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where R is the gas constant, T is the temperature (K), K, is the solubility
product of gibbsite, and IAP is the ion activity product for the reaction:

A 13+
IAP = — (8)

A+

The activity of water is assumed to be unity in the last expression. Nagy
and Lasaga (1992) focused their research on the shape of the function
f(AG,). They carried out both dissolution and precipitation experiments
on synthetic gibbsite at fixed pH (pH = 3) and temperature (80°C). Very
close to equilibrium (—0.2 kcal/mole < AG, < 0.2 kcal/mole with AG,
defined by eq 7), the variation in both the precipitation rates and the
dissolution rates with AG, could be closely represented by a linear
function (at constant pH). Thus, their work validated the typical irrevers-
ible thermodynamic approach but only very close to equilibrium. The
dissolution rates away from this very-near-equilibrium region were highly
non-linear. The overall function f(AG,), therefore, was found to be rather
complex for the dissolution rates. In particular, Nagy and Lasaga (1992)
showed that after a gradual increase in dissolution rate with AG, for 0 >
AG, > —0.2 kcal/mole, the dissolution rates increased sharply over the
range —0.2 > AG, > —0.5 kcal/mole. Far from equilibrium, at AG, <
—0.5 kcal/mole, the dissolution rates approached a constant value. The
variation of dissolution rate with AG, over the entire experimental range
(—1.14 kcal/mole < AG, < 0) was reasonably well reproduced by the
following function:

Rate = —(4.72 = 0.28)x10710

|AG | 3.01+0.05
. [1 — exp ((—8.12 + 1.02)(R—T’) )} (9)

in units of moles m~2 sec™!. This rate law was obtained for data at 80°C
and pH 3. )

In summary, the T, pH, and f{AG,) terms in eq (3) have been
previously studied, but each term isolated from the rest. For example,
Nagy and Lasaga (1992) provided a non-trivial function f(AG,) (eq9).
This f(AG,) is an essential component of eq (3). Nonetheless, the entire
form of eq (3) was not tested by Nagy and Lasaga (1992). In particular,
the ability to correct the rate for pH and temperature (as in 3) and yet
retain the same f(AG,) in the equation is an important corollary of eq (3).
Among other things, the column experiments in this paper will test
precisely this predictive property of eq (3), which will result in an
important test of the form of the overall rate law.

MATERIALS AND METHODS
Characterization and pretreatment of the solid—The material used in
this study is a bauxitic ore, rich in gibbsite, from block 1 of the “Los
Pijiguaos” bauxite deposit in Venezuela. Bauxite samples 16116, 16445,
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and 16446 (C.V.G., 1980, see table 1) were mixed in mass proportion
3.35: 1: 1.55. These samples were chosen out of 205 samples from 18
drills, based on their high Al;O3 contents. The reported composition of
the samples and the calculated composition of the composite material are
shown in table 1. The mixture was dry-sieved, and the <350 pm grain
size fraction chosen for experiments in order to reduce the grain size
range and assure a more homogeneous packing in the columns. The
chemical characteristics of the mixture obtained by X-Ray fluorescence
analysis are also shown in table 1. The fraction <350 pm represents 45.4
percent of the total mass of the original bauxite sample. The X-ray
diffraction pattern of this fraction matches that of gibbsite with minor
amounts of goethite, hematite, and quartz. The BET surface area of the
bauxitic material after mixing and sieving is 9.9 % 1.0 m?/g, as determined
from two separate N, adsorption isotherms (using three points each).

TABLE 1

Chemical characteristics of the gibbsitic bauxite material

Composite <350 pm Composite
Sample 16116* 16445% 16446*  Material** Material***
depth (m) 5 3 4
%LOI 29.58 28.82 29.36 29.39 27.8
wt% AlyOs 55.17 53.40 54.13 54.60 54.3
wt% SiOg 5.04 7.05 6.58 5.79 5.12
wt% FeoOs 8.93 9.27 8.87 8.97 10.7

* Data from C.V.G. (1980).
** Calculated based on the proportion of mixture.
*** This study. i
%LOI: Loss on ignition as percentage of the total mass.
wit% AlpOs: Tota%aluminum.
wt% SiOo: Total silica.
wt% FeyOs: Total iron.

Experimental setup.—Experiments were carried out at 25°C and at
different input pHs, ranging from 3.2 to 4.5. Under these pH and
temperature conditions; the amount of bauxitic material and the flow
rate were adjusted in order to obtain a broad range of measurable output
solution saturation states. The columns used measured 7.50 and 3.75 cm
in length with a diam of 0.9 cm and were fully immersed in a water bath
held at a constant temperature of 25°C = 0.1°C using a Techne tempera-
ture-controller (Ag. 1).

The columns were constructed from Lexan plastic, which is transpar-
ent and acid resistant. Transparency, which is necessary for monitoring
the homogeneity of the particle packing and the absence of air bubbles, is
maintained for at least 1 yr at temperatures up to 80°C. Porosity was
estimated using the total volume of the system, the initial mass of
material, and the estimated density of the material. The density of the
material was estimated based on the composition of the material shown in
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Fi%l. 1. Schematic diagram of the experimental design. The solution is made to flow up
through the column to avoid the presence of air bubbles.

table 1 and the reported densities of gibbsite, goethite, hematite, and
quartz (Carmichael (1989)). Depending on what fraction of the total iron
content is assumed to be goethite or hematite, the estimated density of
the bauxite material ranges from 2.63 to 2.78 g/cc. Therefore, the
intermediate value, 2.71 g/cc, was used in the porosity calculations. -

Flow was directed upward in the experiments to avoid the presence
of air bubbles (see fig. 1). The flow rates were controlled with an Ismatec
brand peristaltic pump, which has a variation of less than 3 percent (in
most cases less than 1 percent). True flow velocities (that is, v = vp/d,
where vj, is the Darcy velocity) ranged from 359 m/yr to 2197 m/yr for
the 3.75 cm long column and from 153 m/yr to 2932 m/yr for the 7.5 cm
long column (table 2). These velocities yield transport times (calculated
by means of the ratio between the column length and the true flow
velocity) of 9.0 to 55 min for the short column and 13.5 to 258 min for the
long column.

Solutions were filtered with a 0.45 pm Durapore (Millipore) mem-
brane at the top of the column before flowing through the output tubing.



TABLE 2

Experimental parameters for the gibbsitic material dissolution
experiments at 25°C

Experiment Flow Rate vp L Starting ¢ pHin pHow Al

(ml/min) (m/y) (cm) Mass (g)

%CV
Al

Column-1

CG45L1-1 0.1271 1050 7.5 7.72 0.37 437 444 2.7
CG45L1-2 0.0978 808 7.5 7.72 0.37 440 446 2.6
CG45L1-3 0.0744 615 7.5 .72 0.37 437 444 2.6
CG45L1-4 0.0501 414 7.5 7.72 0.37 4.37 444 2.8
CG45L1-5 0.0753 622 7.5 7.72 0.37 4.39 445 2.7
CG45L1-8 0.1245 1029 7.5 7.72 0.37 4.49 454 2.1

Column-2

CG40L1-1 0.0734 607 7.5 7.42 0.40 4.05 4.32 13
CG40L1-2 0.0253 209 7.5 7.42 0.40 4.05 4.29 12
CG40L1-3 0.0074 61 7.5 7.42 0.40 4.05 4.34 11
CG40L1-4 0.1000 822 7.5 7.42 0.40 4.09 4.29 12
Column-3

CG35L1-1 0.0259 214 7.5 7.26 042 3.56 3.90 52

Column-4

CG35L.2-1 0.1313 1085 7.5 7.72 0.37 3.56 3.67 28
CG35L2-2 0.1050 868 7.5 7.72 0.37 3.55 3.69 32
CG35L2-3 0.0789 652 7.5 7.72 0.37 354 3.71 39
CG35L2-4 0.0519 429 7.5 7.72 0.37 3.54 3.81 50
CG35L2-5 0.0258 214 7.5 7.72 0.37 349 3.86 72
CG35L2-6 0.0515 426 7.5 7.72 037 3.52 3.77 55

"Column-5
CG3583-1 0.0379 314 3.75 3.63 0.39 3.54 3.80 44
CG3553-2 0.0276 228 3.75 3.63 0.39 3.54 3.81 48
CG35583-3 0.0352 291 3.75 3.63 0.39 354 3.78 44
CG35S83-4 0.0170 140 3.75 3.63 0.39 3,50 3.77 51

Column-6
CG32L1-1 0.0282 223 7.5 7.29 042 3.30 3.59 118

Column-7

CG32582-1 0.0797 659 3.75 4,12 0.30 3.26 3.30 30
CG3282-2 0.0534 441  3.75 4.12 0.30 3.23 3.32 41
CG3252-3 0.0263 217 3.75 4.12 0.30 3.22 341 79
CG3252-4 0.0536 443 3.75 4.12 0.30 3.23 3.31 40

3.7
1.7
5.9
1.6
1.7
4.9

2.2
1.8
2.5
0.2

1.9

1.5
2.1
2.2
1.0

0.7

4.0
0.6
1.5
1.4

5.0

2.5
1.6
1.3
0.5

vp: Darcy Velocity.

L: Column length.

¢: Porosity.

pHin: Input pH.

pHouc Outpukﬁ)H (average value at steady state).
Al,y: Output Al concentration (WM).

%CV Al: Coefficient of variation of the Al output concentration at steady state.

It is calculated as (Standard Deviation/Al,,,) X 100.
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In order to avoid losses of the material, a similar membrane was placed at
the bottom of the column. An O-ring, resistant to extreme pH, was used
to complete the seal (fig. 1). No solid was observed in any input or output
solution. Input and output tubing was made out of Norprene black
plastic, which lasted at least 2.5 months before starting to deteriorate.
Input solutions were prepared with a desired pH using reagent grade
concentrated HClO,. The concentration of Al in the input solutions was
less than 1 pM.

Analysis—Output solutions were collected and analyzed for Al and
pH roughly every 24 hrs. Total Al was analyzed colorimetricaly with a
UV-visible spectrophotometer, using the catechol violet method (Dou-
gan and Wilson, 1974). This method has a detection limit of approx 1 pM
Al Precision, based on replicate measurements, was generally better than
3 percent.

The pH of the input and output solutions was measured at 25°C +
0.1°C on an unstirred aliquot of solution using a Ross combination
electrode with a precision of +0.02 pH units (~+5 percent in H*
concentration). The pH.electrode was standardized against NBS buffers
prepared from reagent grade salts. The buffers used were KH-phthalate
(0.05 molal) and KH,PO, (0.025 'molal)-Na,HPO, (0.025 molal) for pH
values at 25°C of 4.0 and 6.859 respectively.

At the end of the experiments the gibbsitic material was dried in air
at 60°C and the surface area measured again by No-BET. Solids were
examined by X-ray diffraction and Scanning electron microscopy (SEM)
before and after the experiments. No changes were seen in the X-ray
diffraction pattern or the SEM photographs.

RESULTS

Typical data for the experiments are exemplified by the results of
experiments CG3252-1 to CG3282-4 (fig. 2). This set shows that, once the
flow rate is stable, constant output concentration, that is, steady state, is
reached in the column experiments in less than 48 hrs. Because steady
state is often reached in the first two or three samples, the constant
concentration condition could have been reached in less than 24 hrs.
New steady state output concentrations are obtained after each changg in
the flow rate or input pH. Figure 2 illustrates the independence of the
steady state solution composition on previous history. In the set of
experiments depicted in figure 2, a prior steady state (340-520 hrs) was

Fig. 2. Results of the column experiments CG2352-1 to CG3252-4. (A) Variation of the
flow rate during the experiments. Note the lowering of the flow rate followed by a return to
the earlier flow conditions at the end of the run. These last three flow rates test the
reproducibility of the steady state. (B) Input (open circiles) and output (closed circles) pH as
a tunction of time. Note the establishment otpsteady state in all cases. Note also that the
output pH returned to the earlier steady state value when the flow conditions in stage 4 (last
one) were made the same as in stage 2. (C) Output Al concentrations as a function of time.
Again steady state is clearly reached. Also the steady state is reproducible, if the flow rate is
perturbed (stage 3) and then returned to the original flow rate.



