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The gas hold-up shown in Table 12 was calculated using Equation {13] and represents
the fraction of the expanded molten MgCl. volume occupied by gas. Only one reading
was taken for cach experiment due to the hazard involved (proximity to rotating
cquipment). The results are not considered reliable other than as an indication of the
actual order of magnitude due to the wave action present within the reactor and are not

dealt with further.

The time listed in Table 12, was the time during which gas was sparged into the reactor

and not necessarily the duration of the MgO reaction.

The reaction cfficiencies of the Cl, and CO were calculated based on the average molar
flow raic of the gases (moles/min.) and the MgO reaction rate (mol/L/h):

MgO reacted (mol/L/h)*V(ave.)/(Molar flow of reagent)*100%  [37]

The average volume listed in Table 12 is the average of the initial and final MgCl,
volumes. The average reactor volume was calculated from the initial and final depth
measurements and the dimensions of the reactor vessel. Corrections were made for the
thermal expansion of the graphite from 25 °C to the operating temperature, the volume
occupicd by the baffles and the small volume gained due to a machining groove in the

base of the reactor (required to cut the slots for the baffles).

The percent change in the MgCl, volume is equal to:
(Final Volume - Initial Volume)/Initial Volume*100% - [38]

The other results listed at the beginning of Table 12, are dealt with in detail in the

following sections.
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7.1  Effect of MgO Concentration

The chlorination rate of the MgO particles was found to be independant of the amount of
MgO present in the reactor after time zero.  Theretore the chlorination rate of MgQ was
Zero order with respect to the concentration of MgO. The fact that the chlorination rate
was independant of the MgO concentration is strong evidence that the reaction rate was

controlled by a diffusion process taking place at the surface of the gas bubbles.

The reaction rate of the MgO (mo!/L/h) was determined from the slope of a least squares
regression of the weight percent of the solid MgQ. in the liquid MgCl,. against time:

Rate = (A%MgO / min.) * (60 min./h) / 100 * p (avg.) / 40.305 [39]

The average density was calculated from the weighted average of the MgO and MgCl2
densities at the start and end of the period regressed:
p(avg.) = ((p.\igC‘I:(n * (100‘%MSO“))+ Prao ™ %Mgom) +

(Precr,” * (100-%MgO)+ py o * %Mg0™)) / 100 /2 [40]

The MgO reaction rate for Experiment 7 was found to be 0.73 mol/L/h as indicated in
Figure 34, with an accuracy of +/- 13.2% (from the 95 % confidence interval for the slope
of the regression line). The conditions under which Experiment 7 were conducted are

listed in Table 11.
The reaction rates, 95% confidence intervals and R® values (indicating the % of the
variance in the experimental data explained by the calculated reaction rates) are listed in

Table 12 for the 33 experiments performed.

The corresponding temperature and CO flow information from the computer data logger

for Experiment 7, are given in Figure 35 for reference.
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Rate = 0.73 mol/LL/h, +/- 13.2%, R*2=0.97
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Figure 34: Determination of the MgO Reaction Rate for Experiment 7
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Figure 35: Temperature and CO Flow Rate Against Time for Experiment 7
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7.1.1 Analysis of variance

The goal of cach experiment was to determine a reaciion rate, that was represeniative of
known conditions. The accuracy of the estimation of the actual rate was affected both by
changes in the experimental parameters (temperature. CO flow, Cl. tlow. impeller speed)
and by any of the uncontrollable time dependant clements within the system (e.g.
impeller wear. and electrolyte compesition). The extent to which the samples that were
taken represented the actual MgQO content of the reactor and the accuracy with which
these samples were analvzed. were both of crucial importance in estimating the actual

reaction rate.

Good control was maintained over all of the primary vanables (temperature. CO flow. Cl.
flow, impeller speed). The temperature standard deviations of the various tests are listed
in Table 11 {the average value was 3.25 °C). Experiment 3 stands out duc to the high
standard deviation in temperature caused by a broken thermocouple. This experiment

was excluded from the analysis.

Temperature was manually “feed-forward™ controlled at the start and end of the
experiments, due to the long lag times inherent in the apparatus. The reactor tended to
overheat in the initial stages of the experiments, due to the exothermic nature of Reaction
(14). and thus the experiments were begun at a temperature slightly below the desired set
point in order to prevent a large overshoot. The apparatus had a tendency to cool as the
reaction rate fell at the end of the experiments. The standard deviation in temperature for
Experiment 7 was 3.1 °C (0.28% in terms of absolute iemperature). The temperature

history for Experiment 7 was given in Figure 35.
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The use of a mass {low controiler resulted in extremcly precise CO tlow control. The
standard deviation of the CO flow for Experiment 7 was only 3.0 mb/min (0.2%) and is

typical of the other experiments.

Chiorine was manually controlled using a rotameter at the set point, +/~ 1 division,
(corresponding to +/- 14 mL/min for all tests at less than 1420 mL/min and +/- 90
mL/min for those tests above this value). This represents a possible random error in flow
of +/- 1-3%. Systematic errors in flow were minimized by first calibrating the rotameters

using a wet gas flow meter and then using the Gilmont flow analvsis program.

The total amount of gas used for each test was also measured using the change in mass of
the gas cvlinders: however, these results were not reliable for individual experiments. duc
to the relatively low resolution of the balances (0.05 Ib. for Cl, and either 0.1 or 0.2 Ib. for
CO) and the low masses of Cl, (average of 2.10 1b.) and CO (average of 0.86 Ib.)
consumed. The resolution of the balances represents an average accuracy of +/- 2.3% for
Cl, and +/- 12-23% for CO. The lower resolution scale was used for CO. since the scale
was an immobile floor unit and the Cl, cylinder was too heavy to be moved for weighing.
The resolution of the CO scale was 0.1 Ib. for experiments 1-9 and 13-33 and 0.2 Ib.

otherwise.

The two measurements can be compared in Table 12. The accountabilities of Cl, and CO
listed in Table 12, were calculated by the following formula:

{AMass of Gas Cylinder)/( Avg. Molar Flow*Molar Mass*Time)*100% [41]

The volumetric gas flow was the more accurate measurement for an individual test;
however, it appears that 2 or 3 % more gas may actually was consumed overall than
calculated from the volumetric flow measurements (note the average accountabilities of

CO and Cl, in Table 12). This was likely a systematic offset.
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Impeiler speed was manually controlled using a optical digital tachometer. Speed was

controlled equal to the average value - - 3 R.P.AL (about 0.3%0) for every experiment,

An analvsis of vanance was pertormed on duplicate samples taken at the start of each of
experiment.  The 93% contidence interval for cach sample was found to be +/- 23%,
These caleulations assume that the percentage errors {or all the start samples are part of
the same population. with a mean of zero and a single representative standard deviation.
When examined in conjunction with the duplicate assays (of one sample per experiment).
1t was concluded that approximately 84% of the variance in the data was duc to sampling
and 16% was duc to assaying. A detailed analvsis of the sampling vanance is included in

Appendix B.

The large variance in sampling was probably due to stratification of the MgO particles
within the reactor (inhomogencity). It was hoped to minimize the random eftects of any
possible stratification by always sampling from the mid-point of the vessel. In addition.
the sampling technique used was not isokinetic and thus further segregation of liquid and
solid may have occurred at the moment of sampling: however. an isokinetic sampling

method requires knowledge of the velocity profile and was not practical in this case.

The variance found in the assays was probably due to inhomogeneity in the pin tube
samples caused by scgregation during solidification. This variance could be eliminated
by analvzing whole pin tube samples. Variability could also be reduced by taking and
analyzing duplicate or triplicate samples and then using the average values to compute

the reaction rate.

Future work should include an experiment dedicated to assessing the accuracy of the
chosen sampling technique. i.e. multiple samples should be taken from a fixed height
within the reactor 1o determine the total sampling variance and duplicate samples should

be taken at several different heights to determine if segregation of the solid particles is
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occurring.  In addition. cach samnle should be analvzed at least three times. to obiain a

wood assessment of the analvtical varianee.

The accuracy of the estimate of the reaction rate was greatly affected by the number of
samples taken for cach test. Future researchers should increase the sampling frequency

for those tests expected to react quickly or increase the initial quantity of MgO.

Additional variation occurred between subsequent experiments. due to changes in some
of the initial conditions. These initial conditions are summarized in Table 11 and include:
P.P.M. Fe, % MgO. and the initial height of MgCl.. The amount of iron initially in the
reactor depended on the amount of MgCO; added and the residual amount present from
the previous experiment and fell steadily throughout each ¢xperiment. The mass of
MgCO, added to the reactors depended on the quantity of each size fraction available and

the number of experiments to be performed on each size.

The initial amount of MgQ present in the vessel varied according to the amount of
MgCO, added, as well as the amount lost to dust. A variable amount of 10-25% of the
MgCO; was lost as dust, due to the evolution of CC,. An average of 17% was lost and no
correlation was found between the amount lost and the initial MgCO, particle size

fraction.

The initial height of the MgCl, depended on the amount left from the previous test and
the amount of MgCO, added. Anhydrous MgCl, was added to the reactor to increase the
height and a quartz ladle was used to remove excess MgCl,. These were only accurate to
about +/- 0.25” (6 mm). The goal was to have at least an H/T of 1. so a target height of
6.5" (165 mm;-was used, resulting in most of the initial heights being between 159 mm
and 171 mm. dnce the impeller was inserted and the reactor’s temperature had
stabilized, it became extremely difficult to adjust any errors, resulting in some tests with

slightly higher initial heights.
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Impeller wear and changes in electrolyte compositions were additional sources of
varietions between experiments. These varations were not random in that impelier wear
progressed steadily (although not lineaslv) and non-volatile chlorides built up sicadily in
the electrolyte (CaCl,. NaCl. KCIL etc ). Since the order of the experiments was not
randomized as indicated in Tables 11 and 12, these non-random variables may have had a
stgnificant impact on the reliability of the results. More statistically reliable results
would have been obtained using a statistically designed experimental plan (e.g. Box-

Behnken)* and then randomizing the order in which the experiments were conducted.

7.2 Effect ¢f Total Flow and Particle Size

In order 10 determine the effect of total gas flow rate and particle size on the chlorinaticn
rate of the MgO. the ratio of CO/Cl, was maintained at 1/1 and the total gas flow was
increased from approximately 1 to 6 L/min (at S.T.P.). in separate experiments. at an
average of 823 °C und 1004 R.P.M.. and two separate particle size ranges (106-150) um
and (212-300) um.

A total of 10 experiments were conducted at 5 different gas flow rates (Experiments 3. 3.
6.8.9. 13, 15, 18, 19. and 20) and have been plotted in Figure 36. The reaction rate of
the MgO was found to increase with increasing gas flow rate and was found to be
independant of the size of the MgO particles. The results in Figure 36 have been
summarized by two correlations one linear and one noa-linear:

Rate =033 +1X107(Q). R*=0.760 [42

Rate =5.3 X 10* (Q)°%. R*=0.866 [43]

It is well known that bubble size increases with increasing gas flow rates, due tc

coalescence and the reduction in impeller power. One would therefore assume that there
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Figure 36;: The Effects of Total Gas Flow and MgO Particle Size on the Reaction Rate of Mg
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should be a less than a 17 power relationship between reaction rate and gas flow, as

clearly indicated by Equation |43,

Equations [42] and [43] indicate that the reaction rate of the MgO increases with
increasing gas tlow rate. This is a further indication that the overall reaction rate was

controlled by a diffusion process taking place at the surface of the gas bubbles.

The relationship between the reaction rates for the two MgO particle size tractions at cach
cas flow rate, appear to be random from the data plotied in Figure 36. At some gas
injection rates. the smaller size reacted faster and at others the larger size reacted faster.
Both qata sets are adequately described by one correlation. leading to the conclusion that

the MgO particle size has no impact on the reaction rate.

It should also be noted that if the reaction rate is independant of the concentration of
MgO (as shown in Section 7.1). then it should also be independant of the physical

properties of the MgO such as: size, porosity. actual and apparent surface area. ete..

7.3 Effect of CO/Cl, Ratio

The bulk of the experimental work presented here. was conducted with a stoichiometric
mixture of CO and Cl,. The results of D.V. Prutiskov et. al.”® (shown in Section 2.1.2.2)
suggested that the chlorination of MgO (formed from magnesite) is controlled by the
diffusion of CO through the liquid MgCl, and that an optimum CO/CI, ratio exists, at
which the overall rate of reaction is maximized (shown to be between 1 and 2 in Figure 5
for a shaft reactor). Five experiments (15. and 30-33) were therefore conducted at CO/Cl,
ratios between 0.67 and 1.36. at 824 °C, 1004 R.P.M.. using the {106-130) um particle
size fraction. in order to determine if such an optimum value existed. These results are

presented in Figure 37.
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Figure 37: The Effect of CO/CI; Ratio on the Reaction Rate of MgO
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The experimental data i Frgure 37 have been summarized by a 2™ order polyvnomial
regression:

Rate = -2.0 (P P = 2P, P 0 - 203, R - 0807 [44]

The optimum CO/ClL. ratio was caleulated o be 1.24 from the 1Y dervauve of Equation
[44]: however, given the few data points and high degree of uncertainty shown in the data

in Figure 37. the only firm conclusion which can be reached. is that an optimum CO/Cl,

value exists and lies at 2 CO/ClL ratio somewhere between 1.02 and 1.47.

The fact that the optimum ratio is in the CO rich domain and that the reaction rate
decreases very quickly in the Cl, rich domain. indicate that the rate of diftusion of the CO
gas from the gas bubbles was the rate controlling step in the chlonnation of MgO in a

stirred tank reactor. Further confirmation will be given in the following section.

7.4 Effect of Dilution with an Inert Gas (N,)

Experiments were conducted in order to determine the effect of diluting the CO and Cl,
gases with an inert gas (N,). These experiments were intended to determine whether the
gas interfacial area or the concentration of the reagent gases. has a greater effect on the
chlorination rate. If gas surface area has a more significant impact. it would imply that a
species diffusing from the bulk of the electrolyte 1o o = surface of the gas bubbles
controls the rate of chlorination. If the concentration of the CO and Cl, were more
important, then it would indicate that diffusion of gas from the gas bubbles into the bulk

of the electrolyte was rate limiting.

In the first set of experiments (15-17. 21 and 33). the total gas {low rate was held constant
at an average value of 3759 mL/min. and increasing amounts of N. were added to0 2 1/1

mixture of CO and Cl.. at about 823 °C and 1004 R.P.M. using the (106-130) um particle
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size. A total of four mixtures ranging from 0% 1o 75% N, were tested and the results are
given in Figure 38. The reaction rate data has been extremely well correlated by a linear

correlation:

Rate = 0.943 - 0.011 (%N,). R*=0.942 [45]

The average Cl, and CO reaction efficiency data have also been correlated as follows:

Efficiency = 66.66- 021 (%N.). R2=0.605 [46]

In this series of experiments, the gas interfacial area would be almost constant, since the
same total gas volume was injected in each experiment. If the rate controlling step was
diffusion of a species from the electrolyte to the gas bubbles, it would be expected that
the efficiency of the utilization of the CO and Cl, would increase, with increasing
dilution. Equations [45] and [46] indicate that both the efficiency and reaction rate fall
with increasing dilution, indicating that diffusion from the bubble into the bulk of the

electrolyte, must be the rate limiting step.

A second series of experiments {18-20) were conducted at the same flow rates of CO and
Cl,, as those used in experiments (16-17 and 21). While the gas flow rates of CO and Cl,
were the same, the total gas flow rates in these second experiments varied from 947-2908
mL/min, since no N, was used. The ratio of the reaction rates of the experiments diluted
with N, and those without N,, have been plotted in Figure 39. The graph must have a
ratio of 1, at 0% N, dilution and this point is also shown. A fifth point has been added,
representing the ratio of Experiments 4 and 5. Experiment 4 was accidentally conducted
with a flow of 2827 mL/min of N,, being added to a flow of 3695 mL/min, of a 1/1
mixture of CO and Cl,. Experiment 5 was conducted as a repeat of Experiment 4, but
without N,. These five data points were regressed to give:
R/R, =0.988 - 0.0067 (%N,), R*=0911 [47]
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Figure 38: The Effect of Dilution with N, on the MgO Reaction Rate at Constant Total Gas Flow (3759 mL/min)
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Equation {47] clearly indicates that the reaction rate fell with respect to the equivalent
flow of undiluted rcagent gascs. even though the total volume of gas injected was
increased using N,. This is proof that the rate of the chlorination reaction was controiled
by diffusion from the within the gas bubbles. to the bulk of the electrolvte. This also
clearly illustrates that under no circumstance would there be any advantage in using a non
reactive gas in the reaction mixture. as is sometimes done in the aluminum industry (see

Section 3.1).

7.5 Effect of Impeller Speed

The rate of a reaction controlled by diffusion from the gas to the liquid phase. normally
increases at higher impeller speeds. Given that the liquid side mass transfer coefficient
(k). is considered to be independant of impeller speed” (also implied by Equation
[13]%), the increase in reaction rate. is due to the decrease in bubble size and increase in
gas-liquid interfacial area (see Section 3.2, Equations [10}-[22]). The reaction rate will
normally increase by greater than the 1¥ power of impeller speed. since the un-gassed
impeller power increases to the 3™ power of speed (as indicated by Equation [24]) and the
gassed power increases proportionately even more (according to Equation [35]) due to the

lower aeration number at higher speed.

Four experiments (22-25) were conducted at four different impeller speeds (609. 804,
1004, and 1156 R.P.M.) to examine this effect, using the (75-106) um size fraction, at an
average of 824 °C and using 3695 mL/min of a 1/1 CO/Cl, mixture. The results of these

experiments are shown in Figure 40.
Figure 40 indicates that the reaction rate increased as the impeller speed was increased

from 609 to 1004 R.P.M.; however, it would also appear that somewhere between 1004

and 1156 R.P.M. the reaction rate began to decrease. This result was not expected.
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It was observed during water modeling that in the absence of gas injection. the impeller
was abic to draw gas from the freeboard of the reactor at high impeller speeds. This
phenomena began at about 700 R.P.M. and rapidly increased above 900 R.P.M.. It is
likely that at extremely high power inputs in MgCl, (e.g. 20 kW/m® at 1156 R.P.M.), the
impeller begins to draw in gas from the freeboard. This gas had a very low partial
pressure of CO and consisted mainly of N, (from the purge gas) plus Cl, and CO,. The
mixing of these gascs with the new gas being injected into the reactor would have an
cffect similar to that alrecady shown for direct dilution with N,. Therefore it is concluded
that an optimum power input exists somewhere between 12 and 20 kW/m® (1004-1156

R.P.M.}, for this particular reactor.

In order to obtain a power or linear regression it is necessary to exclude Experiment 23
(at 1156 R.P.M. and correspondingly high power input as explained above). the

remaining results in Figure 41 have been regressed to give the following correlations:

Rate = 0.0011 (R.P.M.) - 0.03, R*=0.756 [48]
Rate = 9 X 10° (R.P.M.)'™, R?=0.693 [49]
7.6 Effect of Temperature

Normally, reactions which are diffusion controlled, increase only slowly in rate with
increasing temperature, due to higher diffusivities and are typified by an activation
energy of about 100 kJ/mol®®. A series of five experiments (10-14) were conducted at
temperatures between 743 and 908 °C, at an average of 1005 R.P.M., and 3699 mL/min
(at S.T.P.) of a 1/1 mixture of CO and Cl,.

The temperature range was constrained by the freezing point (714 °C**) and boiling point
(1318 °C*) of the MgCl,. The practical range was further restricted by the necessity to

maintain some degree of superheat and the maintain a very low partial pressure of MgCl,
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to prevent excessive evaporation (the vapour pressure off MgCl. increases rapidly above

900 °C. reaching 10 Torr at 934 "C™).

The results of these 3 experiments are shown in Figure 41 and have been summarized by
a second order polynomtal regression:

Rate = -4.293 X 10* T* + 0.097 T -33.7.R* = 0.955 [50]

Figure 41 indicates that an optimum temperature exists, which will maximize the
chlorination rate. This was an unexpected result. The optimum temperature is 856.6 °C.
based on the 1* derivative of Equation [50]: however, given the uncertainty in the data
and the few data points. the only firm conclusion which can be made. is that the reaction

rate reaches a maximum at some temperature between 824 and 908 °C.

The evidence supporting the increase in gas solubility in liquid MgCl, is not extensive™.
If the solubility of the gases (particularly CO) decreases in the liquid MgCl, at higher
tenyperatures (as is the case with most liquids), then the increase in the diffusivity at
elevated temperature, will be off set by a corresponding decrease in the mass transfer
driving force and could easily explain a decrease in the overall reaction rate at very high

temperatures.

A regression was made of the reaction rates (between 743 °C and 824 °C) with the inverse
of the absolute temperature in order to obtain the activation energy using Arrhenius’s
equation as indicated below:

Rate = 7491 %8R D), R*=10.999 [51]

Equation {51] indicates that Reaction (14) (the chlorination reaction), had an activation

energy of 80 kJ/mol, with a 95% confidence interval of +/- 30%. This magnitude of

activation energy is typical of a diffusion controlled reaction, as meationed previously.
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7.7 Effect of Iron

Iron has been used as a catalyst in another similar chlorination process. as discussed in
Section 2.1.2.1. Two experiments (26 and 27} were conducted where 300 and 600 P.P.M.
of iron were added as ferric chloride (FeCl,). to the bath of MgCl.. to determine if small
amounts of Fe have a catalytic effect on the chlorination rate. The bath of MgCl, had a

background level of Fe in the 200-400 P.P.M. range.

The additional Fe added in these two experiments resulted in levels of 444 and 560
respectively. Ferric chloride is an extremely volatile chloride with a normal boiling point
of 652 °C*. The very high vapour pressure of the FeCl, resulted in a significant loss of

Fe before it could be assimilated into the bath of MgCl..

The results for Experiments 26 and 27 are compared in Figure 42 with the result of
Experiment 22. These experiments were conducted using the (75-106) pm size fraction,

at an average of 824 °C, 1005 R.P.M. and 3699 mL/min. at a 1/1 ratio of CO and Cl..

The results shown in Figure 42 have been correlated by the following equation:
Rate =0.99-5X 10 (P.P.M.Fe), R*=0.839 [52]

According to Equation [52] the MgOQO reaction rate is negatively impacted by the
concentration of iron. This should not be surprising, given that the Fe increases Cl, mass
transfer and it has already been shown that the rate of reaction is controlled by the rate of
CO diffusion. The slight negative correlation may be due to counter diffusion of FeCl,;
however. the correlation between Fe and reaction rate was not statistically significant and

thus no firm conclusion was drawn.
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7.8 Overall Correlation

It was decided to summarize as many of the results as possible in the form of an overall
correlation. using multiple regression and those results in the following ranges:

I} temperature = 820 °C +/- 5 °C.

2) impeller speed = 609 to 1006 R.P.M. (10.5-15.6 kW/m®),

3) total gas flows (including N,) from 941 10 6522 mL/min (0.3 cm/s> v, <2.2 cm/s).

4) using all particle sizes from 53 to 300 pm. and

5) 0.67> CO/Cl, <1.03.

25 experiments were regressed: 1, 3-9. 13, 15-22, 24-30. and 33. It was necessary to
restrict the ranges. due to the strong curvature in some of the data (e.g. relationship with

P.o/Po.) and this curvature can not be modeled using either a linear or power type

regression. The power regression is the model of choice, because it usually provides the

greatest level of physical significance.

The 25 experiments were correlated against the following independant variables:
1) total gas flow rate at S.T.P. (Q)

2) ratio of CO/ClL,.

3) partial pressure of carbon monoxide (Peg).

4) impelier speed (N),

5) average MgCO; particle size (d,).

6) initial melt height to tank diameter (H/T) ratio,

7 initial MgO content (wt, % MgQ),

8) amount of MgCO, fed, and

9) the initial Fe content.

A multiple non-linear (power) regression was performed using Excel Version 7.0, by

regressing the logarithm of the reaction rate, against the logarithm of the above variables.
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. In the initial regression. only thosce variables which were found to be signiticant at the
90% level. using the P value outputted by the software, were retained for turther anatysis.
Those parameters found to be significant included:
1) N(s™.
2) Q,(L/min.).
3} Peo(atm.). and
4) MgO (w1, %).

The four remaining parameters were re-regressed and only those significant at the 95%
level were kept. This included all four parameters. The results of this are given below:

Rate = 0.0166 N Q% (P.o)' " MgO™®, R =0.784  [53]

The 95% confidence intervals for the exponents are as follows:

low high
1) N 0.25 2.11
2) Q 0.34 0.78
3) Peo 0.82 1.435
4) MgO 0.03 0.93

The experimental results are plotted as a function of the regression parameter
(Nl.ls ‘0.56 (Pco)l.13 MgOU.-lS) in Figure 43.

When Equation [53] was used in conjunction with Equation [51] it was possible to

estimate the reaction rate at temperatures-between 743 and 824 °C.

Equation [53] predicted the experimental rates to within + or - 44%. with 95% confidence
and while this is not as good a correlation as was desired. it represents the only
information in the public domain regarding this reaction conducted in a stirred tank

reactor.
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Reaction Rate, mol/L/h

Rate = 0.0166 N"'* Q% (Pc0)""” Mg0™, R? = 0.784

} H - $--- _._.-i_______. R
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L] i L] ¥ )
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N8 Q0% (Peg) " MpO™ ™

Figure 43: The Effect of Impeller Speed, Gas Injection, ', and Initint MgO on the Reaction Rate
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The weak correlation of the reaction rate with the inttial guantity of Mg and the
independence of the reaction rate with the residual quantity of MgO after time zero.
suggested that the initial quantity of MgO was substituting for an unmeasured parameter.
It 1s proposed that the unmeasured parameter is an impurity assoctated with the MgO
(essentially the source of all the Impurities in the system). The tnitial concentration of
this impurity. would have increased with increasing MgO content and must have had a
positive impact on the reacuon rate. If this hvpothetical catalvst exists, this could have a

dramatic impact on the economics of a chlorination process using 2 siirred tank reactor.

Given that the reaction rate is determined by the mass transfer of CO into the MgeCl., it s
further assumed that the hvpothetical impurity enhances the mass transter of CO. by
increasing its solubility in the MgCl, and thereby increases the rate of the chlorination
reaction. Nickel is an obvious candidate. based on its proven ability 1o complex with CO.
It is therefore recommended that if these experiments are ever repeated. reagent grade
MgO should be used in conjunction with a varietry of metals (including nickel). to

determine which metal if any. has a catalvtic effect on the reaction rate.

An equation using P/V, (&kW/m") and v, (cmi/s) is of more use than Equation [53] in the
scale-up of a chlorination svstem. based upon a stirred tank reactor. Taking a power
number of 2.76 (from Section 6.1) and using Equations [24] and [36]. it was possible to
calculate the P/V, for cach combination of gas injection rate and impeller speed in these
experiments. When this was done and the data was re-regressed. the following equation
was obtained:

Rate=0.321(P/V)** (v)** (Pco) ™ (MgO)™™, +/- 44%. R'=0.781 [54]

The 95% confidence intervals for the various exponents are:

low high
1) (PSV) 0.07 0.64
2 (v) 0.40 0.88
3 (Peo) 0.82 1.36
4) (MgQO) 0.04 0.92
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The exponents of (P,/V,) in Equation [54] were compared with those in the literature. (see
Section 3.2): however, the literature values varied greatly and the possible range of values
as indicated by the 95% confidence intervals given above. were 100 large to make a

comparison meaningful.
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Chapter 8 Discussion

The results presented in Chapter 7 can be used to design geometrically similar industrial
scale. continuous reactors. The ultimate limitation on the size of the reactor is probably
the length of shaft which can be practically produced from commercial grades of
graphite, based on available sizes and mechanical properties. The maximum practical
size for a unit cell, is about 1 m in depth (and width). given that the maximum length of

commercial graphite available to produce impeller shafts. is about 6' (1.83m)"™.

A full scale plant based on this technology. would require either many small reactors, or
more practically. a series of large reactors, each with many rotary injectors. A square
reactor can be produced based on 2 cellular approach. as shown in Figure 44. The reactor
would be fed with calcined magnesite (MgO) to remove the thermal burden from the
reactor and prevent the introduction of excess CO, gas into the reactor. Feeding would be
through graphite tubes and rectangular graphite electrodes would be used as baffles on-
line and to make up for heat lost during down time. A multiple of 3 electrodes is required
to use 3-phase AC heating. A refractory lined steel shell would be used to contain the
magnesium chloride bath. The type of refractory used would have to be aptimized to
prevent chlorination of the refractory or contamination of the MgCl,. The shell would

probably require cathodic protection to prevent corrosion by chlorine gas.

In Figure 44, each cell would be assumed to act as a single CSTR. There is no loss in
efficiency or conversion using the reactor design shown in Figure 44, given that the reaction
has been shown to be independant of the MgQ concentration (cascading the reactors is not
required). Gas utilization efficiencies and reaction rates will be the same at 0.5% MgO as at
5% MgO (as shown in Figure 34) and the reactor can therefore operate at a steady state value
of 0.5% MgO or less. A small polishing section. operating with less MgO (as little as 0.1%)
may be required depending on the type of electrolysis cell chosen (see Table 3 and Figure 3).

The polishing section would also serve to volatilize unwanted impurities such as Fe.
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The impact of the dependancy of the reaction rate on the initial MgO. must be further
investigated in order to accurately predict behavior on scale-up. It will be possible to
optimize the reaction rate. if the impurity responsible for this behavior is identified:
however, for the purposes of discussion. Equation {54] will be evaluated using the
average initial MgO (4.02%) of the 25 experiments used to derive the equation:

Rate = 0.609 (P/V)*™ (v (Pco)™ (551

Care must be taken in applying Equation [53]. since it is bounded in several ways. The
possible combinations of gas injection rate and power per unit volume are restricted by
flooding at low power and surface aeration at high power. The rate is also restricted by
gas efficiency, which obviously can not exceed 100% for either CO or Cl, (i.e. very high

P/V, and v, can not increase the gas reaction efficiency to more than 100%).

If the goal of the scale-up is to achieve a constant volumetric reaction rate, then obviously
the simplest way of achieving this is to maintain a constant P/V,. v, and Py, (as indicated
by Equation [55]). It is also logical to assume that the same volume of gas will be
injected per liquid volume (Q/V,). Unfortunately, the surface area of the vessel increases
to T?, while volume increases to T°, so v, increases with a linear scale-up. Therefore, to
achieve the same reaction efficiency, P/V, must decrease by reducing the impeller speed
(it is normal for P/V, to decrease on scale-up); however, it is important to respect the

limits of flooding (Equation [26]) and to suspend the largest (300 pum) particles (Equation
[29]-

The simplest way to deal with the actual complexity of scale-up is to use a commercial
software package, such as Tk Solver Version 2.0, to simultaneously solve the appropriate
equations presented in Chapters 3.0, 6.0, 7.0 and 8.0. Using Tk Solver, with T=1.0 m,
Temperature = 856.6 °C, and CO/Cl, = 1.24 and using the design shown in Figure 44, 9
chlorinators could produce 20,000 mtpy of magnesium, at a reaction rate of 1.0 mol/L/h

and 90% chiorine reaction efficiency (see Appendix C for details).
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Chapter 9 Conclusions

9.1 Conclusions - Experimental Part I

In MOLTEN MgCl, the impeller power number was found to be 2.76 £ 10% at impeller

Reyvnolds numbers above 70,000.

Gassed impeller power in MOLTEN MgCl, was correlated by the following equations:
P/P, = 0.452 (Q/ND?**= R*=0.885 [35]
P/, = 0.922 - 1.444 (Q/ND?) R’=0.893  [36]
The exponent in Equation [35] will be influenced by the exact impeller/tank geometry
used: however, the magnitude of the exponent in Equation [35] does fall within the

published range (-0.22 to -0.38% %) for flat six blade turbines.

The gas dispersion pattern was found to be in the gross recirculation bubble regime.

9.2 Conclusions - Experimental Part II

Magnesite can be chlorinated in a STIRRED slurry reactor, using chlorine and carbon

monoxide, under conditions, which can be reproduced on the industrial scale.
The chlorination rate of the MgO formed from magnesite was found to be independant of

the MgO concentration present in the reactor {or Zero order with respect to the

concentration of MgQO).

115



The reaction rate was found to increase with increasing gas injection rate according to the
following empirical correlations:

Ratc =033+ 1 X 10%(Q). (mol/L/h or kgmol/m*/h). R* = 0.760 [42]

Rate =53 X 10°(Q)°*.  (mol/L/h or kgmol/m*/h). R* = 0.866 [43]

The reaction rate was found to be independant of the MgO particle size.

The chlorination rate increased with increasing levels of CO according to the follrwing
empirical correlation:

Rate =-2.1 (Peo/Pqr)’ + 5.2 (Peo/Pay) - 2.13. R* = 0.897 [44]
The optimum CO/CI, ratio was found to be between 1.02 and 1.47 and was estimated to
be 1.24 from Equation [44].

The rate limiting step in the chlorination of magnesite in a slurry reactor was found to be

CO mass transfer from the gas to the liquid phasc.

The addition of an inert gas such as N,. was found to decrease the rate of the reaction as
indicated below:
Rate = 0.943 - 0.011 (%N,). R*=0.942 [45]
R/R,=0.988 - 0.0067 (%N,). R*=0911 [47]

Impeller speed was found to increase the rate of the chlorination reaction up to a
maximum located between 12 and 20 kW/m’. after which the rate was found to decrease

(probably due to surface aeration). Between 600-1004 R.P.M. the following empirical

comrelations were obtained:
Rate =0.0011 (R.P.M.) - 0.05. R*=0.756 [48]
Rate =9 X 10®° (R.P.M.)", R*=0.693 [49]
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The reaction rate was found to increase at higher temperatures. until a maximum located
between 824 and 908 °C was reached. The maximum rate was estimated to be at 856.6 °C
from the following ecmpirical correlation:

Rate = -4.293 X 10* T* + 0.097 T -53.7. R* = 0.955 {50]

The reaction rate was correlated using an Arrhenius relationship between 743 and 824 °C:

Rate = 749] H0380®R ™) R*=0.999 [51]

with an activation energy of 80 kJ/mol, which is typical of a diffusion controlled reaction.

Iron was found to have nc significant effect on the reaction rate at levels up to 560 P.P.M.
Fe.

An overall correlation was obtained which related reaction rate with impeller power.
superficial gas velocity and the partial pressure of CO:
Rate = 0.609 (P/V))** (v)*® (Pco)™™ [35]

Using the overall correlation it was estimated that 9 chiorination reactors each containing
16 impellers (0.48 m in diameter) would be sufficient to produce 20,000 mtpy of

magnesium.
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Chapter 10 Recommendations for Future Work

In order to obtain more accurate mixing power and power number data. an impeller of at

least 67 or 0.15m. should be used in any future work.,

Gas hold-up was not adequately determined during these experiments and should be

further investigated using a larger reactor with better access for reasurement.

It was hypothesized that an impurity was present in the MgO. which positively affected
the rate of CO mass transfer. Experiments using pure MgCl.. reagent grade MgO and
various potential catalytic metals (e.g. Ni). should be conducted to verify this hypothesis

and quantify the effect.

To eliminate the effect of segregation within a sample, whole pin tube samples should be

analysed.

The homogeneity of the MgO suspended within the reactor should be verified during any
future test program and multiple samples should probably be used to obtain a good

average assay from which the reaction rate can be computed.

In order to minimize the uncertainty in the calculated reaction rates. sampling frequency

should be increased for those experiments expected to react quickly.

A randomized statistically designed experimental plan (e.g. Box-Behnken®) should be

used to obtain the most statistically significant results in the least number of experiments.
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Appendix A - List of Suppliers

Supplier Item Address Phone Fax
A.P. Green G-26, G-28 Fireclay Brick 514-493-4400
Anachemia FeCl, 500 2 Ave., St. Pierre, Q.C. 514-489-5711
Baymag Magnesite 800, 10655 South Port Rd., S.W., Calgary, Alberta 403-271-9400
Canadian Thermix EF 444 Crucibles 20 Industrial Parkway N, Unit 2A ,Aurora, ON 416-841-60633

Cele Parmer
M.B.S.
M.B.S.
M.B.S.
M.B.S,
M.B.S.
M.B.S.

M.E.G.S.
M.P.B.
Medigaz

Medigaz
Omega
Omega

R.D.C. Conlrole

Raycon, Les Controles

S.T.AS.
Speer Carbon
UCAR
UCAR
Williams+Wilson

Mac [4 Data Logger
Seal Master NP16 C Bearings
TL 18 ,H200, timing pufley
TL 36 ,H200, timing pulley
2", #66, H200, timing belt
SK, 1" Bushing, QD
1215, 7/8", Bushing, QD
H.P. Chlorine
Quartz Ladles

Carbon Monoxide, Type K, C.P.

Grade
Liquid Nitrogen, 225 P.S.I.
CN 9000 Temp. Control.
D.P.F.60 Rate Meter
Type K Thermocouples, 18" X
24" 8S Sheath
Deublin Rolary Union, Model

#1102 070 08)

Drive Shaft and Coupling
890-S Graphite
ATIJ Graphite

C-34 Graphite Cement
Fibre Frax Blanket/Board

7425 Nerth Oak Park Ave., Niles, L.
500 nee Hodge, Montreal, Q.C.
500 rue Hodge, Montreal, Q.C.
500 rue Hodge, Montreal, Q.C.
500 rue Hodge, Montreal, Q.C.
500 rue Hodge, Montrcal, Q.C.
500 rue Hodge, Montreal, Q.C.
5601 Chemin, St. Francois, St Laurent Q.C.
1725 N. Service Rd,, T.C., Dorval, Q.C.
4830 rue Coursers, S1. Laurent, Q.C.

4830 rue Coursers, Si. .aurent, Q.C.
One Omega Dr., Box 4047, Stamford, Connecticut
One Omega Dr., Box 4047, Stamford, Connecticut
61 Boul. de la Scigneurie, Blainville, Q.C.

2890 Sabourin, St. Laurent, Q.C.

1846 rue Outarde, Chicoutimi, Q.C.
3200 Sartelon St., St. Laurent, Q.C.
123 Eglinton Ave, E., Toronto, On
123 Eglinton Ave, E., Toronto, On

800-323-4340
514-748-8383
514.748-8383
514-748-8383
514-748-8383
514-748-8383
514-748-8383
514-956-7503
514-694-8751
514-337-3854

514-337-3854
800-826-6342
800-826-6342
514-434-02106

514-334-0931

4138-696-1951
514-332-9602
416-488- 1444
416-488-1444
514-939-1300

708-549-1700
514-748-1575
514-748-1575
514-748-1575
514-748-1575
514-748-1575
514-148-1575
514-956-7501
514-695-7492
514-337-32935

514-337-3295

5144340219

418-696-1951
514-332-5232
416-488-1937
416-488-1937

119



Appendix B - Analysis of the Variance of Experimental Data

Duplicate start samples were taken prior to beginning each experiment. A laboratory
analysis was performed on cach. Duplicate assays were also performed on one sample
from cach test. This duplicate assay was not necessarily performed on a start sampile.

Each pair of samples was averaged and the absolute and percentage difference of the two
samples from the mean was calculated as shown below:

Sample 1: 5% MgQO, Sample 2: 4% MgO
Average: 4.5% MgO. Difference 0.5% MgO, % Difference 11.1%

The various assays are given in Table B.1.

Plots were made of the absolute and percentage difference of the duplicate samples
(Figure B.1) and duplicate assayvs (Figure B.2).

[deally. the errors should be randomly distributed with respect to the average MgO assay.
In Figure B.1. it would appear that both the percentage and absolute error increases at the
higher levels of MgO; however, the percentage error is more random. In Figure B.2, itis
clear that the percentage error is random, while the absolute error increases at higher
levels of MgO. It is therefore concluded that the percentage error is more representative
of the actual accuracy of the data and that only the variances in the percentage errors can
be used to compare the magnitudes of the sources of variance (sampling + analysis).

The total variance (sampling + analysis) has been calculated to be:

-

‘mc.-n = 128'2 = 2s:rnplin;: + Sznmlysis [B'll

and the analysis variance has been calculated to be:

S* s = 20.7

therefore:

S oping = 128.7-20.7 = 107.5
and:

ot S = 107.5 1 128.2 * 100% = 84%.

Therefore, approximately 84% of the total variance in the data is due to sampling and
16% is due to analysis. The 95% confidence intervals for the total can be calculated from
the degrees of freedom (31) and the total standard deviation:

S = (12870 =113%.

From the student’s T distribution at the 95% confidence level. the limits are:
+-2.04*113%= +/-23.1%.
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Figure B.I: Variance of Duplicate Samples
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Appendix C - Reactor Design Equations

RULE SHEET

S Rule
QCO=QC12*1.24
Qt=QCl1l2+QC0O
Q=Qt*(Temp+273.15)/273.15
p=((1.976-0.302*.001*(Tenp+273.15))*1000)*(1-X/100)+X/100*2000*3.58
D=0.48*T
PO=Np*pP*N~3*D~5/1000
Na=Q/N/D~3
Pg/Po=(0.922-1.444*(Na))
vt=T~3
a=T*2
vs=Q/a*100
Pv=pg/V1
V1=VL*(1-E)
Tf=(7491%exp(—-80380/5.314/(Tenp+273.15)) /(7491 *exXp(~80380/8.314/(823+273.15))
PCO=QCO/(QCO+QCL2)
R=0.609%(Pg/V1)~0.35%vS"0.64*PCO~1.14*Tf
Production=R*V1*24.305*24*365*.9/1000
Prodtotal=n*Production*13
MgCO3=Prodtotal*(40.305+44)/24.305/.9
Eff=R/60/60%V1/(QCLl2/22.4)*100
u=0.204*exp(19361/8.314/(Tenp+273.15)) /1000
v=u/p
pl=(1.976-0.302/1000* (Temp+273.15))*1000
Nj=S*v~0.1%d~0.2%(g*(ps—pl/1000) /{pl/1000))~0.45*X~0,13/D*0.85
Q/Nflood~3/D~3=30*({D/T)*3.5*D/g
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St Input
1

856.6

.096
.0003
3.58

90
2.76

Name——
T

a

D

vt

vl
Tenp

N
Nflood
Nj
QClz2
QCOo
PCO

Qt

Q

vs

Na

E

Ps
X

Product
Prodtot
n

MgCo3

9
s

VARIABRLE SHEET

Ooutput—

1
.48
1
-904

117.3159S
100.18382
102.61369
374.99259
464.99081
.55357143
£39.98341
3474.1763
5.7902938
.26777565

-91054057
-48744146
.53920516
1634.8155
1732.0747
9.2526E-7
.00160262
1.2999374

173.22504

8.8812884
77080.619

Unit
m
n~2
™
m*3
m~3
Deg C
min~-1
min~=-1
min~-1
L/min
L/nin
atm.
L/min
L/min
cn/s

g/cc
fraction
3

kW

kW
kW/m~3
kg/m~3
kg/m~3
n~2/s
Pas

kgmel /m~3
ntpy
mtpy

ntpy

m/s 2

Comment -
Reactor Diameter

Tank Area

Impeller Diameter

Total Reactor Volume

Liquid Volume

Reactor Temperature Deg C
Impeller Speed

Speed to Just Flood

Speed to Just Suspend Se¢lids
Cl2 Gas Flow at S.T.P.

CO Gas Flow at S.T.P.

{0 Partial Pressure

Total Gas Flow at S.T.P.

Gas Flow at reactor temperature
Superficial Gas Velocity
Aeration Number
Fractional Gas Hold-up
Diameter ©f Solids

Density of Solids

Weight Fraction of Selids
Chiorine Reaction Efficiency
Power Number

Un-gassed Mixing Power
Gassed Mixing Power

Power Per Unit Volume

MgClz Liquid Density

Slurry Density

Kinematic Viscosity
Viscosity in Pas

Tenp Correction Factor
Reaction Rate

Magnesium Production Per Impeller
Total Magnesium Production
Number of Chlorinators

MgCo3 Consunption

Gravity
Geometric Parameter
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