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HYDROGEN CHLORIDE SPARGING CRYSTALLIZATION
OF ALUMINUM CHLORIDE HEXAHYDRATE

by

D. E. Shanks, 1 J. A. Eisele,2 and D. J. Bauer3

ABSTRACT

As part of its effort to produce cell-grade alumina from clay, the Bureau
of Mines investigated the hydrogen chloride gas-sparging crystallization of
aluminum chloride hexahydrate (ACH) from aluminum chloride liquor, to provide
information for optimizing the crystallization operation.

Four parameters important in controlling the crystallization of the alu­
minum chloride hexahydrate and the concentration of impurities, particularly
phosphorus and magnesium, in ACH crystals are (1) aluminum chloride concentra­
tion in the feed solution to crystallization, (2) hydrogen chloride gas flow
rate, (3) temperature, and (4) concentration of phosphorus and magnesium also
in the feed solution. Parameters 1, 2, and 3 affect crystal formation. The
combined effects are very important because the phosphorus and magnesium con­
centrate in the crystals during the early stages of crystal growth.

Aluminum chloride hexahydrate of cell-grade purity was crystallized from
saturated aluminum chloride solutions containing less than 0.003 wt-pct PZ0 5
and 0.010 wt-pct MgO. Crystallization temperatures less than 60° C decreased
crystal purity.

INTRODUCTION

Bauxite, 93 pct of which is imported to the United States, is the only
raw material used domestically for the production of alumina. As part of its
effort to reduce U.S. dependence on foreign resources, the Bureau of Mines is
investigating the use of domestic aluminous resources for producing feedstock
to existing aluminum smelting capacity, particularly kaolinitic clay. Cal­
cined kaolinitic clay contains 43 pct alumina, 52 pct silica, 3 pct titania,
1 pct iron oxide, and minor amounts (less than 0.1 pct) of magnesium, calcium,
potassium, sodium, sulfate, phosphorus, and fluorine.

'Research chemist.
zSupervisory research chemist.
3Supervisory chemical engineer.
All authors are with the Reno Research Center, Bureau of Mines, Reno, Nev.
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The Bureau of Mines is performing bench-scale and miniplant-scale
research to improve processing methods and to obtain data considered essential
during the preliminary design of a 25-ton-per-day alumina pilot plant for a
hydrochloric acid leaching, gas-sparging crystallization technology (1).4 In
the flowsheet developed for the proposed pilot plant, calcined kaolinitic clay
is leached with a 5-pct stoichiometric excess of 26 wt-pct hydrochloric acid.
Ninety-five pet of the alumina and varying amounts of associated elements are
dissolved. The leach residue contains primarily silica, which is separated
from the pregnant liquor. Iron in the liquor is removed by solvent extraction
with tertiary amine organic extractant (4). Aluminum chloride hexahydrate is
then precipitated from solution and purified by using two crystallization
steps and hydrogen chloride gas for sparging. The washed ACH crystals are
decomposed to reduction-grade alumina in a fluidized bed, and the HCI offgas
is recycled.

Table 1 shows a comparison of the alumina specifications set by a Bureau
of Mines-industry subcommittee (1) with the purity of alumina produced from
the first cycle of leaching liquor of a bench-scale study (3) and (2) with
alumina produced from first-cycle leaching liquor in a miniplant operation
(5). The concentrations of most impurities in the alumina produced in the
miniplant operation were less than specified maximums; phosphorus, magnesium,
and nickel were the exceptions. The nickel content of the miniplant alumina
slightly exceeded the specifications, probably because of corrosion of process
equipment. The alumina from the bench-scale study contained high levels of
phosphorus, magnesium, potassium, and chromium. Slowing the crystallization
rate in subsequent experiments decreased the potassium and chromium content to
acceptable levels. However, in both miniplant and bench-scale operation,
phosphorus and magnesium always exceeded the specified maximum concentrations
for alumina. For this reason a recrystallization step was included in the pre­
liminary design of a 25-ton-per-day pilot plant by Kaiser Engineers, Inc. (l).

4Underlined numbers in parentheses refer to items in the list of references at
the end of this report.
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TABLE 1. - Comparison of USBM-industry subcommittee specifications
for alumina with alumina produced by bench- and

miniplant-scale operations, wt-pct

Specifications Alumina from 1st Alumina from
Impurity for maximum cycle of the Boulder City

impurity levels 20-cycle study miniplant
in alumina by Eisele

PzOs············· 0.001 0.014 0.008
MgO •••••••••••••• .002 .010 .005
Fe 2°3' ••••.•..••• .015 .007 .013

S10 2 ·•·•••·•••••• .015 .002 .004
NazO••••••••••••• .40 .03 .002
CaD •••••••••••••• .04 .003 .004

B20 3 ••••••••••••• .OO! Not checked .0014
K20 •••••••••••••• .005 .023 .0024
NiO •••••••••••••• .005 .0007 .007
Ga 2°3 •••••••••••• .02 Not checked .014
MuD •••••••••••••• .002 .002 .0004
CrZ03············ .002 .015 .0002
2nD •••••••••••••• .02 .004 .0009
CuD •••••••••••••• .01 .012 .0014

V20 S••••••••••••• .002 .001 .0004

T10 2 ••••••••••••• .005 .001 .0004

If the separation of phosphorus and magnesium from ACH could be enhanced
during the first crystallization step, the costly recrystallization step could
be eliminated. A thorough study of the crystallization process was undertaken
to investigate this possibility. Because the miniplant crystallizer operation
was intended to generate engineering data, and because of the large scale of
operation, detailed crystallization experiments could not be performed in the
miniplant. Therefore, a detailed batch study of the crystallization process
was carried out in bench-scale equipment.

MATERIALS AND EQUIPMENT

Top and side views of the batch, draft-tube crystallizer are illustrated
in figure 1. The size was limited by the volume of the largest equipment eas­
ily handled in a laboratory fume hood. The crystallizer vessel was a 3-liter
resin kettle with a four-port lid. Mixing was achieved with a polyethylene
propeller rotating inside a glass draft tube. Three Teflon5 baffles centered
the draft tube and prevented its rotation. Nitrogen and hydrogen chloride
gases were metered into a packed column, where they were mixed and then
injected into an aluminum chloride liquor one-half inch above the propeller
blades. The crystallizer vessel was immersed in a water bath whose tempera­
ture was controlled within ±lo C by two immersion heaters. A glass-encased
Chromel-Alumel thermocouple provided a signal for measuring the mother liquor
temperature. The ACH crystals were separated from mother liquor by vacuum

5Reference to trade names does not imply endorsement by the Bureau of Mines.
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FIGURE 1. - Bench-scale ACH crystallizer.
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filtration through a coarse fritted glass disk in a Buchner funnel. After
washing, the ACH crystals were dried with infrared heat lamps and constantly
stirred during drying to prevent formation of crystal aggregates. The crys­
tals were mechanically sieved through a set of U.S. Standard stainless steel
screens to determine crystal size distribution. A sieve stack containing 2S-,
35-, 4S-, 65-, 100-, 200-, and 325-mesh screens was used. Crystallization
tests were performed on aluminum chloride liquors of varying compositions.
Synthetic liquors were prepared to match the compositions of selected cycles
of the bench-scale recycle study and are listed in table 2. The use of actual
leaching liquors was precluded because of the large number of different com­
positions required. Commercial ACH crystals were dissolved in distilled water,
and selected compounds were added to bring the composition of impurities to
that for the appropriate cycle. Most impurities were added as chlorides.
Phosphorus, chromium, sulfate, and fluoride were supplied by phosphoric acid,
potassium dichromate, sulfuric acid, and sodium fluoride, respectively.

TABLE 2. - Composition of recycled leaching liquors from a
20-cycle bench-scale study (3), wt-pct 1

Cycle 1 Cycle 5 Cycle 10 Cycle 15 Cycle 20
Ale1 3 "" " " "" " "" " 30.0 30.0 30.0 30.0 30.0
Fe203·········· .002 .002 .001 .001 .001
Na20••••••••••• .006 .032 .047 .072 .07S
K20. " " " " " " " " " " " .013 .062 .OS7 .14 .15
CaD" " " " " " " " " " " " .OOS .043 .OS3 .106 .117
MgO. " " " " " " " " " " " .015 .077 .13 .1S .22

p 2°5" """""""""" .020 .061 .OS4 .115 .120
SO 4" " " " " " " " " " " • ND .11 .22 .29 .35

F" " " " " " " " " " " " " " .002 .007 .011 .005 .005
MnO" " " " " " " " " " " " .004 .015 .016 .021 .023
CuD" " " " " " " " " " " " <.0001 .0004 .0013 .0019 .0032
NiO" """"""""""" .0030 .0094 .015 .020 .021
PhD" " " " " " " " " " " " .001 .004 .006 .010 .009
Cr 20 3 """"""""" " .003 .012 .017 .026 .026
ND Not determ1ned.
lThe chemical compositions of the impurities were not deter­

mined, but in most cases they are chlorides. They are
reported as oxides to conform to industry practice.

PROCEDURE

For each crystallization experiment, the crystallizer vessel was charged
with 2.0 liters of aluminum chloride liquor. Aluminum chloride concentration
in the liquor was 30 pet, and sparging with HCI was continued until the HCI
concentration in the mother liquor was 26 pet, unless otherwise noted. The
stirrer speed was set at 600 rpm, the water bath was heated to the desired
temperature, and delivery of nitrogen carrier gas at 250 ml/min was started.

When the aluminum chloride liquor stabilized at the desired temperature,
hydrogen chloride gas was added to the nitrogen gas at a flow rate of
1.3 l/min. Sparging continued until the hydrochloric acid concentration of
the mother liquor was approximately S N (26-pct). The acid concentration was
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determined by decanting clear liquor from small samples of crystal slurry,
adding potassium oxalate solution to an aliquot of the clear liquor to complex
the aluminum, and titrating with 0.5 N sodium hydroxide. The ACH crystals
were separated from the mother liquor-by filtration. Entrained mother liquor
was removed from the crystals by a displacement wash with 1.0 liter of 8 N HCI
saturated with AICl3 followed by a displacement wash, and two reslurry washes
each with 1.0 liter of concentrated HCl. After drying the crystals, lOa-gram
splits for analysis were ground in a mortar and pestle to minus 100 mesh.

The aluminum chloride liquor, mother liquor, acid washes, and ACH crys­
tals were analyzed for iron, sodium, potassium, calcium, magnesium, manganese,
copper, nickel, lead, and chromium by atomic absorption spectroscopy, and for
aluminum, phosphorus, sulfate, and fluorine by wet-chemical methods.

RESULTS AND DISCUSSION

Crystallizer Configuration and Gas Flow Rates

The spacing and dimensions of the crystallizer draft tube and propeller
were investigated and were found not to be major factors. The rotation of the
propeller at 600 rpm insured vigorous vertical mixing by drawing the gas and
liquor down through the center and up on the outside of the draft tube.

Hydrogen chloride sparging
that AICl3 solubility is low in

FIGURE 2. -

Holding other parame­
ters constant, gas flow
rates were varied. The HCI
flow rate was an important
variahle because doubling
the HCI flow rate from
1.3 to 2.6 l/min doubled the
phosphorus and magnesium con­
centration in the ACH crys­
tals. Decreasing the flow
rate below 1.3 l/min had no

40 effect on crystal purity.
It was important to prevent
pockets of high HCI concen­
tration from occurring, to
minimize crystallization

crystallization of ACH is based on the fact
concentrated HCI. Figure 2 summarizes results

of a study that shows the
effects of HCI concentration
and temperature on the solu-
bility of AICl3 <.~). The
solubility of AICl3 at 65° C
decreases from 31.2 wt-pct
in water to 5.2 wt-pct in
26 wt-pct HCI.
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of ACH at the gas inlet. The most effective way was to mix the HCI with inert
carrier gas and introduce the mixture just above the propeller blades.

Two sparger feed solutions generated at the Boulder City miniplant were
crystallized in both the miniplant and the bench-scale crystallizer. The
first sparger feed was a one-cycle leaching liquor generated by leaching cal­
cined kaolinitic clay with 26 wt-pct HCI, removing iron by solvent extraction,
and concentrating the AICl 3 to near saturation. The second sparger feed was
made by dissolving ACH crystallized from the first sparger in deionized water.
Both feed solutions were sparged at 60° C. The concentrations of impurities
in ACH crystallized from both feeds are compared in table 3 and exhibit only
minor differences. The results show that a batch, bench-scale crystallizer
can be used to predict the formation and purification of crystals produced in
the miniplant crystallizer.

TABLE 3. - Comparison between impurities in ACH produced by bench-scale
and miniplant crystallization, wt-pct in alumina!

Sparger feed USBM-industry
Impurity 1st-cycle Dissolved ACH from subcommittee

leaching liquor 1st-cycle liquor specification
Miniplant Bench Miniplant Bench

PzOS················· 0.008 0.004 0.0008 0.0006 0.001
MgO •••••••••••••••••• .005 .004 .0003 .0007 .002
Cr 2°3' •.••••••.•••••• <.002 <.002 <.002 <.002 <.002
KzO •••••••••••••••••• .0024 .0019 .0009 .0009 .005
NazO••••••••••••••••• .002 .0014 .0014 .0014 .40

The chemical compositions of the impurities were not determ1ned. Impurities
are reported as oxides in Al203 to conform to industry practice.

Aluminum Chloride Hexahydrate Yield as a Function of HCI Concentration

KEY

• Experimental results
- - Predicted from Rl 8379

The yield of ACH produced by sparging HCI into AICl3 liquor depends on
the AICl 3 concentration in

/_- the sparger feed and on the
• a/ HCI concentration in the.'"••/' • mother liquor. The equilib-

, rium solubility data of
// • Brown (2) can be used to

// predict-yields; this is
'" shown as a dashed line in

• // • figure 3. The dots in fig-
~/ ure 3 represent the ACH

/ Conditions: yields obtained from bench-
/ A1CI3 feed concentration: 1 t IIi i/ 30 wt-pel Sca e crys a zat on exper-

/ iments. There is close
• / Temperature: 60° C// : agreement between the exper-

.,/ imental and predicted yields •
.A' • An average of 80 pct of the

oLL~~----~,O~--------~20n---------~3bo~--------4~0AICl
3

was crystallized as
HCI CONCENTRATION, wt-pet ACH when 30 wt-pct AICl3

liquor was sparged to 26 wt­
FIGURE 3. - ACH yield as a function of HCI concentration. pct HCI concentration.
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Effects of Temperature and Sparger Feed Phosphorus
and Magnesium Concentrations

on ACH Crystal Purity

The effect of phosphorus and magnesium concentration in sparger feed on
the concentration of phosphorus and magnesium in ACH crystals is plotted in
figures 4 and 5 for temperatures of 20°, 40°, and 60° C. The advantage of
operating at 60° C rather than 20° C or 40° C is emphasized. At 40° C and
60° C the rate of increase of phosphorus incorporated in the ACH diminishes at
sparger feed concentrations greater than 0.12 pct. This fact has significance
for a process utilizing a recrystallization step. The first crystallization
can be made from an impure liquor (representing a small bleedstream) without
significantly increasing the P205 content of the ACH recrystallized from the
liquor. The diverging families of curves for phosphorus and magnesium show
that ACH purity was increasingly dependent on temperature as the phosphorus
and magnesium concentration in the sparger feed increased.

When ACH is decomposed
to alumina, there is a 4.73­
fold increase in concentra­
tion of impurities in the
alumina. Therefore, to pro­
duce alumina that meets
specifications of 0.001 wt­
pct P205 and 0.002 wt-pct
MgO, the P205 content of ACH
cannot exceed 0.00021 wt-pct
and the MgO content cannot

400

•
•
•

•

Conditions:
A1CI3 feed concentration:

30 wt-pct
Final HCI concentration:

26 wt-pct

o

20

60

100 .------,------,---.,..-----,

100 200 300

MEDIAN CRYSTAL SIZE, JLm

FIGURE 6.• Effect of temperature on crystal size.
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The effect of temperature on crystal size is indicated in figure 6.
Increasing temperature up to 60° C caused an increase in median crystal size
and in crystal purity. The correlation between crystal size and purity and
temperature was probably due to the decreased rate of absorption of HCI gas
into solution at higher temperature, which decreased local super saturation

and led to the formation of
fewer nuclei. The decrease
in the number of nuclei
provided an environment
in which crystals grew to
larger sizes. Tempera­
tures above 80° C did not
further increase crystal
size or purity. Since the
vapor pressure of HCI is
very high above 80° C, not
enough HCI was absorbed
to reach 26 pct concentra­
tion in the mother liquor.
Consequently, the yield of
ACH decreased.
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exceed 0.00042 wt-pct. 6
Because there is a direct
relationship between the
phosphorus and magnesium
concentration in sparger
feed and their concentration
in ACH crystals, the maximum
allowable concentration of
phosphorus and magnesium in
sparger feed can be obtained
graphically. Figures 7 and
8 are enlargements of the
low concentration portions
of figures 4 and 5 and show
the intersection of phos­
phorus and magnesium speci­
fications, represented by
dashed lines, with the
60 0 C curves. Intersection
of the specifications on the
60 0 C curves shows that the
maximum permissible concen­
trations in sparger feed
are 0.003 wt-pct PzOs and
0.01 wt-pct MgO,
respectively.

•
•

•

30 WI-pet
26 wi-pet

Effect of magnesium concentration in sparg­
er feed on magnes ium content of ACH at 60°C.

Effect of phosphorus concentration in sparg­
er feed on phosphorus content of ACH at 60°C.

Conditions:
A1CI3 feed concentration:
Final Hel concentration:

Conditions:
AlCl3 feed concentration:

30 wi-pet
Final Hel concentrotion:

26 wi-pet

USBM-industry
subcommittee specification
----------

O¥-"'--...,0"".-,!00"'5,------c0"".-;!;0~10~-~0;-!.0~1..5--~0~.Ob2"'0,----;;-0.~0·25
PHOSPHORUS IN SPARGER FEED, wt-pct P205

.0002

.0006

.0002

O.OOl0r----,----,------,----r----.,

o.oo�or----,----,------,----r------,

FIGURE 8.
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Crystal size affected
washing efficiency, partic­
ularly for ACH crystallized
at 20 0 C. At 20 0 C, a vis­
cous mass of small crystals
quickly formed and did not
separate from the liquor,
even after several minutes
of settling time. The
effect of crystal size on
the amount of mother liquor

0~---~0~.0~0~5~-~0~.0~,~0---~0~.0~15~-~0~.ob2~0~-~0.~025retained in the ACH crystals
MAGNESiUM IN SPARGER FEED, wl-pct MgO after filtration is shown in

figure 9. Crystals produced
at temperatures of 40 0 C or
greater (median size 235 to
328 ~m) retained 6 to

9 vol-pet mother liquor and were easily washed. Crystals produced at 20 0 C
(median size 66 to 106 ~m) retained about 25 to 42 vol-pet mother liquor, and
washing was very difficult. However, all crystals in this study were well
washed to insure that washing was not a parameter in final crystal purity.

6The chemical compositions of the impurities were not determined and are
reported as oxides to conform to alumina industry practice.
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Effect of Aluminum Chloride
Concentration on ACH

Crystal Purity

Conditions:

AICI3 feed concentrotion:
30 wt-pct

Final HCI concentration:
26 wl- pcl

15

10

3o,------,---------.--------,

FIGURE 9. -
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The majority of tests
were performed by increasing
the HCl concentration of the
mother liquor to 26 wt-pct
in a single stage. However,
some crystallization tests
were performed in two
stages. In the two-stage
tests, the ACH crystals were
removed in two batches--the
first batch when HCl concen­
tration reached 15 wt-pct,
and the second batch when
the HCl concentration was
26 wt-pct. A series of two­
stage crystallization tests
was conducted at 60° C on
30 wt-pct-AlC1 3 sparger
feeds containing a wide
range of phosphorus and mag­
nesium. Figures 10 and 11
are plots of the effect of
phosphorus and magnesium
concentration in the sparger

50~----------~10~0~--------~2~0~0~--------~300feed on the phosphorus and
MEDIAN CRYSTAL SIZE. fLm magnesium content of the ACH

crystals, comparing two-
Effect of crystol size on mother liquor re- stage crystallization with
tention in ACH. single-stage crystalliza-

tion. The crystals produced
in both the first and second stages are more contaminated than the crystals
obtained in a single stage of sparging. This is very noticeable in the phos­
phorus curves but. only slightly noticeable in the magnesium curves. The
impurity content of the single-stage crystals should be the average of the
impurity contents of the first- and second-stage crystals. Ao explanation for
this observation may be that the major portion of the phosphorus is incorpor­
ated in the crystals during the early stage of crystal growth, and relatively
little is incorporated during the subsequent, slower crystal growth stage. If
the process is interrupted by removing all the crystals (at 15 wt-pct HCl),
nucleation must occur again for the crystals produced during sparging from
15 to 26 wt-pct HCl. Both sets of crystals will contain more phosphorus than
if crystal growth had proceeded without interruption in a single stage.
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Other experiments were
performed which indicated
that major phosphorus and
magnesium incorporation
occurred during the early
stage of crystal growth. A
series of 30-pct-AlC1 3
sparger feeds containing
phosphorus and magnesium
were sparged for periods
ranging from 0.75 to
7.0 hours and analyzed.
Figure 13 shows the phospho­
rus and magnesium content of
the ACR as crystallization
proceeds. The first crys­
tals produced were highly
contaminated, but as crys­
tallization and crystal
growth continued, the rela­
tive contamination decreased•

Conditions:
AICI3 feed concentration:

30 wt-pct
Temperature: 60· C

q,,,,
'0....--1:1- ...... -0....

-_ 0- ...-

0.018.-------,------.,.--------,
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en
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z

The second-stage ACR crystals contained significantly more phosphorus
than either first-stage or single-stage ACR crystals. The most obvious dif­
ference in conditions was that second-stage crystallization began in a solu­
tion containing 15 pct AlC1 3 and increased concentrations of impurities. The
increase in impurity concentrations as sparging proceeded was noted in all
batch sparging experiments because less than 1 pct of the impurities was
removed during crystallization while solution weight decreased considerably
due to AlC1 3 removal. For example, the mother liquors from sparger feed solu­
tions initially containing 0.12 wt-pct P20S contained 0.14 wt-pct P20S' To
determine if the AlC1 3 concentration of sparger feed affected crytal purity, a
series of tests was made with the phosphorus concentration kept constant at
0.12 wt-pct P20 S and the AlC1 3 concentration varied. Figure 12 shows that
AlC1 3 concentration is an important parameter and that AlC1 3 concentration
should be 30 pct at the beginning of crystallization. Aluminum chloride con­
centration and phosphorus incorporation during the early stage of crystalliza­
tion are probably the main factors in determining the phosphorus content of
the ACR. Since only a very small crystal yield can be obtained from a 5-pct­

AlC1 3 sparger feed, the
crystals will be relatively
highly contaminated because
crystal growth stops soon
after nucleation.

.002~------,l::-----_f:::_----_=
o 10 20 30

AICI 3 CONCENTRATION OF SPARGER FEED, wt-pct

FIGURE 12. - Effect of AICl 3 concentration on phos­
phorus and magnesium content of ACH.

In another study, a
pure AlC1 3 sparger feed
containing no impurities was
sparged, and as soon as
crystallization was
observed, phosphorus and
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Conditions:

A1CI3 feed concentration:
30 wt-pct

Temperature: 60 0 C

o 0
--B __00

o

magnesium were added to
bring their concentrations
to 0.12 wt-pct PzOs and
0.22 wt-pct MgO. The ACH
crystallized by sparging
to 26 pct HCI contained
only one-third of the
phosphorus and one-half
of the magnesium usually
incorporated into crystals
sparged from liquor of this
composition. Therefore,
seeding with pure ACH to
provide clean nuclei for
crystal growth may produce
significantly cleaner
crystals from contaminated
liquors.

CONCLUSIONS

chloride liquors in order to

Effect of Her concentration in mother liquor on
phosphorus and mognesium content of ACH.

o'------*-------;;;;------!;;-----;!, A batch bench-scale
10 20 30 40 crystallizer was designed

HC, CONCENTRATION IN MOTHER LIQUOR, wt-pct and operated to provide
information on the HCI
sparging crystallization
of aluminum chloride hexa-
hydrate from aluminum

optimize the crystallization operation.

FIGURE 13. -

A study of a single ACH crystallization step showed that Bureau of Mines­
industry specifications for purity were met for all contaminating elements
except phosphorus and magnesium.

Aluminum chloride hexahydrate of cell-grade purity can only be crystal­
lized from saturated aluminum chloride solutions containing less than 0.003 wt­
pct PzOs and 0.010 wt-pct MgO. Four important parameters in controlling the
concentration of the phosphorus and magnesium in aluminum chloride hexahydrate
crystals produced in a batch, bench-scale crystallizer were (1) aluminum
chloride concentration in feed to sparging, (2) hydrogen chloride gas flow
rate, (3) temperature, and (4) concentration of phosphorus and magnesium in
the feed to sparging. Purity was enhanced by conditions that led to the form­
ation of large crystals.

The chemical and physical forms of the phosphorus and magnesium impuri­
ties in ACH were not determined. However, the incorporation of these
impurities into ACH was apparently greatest during the early stage of crystal­
lization. The first crystals to form contained disproportionately large con­
centrations of phosphorus and magnesium, while much less phosphorus and
magnesium were incorporated into the crystals in the later stages of crystal­
lization. Therefore, it is very important to control nucleation and crystal
growth.
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