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The removal of aluminum from strong caustic soda solutions (simulated paper pulp liquors) was 
studied using the addition of calcined magnesite to precipitate magnesium aluminum hydroxycar- 
bonate phases. For aluminum concentrations higher than about 150 ppm the precipitated phase was 
hydrotalcite, whereas for lower aluminum concentrations, new hydroxycarbonate phases formed. For 
solution temperatures above 70°C the phase which formed was characterized as a 1: 1 unit cell inter- 
growth of brucite and hydrotalcite. The new phase is isostructural with coalingite, having a rhombohe- 
dral unit cell, R%n, a = 3.108(4) A, c = 38.3(l) A, and a composition of [MgO.,aAlo.lz(OH)~]~ 
[(C0,),.12(H20)0.64]. With variation of solution temperature and concentration, other phases responsible 
for aluminum removal were formed and identified, including higher order brucite-hydrotalcite inter- 
growths and aluminum-containing brucite. 0 1991 Academic press, inc. 

1. Introduction 

In paper pulp production by the soda-an- 
thraquinone process (I), the lignin content 
of the wood is leached in concentrated 
caustic soda solution. The spent solution, 
termed black liquor, is regenerated by a va- 
riety of processes to give a “white liquor” 
which is returned to the wood digestion 
plant. Non-process elements such as alumi- 
num, derived, for example, from residual 
soil adhering to the wood, accumulate in 
the caustic solution and can lead to scale 
formation if not removed (2). An effective 
removal method is the addition of reactive 
magnesium compounds to precipitate alu- 
minum as hydrotalcite (3). This phase is a 
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mixed metal hydroxide conforming to the 
general formula [(M”),-,(M”‘),(OH)zl”+ 
( Y”-L/z . nH*O, where M” = Mg, M”’ = 
Al, and Y = CO:-. Carbonate ions are al- 
ways found to some extent in caustic solu- 
tions. 

In a study of the removal of low levels 
(ca. 100 ppm) of aluminum from simulated 
white liquors using calcined magnesium 
carbonates, we found that the main phase 
responsible for aluminum removal was not 
hydrotalcite but a new mixed metal hy- 
droxycarbonate. This was shown to be a 
1: 1 atomic scale intergrowth between hy- 
drotalcite and brucite (Mg(OH)2) type 
structures. Variation of experimental con- 
ditions led to the formation of higher order 
intergrowths and Al-substituted brucite. 
We describe here the results of character- 
ization studies on the new intergrowth 
phases. 
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2. Previous Studies on Mg-Al 
Hydroxycarbonates 

Magnesium aluminum hydroxycarbo- 
nates have long been known as the minerals 
hydrotalcite and manasseite (4, 5). Their 
structures (6, 7) consist of positively 
charged brucite type layers, [Mg,-, 
ALW-W+, separated by layers containing 
carbonate ions and water molecules. Hy- 
drotalcite and manasseite are dimorphic 
forms having the same composition but dif- 
fering in the stacking sequence of brucite 
hydroxyl layers. In hydrotalcite the se- 
quence is AB . . . BC . . . CA . . . AB, 
giving a rhombohedral cell with a - 3 A, 
c - 23.4 A (3 x 7.8 A), whereas in manas- 
seite the sequence is AB . . . BA . . . AB, 
giving a hexagonal cell with c - 15.6 A (2 x 
7.8 A). 

Numerous papers have described the 
synthesis of Mg, Al hydrotalcite-like 
phases by coprecipitation from chloride so- 
lution using NaOH (8-22). Displacement of 
interlayer Cl- by CO:- to form the hy- 
droxycarbonates was effected by addition 
of Na2C03 (II, 12) or by dialysis (9, ZO). 
The formation of hydroxycarbonates from 
solid starting phases was demonstrated by 
Besson and co-workers (13, 14) using mix- 
tures of Mg(OH)2 or MgC03 and Al(OH)3 in 
Na2C03 solutions. They also carried out ex- 
periments in which the solid phases were 
separated in dialysis sacks, and obtained 
hydrotalcite formation in the dialysis me- 
dium (pH -9), leading them to propose the 
solution reaction: AI( + 2MgOH+ = 
[A1M&(OH>,I+. 

The composition range for single-phase 
synthetic hydroxycarbonates is generally 
reported to be 0.2 < x < 0.33 (12, Z5), al- 
though a recent study using hydrothermal 
syntheses extended the upper composition 
range to x = 0.44 (16). For x < 0.2, X-ray 
diffraction (XRD) studies showed a two- 
phase mixture of hydrotalcite plus brucite 
(or plus hydromagnesite for hydrothermally 

treated samples (12)). The extent of alumi- 
num incorporation into brucite was studied 
by Mascolo and co-workers (17) using hy- 
drothermal treatment of mixtures of alu- 
mina gel and MgO. The incorporation was 
very low, [All/[Al + Mg] = 0.02 at WC, 
and 0.05 at 160°C. 

3. Experimental 

Simulated white liquors were made by 
dissolving weighed amounts of AR grade 
NaOH and Na2C03 in distilled water, then 
adding aluminum in the form of high purity 
thin foil. In accordance with plant practice, 
the two parameters used to characterize the 
white liquor are causticity and soda 
strength. Causticity is the atomic percent- 
age of sodium that is present as hydroxide, 
i.e., D’Jali” N~OH /[Naltotal x 100, and soda 
strength is the total sodium content, ex- 
pressed here as g liter-’ of NaOH. 

The MgO additive was obtained by calci- 
nation of synthetic hydromagnesite, 
Mg,(CO&(OH)2 . 4H20, from Tokuyama 
Soda Co. (18) and BDH laboratory grade 
magnesite. MgO obtained by calcining 
BDH laboratory grade basic magnesium 
carbonate at 1100°C for 2 hr was supplied 
by Associated Pulp and Paper Mills. The 
calcinations were carried out in air in an 
electric muffle furnace. Small quantities (l- 
5 g) of the magnesites were heated in plati- 
num dishes for 1 hr at the desired tempera- 
ture and then cooled and stored in a 
vacuum dessicator. 

For the aluminum removal experiments, 
labeled AR-1 to 308, 100 ml of simulated 
white liquor was measured into a poly- 
methylpentene screw-cap bottle and pre- 
heated to a set temperature in a Julabo 
shaking water bath. A weighed mass of 
MgO corresponding to a [Mg]/[Al] atomic 
ratio of 10.5 was added to the solution and 
the shaking mechanism started. After agita- 
tion for a predetermined time the solution 
was filtered without cooling using a Milli- 
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pore alkali-resistant 0.6~,um membrane fil- 
ter, type HVLP-047. The precipitate was 
repeatedly washed with distilled water, 
dried at 60°C and weighed. The solutions 
and precipitate were analyzed for alumi- 
num by AAS using a Hitachi Model Z-8000 
AAS equipped with a graphite furnace for 
vaporization of A1203. Selected samples 
were analyzed for magnesium, aluminum, 
and sodium by ICP-AAS. 

Powder XRD patterns for phases in the 
precipitates were obtained using a Philips 
diffractometer equipped with a graphite 
monochromator and employing CuKar radi- 
ation. Residual unreacted MgO was used as 
an internal standard for lattice parameter 
refinements. Electron diffraction patterns 
were obtained using a Philips 400X trans- 
mission electron microscope (TEM) 
equipped with a Kevex X-ray detector for 
energy-dispersive X-ray analysis. For these 
studies, the precipitates were dispersed in 
acetone and collected on holey carbon cop- 
per grids. 

Thermogravimetric (TGA) and differen- 
tial thermal analyses (DTA) were per- 
formed using a Stanton Redcroft STA-780 
simultaneous thermal analyzer. Sample 
weights of 20-30 mg were used with alu- 
mina as reference material. Runs were car- 
ried out in a static air atmosphere at a heat- 
ing rate of 10” min-*. Infrared spectra were 
recorded using a Beckman IR-33 spectro- 
photometer. The samples were prepared as 
mulls in fluorinated hydrocarbon and as 
KBr discs. 

4. Characterization of the 1: 1 Intergrowth 
Phase 

Preliminary aluminum removal runs were 
carried out using white liquors having a 
soda strength of 260 g liter-‘, 95% caustic- 
ity, and 100 ppm aluminum. An XRD exam- 
ination of precipitates from these runs re- 
vealed the unexpected result that no 
hydrotalcite was formed as found by pre- 

vious workers (19), even though about half 
of the aluminum was removed from solu- 
tion. Instead, the XRD patterns exhibited 
peaks due to a new phase, as shown in Fig. 
la. The new phase is distinguished by three 
low-angle peaks with d-spacings of -12.9, 
6.4, and 4.3 A. Characterization of this 
phase proved difficult because we were un- 
able to prepare it in a pure form for analy- 
sis; residual MgO and Mg(OH)* were al- 
ways present as accessory phases, as seen 
for the preparation AR-26 in Fig. la. How- 
ever, by a combination of diffraction stud- 
ies, thermal analyses, and infrared spec- 
troscopy, enough information was obtained 
to characterize the new phase as presented 
below. 

4.1. Diffraction Studies 

TEM/EDS studies showed that the new 
phase contained minor aluminum and con- 
sisted of very small (co.1 ,um) thin flakes 
that gave diffraction patterns similar to 
those for brucite and hydrotalcite (hM)) pat- 
terns, i.e., displaying hexagonal (or trigo- 
nal) symmetry with a -3.1 A. This indi- 
cated a related layer structure and 
suggested that the observed low-angle XRD 
peaks were basal plane reflections (001 with 
1 = n, 2n, and 3n. For comparison, the first 
(001) reflection for Mg-rich hydrotal- 
cite has a d-spacing of 7.92 A (IO) and that 
for brucite occurs at d = 4.77 A. The sum of 
these two d-spacings is close to that for the 
first basal reflection of the new phase, sug- 
gesting that it is an atomic-scale 1 : 1 inter- 
growth of brucite and hydrotalcite. 

The powder pattern for the new phase 
could be indexed on the basis of a rhombo- 
hedral cell with hexagonal parameters a = 
3.108(4) A, c = 38.3(l) A (= 3 x 12.77 A), 
analogous to 3R hydrotalcite. The indexed 
powder pattern is given in Table I. The re- 
fined peak positions showed both positive 
and negative departures from the measured 
positions, indicative of stacking faults in 
the layer sequence. From peak width mea- 
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FIG. la. Powder X-ray diffractogram for sample AR-26, containing the 1: 1 intergrowth phase, 
together with minor brucite and unreacted MgO. 

surements the correlation length perpendic- A 1: 1 intergrowth model requires that 
ular to the layers was determined to be of 
the order of only 100 A. The powder pat- 

CO:- and Hz0 occupy the interlayer region 
between every second pair of M(OH)2 lay- 

tern intensities were calculated for the 1 : 1 ers, in contrast to hydrotalcite where inser- 
intergrowth model, using ideal coordinates tion of anions expands the separation be- 
derived from the two contributing structure tween every pair of M(OH)2 layers. The 
types and with magnesium in the M(OH)2 lower density of interlayer anions signifies a 
layers. The calculated intensities, pre- lower level of substitution of Al for Mg in 
sented in Fig. lb, show good qualitative the M(OH)2 layers of the intergrowth 
agreement with the observed powder pat- phase. We were able to confirm this quanti- 
tern, Fig. la. A schematic representation of tatively using the linear correlation be- 
the intergrowth structure is compared with tween the lattice parameter a and the [Al]/ 
those for brucite and hydrotalcite in Fig. 2. [Al + Mg] atomic ratio in the M(OH)2 

Il,ll,,llll,lllllllII//,I,,,II,,,,I,,,,I,,,,l//,,I,,,, 
10 20 30 110 50 60 

Tuo Theta [degrees1 

b 

FIG. lb. Calculated pattern for the 1 : 1 intergrowth phase. 
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layers, established by Miyata (12) for hy- 
drotalcite phases. The linear relationship 
can be extrapolated to [Al]/[AI + Mgl = 0 
by including a for Mg(OH)2 (16). The a 
value of 3.108 A for the intergrowth phase 
corresponds to [Al]/[Al + Mg] = 0.12. This 
value is halfway between that for hydrotal- 
cite, 0.25, and that for brucite, 0. On the 
basis of one oxygen atom per interlayer 
sheet (22) the composition of the 1: 1 inter- 
growth phase can then be given as 

The XRD data can also be used to esti- 
mate the layer separation in the hydrotal- 
cite part of the intergrowth phase by using 
the linear relationship between [Al]/[Al + 
Mg] and c’ (c’ = subcell c parameter) de- 
rived by Brindley and Kikkawa (20). Ex- 
trapolation of their line to [AI]/[Al + Mg] = 
0.12 gives c’ = 8.21 A, which represents a 
considerable expansion relative to the 
range of C’ values reported for hydrotal- 
cites, 7.6-7.9 A (16). At the same time the 
layer separation in the brucite part of the 
intergrowth phase undergoes a contraction 
relative to pure Mg(OH)2 due to aluminum 
incorporation. Its value is 12.77 - 8.21 = 
4.56 A which is in reasonable agreement 

TABLE I 

X-RAY POWDER DATA FOR THE 1: 1 
INTERGROWTH PHASE 

hkl I rel d(obs) d(ca1) 

003 30 13.0 12.8 
006 30 6.39 6.39 
009 46 4.30 4.26 
0 012 2 3.21 3.19 
012 12 2.67 2.66 
015 6 br 2.53 2.54 
018 100 2.35 2.35 
0 1 14 5 br 1.903 1.919 
1016 23 1.784 1.789 
0 1 17 6 br 1.731 1.738 
110 45 1.557 1.554 
116 5 1.510 1.510 

kl 
m 
(4 

(bJ 

(Cl 
FIG. 2. Schematic representations of the structures 

of (a) brucite, (b) hydrotalcite, and (c) the 1 : 1 inter- 
growth phase. 

with a value of 4.51 A obtained by linear 
extrapolation of the c vs [Al]/[Al + Mg] 
curve for aluminum-substituted brucite re- 
ported by Mascolo and co-workers (17). 

Mascolo and Marino (21) have suggested 
that unit cell parameters for hydrotalcites 
prepared from NaOH solutions may be af- 
fected by sodium incorporation into the oc- 
tahedral layers. Analyses of our solid prod- 
ucts gave Na20 values in the range 0.3 to 
1.2 wt%, comparable to the values obtained 
by Mascolo and Marino (21). However, the 
sodium contents in our samples showed no 
systematic relationship with the composi- 
tions of the mixed-metal hydroxycarbo- 
nates. The sodium ion is too large to substi- 
tute for magnesium in the brucite layers, 
and the residual sodium is most likely due 
to incomplete washing of the strong caustic 
soda solution from the product. 

4.2. Thermal Analyses 

DTA curves are compared in Fig. 3 for 
three aluminum removal runs, AR-4, -24, 
and -26, for which the dominant product 
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AR 2.4 

FIG. 3. DTA curves for samples AR-4 AR-24 and 
AR-26, containing predominantly brucite, hydrotal- 
cite, and the 1 : 1 intergrowth phase, respectively. 

was brucite, hydrotalcite, and the 1: 1 in- 
tergrowth phase, respectively. The DTA 
peak positions and TGA weight losses are 
reported in Table II. The Mg(OH)* sample 

(bottom curve) shows a sharp endotherm 
due to dehydroxylation at 408°C together 
with a weak broad endotherm due to loss of 
adsorbed water. The dehydroxylation 
weight loss of 3 1.2% agrees with the calcu- 
lated value of 3 1 .O%. 

Sample AR-24 (top curve in Fig. 3) com- 
prised hydrotalcite plus minor unreacted 
MgO. Following Miyata (12) the two DTA 
peaks at 237 and 409°C were assigned to 
loss of interlayer water and loss of OH- + 
CO:- (as HI0 and C02), respectively. The 
observed TGA weight losses can be com- 
pared with values calculated from the alu- 
minum removal reaction. The latter was 
established from the [Al]/[Al + Mg] ratio 
for hydrotalcite (derived from XRD deter- 
mination of a) and the measured weight in- 
crease during aluminum removal (82.8% for 
AR-24). The reaction is 

MgO + (Al, C03, H20) + 0.46 MgO + 0.71 

The calculated weight losses for the above 
product due to loss of interlayer water and 
OH- + CO:- are 11.1 and 24.3 wt%, re- 

TABLE II 

Al REMOVAL CONDITIONS AND THERMAL ANALYSIS RESULTS, AR-4 -24, AND -26 

Run number AR-4 AR-24 AR-26 

MgCO, type 
Calcination conditions 
Initial [Al] (ppm) 
Soda strength (g liter-i) 
Causticity 
Solution temperature (“C) 
Al removal time (hr) 
Phases in precipitate (by 

XRD) 

Precipitate wt% increase 
Al removal (ppm) 
DTA peak positions (“C) 

TGA weight loss (%) 

Laboratory grade MgC03 
7Oo”C, 1 hr 

100 
260 
95 
80 

1 
Brucite 

44.5 
25.2 

95 
406 

4.7 (<28O”C) 14.1 (<280”(Z) 
3 1.2 (280-500°C) 23.5 (280-500°C) 

BDH basic carbonate 
1 lOo”C, 2 hr 

1000 
260 
100 
80 

1 
Hydrotalcite (75%) 

MgO (25%) 

82.8 
173.0 

90 (sh) 
237 
409 

BDH basic carbonate 
1 lOO”C, 2 hr 

150 
260 
100 
80 

1 
1 : 1 intgrowth (67%), 

Brucite (lS%), 
MgO (18%) 

57.0 
78.9 

90 tsh) 
158 

370 (sh) 
406 

7.4, 7.7 (<28O”C) 
22.3, 25.2 (>28O”C) 
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spectively, compared with experimental 
TGA values of 14.1 and 23.5 wt%. The 
higher measured interlayer water loss of 
14.1 wt% also includes some surface ad- 
sorbed water, as indicated by the low tem- 
perature tail in Fig. 3. 

The DTA curve for the 1: 1 intergrowth 
phase in AR-26 shows two endotherms at 
158 and 406,37O(sh)“C, the former having a 
tail extending to lower temperatures. By 
analogy with hydrotalcite, these were as- 
signed to loss of interlayer water and loss of 
OH- + CO:-, respectively. The lower tem- 
perature of 158°C for interlayer water, cf 
237°C for hydrotalcite, is consistent with 
the expanded interlayer spacing in the hy- 
drotalcite part of the intergrowth phase, 
with an associated weaker attraction be- 
tween the M(OH)* layers and the interlayer 
molecules. In contrast to brucite and hy- 
drotalcite the higher temperature DTA 
peak for the intergrowth phase is split into 
two peaks, at 406 and 370°C. These pre- 
sumably reflect the different binding 
strengths of the two independent hydroxyl 
ions associated with the brucite and hydro- 
talcite type interlayer regions. 

The aluminum removal reaction for AR- 
26 is given below: 

MgO + (Al, COj, HzO) + 
0.29MgO + 0.16 

Mg(OHh + 0.62[Mgo,,,Alo.l2(OH)2 
(C03)0.06(H20)0.321* 

The calculated weight losses from inter- 
layer water and OH- + CO:- for this reac- 
tion are 5.6 and 25.7 wt%, respectively, 
which compare with the experimental val- 
ues of 7.2, 7.4 and 22.3, 25.2 wt% for sepa- 
rate runs on AR-26. 

4.3. Infrared Spectra 
The infrared spectrum of the 1: 1 inter- 

growth phase in AR-26 is compared with 
the spectra for hydrotalcite and brucite in 
Fig. 4. For brucite, a sharp v(OH) at 3700 
cm-i, characteristic of Mg(OH)2 (22), is the 

main feature. The broad peaks at 3440 and 
1640 cm-’ are due to surface adsorbed wa- 
ter and the broad peak at 1470 cm-i is due 
to CO:-. This carbonate must also be 
present as a surface adsorbed species, since 
no carbonate compound was identified in 
the XRD pattern. The hydrotalcite sample 
shows a very broad v(OH) band at 3530 
cm-i due to strongly H-bonded OH- and 
H20, together with a shoulder at 3100 cm-‘. 
In the CO:- region it exhibits a relatively 
sharp v3 peak at 1370 cm-l. Both hydroxide 
and carbonate peak positions agree closely 
with reported values for synthetic hydrotal- 
cite with [Mg]/[Al] = 3 (23). 

The spectrum for the 1 : 1 intergrowth 
phase shows peaks that lie between those 
for hydrotalcite and brucite, consistent 
with its intermediate composition and 
structure. Thus v(OH) peaks are at 3630 
and 3440 cm-’ and v(CO:-) is at 1400 cm-‘. 
Peaks are also present due to Mg(OH)2 
(3710 cm-‘) and surface adsorbed water. 

4.4. Comparison with the Structure 
of Coalingite 

During the preparation of this article we 
came across a reference to a magnesium 
iron hydroxycarbonate mineral coalingite, 

3000 2000 1600 1200 ml 
WAVENUMBER CM-’ 

FIG. 4. Infrared spectra for AR-4, AR-24, and AR- 
26, containing predominantly brucite, hydrotalcite, 
and the 1 : 1 intergrowth phase, respectively. 
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which has the same XRD powder pattern as 
the 1: 1 intergrowth phase (24). A single- 
crystal structure determination was re- 
ported for coalingite (25) which supports 
the structure we deduced for the inter- 
growth phase, shown schematica& in Fig. 
2. Coalingite is rhombohedral, R3m, with 
a = 3.12 A and c = 37.4 A. Its composition 
is reported to be Mg10Fe2(OH)24(C03) * 
2Hz0 (24). Expressed in terms of M(OH)z 
this gives Mgo.suFeo.167(0H)2(C03)o.o83 
(H20)o.167, which has an [&Z3+]/[M2+ + M3+] 
ratio of 0.167, considerably higher than the 
value of 0.12 for the magnesium aluminum 
phase. The number of oxygens per inter- 
layer sheet is 0.833, which is less than the 
value of 1 .O corresponding to close packing 
that we assumed in our formula but consis- 
tent with interlayer oxygen contents of less 
than 1.0 in hydrotalcites (26). The single- 
crystal studies showed broadening and 
streaking of reflections along lines parallel 
to c*, and powder patterns gave poor fits 
between calculated and observed line posi- 
tions, particularly for the basal plane reflec- 
tions, as we observed for the 1 : 1 inter- 
growth phase. This was interpreted as due 
to irregularities in the stacking sequence of 
two M(OH)2 layers and one carbonate-wa- 
ter layer. 

5. Higher Order Intergrowths 

The preliminary aluminum removal stud- 
ies described above were followed up with 
a systematic study of aluminum removal 
from simulated white liquors as a function 
of solution and MgO-additive variables. 
The variables studied were type of magne- 
sium carbonate and calcination tempera- 
ture, soda strength, causticity and tempera- 
ture of the white liquor, concentration of 
aluminum in solution, amount of added 
MgO, and reaction time. Over 300 experi- 
ments were performed, AR-l to -308, the 
full results of which will be published else- 
where. 

The most important parameter affecting 
aluminum removal was found to be the so- 
lution temperature. Results are given in Ta- 
ble III for experiments using calcined hy- 
dromagnesite in solutions for which the 
temperature was varied in the range 40 to 
90°C. The composition of the precipitated 
phase was a sensitive function of solution 
temperature, with intergrowths containing 
higher brucite : hydrotalcite ratios forming 
with increasing temperature. 

At the lowest solution temperature stud- 
ied, 40°C hydrotalcite was the dominant 
phase formed and complete removal of alu- 
minum from solution was achieved. At 
60°C the amount of hydrotalcite had 
halved and the 1: 1 intergrowth phase had 
begun to form. Despite a greater conver- 
sion of MgO to hydroxycarbonates at the 
higher temperature the amount of alumi- 
num removed was lower. This is consistent 
with the lower incorporation of aluminum 
into the intergrowth phase relative to hy- 
drotalcite. At 70°C the 1: 1 intergrowth 
phase was the only hydroxycarbonate 
formed, together with minor brucite. 

At 80°C a new intergrowth phase was ob- 
served, with the strongest basal reflections 
at d = 5.8 and 4.4 A. Both the positions and 
intensities of the XRD peaks are in accord 
with a 2 : 1 brucite : hydrotalcite inter- 
growth with c’ = 17.5 A. A magnesium iron 
hydroxycarbonate mineral, coalingite-K, 
has been reported which has the same XRD 
powder pattern (24) as the 2 : 1 intergrowth 
phase. At 90°C the intergrowth peaks were 
very broad and weak, corresponding to a 
range of higher order intergrowths, with the 
main component a 4 : 1 intergrowth. The 
dominant hydroxide product in this case 
was brucite and the aluminum removal was 
only 44%. 

When the soda strength was increased to 
500 g liter’, run AR-83 in Table III, the 
XRD pattern for the precipitated product 
showed brucite and residual MgO as the 
only phases. However, despite the absence 



TA
BL

E 
III

 

R
ES

U
LT

SO
FA

LL
JM

IN
U

M
R

EM
O

VA
LE

XP
ER

IM
EN

TS
 

R
ea

ct
io

n 
Ph

as
es

 in
 p

re
ci

pi
ta

te
d 

pr
od

uc
t 

M
g-

ad
di

tiv
e 

W
hi

te
 l

iq
uo

r 
co

nd
iti

on
s 

tim
e 

(h
ei

gh
ts

 o
f 

XR
D

 p
ea

ks
 (c

ps
)” 

C
al

ci
na

tio
n 

So
da

 
0 

So
lu

tio
n 

[A
lI 

R
un

 N
o.

 
Ty

pe
 

te
m

pe
ra

tu
re

 
st

re
ng

th
 

C
au

st
ic

ity
 

te
m

pe
ra

tu
re

 
(p

pm
) 

Al
 r

em
ov

ed
 

(h
r) 

Br
uc

ite
 

In
te

rg
ro

w
th

 
H

yd
ro

ta
lc

ite
 

M
gO

 
(w

m
) 

C
om

m
en

ts
 

2 

XR
D

 
pe

ak
 

he
ig

ht
s 

of
 p

ur
e 

ph
as

es
 

17
,0

00
 

2,
50

0 
21

,0
00

 
40

,0
00

 
ti 

AR
-1

95
 

H
M

 
1,

00
0 

26
0 

95
 

40
 

10
0 

I 
1,

10
0 

AR
-1

87
 

H
M

 
1,

00
0 

26
0 

95
 

5,
30

0 
5,

00
0 

lo
o 

60
 

H
M

, 
hy

dr
om

ag
ne

si
te

 
10

0 
1 

2,
40

0 
ii0

 
2,

80
0 

r 
AR

-1
79

 
H

M
 

1,
00

0 
26

0 
95

 
70

 
40

0 
10

0 
78

.6
 

1 
2,

60
0 

60
0 

AR
-1

83
 

H
M

 
1,

00
0 

- 
- 

26
0 

95
 

65
.2

 
80

 
10

0 
1 

In
te

rg
ro

w
th

 
= 

I :
 1

 
4,

10
0 

20
0 

8 

AR
-1

75
 

H
M

 
1,

00
0 

- 
26

0 
60

.4
 

95
 

90
 

10
0 

1 
6,

50
0 

In
te

rg
ro

w
th

 
= 

2 
: 1

 
20

0 
- 

43
.8

 
In

te
rg

ro
w

th
 

-4
 :

 1
 

R
 

AR
-8

3 
BD

H
 

1,
15

0 
50

0 
10

0 
80

 
15

0 
%

 
1 

15
,3

00
 

- 
6,

10
0 

47
.0

 
LR

 g
ra

de
 M

gC
O

, 

AR
-1

0 
BD

H
 

1,
10

0 
26

0 
“1

00
” 

80
 

10
0 

1 
AR

-2
0 

BD
H

 
1,

50
0 

90
0 

1,
10

0 
- 

26
0 

“1
00

” 
10

,7
00

 
80

 
45

.0
 

C
au

st
ic

ity
 

no
m

in
al

ly
 

10
0 

2 
AR

-2
1 

BD
H

 
2,

20
0 

70
0 

1,
10

0 
- 

26
0 

“1
00

” 
4,

50
0 

80
 

59
.5

 
10

0 
10

0%
. S

om
e 

C
O

? 
4 

4,
00

0 
30

0 
1,

50
0 

61
.5

 
fro

m
 a

tm
os

ph
er

e.
 

0 
Pe

ak
 in

te
ns

iti
es

 (
cp

s)
 fo

r 
br

uc
ite

, 
1 :

 1
 in

te
rg

ro
w

th
, 

hy
dr

ot
al

ci
te

, 
an

d 
M

gO
 a

t d
 =

 4
.8

, 
6.

4,
 7

.8
, a

nd
 2

.1
1 

A,
 r

es
pe

ct
iv

el
y.

 



NEW MAGNESIUM ALUMINUM HYDROXYCARBONATES 253 

of mixed metal hydroxycarbonates, 47 ppm ing samples and for helpful discussions. We thank Dr. 
of the original 150 ppm of aluminum was S. Fletcher and Dr. M. Houchin for constructive criti- 

removed. This seemingly paradoxical result cism of the manuscript, and M. Perroux, CNRS La- 

is due to the incorporation of aluminum into boratoire de Cristallographie, Grenoble, for the TEM/ 

the brucite structure. This was confirmed 
EDS experiments. 

by a refinement of the unit cell parameters, 
giving a = 3.133(l) A and c = 4.746(5) A. 
Using the linear a vs [Al]/[Al + Mg] rela- 
tionship for aluminum-containing brucites 
(17) gives an atomic fraction of aluminum 
of 0.025 in the M(OH)2 layers. Charge bal- 
ance is presumably maintained by incorpo- 
ration of interlayer OH- and/or CO:-, al- 
though at such a low level of aluminum 
there is no long-range cooperative ordering 
of the brucite and hydrotalcite-like seg- 
ments. Thus aluminum-containing brucites 
are disordered, brucite-rich, higher order 
intergrowth phases. 

From time-series experiments, runs 10, 
20, and 21 in Table III, we obtained evi- 
dence that the ordered intergrowth phases 
are metastable and eventually transform to 
aluminum-containing brucite. For the con- 
ditions described in Table III the 1 : 1 inter- 
growth phase became unstable relative to 
brucite after 2 hr, when the aluminum con- 
centration in solution had dropped below 40 
ppm. Measurement of the XRD peak posi- 
tions for brucite in the product from run 
AR-21 gave an a parameter of 3.125 A, cor- 
responding to a relatively high atomic frac- 
tion of incorporated aluminum, 0.04 (17). A 
conversion of hydrotalcite to the 1 : 1 inter- 
growth phase was observed in a similar se- 
ries of experiments using higher aluminum 
concentrations. The destabilization of hy- 
drotalcite relative to 1 : 1 intergrowth oc- 
curred when [Al] in solution fell below 130 
ppm. 
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