Distribution of dissolution rate of marble in hydrochloric acid,
under natural convection conditions

By TH. YANNAKOPOULOS and M. PIPINIS

The dependence of the rate of dissolution of marble rods, immersed ver-
tically in a hydrochloric acid bath, on the distance from the leading edge is
investigated experimentally. An inversely proportional to the fourth root of
the distance dependence is found only as a limiting case. The deviation from
this law at finite concentrations should be attributed to the disruptive effect
of the carbon dioxide bubbles on the diffusion layer. A correlation between

the rate of dissolution, at a certain distance from the

concentration is also given.

Boguski (1) first showed that the rate of dis-
solution of marble in solution of acids is propor-
tional to the molar concentration of the acid
and it is the same for several strong acids.

Spring (2) found that the rate of dissolution
of marble in strong acids is not unimolecular
over the entire range of concentration and that
different faces of Iceland spar crystals dissolve
at different rates.

Brunner (3) reported that the dissolution of
marble in strong acids obeys his well known
diffusion rate theory and that it dissolves so-
mewhat faster than magnesia.

King (4) showed that the rate of dissolution
of metallic oxides, hydroxides and carbonates in
strong acids is controlled by the diffusion rate
theory and that the higher values found for
marble might be explained by the disruptive
effect of carbon dioxide bubbles on the diffusion
layer. In a later work King (5) measured the
rate of dissolution of a marble cylinder rotating
in dilute solutions of a number of acids and acid
mixtures. He concluded that the rate of disso-
lution follows the usual criteria of the diffusion
rate theory, but that the original theory must
be modified in several aspects in the case of
weak acids. He also showed that the rates are
not unimolecular.

In the original rate diffusion theory Nernst (6)
postulated a stationary layer of liquid in con-
tact with the dissolving solid. Within the layer
only diffusion is operative, while outside the
layer the concentration is maintained at a con-
stant value.

In recent years the above concept of the dif-
fusion layer has been modified. The basic ele-
ment of the new treatment is that it takes into
account a well defined convective flow as a re-
sult of density changes which accompany con-
centration changes in the region of the inter-
face. It is to be noted that all the new theore-
tical treatments of the diffusion layer are referred
almost always to cathodic electrolytic prosesses
and usually to vertical electrodes.

leading edge, and the

It has been shown theoretically (7—14) and
confirmed experimentally (9,11,13) that the dif-
fusion layer formed across an electrode under na-
tural convection conditions is generally thicker
with increasing distance from the leading edge
of the electrode and that, under limiting current
conditions, the current density (or the recipro-
cal of the thickness of the diffusion layer) is
inversely proportional to the fourth root of the
distance from the leading edge.

It is the purpose of this paper to investigate
experimentally if the above mentioned condi-
tion of the theory can equally well be applied
to the case of dissolution processes controlled
by the diffusion rate theory.

For this investigation we chose the case of
dissolution of marblein dilute hydrochloric acid
solutions. Qur first step was the experimental
confirmation of the existence and the direction
of the density current along prismatic rods of
marble, immersed vertically in an unstirred so-
lution, and secondly the dissolution rate depen-
dence upon the distance from the leading edge
of the rod where the flow of the solution ori-
ginates.

Experimental

In order to prove the existence and the direction
of the density current the following experiment was
performed : A cylindrical plastic cell, shown schema-
tically in Fig. 1, was divided by means of a plastic
partition, in two equal compartments. The partition
was 3 cm. thick and was provided with a rectangular
opening the cross section of which was approximately
1,7X1 cm. The specimens of marble were made inthe
form of prismatic rods 20 cm. long and of such cross
section so that they could pass through the opening
with a tolerance of about 2.5 mm. Fach rod was cut
in two halves, which after having been cleaned and
dried were weighted separately. The two pieces were
rejoined by means of Duco cement. The cell was fil-
led with hydrochloric acid solution of the desired con-
centration and the rod was inserted in it through the
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opening. The portion of the rod immersed in each com-
partment was about the same. One hour after the im-
mersion of the specimen in the cell the solution of the
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Fig. 1. Cell used for the experimental investigation of
the density current. A, lower compartment, A, upper
compartment, B partition, C opening and D rod of marble,

upper compartment was withdrawn first and then the rod
was removed. The rod was cut atthe point of the jun-
ction and after having been cleaned and dried the two
halves were weighted. The content of the two compart-
ments was analyzed for hydrochloric acid and calcium.

Experiments were made with o.1, 0.05, 0.02 and
o.01 m HCIl acid solution. ‘I'he results are summari-
zed in Table T.

For the investigation of the dependence of the ra-
te of dissolution of marble (or the reciprocal of the
thickness of the diffusion layer) on the distance from
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the leading edge, a method similar to that used by
Wagner (9) was adopted. Prismatic rods of marble
with the following dimensions: length 16cm, breadth 1
cm and width o0.72 cm were prepared. The rods were
cut in eight pieces, each of about 2 c¢cm of lentgh. The
pieces after having been cleaned and dried were wei-
ghted. The original rod was reconstructed by putting
the pieces together in the same order in which they
were cut. The rod thus reconstructed was tightly clam-
ped by means of a plastic frame, as it is shown sche-
matically in Fig. 2. The rod was then immersed ver-
tically in the HCI acid bath of the desired concentra-
tion. In all the experiments a 25 liters bath was used.
Under these conditions the concentration of the hy-
drochloric acid remained practically constant. The fol-
lowing concentrations of acid were used : 0,1, 0.066, 0.05,
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Fig. 2. Rod consisting of 8 pieces of marble as it
was used for the study of dependence of dissolution
rate on the distance from the leading edge..

0.04, 0.033, 0.020, 0,014, 0.01 and o.007 m. The time
of attack was 2 hours for the first four concentrations

and 4 hours for the rest. In all the experiments the
temperature was about 25 5 Co.

Results and discussion.

As shown in Table I neither the loss in

Table I. Measurements showing the existence of a density current.

Initial Loss of calcium :‘;lsjtg"; c;x:;:;:mthc;s c(;a,fj Calcium found in the
concentration . sumption of HCI solution
in g ‘ in g
of HCl in g
in
. Upper Lower Upper Lower Upper | Lower
moles/lit Comptm.| Comptm. total Comptm.! Comptm. total Comptm.| Comptm. tolal
0.10 0.1910 L 0.1946 0.3856 0.1928 0.1790 0.3718 0.2000 0.1835 0.3840
0.05 0.0613 | 0.0466 | 0.1079 | 0.0334 | 0.0782 | 0.1116 | 0.0258 | 0.0897 | 0.1150
0.02 0.0267 } 0.0150 0.0417 0.0086 0.0316 0.0402 0.0092 0.0368 0.0460
0.01 0.0108 | 0.¢092 0.0200 0.0063 0.0175 0.0238 0.0046 0.0161 0.0207
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weight of the marble rods, nor the concentration
of the solution was uniform throughout the cell.
The portion of the rod in the upper compart-
ment dissolved more, but more calcium was
found in the lower compartment.

Moreover the concentration of hydrochloric
acid was higher in the upper compartment, in
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Fig. 3. Observed dissolution rate dependence on the
distance from the leading edge.

Curve No 1 2

3 4 5 6 1 8
Conc. HCl 0.007 0.01 0.014 0.02 0.033 0.04 0.05 0.066
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spite of the fact that in this compartment more
hydrochloric acid was consumed to dissolve the
marble.

These results show clearly that a downward
density current exists by means of which some
solution, mainly from the interface region, is
transported from the upper to the lower com-
partment. This solution is of course richer in
calcium and poorer in acid. On the other hand
solution of the bulk concentration of the down
compartment is forced upwards. Under the expe-
rimental conditions the diffusional stream is ra-
ther weak. In the case of o.1m acid the results
are inconsistent. This should be attributed to the
higher evolution of carbon dioxide bubbles. The
higher dissolution rate of the marble in the up-
per compartment is, at least qualitatively, in
agreement with the theory, since the direction
of the flow is downwards.

The dependence of the dissolution rate on
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Fig. 4. Log of dissolution rate vs. log of distance for
the same concentrations as in Fig. 3.

the distance from the leading edge is shown in
Fig. 3, where the dissolution rates in grams of
calcium carbonate per hour per gram of sample
are plotted against the distance from the leading
edge for various concentrations of acid.* Plots
of the log of the dissolution rate(s)vs. the log of
the distance, for the same concentrations, are
given in Fig. 4. The slopes n of the straight li-

* In all plots the mean values of the dissolution
rates for each piece of marble were used as true va-
lnes at the middle of each piece. The error introdu-
ced this way is appreciable only for the first piece
from the leading edge, and it also depends on the va-
lue of the exponent n (see below) being larger the hig-
her the values of n. For instance with n—o.25 the er-
ror in the first piece is 37°/, becoming inappreciable
for the next piece already (2%,).
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nes calculated from these plots are given in
Table I1.

Table 1I. Values of n at various concentrations
of hydrochloric acid.

Conc. HCI
moles/ it "
0.100 0.195
0.066 0.18
0.050 0.16
0.040 0.15
0.033 0.12
0.020 0.11
0.014 0.09
0.010 0.07
0.007 0.03

The equation of dependence of the dissolution
rate s on the distance from the leading edge is
X (1)
xn
where K and n are constants for a given con-
centration.

In Fig. 5 a plot of n vs. the square root of
the concentration is given. From this plot the
limiting value of n was found equal to o.25. This

of the form s=

03

Ve
Fig. 5. Plot of exponent n, Eq. (1), vs. square root
of concentration.

means that in the case of dissolution of marble
rods, immersed vertically in the acid bath, only
at a very low concentration of acid an inversely
proportional to the fourth root ot the distance
dependence of the dissolution rate should be ex-
pected. The deviation from this limiting value
of n must be attributed to the disruptive effect
of CO,bubbles on the diffusion layer, especially
at higher concentrations.

From the foregoing discussion it is obvious
that two factors determine the dependence of
the dissolution rate on the distance from the
leading edge: the natural convection effect and
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the stirring effect of the bubbles. In view of this,
Eq. (1) may be written in the form:
K’
s=n o T2 @)
In this Equation the first term of the right
side represents the pure convectional effect and
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Fig. 6. Plot of dissolution rate vs. 1/x'/4+ for the same
concentrations as in Fig. 3.

the second term the stirring effect of the bub-
bles.

In Fig. 6 a plot of s Vs.x}T is given. From
this plot the values of K’ and Z for each concen-
tration were calculated. In Figures 7 and 8 the

¢ (moles/lit)
Fig. 7. Plot of K’, Eq. (3) vs. concentration.

dependence of K’ and Z on the concentration is
shown. The functions expressing these curves
are:

K= (3)

el 'L
2+ be , Z=kc (4)
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The following values of the constants in (3)
and (4) were found: a=2.7, b==go and k=4.
Thus Eq. (2) may be written :
Cc

In Fig. 9 Eq. (s) is graphically represen-
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Fig. 8. Plot of Z, Eq. (4), vs. concentration.

ted with the valuesof a, b and k given above
and for a distance x=6 5 cm.

Experimental values of s (for the same di-
stance) are also shown in this diagram.
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Fig. 9. Plot of Eq. (5), with experimental values on
it, for a distance x=6.5 c¢m
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HNEPIAHYIZ

Karavoun tijs tayxbinros dialvoews papudoov
elc tdarxa dalvpara Hdgoxlwoixot &éog,
70 ovvdijxas puomiis dvatapdfewms.

Yno O. I''anNakonoyaoy xoi M. ITimiNg

‘H Taxitng &mobéoews petdMAawv ENéyyeton
&TTOKAEITTIKGSS Ty pepikdds &k THis TayUTNTOs MeTO-
Popds TGV {6vTwv TolU peTdAAou émil Tiis ka®dSou.
"EBelyfn OecwpnTivéds kol SemoTddn melpauaTiéds
&1 els TepITTOOEIS KaTaKOPUPwY AAekTPOSIwY Kol
UTd owbnikas  uoikfls  dvoTapdecds, 1 Opiokd
TUKVOTNS  pedpatos elvar  dvtioTpdpws &véhoyos
Tis TeT&pTns pilns Tiis &rooTdoews ik ToU dkpou
ToU fjAekTpodiou &k TolU dmofou &pyetan 1O pedpa
TUKVOTNTOS, TO SgeiAdpevoy els THv Umdpyouvoay
Braopdv ouykevtphoews ueTafy pecemoavelas ko
EowTepikol ToU AouTpol.

Eis v mpokewévny Zpyaciav Emextefvovton af
&5 &vew SiamioTwosls elg TEPITTWOELS  PXIVOUEVOY
SroAUoews ExTTANpoUVTY T& yevikd kprThpix T
Beavpias S:ayUoews. OUTw, EpeuvdTan ) MeplTTwOIS
S1oAUoEws TPICHATIKGY pdPBwY popudpou PBubifo-
BEVGV KOTaKOPUQPWS €ls AouTpdy &paiol USpoxAc-
pikol &Etos. *Ev mpddTols SiamoToUTan  TelpopaTi-
k&g 7 Umapfis peluatos TUKVOTATOS KaTd ufikos
Tiis peoemeaveias ué doernplav TO dvw &kpov Tiis
papPBou. ’AxoloUfws EpeuvBTan  TrEIpOMATIKGS T
&apTnois Tfis TaxUTnTos SiahUoews Tol papudpoy
& Thig &mooTdoews &md THy &geTnpiav ToU pelna-
TOS TTUKVOTNTOS, S1& S1apdpous OUYKeVTpwoels 5E€os.
AamoTolTon &, dos Oprakhy TrepiTTTwols B Y-
HNAGs ouykevTpaoels dEkos, # TayUTns SioAUoews
elvon &uTioTpdpws dvdhoyos THis Tetdptns pllng
Tis &mooTdoews & Tiis &petnpias ToU peUpaTos
TukvoTHTOS. Mé alifoucav  ouykévTpwow kai S1&
Ty &peuvnBeicar meproxny, f TaxUTns kabioTare
p&AAov Sduoidpopgos. To Tedeutaiov EppnveleTon Ek
70U yeyovoTos 6T 1y &k Tis alfavouéuns EkAUoEws
QUOCAAiBwY Bio€eidiou ToU &vBpaxos Tpokaoupévn
dvarépalis Tefvel vd Yok TAGTAGT THY QUOIKNYY
Toto TNV,

TéNos TrapéyeTan tptreipikty Efiowors &rodiSovoa
T ToxUTtnTa SioAUoews els SeSopévov Uyos  Tiis
p&PBou, &md THY ouykévTpwowv ToU déos.
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