ALUMINATE CHEMISTRY
This is my response to Dave’s comments about the chemistry of aluminum’s reaction with alkaline solutions  under Part 1.  It is a comparison of the alleged process described in the Iraq Survey Group’s Final Report (The Duelfer Report) http://www.cia.gov/cia/reports/iraq_wmd_2004/chap6_annxD.html by the Al Kindi folks to the bioweapons experts, with the Andersen and Andersen patent application.  From this point I will refer to the former as DAK and the latter as AA.  , 
(a) In your comment to the first part of my analysis posted by Captain Ed, you state: “As Simon pointed out, ChemicalConsultant is using a simplified formula for a complex reaction and drawing conclusions from it that have been proven to be wrong. Back when this type of reaction was first patented, the reaction was described in an equation similar to what ChemicalConsultant uses. See:
http://www.pat2pdf.org/patents/pat934036.pdf
This patent is from 1909. Chemical knowledge has advanced since then. Take a look at this patent from 2003, which deals with the same process: http://www.pat2pdf.org/patents/pat20030143155.pdf
Starting with section [0053] the chemistry of the process is explained. As Simon said, the reaction is best represented by the following equations:
2Al + 3H2O > Al2O3 + 3H2 (1)
and
2Al + 6H2O > Al2(OH)3 + 3H2 (2)
These equations show that sodium hydroxide is not consumed in the reaction. Earlier patents by Belitskus (1970) and Stockburger (1992) also contain equations that show that sodium hydroxide is not consumed. SODIUM HYDROXIDE IS CATALYTIC. Starting in section [0060], several experiments are done to PROVE that sodium hydroxide is catalytic. “

(b) I agree that the reaction is complex.  Here are the equations used by Stockburger and Belitkus according to paragraph 0057, p 3, of AA:

2 Na+ + 2 Al + 2 OH- + 6 H2O →  2 Na+ + 2 Al(OH)4- + 3 H2 (3)

and

2 Na+ + 2 Al(OH)4- →  2 Na+ + OH-  + 2 Al(OH)3↓. (4)
Also, reaction 4 does not go to completion; only a portion of the aluminate disproportionates to alumina trihydrate (ATH).  
I went to this reference; Kirk-Othmer ( K-O), “Encyclopedia of Chemical Technology”, Volume 2, for information about the reaction of aluminum with alkali hydroxides.  My local public library has this reference and it is also found in many industrial and academic chemical libraries.  I read the sections titled “Aluminum and Aluminum Alloys”,“Aluminum Compounds“ “Activated Alumina” and “Alumina Hydrates”.  All of these sections were written by scientists and/or engineers employed by the Aluminum Company of America, also known as Alcoa.
(i)In the first section, its authors write “ Because of its amphoteric nature, aluminum is attacked rapidly by solutions of alkali hydroxides evolving hydrogen and forming soluble aluminates.
That’s equation 3.  In the second section, its authors write, “cooling after digestion requires gibbsite ( a form of Al(OH)3 ) seeding to precipitate Al(OH)3.”
They also write that this produces a “spent” solution which contains an excess of alkali relative to aluminate, but both are present in the solution. Back when I was about 90 years old (in Dave years)  my employer sent me to an alumina plant in Louisiana where I saw this precipitation in operation.  That’s equation 4 as I described it above.

(ii) Figure 1 on p. 292 of K-O, Volume 2, in the “Activated Alumina” section, shows that Al2O3 only forms when aluminum hydrates are heated to over 500o C.  The highest temperature experienced by a form of hydrated aluminum oxide in AA is 170 o C ( see paragraph 0116, page 8).  Therefore equation 1 doesn’t happen.  If equations 3 and 4 are combined, the simplified formula is equation 2, but the complex reaction begins with equation 3, followed by equation 4.  When it comes to the chemistry of aluminum and its compounds, I believe scientists and engineers who have worked for the world’s largest aluminum producer, Alcoa,  know more than you, Simon and the Andersen brothers.  The Andersen are resourceful tinkerers but not chemists.  By the way, K-O sections are peer reviewed but patents are not.
c) I will  now report how the AA process depends on reaction 3 and 4.  Be prepared to read the patent again.  Then  I will compare AA with the process as described in the Duelfer report (DAK).  
(i) Claim 1 of AA begins with an NaOH solution to which aluminum  is introduced, which reacts with water at the surface of said solution, and generates a region of effervescence at said surface and a precipitate sinking from said region to the bottom of said vessel. Claim 2 asserts that the region of effervescence is maintained separately from the precipitate.  Claim 6 adds an additional step of retaining aluminum on a floating screen.  In paragraph 0135, page 9, AA explain that the purpose of the screen was for such forms of aluminum as powder
 to be retained in the effervescence zone at the solution surface “F” as shown in Figure 20. Claim 10 describes the incremental additions of aluminum and water and states that these additions are made at a rate determined by the consumption of the aluminum and water added.

(ii)  In paragraph 0117, page 8, AA report “..at. about 75% of the stoichiometric amount the solution would become viscous and foaming with large longer lasting bubbles. Water was added at this point..”.  When I examined Figures 3 through 17, I found that water was added at 100% of  the stoichiometric amount for molarities less than 6, (Fig. 1 through 9) but around 75% for higher molarities ( Fig 10 through 17).  In paragraph 0118, AA report” The formation of a grayish white precipitate would start between 75% and 100% of the stoichiometric amount.”  They don’t say in which experiments the precipitate formed at less than 100%.  Thus equation 3 explains what has happened up to this point, since only soluble aluminate is present.  
(iii) AA do not report any analysis of the filtrate; only the precipitate that forms after the stoichiometric point was analyzed.  The analysis of the precipitate used an elemental Xray analyzer attached to a scanning electron microscope ( paragraph 0096, p 6). I’ve published two peer-reviewed papers using this technique. This instrument at best provides semiquantitative elemental analysis of powders.  Xray powder diffraction analysis is required to identify the crystal species of the precipitate.  Had AA used this method, they would have found only ATH as the crystal species.

 My analytical group analyzed the spent liquor from the alumina plant I visited.  It contained about 6.5 % dissolved sodium aluminate ion by weight.  By the time our lab received it, the sample was at room temperature.  This would correspond to about 0.7 molar in aluminate.  According to K-O, in the Alumina Hydrates section, spent liquor is about 3.9 to 4.4 M in NaOH.  Figures 7 and 8 are in this range. At the stoichiometric point the temperature has risen to 100o C.  Since the aluminum is floating on the surface and the probe is 1 cm below, the temperature is probably even higher. Thus we can estimate the solubility limit for sodium aluminate right at the surface as around 5 M.  If this solution were allowed to cool to room temperature,  alumina would precipitate according to equation 4, so that there would be about 0.7 moles/l of sodium tied up with aluminate and about moles of free NaOH.
(iv)  At the stoichiometric point for 3.9 to 5 M NaOH solutions, AA add aluminum and  water,  lowering the temperature by up to 30o C.  This could cause alumina to drop out to up to the sodium aluminate solubility limit at 70o C.  However, as Belitkus points out , paragraph 0058, p 3, “the rate of precipitation of Al(OH)3  and the regeneration of NaOH is insufficient to support rapid reaction”.  K-O points out that, in the Bayer process,  crystal seeds must be added to enhance the precipitation rate.  Nevertheless, there is enough hydroxyl (OH-) from the free NaOH produced by equation 4 to react with an added increment of aluminum, which then reacts according to equation 3.  This exothermic reaction raises the temperature as seen in the figure up to the solubility limit.  More water and aluminum are added in steps, each time following equation 4, then equation 3.   It takes about 80 minutes to generate 4 times as much hydrogen than the stoichiometric ratio.  At the lower concentrations of 1.2 and 2.5 M, shown in Fig. 5 and 6, the temperatures do not rise as sharply up to the stoichiometric point.
d) Let’s see how closely DAK follows the teachings of the AA patent application.  Although flaked NaOH is only about 85 to 90% NaOH solids (the rest is water), I will assume 100% NaOH for ease of calculation. 
(i.) In that case, there are 25 moles of NaOH in 1 kg.   Since the nominal capacity of the reactor is 864.5 l this means that .86 m3 x 84 (weight in grams for 1 m3 of hydrogen) = 72 g of  H2 must be produced to raise the pressure to 1 bar in the first DAK step.  This consumes about 0.65 kg of aluminum, nearly equivalent to the stoichiometric amount of NaOH in the unit.  About 650 g of water were consumed in producing 1 bar of hydrogen so there are 4.35 kg of water left.  The molarity of the solution is about 5.  DAK says that they only run the chiller on hot days so right now let’s consider it’s a cool day.  AA’s data show that a stoichiometric solution at 5M NaOH rises to a temperature of 100o C.  At this point all of the OH- has been consumed by equation 3. There is no precipitate yet. See c (ii) and Figure 9 to see why this is the case.

(ii.) Then DAK adds another 5 liters. This will cool the temperature down probably to around 60o C and also change the molarity to 2.5.  Fig. 6 in AA for 2.5 M NaOH shows that when aluminum is added to reach the stoichiometric point S at about 28 minutes,  the temperature rises to 60o C, then drops.  This means that at this temperature, the solubility limit of a 2.5 M solution has been reached.  The solution cools to 45o C and enough OH- is released to react with added aluminum.  Fig 5 shows  that the minimum concentration of sodium aluminate at this temperature is 1.2 M.  This means that at most 13 moles of OH- are available, according to equation 4, from 2.5M-1.2M = 1.3 x10 l. 3 moles of hydrogen are produced per 2 moles of OH- = 1.5x13x2 = 39 g. Figure 6 shows the temperature of the solubility limit for 2.5 M sodium aluminate has been reached so aluminum stops reacting until enough cooling has taken place to release OH- .  This may be a very short time in DAK because unreacted aluminum is available, unlike AA at this point.  However, the less cooling before OH- is released, the less aluminum is reacted.  Under this condition there will be a huge number of cycles needed to generate enough hydrogen to produce the 144 g  now required to raise the reactor pressure to 3 bar.  Alternatively, and consistent with the Bayer process, the solution may be supersaturated and not release OH- until a lower temperature is reached.  If this lower temperature were about typical ambient, then 2.5-0.7 (see c (iii)) x10 l = 18 moles of OH- are produced by equation 4 sor 54 g of  hydrogen will be  generated.  This means 3 cycles are required to get over 3 bar.  AA’s cooling curves show that one cooling cycle to ambient takes an hour, but let’s say DAK is three times as fast without the chiller in operation, so it takes an hour to get over 3 bar.  As an alternative let’s say the precipitate comes out at 50o as shown in Fig. 6. This uses about 1/3 the stoichiometric amount of aluminum so 24 g of hydrogen in this cycle are produced.  Six cycles taking about 5 minutes each are required or somewhere between 10 to 30 minutes to reach 3 bar. 
(iii.) At 3 bar 5 more liters of water are added.  This changes the concentration to 1.7 M NaOH.  Thus the maximum amount of hydrogen produced if the cycle goes all the way to ambient is 1.7-0.7 = 1x15 l = 15 moles x1.5x2 = 45 g hydrogen.  Let’s say DAK only uses one cycle and doesn’t get quite to 4 bar.  That would take 20 minutes.  If a proportional amount compared to  d (iii) were reacted in shorter cycles then 20 g of hydrogen per cycle would be produced . Four cycles would be required over an estimated time of 7 to 20 minutes.
(iv.) Finally, 10 more liters of water are added, lowering the molarity to 1.0 M NaOH.  The maximum amount of hydrogen that can be generated per cycle is 1-0.7=0.3x25 l = 7.5 moles x1.5x2 = 22.5 g per cycle.  Fig. 5 shows a cooling rate of about 50 minutes per cycle or 15 minutes if the cooling rate is 3 times as fast in DAK.  Because the maximum temperature reached by a 1 molar solution would be about 40o C,  the concept of shorter multiple cycles has no meaning. 
In summary, for the reaction without chilling, it will take somewhere between 17 minutes and 80 minutes to produce the first 288 g of hydrogen.  Therefore the final step to reach 840 g or 10 cubic meters of hydrogen will require an additional 552 g.  Even at the shorter time it will take 24 cycles to produce 840 g , i.e. 6 hours, for this last step if the cycle time is 15 minutes.
 (v.)  Let’s consider what will happen if the chiller is used.  Cooling times will be shortened; how much will depend on the efficiency of heat transfer from the reaction mixture to the cooling water.  The reactor temperature probe is about 35 cm above the reaction mixture and no data are reported regarding the temperature of the mixture when the chiller is operating.  However, DAK reports that the Iraqis seem to be willing to tolerate reactor temperatures up to 50o C. At that temperature, and probably even as low as 40o C,  the aluminate in the 1 M NaOH solution in the final step would remain in solution, no ATH would precipitate out to release OH-, so the reaction would stop. I  don’t how quickly a rapidly cooled supersaturated sodium aluminate solution will disproportionate into NaOH and Al(OH)3.  Nevertheless, since hydrogen generation by aluminum above the stoichiometric ratio requires equation 4, the precipitation cycle and generation of OH-, cooling would probably increase the rate of reaction, counterintuitive compared to most chemical reactions. 
SUMMARY

After reading the sections  on aluminum and aluminate chemistry in Kirk-Othmer, written by Alcoa  technologists, I have reached the following conclusions:
1.  The chemistry of the process of reacting aluminum and NaOH are correctly described by equations 3 and 4 as described by Stockburger and Belitkus.  
2.  Reaction 4 does not go to completion.  The multibillion pound per year aluminum industry which uses the Bayer process,  depends on that.

3.  Reactions 3 and 4 are verified by standard chemical characterization methods.  Andersen and Andersen do not provide any data to support their dismissal of reaction 4.  They do not provide adequate data to support their equation 1.

4.  Using equations 3 and 4 I now recognize that it is possible to produce more hydrogen than would be predicted by the stoichiometric equation alone.

5. Reaction 4 is a repetitive process that produces less than the stoichiometric amount of hydrogen in each step. Many repetitions of reaction 4 are required in order to produce a high enough “catalytic” molar ratio of hydrogen to NaOH to fill five 40 l bottles to 50 bar as described in DAK.

6.  The alleged process described in DAK, provided by Al Kindi, involves dilutions which slow the process well beyond the alleged two hours if no chilling of the solution is used. The data from AA can be used to estimated reaction times in the different NaOH concentration ranges. The reaction will even stop completely the reaction mix temperature  is  allowed to reach the higher of end of the temperature range acceptable to Al Kindi.

7.   It is not possible to predict the effect of chilling without knowledge of a. the temperatures achieved by chilling and b. how rapidly equation 4 takes place in supersaturated aluminate solutions when the temperature is dropped suddenly.  The fact that the “catalytic” reaction will probably occur faster under chilling surprised me until I realized how equation 4 is the heart of the production step in the Bayer process.
8.  Because DAK requires precipitation from supersaturated solutions which are hard to control, total reaction times will be very variable and in most cases exceeding the alleged two hours.  
ChemicalConsultant

