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Abstract Techniques of rotating-disk and catalyst were used in investigating the kinetics of dolo-
mite dissolution in flowing CO,-H,O system. Experiments run in the solutions equilibrated with
various CO, partial pressures (PRy,) from 30 to 100000 Pa. It shows that dissolution rates of

dolomite are related with rotating speeds at conditions far from equilibrium. This was explained by
modified diffusion boundary layer (DBL) model. In addition, the dissolution rates increase after ad-
dition of carbonic anhydrase (CA) to solutions, where the CA catalyzes CO, conversion. However,
great differences occur among various CO, partial pressures. The experimental observations give
a conclusion that the modified DBL model enables one to predict dissolution rates and their be-
haviour at various Fo, Wwith satisfactory precision at least far from equilibrium.
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The kinetics and rate-limiting mechanism of dolomite dissolution have been less extensively
studied than those of calcite dissolution. Lund et al.!¥ studied the dissolution of dolomite in hy-
drochloric acid to determine that under what conditions rate was diffusion-limited or surface reac-
tion-limited. Herman!? did Iaboratory experiments on the dissolution kinetics of dolomites, Em-
phasis was placed upon understanding how the effects of solvent motion and of carbonate
lithology modify dissolution rates. More extensively and comprehensively, Busenberg and

Plummer'® studied the kinetics of dolomite dissolution at various temperatures and P, . Finally,

they obtained an equation called Busenberg's equation for the net rate of dissolution as
R=k (@H")" +k,(aH,CO3)" +ks(aH,0)" -k, (aHCO3), Q)

where ki, ko, and ks are forward rate constants, ks is the backward rate constant, and a means the
activity. They found that the exponent nis equal to 0.5 at temperatures below 45C.

In 1989, Chou et al.[ made a comparative study of the kinetics and mechanisms of dissolu-
tion of carbonate minerals. However, they found n = 0.75 for dolomite dissolution, which means a
more complex surface reaction.

However, the case of Lund is not common in nature, and Herman did the experiment only at
very high CO, partial pressure, which is also not normal in naturé®®. Although the research of
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Busenberg and Plummer is more extensive and comprehensive, the hydrodynamic conditions of
system were not well defined in their experiments. In addition, none of these previous studies
considered the role of the slow CO, conversion reaction on the rates, which was found by us to be
very important in the dissolution and precipitation of calcitd” ™, and may also be the case for
dolomite dissolution.

This study was undertaken (i) to measure the rates of dolomite dissolution far from equilib-
rium under various CO, partial pressures from 30 to 100000 Pa, and (ii) to understand the role of
diffusion boundary layer and the slow CO, conversion reaction in limiting these rates by using the
rotating disk technique and introducing carbonic anhydrase (CA) into solutions®.

1 Experimental

1.1 Materias

Dolomite disks were cored from dolomite slabs of 5 mm in thickness. Their diameter was 3.1
cm. These samples were cemented into the holder of the rotating disk apparatus. Each was then
mounted to the shaft of the rotating disk equipment and polished during rotation by using water-
proof silicon carbide paper. This procedure assures a continuous surface of the disk including its
rim. The surface of the dolomite sample in contact with the solution was 7.55 cm?. The mainly
used dolomite was from Beijing. It was grey and of coarse microcrystalline structure. It contained
95% CaMg(COs), more. Table 1 shows its chemical analyses.

Tablel Chemical analyses of a dolomite used in the experiment (%)
Sample Cca0 MgO CO; P Fe Sug-g* Cupgeg* Znug-g?

Beijing dolomite 30.54 21.15 46.75 0.002 0.092 32 8.2 11.8

To investigate the influence of the slow CO, conversion reaction COx+H,0 = H'+HCO;
carbonic anhydrase, an enzyme catalyzing this reaction® was introduced into the solution with
the concentration of 0.2 umol/L.

To obtain solutions in equilibrium with fixed CO, partial pressures ( Py, ), N>-CO, gas mix-

tures with P, = 30, 100, 500, 1000, 5000, 10000, 20000 and 100000 Pa were bubbled through

the solution.

1.2 Experimental setup

A scheme of the experimental apparatusis shown in fig. 1. It was performed ina 1.2 L glass
beaker containing 1180 mL of preset solution, which was prepared by bubbling the CO, of rele-
vant partial pressure into distilled water. The beaker was immersed into water that was maintained
+0.5°C of the desired temperature. The reaction vessel was covered with Plexiglas lids with holes
alowing insertion of the motorised shaft, electrodes, and a gas dispersion tube. Commercia
N2-CO; gas mixture with fixed Py, was bubbled through a glass dispersion tube into the reac-

tion vessel, thus providing open system conditions with respect to CO,. The disk-shaped sample
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: was centred about 4 cm above the bottom of
the reaction vessel on the end of a shaft. A
motor drove the shaft, and gear reducers al-
lowed the disk to rotate in the solution at a
speed varying from 0 to 3200 r/min.
Measurements of the dissolution rates
were performed at a fixed rotating speed and/or
concentration of carbonic anhydrase by meas-
uring the increase in conductivity. In diluted
Fig. 1. Scheme of the experimental setup. 1, Controller

for rotating speed; 2, motor and gear; 3, rotating shaft; 4, solutions as they occur in our experiments

rotating disk; 5, computer for data acquisition; 6, conduc- conductivity and total hardness (TH) are re-
tometer; 7, conductivity cell; 8, thermometer; 9, tempera- .
ture sensor; 10, thermostat; 11, H,0-CO, solution; 12, cO,  lated linearly by

disperser; 13, CO.+Nz-supply; 14, supply tube; 15, water _ _3
circulation from thermostat to waterbath cooling; 16, reac- TH (mmOI/ L)—5-56>< 10 “cond. (US/ Cm) -0.01,

tor vessel. y= 0.999. )

15 10

Thermo-
tat
Water bath 16 15 s

f—l

Then dissolution rates of dolomite were calculated by

Rry = (VIA)(d[TH]/dt)/2, (3

where V is the volume of the solution, A the area of dissolving surface and t the time. The de-

nominator 2 means that a change of 2 mol total hardness is derived from the dissolution of only 1
mol dolomite.

The thickness of the boundary diffusion layer (DBL) is given by

£=161D/v)Y3u/w)?, (4)

where D is the coefficient of molecular diffusion, v the kinetic viscosity of water, and w the angu-

[12]

lar velocity in s™. In our setup & = 5x10™ cm at a rotating speed of 100 r/min, and at 3000 r/min &
=8.84x10* cm. In all experimental runs the Reynolds number Re = r?wlu (r, radius of sample) is
below 2x10°, such that laminar flow can be

assumed'*® T:20°C, [Ca*+Mg*] << 5%[Ca**+Mg™],,
. . . E: L R=a0"
2 Experimental resultsand interpretation i 6 wn=0,057atpmlzloo@ga
_ S 7=0.014
2.1 Experimenta results T 9t
, . - =1000P
The dissolution rates measured on the £ n=0.181at Peo; %
2
dolomite sample at 20°C for three partial < —~—
=) n=u.
pressures Peo, as a function of w are illus- #=0.205 at Pco =100P2

2.0 23 2.6 2.9 32 35

log w/r-min™!

trated in fig.2 by a double logarithmic plot. It

was found that
Fig. 2. Log of the experimenta dissolution rates for

ROw" (5) vaious P, as a function of the log of the rotating

with exponents n between 0.06 and 0.20. It can speed in r/min (solid lines). Dotted lines are from the DBL
) T model calculation. All curves exhibit straight lines.
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be seen that the lower theP,, , the higher the

n.

This behaviour shows clearly that dissolu-
tion of dolomite is complex, because if only
mass transport by diffusion is rate limiting, one
would expect n = 0.5%.

Fig.3 further shows the factors of BCA
enhancement of dolomite dissolution rates (i.e.
the ratios of the rates with and without BCA
under otherwise identical conditions) at various

Pco, and rotating speeds.
It can be seen that at low Py, (<5000

Pa) there is significant change in the rates upon

5

Dolomite dissolution:
20°C

Open system

Far from equilibrium

Factor of CA enhancement

0 1 1 — 1
10? 10° 10*
Pco/ Pa

10°

Fig. 3. Factor of carbonic anhydrase (CA) enhancement as
a function of P, a rotating speeds of 3000 and 100
r/min. Dotted line is from the DBL-model calculation for
3000 r/min (or £ = 9x10™cm). O, 3000 r/min, 0.2 umol/L
CA; H, 100 r/min, 0.2 umol/L CA.

addition of BCA, with factors of BCA enhancement from 1.29—3.07. Moreover there is a peak
value in the middle, which can aso be predicted by the DBL model and discussed below, though
there are some differences in quantity (fig. 3). For high P, (> 5000 Pa), however, the BCA en-

hancement of the rates is smaller, even undetectable (factor <1) due to prevention of the more
remarkabl e decrease in dissolution rate with time. In addition, it can also be seen that the influence
of CA on dolomite dissolution is larger at low rotating speed (or thicker boundary layer) than that
at high speed. Measurements were performed aso at 10°C. It seems that low temperature is not
favourable to detect the role of CA on the rates, i.e., the factor of CA enhancement is smaller at

Dolomite dissolution:
20°7C

Open system

Far from equilibrium

Factor of hydrodynamic enhancement

1aa L L L1l n L1
10% 10° 10* 10°

Pco/ Pa

Fig. 4. Factor of hydrodynamic enhancement as a function of
Peo, With/without carbonic anhydrase (0.2 pmol - L™). Dotted

line is from the DBL-model calculation for the case without
carbonic anhydrase. @, No CA, 3000 r » min™/100 r « min™;
@, with 0.2 umol/L CA, 3000 r « min™/100 r » min™, O, no
CA, 30001 + min™/100r « min™ (DBL model).

low temperature.

Fig.4 further shows the factors of hy-
drodynamic enhancement of dolomite dis-
solution rates between 3000 and 100 r/min

at various P, with/without BCA. It can

be seen again that dolomite dissolution at
low P, is more sensitive to hydrody-

namic change than that at high Po,_ . In ad-

dition, the sensitivity decreases after addi-

tion of carbonic anhydrase to solution.
These results show that some changes

in rate-limiting mechanism of dolomite

dissolution occur at low Py, . Therefore
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one has to be cautious to conclude from the experiments with high P, (> 5000 Pe) to the disso-

lution processes in nature, which usually occur at low P, (< 5000 Pa).

2.2 Interpretation of the experimental observations
Chou et a. found that the two-step reaction mechanism proposed by Busenberg and
Plummert¥ cannot explain their fractional reaction order (0.75), which is likely due to a more
complex surface reaction. But it seems, if the limiting of diffusion boundary layer and the effect of
sow CO, conversion reaction were not con-
T2 20C, [Ca+MgH] < S%[Car Mg ],, sidered, that the calculated rates by Busen-
berg's equation are closer to the measured
rates by this investigation. Fig. 5 shows the
ratio of the calculated rates to measured rates
at different rotating speeds and with/without

When Busenburg’ s equation used

Ratecalculat ed/ ratemeasured

carbonic anhydrase as a function of Py, . As

. . . shown in fig.5, the Busenberg's equation is
10* 10 10* 1" valid only at high Peo, (> 5000 Pa), where,

(=) —_— N W + N ~ <o
O o

Fig. 5. Ratio of calculated rates by Busenberg's equation  according to our experimental results above,

to measured rates at rotating speeds of 3000 and 100 r/min . .

with/without carbonic anhydrase (CA) as a function both the hydrodynamic and carbonic anhy-

of P, - @, 3000 r/min; O, 100 r/min; M, 3000 r/min drase enhancement are very small.

with 0.2 pmol/L CA; [, 100 r/min with 0.2 umol/L CA. In order to interpret this further, we make
use of the DBL model for calcite dissolution by Dreybrodt and Buhmann™, that considers the
concerted action of three processes determining the rate of dissolution simultaneously. The three
processes are (i) the kinetics of the heterogeneous surface reaction of CaCOs; released from the
crystalline surface into the solution, using the rate equation established by Plummer et al.[*: (ii)
the kinetics of the slow CO, conversion reaction™™®; and (iii) the mass transport of the dissolved
Species.

Now, what we need is just to replace the PWP equation by Busenberg's equation[3] in the
DBL model to get amodified DBL model especially for dolomite dissolution.

In the following is a short description of the basic assumptions of the modified DBL model,
aswe will useit to interpret the experimental data.

Fig. 6 shows the concept model of the DBL with thickness €, separating the dolomite surface
from the turbulent bulk of thickness d. In the region of the bulk, complete mixing is assumed, such
that no concentration gradients can be built up. This can be modelled by assuming the turbulent
diffusion coefficient D; to be higher by a factor of 10° than the coefficient of molecular diffusion,
which describes mass transfer in the DBL. The flux F of dolomite dissolution is given by the
Busenberg's equation using the activities of the species at the surface of the solid phase. For sto-
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chiometric reasons this flux must be equa to the total amount of CO, converted to H* + HCO3

in a column with area of 1 cm? covering the region from —-3<z<¢. Thisis given by

Fo = [, R, (92, ©®)
where R, isthe change of the CO, concentration in time, resulting from two elementary reac-
tions, occurring simultaneously.

CO,+H,0 = H™+HCO3, CO+OH "« HCO;3
The rate constants of these reactions are well known!™.

Using these boundary conditions the equations of mass transport can be solved numeri-
cally!™.

In the following we give the results obtained employing this modified model. In the first step
we have calculated the dissolution rates for the experiments as depicted in figs. 2 and 3. The DBL
thickness ¢ was abtained from eq. (4). For the experimental conditions with an area of the disk of
7.55 cm? and a total volume of the solution of 1180 cm?, the thickness J of the turbulent core is
156 cm. Fig. 7 depicts as lines with the theoretical dissolution rates as a function of & for the vari-
ous CO, partial pressures as used in the experiment. The data points represent the experimental
datain figs. 2 and 3; but they are divided by afactor of about 1.5 (the average of the ratios of ex-
perimental rates to theoretical rates) to fit to the theoretical curves consistently. The reason for this
behaviour is not very clear. One reason may be that owing to the roughness of the surface the ef-
fective surface for dissolution is higher than the geometrical one. Considering this, division of the
experimental data by 1.5 is feasible, to render them comparable to the predictions of the
DBL-model. Fig. 7 gives the evidence that the experimental data and the model predictions are in

-1

2107
‘T'E [Caz+ +Mg2+] < 59, [Ca2+ +Mg2+]eq PCO; /Pa
2 20Co ° ° 100000
J DBL g AR
—7 Treal
FHco; % 10
S— 8
Turbulent core F Dolomite g
P E 108 |
e :
Leor X
Prali— =
E 107 L . . .
. . . 7 8 0.000  0.001 0.002 0003 0.004 0.005
-6 0 € Diffusion boundary layer thickness/cm

Fig. 6. The geometry of the modified DBL-model. The Fig. 7. Dissolution rates versus the DBL-thickness ¢ for
DBL extends from z= 0 to z = & The well mixed core ex- various Py, . The symbols represent the experimental points
tends from z = 0 to z = -4 The arrows denote fluxes of \ideq by 1.5 account of the larger actual effective surface
CO%™, HCOj3, and dissolution from the mineral surface. area than the geometric surface area The lines are obtained
Note that F is given by the Busenberg's equation (eg. (1)) from the modified DBL model. Lines, modeled by the DBL
employing the activities of the speciesat z= €. ?;;‘:?1 5)poi nts, measured by rotating disk experiments
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satisfactory agreement. The model also shows clearly that the rates depend mainly on ¢ if the CO,
pressure is low, whereas aimost no dependence on ¢ is predicted for Py, >5000 Paand at € > [1

% 107 cm, which is the range in this study.
To elucidate this behaviour we used the modified theoretical DBL-model to calculate the
concentration profiles in the boundary layer. Figs. 8(a) and (b) illustrate these profiles of H”,

HCO; and CO%‘, and PCOZ across the boundary layer for PCOZ =100 and 20000 Pa, at € =
0.005 cm. The boundary to the bulk is at the |eft-hand side at z= 0. The units for the different spe-
cies are denoted at the corresponding ordinates. From the profiles one reads that H* and CO, mi-
grate from the bulk towards the solid phase on the right-hand side whereas CO3~ and HCOj;
diffuse towards the bulk. The fluxes of these species are given by the first law of Fick as

F =-D(dc/ d2), (7
where c is the concentration of the corresponding species. Therefore the fluxes can be read from

the slopes of the profiles. Spatial changes of the slopes must be interpreted as changes of fluxes,
which are accompanied by chemical reactions in which the corresponding speciesisinvolved.

Peo/Pa [H1X 107/mol - L™ Peo, X 10/Pa [H]X10/mol -L™!
- i - 42 i : -
39197 1=20°C , Peo,=100Pa, £=5X10"cm 630 2027 T=2£) ‘C.P502=2000(§’a,6=5|><l()”cnl 1299
2+ 241 5 -1 Ca**+Mg* =2 X 10 1L~
[Ca**+Mg*1=2 X 10 mol -L 2026 _[d o] 'mo g
40} A 10
2025 . 17
T - T A -
2 2 3o S A o
g E g 3.8} i T g
S £ & |20} Lj{645 &
X T X X
s s 53-6 2022 3 s
o foflls /" S
= & I |2021f 43 =
34r [cory 2
2020 £ S 12
— (b) .
2 Lo 1 1 1 1 _
32005y 4 50!
zX 107 /cm zX 10%/cm

Fig. 8. Profiles of Ry, , [H], [HCO;] and [ CO§'] across the diffusion boundary layer for £ = 0.005 cm, when R, = 100
Pa(d) and Py, =20000 Pa (b).

At the calcite surface (z = 0.005 cm) due to the dissolution process there is aflux of HCOg3
and COj5  towards the bulk. In order to keep the saturation index with respect to the relevant
mineral sufficiently low, CO3~ must react with H" to form HCO3. Due to mass transport by
diffusion towards the bulk the flux of HCOj; (given by the slope of the profile) increases slightly

for two reasons: firstly COZ2™ ions react with H* ions diffusing from the bulk into the DBL and
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secondly close to the solid phase boundary, CO, migrating from the bulk reacts with H*, which is
then consumed by the reaction with CO3 ™ .

If the DBL is sufficiently thin, the time for the species to migrate across the layer becomes so
short that the chemical reactions cannot complete in the layer. In this case, quantity of CO, con-
version is very small, and the molecular diffusion will be more important in the layer. This ex-
plains why thereis avariation of the dissolution rates with decreasing €.

To further reveal the difference in rate-limiting mechanisms between high and low P, , we
plotted the ratio of [CO,]/[H-CO3] as afunction of distance to the bulk for the layer, as depicted
in fig. 9(a). It can be clearly seen that theratio at low P, (curve 1) is much higher than that at

high Poo, (curve 2), especialy near dolomite surface. Theoretically, if CO, conversion was fast

enough and not rate-limiting, the ratio of [CO,]/[H2COs] would be close to equilibrium value of
about 400 at 20C™. The larger the ratio, the stronger the CO, conversion control on rate. So, the

addition of CA to solution can enhance the dissolution of dolomite alot at low P, , but the en-
hancement becomes much smaller at high Py, . This behaviour is just the opposite to the case of

calcite dissolution (fig. 9(b)), where the addition of CA to solution can enhance the dissolution
rate alot a high Py, , but the enhancement becomes much smaller at low P, .

8400 60400

Dolomite dissolution (@ Calcite dissolution (b)
Open system Open system
Far away from equilibrium Far away from equilibrium
7:20°C 7:20°C
6400 - £:0.001cm £:0.001cm
f 40400 - feo
co, — :
s CO,(aq)+H,0 —H,CO, 8“ CO,(aq)+H,0 ——H,CO; 5
Q w
= 4400 - 5| =
¥ g = g
= @ 3 =
8 S E
= E 20400 - o
L S
2400 |- a S
4
1
400 400 ’ T B Y
0 0 2 4 6 8 10
zX10™*/cm zX10™/cm

Fig. 9. Ratio of [CO]«/[H2CO5] as afunction of distance to the bulk for the layer when dolomite (a) and calcite (b) dissolution
happens. Here f.,, isthe multiplier of rate increase of the CO, conversion reaction. 1, Low Py, a 100 Pe; 2, high Ry, at

10000 Pa; 3, Lafter fo,, =250; 4, 2 after fe,, =30.



508 SCIENCE IN CHINA (Series B) Vol. 44

3 Conclusions

We have measured, by use of the rotating disk technique, dissolution rates of dolomite as
they occur in natural waters not only for low Py, , but aso for high Pgo, > 5000 Pa, which are

not likely to occur in nature.

The aim of these experiments is to reveal the role of the laminar diffusion boundary layer,
which separates the surface of the dissolving mineral from the well-mixed bulk of the solution.
Our results give a clear evidence, that the diffusion boundary layer across which mass transport
must be affected by molecular diffusion can reduce the rates significantly. Furthermore, the slow
reaction CO,+H,0 = H*+HCOj3 plays a significant role, which so far has not been sufficiently
considered in most problems dealing with dissolution or precipitation of dolomite by many re-
searchers in this field!® ** 2. Moreover, we have found that in the presence of a diffusion
boundary layer the rate-limiting mechanism of dolomite dissolution is different between low
Pco, (< 5000 Pa) and high P, (> 5000 Pa). It changes from mixed-control of diffusion bound-

ary layer (mass transport control) and CO, conversion at low Py, , to mainly surface reaction

control at high Py, , at least under our experimental conditions. The good agreement of the pre-

dictions of the DBL model with the experimentally observed data gives confidence that reliable
estimations can be made at least far from equilibrium.

This has important consequences. Many dissolution experiments using the rotating disk or
stirring technique have employed a partial pressure Py, > 5000 Pel**%. In this case rates are de-
termined mainly by surface reaction, and no valid conclusion can be drawn on the role of mass
transport and/or CO, conversion in dissolution mechanisms of the mineral.

At last, by comparison between dolomite and limestone, we obtain the following conclu-
sions:

(i) Theinitial dissolution rates of dolomite are 2.5—7.5 times lower than those of limestone,

and the lower the Py, , the higher the difference;

(ii) For limestone, the effect of carbonic anhydrase (CA) on dissolution rates is mainly at
high Pco, (> 5000 Pa), with about 10 times increase in rates after the addition of the CA. For

dolomite, however, the influence of CA is mainly at low Py, (< 5000 Pa). Moreover, the in-

crease in rates after the addition of the CA is much less, with only afactor of about 3.
(iii) The dissolution of both dolomite and limestone is sensitive to the hydrodynamic change,
but only at low Peq, (< 5000 Pa).

These findings further confirm that the behavior of dolomite dissolution is due to a more
complex surface reaction. It may explain why great differences in karstification and water storage
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occur between dolomite and limestone.
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