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DEHYDRATING MAGNESIUM CHLORIDE BY DOUBLE-SALT DECOMPGCSITION
by

Joan T, May, ' Vern E. Edlund, 2 and Don C. Seidel3

ABSTRACT

Federal Bureau of Mines studies showed that some organic amine hydro-
chlorides can be used as dehydrating agents for producing anhydrous magnesium
chloride from hydrates and brines. Laboratory-scale tests showed that double
salts are formed by reacting 35 percent magnesium chloride brine or spray-
dried magnesium chloride with pyridine hydrochloride. Heating decomposed
these double salts to anhydrous magnesium chloride and recycle pyridine hydro-
chloride. Pyridine hydrochloride also chlorinated any magnesium oxide in the
spray-dried magnesium chloride. The anhydrous magnesium chloride obtained by
the method described contained less than 0.8 percent oxygen. More than 98 per-
cent of the organic amine hydrochloride was recovered.

INTRODUCTT ON

The United States has almost limitless supplies of magnesium chloride
available for the production of magnesium metal in the form of hydrated salts
or brines from seawater, wells, and the Great Salt Lake. Anhydrous magnesium
chloride has certain advantages for metal production but cannot be made from
the hydrate or brines by simple drying. In keeping with its goal of maximiz-
ing minerals and metals recovery from domestic resources in order to assure an
adequate supply of minerals to meet national economic and strategic needs, the
Federal Bureau of Mines investigated a novel technique for making anhydrous
magnesium chloride from hydrated salts or brines.

More than 95 percent of the current U.S. magnesium metal output is pro-
duced by two electrolytic processes. These processes are often designated as
the "Dow" process and the "I. G. Farbenindustrie' (IGF) process. A primary
difference between the two processes is that the Dow process uses partially
hydrated magnesium chloride as cell feed, whereas the IGF process requires an
anhydrous cell feed. The use of partially hydrated cell feed is an advantage

1Research chemist.
BMetallurgist.
SResearch supervisor.
All of the authors are with the Salt Lake City Metallurgy Research Center
Bureau of Mines, Salt Lake City, Utah.



for the Dow process, but the presence of water increases the carbon anode con-
sumption and also reduces current efficiencies. The offgas from the IGF cell
is primarily chlorine, which can be marketed as a byproduct, while the Dow
cell offgas is a mixture of Cl,, HCl, CO,, air, and water vapor. Much of the
Dow cell offgas is recycled to the process and not recovered as a byproduct.

A significant portion of current magnesium production expansion in the
United States uses adaptions of the IGF process for the production of magne-
sium metal from magnesium-rich brines. These brines are obtained from under-
ground solution mining operations or are produced by solar evaporation of
surface brines such as those found in the Great Salt Lake of Utah.

Dehydration of magnesium chloride is not easily accomplished. Magnesium
chloride is very water soluble and crystallizes from solution as the hexa-
hydrate, MgCl,+6H,0." This salt cannot be dehydrated by simple heating because
magnesium oxychlorides and magnesium oxides are formed with the evolution of
hydrogen chloride. S§pray-drying of the brine produces a magnesium chloride
product containing minor amounts of magnesium oxide and water.

A wide diversity of methods have been proposed for producing anhydrous
magnesium chloride. Methods involving gas-solid reactions are chlorination of
magnesium oxide or partially dehydrated magnesium chloride (5-7),% and thermal
decomposition of the hexahydrate in a stream of hydrogen chloride gas (2-3).
Disadvantages of these methods are the presence of large quantities of corro-
sive gases, the need to maintain essentially anhydrous conditions, and the
high electrical energy input required to heat the charge. to reaction
temperature.

Another approach to dehydration starts with ammonium carnallite
(NH4C1-MgCl, - 6H,0), which is heated in two stages to drive off water and
then to sublime NH,Cl (8-9, 1l). Collection of NH,Cl for recycle requires
condensation, a difficult operation to carry out on a large scale.

Other patents show heating hydrous forms of magnesium chloride with an
alcohol (1); with N,N dialkylamides (12); and with various organic compounds
containing sulfur, oxygen, phosphorus, or nitrogen (10). However, none of
these methods show the formation of magnesium chloride from any magnesium
oxides that may be present. Although this listing of dehydration methods is
not complete, it does describe the wide range of approaches to dehydration
and illustrates the difficulties of the problem.

In 1971, the use of organic amine hydrochlorides for dehydrating magne-
sium chloride brines and hydrates was proposed. Pioneering tests showed that
organic amine hydrochlorides form stable double salts from which water of
hydration can be driven off without decomposition of the salt, and organic
amine hydrochlorides possess acid characteristics at high temperature which
enable them to chlorinate magnesium oxides. 1In addition to these chemical
properties, which are similar to those of ammonium chloride, some organic

4Underlined numbers in parentheses refer to items in the list of references at
the end of this report.



amine hydrochlorides have relatively low melting and boiling points that would
make for a manageable dehydration process. A patent was issued to Dolezal (4).
for this method.

The double-salt dehydration process, as patented, can be divided into
four steps, some of which take place simul taneously. Reactions with both
brine and the solid hydrate are illustrated by the following reactions, in
which the organic amine hydrochloride is shown as RN-HC1.

1. Magnesium chloride hydrates and brines, which may contain magnesium
oxide as impurity, are contacted with an excess of organic amine hydrochloride.
A complex of the organic amine hydrochloride and magnesium chloride hydrate is
formed. If a brine is used, the complex dissolves in the brine.

MgCle Brine + RN-HCl = RN-HCL-MgCl,.6H,0 + H,0
MgCl, Hydrate + RN-HCl = RN-HCL-MgCl, +nH,0

2. The complex is heated to drive off water, leaving an anhydrous equi-
molar addition compound, a double salt.

RN-HCL-MgCl, - 6H,0 = RN-HCL-MgCly + 6H,0 (g)
RN-HC1+MgCl, -nHy0 = RN-HC1-MgCl, + nH, 0 (g)

3. The magnesium chloride-organic amine hydrochloride compound is decom-
posed into anhydrous magnesium chloride and organic amine hydrochloride. Any
magnesium oxide present is converted to magnesium chloride with formation of
the amine.

RN-HC1-MgCl, = RN-HCL (g) + MgCl,
MgO + 2RN-HCl = 2RN (g) + MgCl, + H,O (g)

4. The volatilized amine hydrochloride and any free amine that is formed
are collected for recycle. Hydrochloric acid is added as required to convert
the amine to the hydrochloride.

RN + HCl = RN-HCl

The Bureau of Mines investigated the application of double-salt decomposi -
tion to the dehydration of magnesium chloride brines and of spray-dried mag-
nesium chloride. This report describes the raw materials, the laboratory
equipment used, and the effects of temperature, reduced pressure, time, and
excess of organic amine hydrochloride on dehydration. Early tests were run
with both aniline and pyridine hydrochloride. The final tests reported here
were run with pyridine hydrochloride, which has the lower melting and boiling
points of these two amine salts. The criteria used to evaluate the effects of
variables were (l) oxygen content of the product to show the extent of dehydra-
tion of the magnesium chloride, and (2) organic amine hydrochloride content in
the anhydrous product to show that the organic amine hydrochloride was vola-
tilized for recovery.



RAW MATERIALS

Two feed materials were used for dehydration tests: (1) Synthetic solu-
tions of MgCl, brine and (2) spray-dried MgCl, obtained from an industrial
operation. In addition, five samples of anhydrous MgCl, were obtained from
industrial sources to provide a basis for comparison between industrial cell-
feed materials and the anhydrous MgCl, products of our dehydration tests.

35 Percent MgCl, Brine

Synthetic solutions of 35 percent MgCl, were prepared to simulate brine
that is the end product of evaporating the waters of Great Salt Lake. Solar
evaporation is used to crystallize NaCl, KCl, Na,SO,, and double salts of
potassium, magnesium, chloride, and sulfate. After these salts are removed,
a concentrated brine remains that is 35 percent MgCl, by weight. For the
experimental work described in this report, the synthetic test solutions were
prepared by dissolving MgCl;.6H,0 in water.

Spray-Dried MgCl,

In the recovery of magnesium from brines by the IGF process, brines are
spray-dried at 600° C to obtain an intermediate product of magnesium chloride
which contains about 5 percent MgO, 5 to 10 percent water, and the minor
impurities that are present in the concentrated brines. Most of the oxygen
and water content must be removed by rechlorination before this MgCl, can be
used in IGF electrolytic cells. Gomposition of spray-dried MgCl, is shown in
table 1.

TABLE 1. - Composition of spray-dried MgCl,, pct

Element or compound’
Cleeiiniiiieeennsoseconsansasnnnnnensa . 60.4
Mg (SOluble)eeeeerrennonccoeenennnnnnn 21.7
MgO (insoluble)...iviveeesesononnnenas 4,71
HoOuenenaeneonnnonnenensuenennnnnnenes 9.20
Feplguornerneniionenneareneanasasonnns 1.50
Keooeiosaoeeaoseonsossnoesassoenoensesen 1.09
- T T .91
Nauseeeoroooosoeeoonoossscosasnenoonsos .88
10 /A e itie it ieeeeas .34
P .19
Boo o soovioroesornsrsnessenonsesnsencen .10

Anhydrous MgCl,

The anhydrous MgCl, samples used for comparison were from two sources:
(1) Fused MgCl,, which is a byproduct of production of titanium by the Kroll
process, and (2) MgCl; cell-feed material prepared by rechlorinating the
"5-5 MgCl;." These samples were analyzed for oxygen and for minor impurities.
Composition of anhydrous MgCl, is shown in table 2.



TABLE 2. - Composition of anhydrous MgCl,, pct

Sample Source 0 Mg Cl

Fused MgCl,*............. ceeiiaisieaes . Byproduct of Ti 0.26 | - -

Dol........ et iecann cieeseianns cesane industry. CH N -

Cell-feed MgCl,evvrvnennnnnnnn... ceen 45 - -

Dol...vevennnnn. teseenans ceeseneenaon Rechlorinated 26| - -
DOvevrevienenaannnns ces ceeesan . "5-5 MgCl,". .84 121.5171.2
Do=.. creeseass . teessssesaessne .99 125.2170.5

10xygen only determined.
BImpurities, pect:

0.71 Ca, 0.47 Na, 0.28 K, 0.21 Li, 0.08 Fe, 0.04 SO,,

0.02 si, 0.008 Mn, 0.008 Ni, 0.002 Cu, <0.02 Sn, <0.01 B, <0.00L Al,
Organic Amine Hydrochlorides

O0f the organic amine hydrochlorides listed in the proposed dehydration
process patent, aniline hydrochloride--melting point 198° C; boiling point
245° C--and pyridine hydrochloride--melting point 145° C; boiling point
219° C--were used in this investigation because of their low melting and boil-

2. Crossover

Thermocoupie

I. Round reaction flask

PRSI o I AU
L__,_..______r [ S,

_

3. Condenser

*FIGURE 1. - MgCl, dehydration apparatus.

ing points and because they
are readily available.
These compounds were
obtained from chemical sup-
ply companies and were used
without purification. Pyri-
dine hydrochloride was com-
pletely soluble in water;
aniline hydrochloride con-
tained a very small amount
of insoluble impurities,
mainly iron and copper.

EQUIPMENT

Preliminary tests indi-
cated that the equipment
should be designed in such a
way that (1) the reaction
flask could be heated uni-
formly and close temperature
control maintained, (2) the
anhydrous MgCl, product could
be sampled without exposure
to the air, and (3) the
dehydration-decomposition
reaction could be conducted
under reduced pressure. The
apparatus constructed to con-
form to these requirements
was used for all of the tests
described in this report.
The equipment consisted of
(1) a round reaction flask,
(2) a heated crossover, and




(3) an ice-cooled condenser (fig. 1). These three components were of Pyrex
glass® with standard taper joints and fittings. The flask was heated in a
fluidized sand bath. The desired temperature within the reaction chamber was
maintained by controlling the power input to the sand bath. The crossover was
heated to over 100° C by a heating tape. The condenser was set in an ice-
methanol bath.

Figure 2 shows the apparatus being operated under reduced pressure. The
outlet from the cold trap is connected to a three-way stopcock, which can be
turned to connect to atmospheric pressure or to the vacuum pump. To permit
backfilling the reaction flask with nitrogen, the top of the crossover
directly above the vacuum flask is connected by rubber tubing to the nitrogen
tank through a standard taper joint. The vacuum gage connection is also posi-
tioned at the top of the crossover.

FIGURE 2. - Fluidized bath furnace MgCl, dehydration apparatus—being operated under
reduced pressure.

EReference to brand names is for identification only and does not imply
endorsement by the Bureau of Mines.



EXPERIMENTAL PROCEDURE

Standardized experimental procedures were followed so that results
obtained for a series of tests could be compared directly.

Preparation of Feed Mixtures

35 Percent MgCl, Brine

Synthetic solutions of MgCl, brine were prepared by dissolving 44.85
grams of MgCl,.6H,0 (found by analysis to contain 49.2 percent MgCl,) in 18.15
grams of water. Weighed amounts of pyridine hydrochloride were dissolved in
this solution. A 10-milliliter aliquot was taken and diluted to 500 milli-

liters for feed analysis. The remaining solution was poured into the reaction
flask.,

Spray-Dried MgCl,

Spray-dried MgCl, was stored in a sealed container. To prepare feed for
each test, 25 grams of spray-dried MgCl, was weighed and dry-mixed with a
weighed amount of pyridine hydrochloride. The dry mixture was poured into the
reaction flask. To obtain a feed material analysis with each test, 12.5 grams
of spray-dried MgCl, was dissolved in 500 milliliters of water. The insolu-
ble portion was removed by filtration, dried and weighed. The soluble and
insoluble portions were analyzed for chlorine and magnesium. In addition,
samples were taken from the container under an inert atmosphere on the day of
the test and sent for oxygen analysis along with samples of the anhydrous
MgCl, product of that test.

Operation of Test

The operating procedures are described in detail because careful atten-
tion proved to be necessary for obtaining reproducible data.

Tests Under Atmospheric Pressure

The thermocouple was positioned in the thermocouple well of the reaction
flask and the flask was positioned in the furnace. The prepared feed mixture
was poured into the flask, and the crossover, cold trap, and connection to
nitrogen were put into place. The crossover was wrapped with a heating tape
controlled by a variable transformer, and the cold trap was surrounded with an
ice-methanol mixture. A slight flow of the nitrogen was turned on to the con-
necting bubbler.

The sand bath was fluidized with air, the furnace was turned on, and con-
troller was set for the test temperature. The crossover heating tape was set
to maintain a temperature between 100° C and 125° C. The temperature in the
reaction flask was monitored by the thermocouple in the sidewell. When the
test temperature was reached, usually after 1 to 2 hours, this temperature was
maintained by minor manual adjustments in the controller setting for the
length of time set for the test.



At the end of test time, the furnace controller, fluidizing air, and heat-
ing tape controller were turned off. The crossover was removed from the reac-
tion flask and the flask was immediately sealed with a standard taper stopper.
This step must be carried out quickly and smoothly to insure that the hot
anhydrous product is exposed only momentarily to the atmosphere.

Tests Under Reduced Pressure

Two levels of vacuum were used for tests under reduced pressure. -An
intermediate level was obtained from the building vacuum system. The pres-
sure in this system fluctuated between minus 12 and minus 18 inches mercury.
A higher level of vacuum was obtained from a small, mechanical vacuum pump in
the laboratory which produced a consistent pressure of minus 23.5 inches
mercury. 1In this report, the two levels of vacuum will be referred to as
Yninus 12 to minus 18 inches mercury” and "minus 23.5 inches mercury."

1

The operating steps for tests under reduced pressure were the same as for
tests under atmospheric pressure to the point at which the test temperature
was reached. At that time, the three-way stopcock was turned to the vacuum
source. When vacuum was applied, the temperature in the reaction flask
dropped as much as 30° C, owing to heat absorbed by vaporization of water and
pyridine hydrachloride. The temperature returned to test temperature within
15 to 30 minutes. The test time was measured from the first time temperature
was reached.

Handling of Products

The two products recovered from MgCl, dehydration tests were anhydrous
MgCl, remaining in the reaction flask, and the pyridine hydrochloride and
water condensed in the crossover and cold trap.

Anhydrous MgCl, Product

When the reaction flask had cooled, it was weighed and taken to a
nitrogen-filled dry box so that samples for oxygen determination could be
taken without exposing the product to air. The product, which was a friable
solid, was ground. Special sample vials used in the neutron activation equip-
ment for oxygen analysis had been provided by the Reno Metallurgy Research Cen-
ter. Two of these vials were filled, sealed, and mailed to Reno on the day of
the test.

The remaining MgCl, was returned to the flask. The flask was reweighed
and the contents dumped into about 800 milliliters of water. The flask was
rinsed and the solution was diluted to 1 liter. This solution was analyzed
for pyridine hydrochloride, magnesium, and chloride. Residues from tests with
spray-dried MgCl, were also analyzed for minor impurities.

Collected Pyridine Hydrochloride

The collected pyridine hydrochloride solid was washed from the crossover
and cold trap and combined with the liquid from the cold trap. The solution



was diluted to 1 liter. This solution was analyzed for pyridine hydrochloride,
magnesium, and chloride.

Analysis of Products

Analyses for magnesium and chloride were by conventional methods, but the
oxygen and pyridine hydrochloride analyses required specialized equipment and
techniques. Oxygen analyses were done at the Reno Metallurgy Research Center
by fast neutron activation analysis. An analytical method for pyridine hydro-
chloride using high-pressure liquid chromatography and ultraviolet detection
was developed at the Salt Lake City Metallurgy Research Center.

EXPERIMENTAL RESULTS

The goal set for maximum oxygen content of the anhydrous magnesium chlo-
ride produced in the dehydration tests was 0.8 percent or less because avail -
able information indicated that magnesium chloride used as cell-feed contained
about this level of oxygen (table 2). The goal set for pyridine hydrochloride
content in the anhydrous product was less than 2 percent.

MgCl, Brine

The four variables investigated with magnesium chloride brine as feed
material were (1) temperature; (2) pressure, atmospheric or reduced pressure;
(3) time at temperature; (4) excess of pyridine hydrochloride over the stoichi-
ometric requirement of 1 mole pyridine hydrochloride for 1 mole of magnesium
chloride.

e

Effect of Temperature at Atmospheric Pressure

Previous tests showed that temperature had a greater effect than time on
removing pyridine hydrochloride from the anhydrous magnesium chloride product.
Moreover, the results indicated that the temperatures required were well above
219° C, the boiling point of pyridine hydrochloride. The need for higher tem-
peratures suggested that additional heat was required to dissociate the double
salt of magnesium chloride and pyridine hydrochloride and, thereby, free pyri-
dine hydrochloride for removal by vaporization.

A series of tests was run at temperatures increasing from 375° to 475° C
at atmospheric pressure. Results are shown in table 3. Because reporting
oxygen content in the total product would be misleading, the results are given
as oxygen, percent, in the magnesium chloride portion of the product. For
example, in the product from the test run at 375° C, the oxygen in the total
product was 0.36 percent but, because the product was 28 percent pyridine
hydrochloride, oxygen in the magnesium chloride portion was 0.50 percent.

TABLE 3. - Effect of temperature on dehydration of MgCly brine

Composition of MgCls product
Temperature, ° C MgCl,, wt-pct | Oxygen, pct | Pyridine hydrochloride,
in MgClg wt-pct
375 i i, teeecaanan 72.0 0.50 28.0
X 0 .. 97.4 41 2,60
2 98.1 41 1.91
450 s etieniisnnencsennens 98.1 41 1.93
A5 e et eerioneroneannans 97.7 .59 2.31

Conditions: Atmospheric pressure, 1 hr at temperature, 25 pct excess pyridine
hvdrochloride.
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This table shows that anhydrous magnesium chloride was formed at all
temperatures; the oxygen contents in the magnesium chloride portions of the
residues were below 0.8 percent. Removal of pyridine hydrochloride was very
sensitive to temperature; the critical temperature was between 375° and 400° C.
However, pyridine hydrochloride removal was not increased significantly when
temperatures were increased from 400° to 475° C.

Effect of Time at Temperature at Atmospheric Pressure

- A series of tests was run at 400° C for one-half, 1, and 2 hours to
determine the effect of time at temperature on removal of pyridine hydro-
chloride from the anhydrous product. These tests were run at atmospheric
pressure with 25 percent excess pyridine hydrochloride in the brine. The
results (table 4) showed that prolonging the time that the magnesium chloride
product was held at temperature did not increase the amount of pyridine hydro-
chloride removed from the product.

TABLE 4. - Effect of time at temperature on dehydration of MeCls
brine--atmospheric pressure

Composition of MgCly; product
Time at temperature, hr [MgCl,,wt-pct | Oxygen, pet | Pyridine hydrochloride,
: in MgCl, wt-pet
050 enncecsneans teeerean 97.5 0.58 2.53
lioeeceseeeoeeeosanacenns 97.4 41 2.60
2 e essavsssssasssasecsses 97.7 .57 - 2.32
Conditions: Atmospheric pressure, 400° C, 25 pct excess pyridine

hydrochloride.
Effect of Temperature at Reduced Pressures

Anhydrous magnesium chloride products were obtained from the tests run at
atmospheric pressure regardless of the temperatures and times of the tests.
The purpose of tests run under reduced pressure was to determine whether apply-
ing a vacuum ta the reaction flask would facilitate vaporization of pyridine
hydrochloride at temperatures lower than 400° C.

Two series of tests were run--the first at minus 12 to minus 18 inches
mercury, and the second at minus 23.5 inches mercury. 1In all the tests, the
reaction flask was heated to test temperature under atmospheric pressure, and
then the three-way stopcock following the cold trap was switched to the source
of the vacuum. For each series of tests, the first test was run at 400° C,
and the following tests were run at decreasing temperatures until the minimum
temperature for effective pyridine hydrochloride removal was determined.
Results are given in table 5.
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TEMPERATURE, °C

FIGURE 3. - Effect of temperature and pressure on re-
moval of pyridine hydrochloride (MgCl,

brine).

TABLE 5. - Effect of temperature at reduced pressure on removal
of pyridine hydrochloride from anhydrous MgCl,
Reduced Temperature, Composition of MgCl, product .
pressure, °C MgCl,, wt-pct | Oxygen, pct | Pyridine hydrochloride,
in. Hg , in MgCl, wt-pct
' ' 400 99.6 0.75 0.42
375 99.2 .55 .80
-12 to -18 ) 350 95.6 .68 442
325 74,2 .72 25.8
400 99.9 .33 .10
350 99.9 .46 .13
-23.5 325 99.9 .65 .14
300 99.8 .63 .21
275 62.0 .83 38.0
Conditions: 1 hr at temperature, 25 pct excess pyridine hydrochloride.
40 ' l I — : ’ I r Results of the three
h series of dehydration tests
ng;wﬁhm determining effects of tem-
.5 Ihr£ remperature N perature and of atmospheric
25 pct excess of pyridine and two levels of reduced
hydrachloride temperature on pyridine
- hydrochloride removal are
3 30 = — summarized in figure 3.
= .
: 2a5n. e ' Table 5 and figure 3
S 25 — show clearly that under
g reduced pressure pyridine
z A hydrochloride was removed
a8 from the anhydrous magnesium
z 201~ . N chloride products at temper-
! Atmospheric pressure
z atures much lower than those
e required under atmospheric
S 15— — pressure., The minimum tem-
Z peratures required for
£ removal of pyridine hydro-
E ol — chloride for each of the
e pressures were about 75° C
apart:
> 7 450° C at atmospheric
pressure
375° C at minus 12 to
0 | l l ! minus 18 inches mercury
250 275 300 325 350 375 400 425 450 475 500

300° C at minus 23.5
.inches mercury

In addition, the use of
reduced pressure resulted in
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magnesium chloride products containing as low as 0.1 percent pyridine hydro-
chloride in contrast to 1.9 percent found in the best products from tests
under atmospheric pressure. Again, there is a sharp distinction between the
temperatures at which pyridine hydrochloride is removed and the temperature,
25° lower, at which over 25 percent of the anhydrous product is pyridine
hydrochloride.

Effect of Time at Temperature at Reduced Pressures

Two series of tests were run with minus 12 to minus 18 inches mercury to
determine the effect of time on removal of pyridine hydrochloride. The first
series was run at 375°, the minimum effective temperature determined in 1-hour
tests. The second series was run at 350° C, the temperature that in 1-hour
tests appeared to be very mnear the critical temperature for pyridine hydro-
chloride removal. Results are shown in table 6.

TABLE 6. - Effect of time at reduced pressure on removal of pyridine
hydrochloride from anhydrous MgCl,

Temperature, Time at Composition of MgCl, product
°C temperature, | MgCl,, wt-pct [ Oxygen, pct[Pyridine hydrochloride,
hr in MgCl, wt-pct
0.5 99.4 0.55 0.63
375 { 1 99.2 .55 .80
2 99.1 .78 .87
_ 1 95.6 .68 4.42
350 2 98.8 .67 1.24
3 99.5 .60 .46

Conditions: Pressure -12 to -18 in. Hg, 25 pct excess pyridine hydrochloride.

This table shows that prolonged heating does not increase removal of
pyridine hydrochloride when the test temperature is above the minimum required;
at 375° C, one-half hour was as effective as 1 hour. But at 350° C, longer
times at temperature under vacuum did result in increased pyridine hydrochlo-
ride removal. Apparently, a combination of time and temperature could be
defined that would be the most efficient for removing residual pyridine
hydrochloride.

Two time tests run with minus 23.5 inches mercury showed that at 300° C
the pyridine hydrochloride content in the anhydrous product was 0.75 percent
after one-half hour and 0.21 percent after 1 hour. One-half hour was the time
required for the temperature in the reaction flask to return to 300° after
vacuum was applied. Both of these amounts of pyridine hydrochloride are well
below the goal of 2 percent that was set at the start of the investigations.

Effect of Pyridine Hydrochloride Excess

The effect of pyridine hydrochloride excess on dehydrating MgCl, brine
was studied in two limited series of tests at atmospheric and at reduced pres-
sure. The amount of pyridine hydrochloride excess affects the oxygen content
in the anhydrous MgCl, product.
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The reaction of MgCl,+6H,0 and organic amine hydrochloride had been
studied by thermogravimetric analysis before investigations were begun in
laboratory equipment. In thermogravimetric analysis, the weight of the sample
is continuously recorded while the sample is heated at a steady rate. One
object of this study was to determine whether 1 mole of organic amine hydro-
cloride is the minimum required for dehydration of each mole of MgCl,-6H,0 or
whether a lower mole ratio would be effective as long as some organic amine
hydrochloride is present while MgCl,+6H,0 is being dehydrated. For the thermo-
gravimetric study, the two compounds were mixed in mole ratios that ranged
from 1.6:1 to 0.1:1 for organic amine hydrochloride: MgCl,-6H;0. A sample of
MgCl, +6H,0 only was run for comparison. The weight recordings showed that
weight loss corresponded to formation of MgCl,, MgOHCLl, or a mixture of the
two compounds above 250° C. The results can be grouped by samples:

Sample Compound formed
MgCl, +6H,0 only.u.eeveeersssacaancassess MgOHCL
Mole ratios 1:1 and above..........0.. .. MgCl,
Mole ratios 0.8:1 to O.l:1l.......... .v.. MgOHCL and MgCl,

The mixtures of MgOHCl and MgCl, roughly compared to the deficiency of organic
amine hydrochloride; that is, the less organic amine hydrochloride in the mix-
ture the more MgOHCLl was formed. These tests proved that at least 1 mole of
organic amine hydrochloride must be provided for 1 mole of magnesium chloride
to obtain anhydrous magnesium chloride by double-salt decomposition.

Therefore, initial tests in the fluidized bath furnace were run with 25
percent excess of pyridine hydrochloride. After the effects of temperature,
pressure, and time had been investigated, two tests were run with lower
amounts of pyridine hydrochloride mixed with magnesium chloride brine. These
tests were run at 375° C for 1 hour at temperature. The results are shown in
table 7.

TABLE 7. - Effect of pyridine hydrochloride excess
on dehydration of MgCl, brine

Pyridine Weight pyridine Composition of MgCl, product
hydrochloride | hydrochloride | Pressure, in. | MgCl,, | Oxygen, Pyridine
excess, pct | in MgCl, brine, Hg wt-pet | pct in | hydrochloride,
gt MgCl, wt-pct
0 25.50 ‘} . [ [79.4] 0.79 20.6
25 31.88 Atmospheric | { 75 | "4 28.0
10 28.05 } { 99.5 .50 .51
25 31.88 12 t0 18 1 U g9.2| .55 .80

1MgCl, brine: 44.85 g MgCly-6H,0, 18.15 g H,O.

Results of these limited tests suggest that the minimum excess of pyri-
dine hydrochloride required to dehydrate magnesium chloride brine lies between
zero percent--stoichiometric requirement--and 10 percent. Further tests would
be needed to determine the excess precisely.
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Spray-Dried MgCl,

Whereas dehydration of magnesium chloride brine is straightforward, pro-
duction of anhydrous magnesium chloride from spray-dried MgCl, by double-salt
decomposition entails three possible reactions:

1. Chlorination of magnesium oxide
MgO + 2 CgHgN.HCl (pyridine hydrochloride) =
MgCl, + 2 CgHgN + Hp0,

2. Chlorination of magnesium hydroxychloride (MgOHCL)
MgOHCL + CgHgN-HCL = MgCl, + CsHsN + H,0, and

3. Dehydration of hydrated magnesium chloride
MgClg -nH,0 + CgHgN-HCLl = MgCl, + CgHgN.HCL + nH;0.

Before the stoichiometric requirements for these reactions can be calculated,
the distribution of oxygen in spray-dried MgCl; as MgO and MgOHC1 or MgCl,
-nH,0 must be determined.

Determining Composition of Spray-Dried MgCl,

Spray-dried MgCl, was analyzed in conjunction with each dehydration test.
Therefore, the composition shown in table 1 is the averaged result of 18 analy-
ses. To determine oxygen content two samples were taken under inert atmos-
phere and sent for neutron activation analyses along with the anhydrous
products obtained from each test. To determine magnesium oxide, soluble mag-
nesium chloride, and minor impurities, 12.5 grams of spray-dried MgCl, was
dissolved in 500 milliliters of water. This solution was filtered; the
‘insoluble portion when dried weighed about 1.33 grams and contained 28.4 per-
cent magnesium and 10.5 percent iron. The soluble portion was 21.7 percent
magnesium and 60.4 percent chloride, giving the mole ratio Cl:Mg = 1.9:1.
Average oxygen analysis was 10.5 percent. Contrary to expectations, spray-
dried MgCl, was very stable; the oxygen content did not go up as the container
was reopened during the 4-month test period but varied between 11.6 and 9.95
percent,

The water content of the spray-dried product shown in table 1 was calcu-
lated by subtracting oxygen in magnesium oxide from total oxygen determined by
neutron activation analyses. Although this oxygen remainder is reported as
water, it was not determined whether the water is present as combined with mag-
nesium chloride as hydroxyl ion (MgOHCl), as combined with magnesium chloride
as a hydrate (MgCl,-nH,0), or as adsorbed water. In any case, reactions 2 and
3 show that 1 mole of pyridine hydrochloride is required for each mole of
MgOHCL or MgCl,.nH,0. If water is present as adsorbed water, it will be
vaporized by heat and no pyridine hydrochloride will be required.

Investigating Effects of Variables

- Because spray-dried MgCl, contained oxygen-bearing impurities, the goal
for oxygen in anhydrous products from these tests was set at 1.26 percent.
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Spray-dried MgCl, feed material contained 0.34 percent sulfate (S0,) and 0.10
percent boron which is present as borate (B,03). These impurities are not chlo-
rinated, but remain at the same levels in the anhydrous products. This fact
was confirmed by analyses of the anhydrous products for impurities. The net
weight loss from spray-dried MgCl, to anhydrous magnesium chloride is 2.8 per-
cent; that is, the loss of 9.2 percent due to dehydration is offset by the

gain of 6.4 percent due to chlorination of magnesium oxide--replacement of oxy-
gen with chlorine. Consequently, the anhydrous products contained 0.35 percent
sulfate and 0.33 percent borate. These two impurities will account for 0.46
percent oxygen in the product. Addition of this amount of oxygen to the 0.8 per-
cent goal set for magnesium chloride brine tests gave a goal of 1.26 percent
oxygen for tests with spray-dried MgCl,.

The goal for residual pyridine hydrochloride content in the anhydrous prod-
uct was 2 percent--the same as that set for magnesium chloride brine tests--
because the nature of the feedmaterial should not affect the double-salt decom-
position reaction.

All tests were conducted at atmospheric pressure.

Effect of Pyridine Hydrochloride Excess

The excess of pyridine hydrochloride mixed with spray-dried MgCl, was
studied first because this variable affects the oxygen level in the anhydrous
product. The stoichiometric requirements for chlorination and dehydration of
spray-dried MgCl, are 2 moles of pyridine hydrochloride for 1 mole of magne-
sium oxide and 1 mole of pyridine hydrochloride for 1 mole of water. The
amounts of pyridine hydrochloride used were calculated to be stoichiometric
and 25, 50, and 100 percent excess based on the first analysis received (5 per-
cent magnesium oxide and 8.5 percent water). Although these two values were
found to vary as more analyses were run, the weights of pyridine hydrochloride
used throughout the series of testswere held constant so that results would be
comparable. Therefore, the amounts of pyridine hydrochloride tested were actu-
ally 3 percent less than stoichiometric, and 21, 43, and 94 percent excess based
on the composited analyses of spray-dried MgCl, (4.71 percent magnesiumoxide and
9.2 percent water). ’

The effect of pyridine hydrochloride excess was investigated at 400° and
425° C. These tests were run for 1 hour at temperature. Results of these
series are shown in table 8.

TABLE 8. - Effect of pyridine hydrochloride excess on chlorination
: and dehydration of spray-dried MgCl;?

Pyridine '|Weight pyridine |Temperature, Composition of MgClz product
hydrochloride |hydrochloride, °C MgCl, , |Oxygen, pct|[Pyridine hydro-
excess, pct g wt-pct| in MgCl, chloride, wt-pct
) : 20.80 400 93.9 2,24 6.12
21 26.01 400 - 93.3 1.12 6.73
43 31.20 400 93.3 1.04 6.65
) 20.80 425 - 98.3 1.78 1.67
21 26.01 425 98.0 1.01 1.98
94 41.60 425 98.3 .98 1,73

125 g of spray-dried MgCl,.
®3 pet less than stoichiometric requirement.
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25 | Table 8 shows that use
of an excess of 20 percent
pyridine hydrochloride pro-
Conditions: duced anhydrous magnesium
20 Atmospheric pressure — . P
| hr af femperature chloride containing 1.1 or
Excess of pyridine hydrochioride less percent oxygen which
@ Less than stoichiometric meets the goal set for the
5= A 21 pct - tests. Use of larger
amounts of pyridine hydro-
chloride did not reduce the
oxygen levels significantly.
Although the minimum was not
precisely determined, cer-
tainly the stoichiometric
requirement must be satis-
fied. This result confirms
‘that the water content of
| spray-dried MgCl, is com-
350 375 400 425 450 475 500 hined as MgOHCl or MgCl,
TEMPERATURE, °C ‘nH,0 and not simply present
FIGURE 4. - Effect of temperature on removal of pyridine iiuigsgzszdbzzzez;x:;hoff’
hydrochloride (spray-dried MgCl ). at a temperature much lower
than 400° C.

PYRIDINE HYDROCHLORIDE IN MgCip , wt-pct

Effect of Temperature

The effect of temperature on removal of pyridine hydrochloride was inves-
tigated with feed mixtures containing the amount of pyridine hydrochloride cal-
culated to be the stoichiometric requirement. When further analyses proved
this amount of pyridine hydrochloride to be deficient, tests were repeated
with 21 percent excess. All tests were run for 1 hour at temperature.

Results are given in table 9 and illustrated in figure 4.

TABLE 9. - Effect of temperature on chlorination and dehydration
of spray-dried MgCl,

Pyridine Composition of MgCls product
Temperature, ° C |hydrochloride | MgCl;, | Oxygen, pct| Pyridine hydrochloride,
excess, pct | wt-pct in MgCl, wt -pct
37500, s &) 81.3 2.22 18.7
400,40, e ®) 93.9 2.24 6.12
425, enenennnnnan ®) 98.3 1.78 1.67
450 .0 0ve e ™) 98.9 1.47 1.08
400.. i ieeeninnn 21 93.3 1.12 6.73
425, ieeianianans 21 98.0 1.01 1.98

13 pct less than stoichiometric requirement.
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Table 9 and figure 4 show that removal of pyridine hydrochloride is
dependent upon the test temperature and that the minimum temperature required
to obtain an anhydrous product containing less than 2 percent pyridine hydro-
chloride was 425° C.

Effect of Time at Temperature

Results of tests with spray-dried MgCl, showed that time at temperature
had less effect than temperature on removal of pyridine hydrochloride as was
the case with magnesium chloride brine as feed material. Comparable tests run
at 425° ¢ with 21 percent excess pyridine hydrochloride showed that the amount
of pyridine hydrochloride remaining in the anhydrous product was 2.22 percent
after 30 minutes and 1.98 percent after 1 hour. Doubling the time at tempera-
ture improved removal by only 0.24 percent.

Calculating Distribution of Water in Spray-Dried MgCl,

Although the distribution of water in spray-dried MgCl, was not deter-
mined directly, the distribution could be calculated indirectly from the
analysis of the products condensed in the crossover and collected in the cold
trap. These two products combined contained the pyridine and pyridine hydro-
chloride evolved during the dehydration tests. The condensed solid was dis-
solved in water, added to the solution in the cold trap, and the final sample
was analyzed for chloride ion and for pyridine. The excess of moles of pyri-
dine over moles of chloride ion represents uncombined pyridine. The average
weight of uncombined pyridine collected was 4.31 grams.

The following two of the reactions, which were postulated at the begin-
ning of experimental work, result in evolution of pyridine: (1) Chlorination
of Mg0 and (2) chlorination of MgOHCl. In chlorination of MgO, 2 moles of
pyridine are evolved from each mole of MgO chlorinated. In chlorination of
MgOHCl, 1 mole of pyridine is evolved for each mole of MgOHCL chlorinated.
Based on 25 grams of spray-dried MgCl, containing 4.71 percent of MgO and 9.2
percent water, the theoretical weights for pyridine evolved are 4.62 grams
from chlorination of Mg0 and 10.10 grams from chlorination of MgOHCl. The
amount of pyridine collected was 4.31 grams indicating that the pyridine
evolved was from chlorination of Mg0O, not chlorination of MgOHCI.

Since the oxygen content of the product shows that the feed had been
dehydrated, and since the amount of pyridine evolved shows that no MgOHCl is
chlorinated, the water in spray-dried MgCl, must be present as water of hydra-
tion--MgCl, -nH,0.

SUMMARY AND CONCLUSIONS

Laboratory-scale tests proved that anhydrous magnesium chloride was pro-
duced by decomposition of the double-salt of pyridine hydrochloride and mag-
nesium chloride. Both 35 percent magnesium chloride brine and spray-dried
magnesium chloride were -used as feed materials.
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Process variables investigated with magnesium chloride brine were temper-
ature, time, excess of pyridine hydrochloride, and reduced pressure. Anhy-
drous magnesium chloride products containing less than 0.8 percent oxygen were
obtained when an excess of 10 percent pyridine hydrochloride over the equi-
molar requirement was present in the charge, at temperatures ranging from 300°
to 475° C. Temperatures required to reduce pyridine hydrochloride to below
2 percent in the anhydrous product were 450° C at atmospheric pressure and
300° C at the reduced pressure of minus 23.5 inches of mercury. Increasing
times at temperature did not significantly lower the amount of pyridine hydro-
chloride remaining in the anhydrous product.

Process variables investigated with spray-dried magnesium chloride were
temperature, time, and excess of pyridine hydrochloride. Two moles of pyri-
dine hydrochloride were required to chlorinate 1 mole of magnesium oxide and
1 mole of pyridine hydrochloride was required to dehydrate 1 mole of magnesium
chloride hydrate. An anhydrous product containing less than 1.1 percent oxy-
gen was obtained from spray-dried magnesium chloride when an excess of these
stoichiometric requirements of pyridine hydrochloride was provided. At 425° ¢,
the anhydrous product contained less than 2 percent pyridine hydrochloride.
Results were only slightly improved for times at temperature greater than
0.5 hour.
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