfate powders and shown that the chloride reaction can be controlled such that desirable powders result. 
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[image: image1.png]Table IV: Comparison of actual production pH measurements with the verified pH values taken

one month later.

Sample Production? Verified? Sample Production® Verified?
No. pH pH No. pH pH
PCBI1 0.99 1.07 PEBI 1.48 1.45
PCB2 1.65 1.59 PEB2 1.83 1.77
PCB3 1.33 1.26 PEB3 1.83 1.77
PCB4 0.97 0.92 PEB4 1.85 1.85
PCBS5 1.26 1.21 PEBS5 1.84 1.89
PCB6 1.64 1.54 PEB6 1.79 1.83
PCB7 1.63 1.55 PEB7 1.78 1.80
PCBS8 1.58 1.55 PEBS 2.09 2.05

1 Production pH values measured during each production run at the temperature of the slurry,
calibrated before the start of each run using temperature compensation.

Tslu

rry* pH meter was

2 Verified pH value was measured one month after production at room temperature using a calibrated pH meter (with

a new probe).
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[image: image1.png]Table V: Measured temperatures, densities and mean residence times of
zirconium sulfate production runs.

Reactor? Slurry? Slurry®>  Residence*
Sample Temperature, Temperature, Density, Time,
No. T, (°C) Toturry (°O) Pslurry (g/ml) 7 (min)
PCBI 95.27 54.7 1.0263 59.78
PCB2 95.24 53.3 1.0250 60.08
PCB3 80.07 46.3 1.0082 59.44
PCB4 80.14 45.0 1.0286 60.58
PCBS5 95.14 52.3 1.0057 59.38
PCB6 80.18 45.0 1.0074 59.19
PCB7 95.11 53.7 1.0038 58.80
PCBS8 80.18 44.0 1.0293 60.28
PEBI 95.08 51.3 1.0055 58.82
PEB2 94.99 43.0 1.0087 117.10
PEB3 95.03 44.7 1.0077 117.73
PEB4 95.26 43.3 1.0087 117.18
PEB5S 95.10 51.7 1.0052 59.00
PEB6 95.25 43.0 1.0087 117.01
PEB7 95.00 49.3 1.0055 58.94
PEBS8 95.21 50.7 1.0057 59.85

1 Reactor temperature measured internally over the last 8 hours of each production run on
4 second intervals. Average within sample reproduceability error was 0.07 + 0.03%.

2 Slurry temperatures were measured from extracted quantitative analysis samples at exit
of overflow line.

3 Weighed 100 ml of slurry at T e

4 From mass flow rates (Table Vﬂ and Pglurry: the mean residence time can be calculated.
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