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Abstract 

The growth of barite {O 0 I } and {2 I O} faces from aqueous solutions moderately supersaturated with respect to barite ({Jbarite ;::::; 12 for 

experiments on {O 01} surfaces and {Jbarile ;::::; 7 for experiments on {21 O} surfaces) and bearing different concentrations of carbonate has 

been studied in situ using an atomic force microscope (AFM). Nanoscopic observations show that, above a certain carbonate concen

tration threshold in the aqueous solution, the advancement of mono layers (�3.5A in height) on barite {001} and (210} surfaces is 

strongly inhibited. However, inhibition never affects the growth of the first monolayer, whose growth rate increases in the presence of 

carbonate. In contrast, the second monolayer growth rate decreases as the concentration of carbonate in the solution increases. For high 

carbonate concentrations in the solution, growth stops after the formation of the first monolayer. While on barite {O 0 I } faces, the for

mation of a second monolayer does not occur for carbonate concentrations higher than 0. 2 mM, on barite (21 O} faces the complete 

inhibition of the second monolayer is observed for carbonate concentrations higher than 0.05 mM. Once growth on {O 0 I} or {21 O} 

faces is completely inhibited, i. e. such surfaces are in the "dead zone", growth can be recovered by increasing supersaturation. In order 

to study the recovery behaviour of barite {O 0 I } and (2 I O} faces from the "dead zone", an additional series of AFM experiments have 

been conducted. In these experiments, carbonate-free aqueous solutions with increasing supersaturations with respect to barite were 

passed over (00 I} and (21 O} surfaces previously "poisoned" with carbonate. Our experimental results show that the recovery of growth 

on barite {O O I} faces requires an important increase of the solution supersaturation. In contrast, the recovery of barite {21 O} surface 

growth does not require any supersaturation increase, but spontaneously occurs in a few minutes. Our observations of inhibition and 

growth recovery on barite surfaces at a nano-scale are discussed and compared with the descriptions given by the classical crystal growth 

inhibition models. 
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1. Introduction 

Crystal growth inhibition is an interesting phenomenon 

that can be promoted by the presence of isomorphic impu

rities in the crystallization medium. The supersaturation 

conditions and impurity concentrations for which no 

growth is observed define the so-called "dead zone" [1-4]. 
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Growth inhibition shows a progressive character, with crys
tal growth rate decreasing as impurity concentration in

creases in the growth medium. Finally, when impurity 

concentration reaches a certain value, growth completely 

stops. Growth inhibition phenomena associated with the 

presence of impurities in the growth medium differently af

fect different crystal faces, leading to the modification of 

crystal habit [5-7]. This effect has important implications 

both in biomineralization and in the preparation of techno

logical materials, medical drugs, etc. Furthermore, crystal 

habit changes due to impurities can be used as clues in 
ore-deposits prospecting [6,8]. 



There are two main theoretical models which describe 
the kinetics of both inhibition and recovery of crystal 
growth: (i) the step-pinning model [1-3,9,1O J and (ii) the 
isomorphic impurity incorporation model [ l1-13 J. Both 
models have provided a satisfactory explanation for the 
macroscopic growth rates measured on crystals growing 
in the presence of organic and inorganic impurities, respec
tively [14, and references therein J. Nevertheless, the step
pinning model and the isomorphic impurity incorporation 
model interpret inhibition phenomenon assuming that dif
ferent mechanisms operate at the nano-scale during growth 
of crystal surfaces. The first model proposes that inhibition 
occurs when large molecules block kink-sites. The second 
model assumes the incorporation of impurities in lattice 
positions, leading to the modification of the physical-chem
istry properties of the growing crystal surface (mainly sol
ubility) and promoting changes in the kinetics of growth 
units incorporation. 

Although step-pinning and isomorphic impurity incor
poration models represent a valuable description of crystal 
growth inhibition, recent AFM observations of crystal sur
faces growing in the presence of impurities have sho\Vll that 
the nano-scale mechanisms of growth inhibition seem to 
be more complex than expected [4,15-20]. In particular, 
growth of the first monolayers from an "impure" aqueous 
solution on a pre-existing crystal face frequently shows an 
anomalous kinetics, which is difficult to explain only on the 
basis of the classic models. These results have made evident 
that understanding the ultimate mechanisms involved in 
crystal growth inhibition will require extensive investiga
tions at a nano-scale. 

In this paper, we present AFM observations of the effect 
of CO;- ions on barite {DO l} and {210} surfaces, while 
growing from aqueous solutions with a given supersatura
tion with respect to barite. Two different series of AFM 
experiments were conducted: (i) runs where the aim was 
to determine the carbonate concentration needed to inhibit 
growth on the barite {DO l} and {210} faces; (ii) runs 
where the aim was to detennine the supersaturation that 
leads to the recovery of growth out of the dead zone. Spe
cial attention has been paid to the growth behaviour of the 
first monolayers. 

2. Experimental procedure 

2.1. Inhibition experiments 

In situ AFM experiments were carried out to study the 
changes in both the micro topography and the growth 
kinetics occurring on barite {DO l} and {210} surfaces 
when they grow from aqueous solutions bearing carbonate. 
For this purpose, natural barite crystals (Leon, Spain) were 
cleaved along the mentioned surfaces and placed inside the 
fluid cell of a Digital Instruments Multimode AFM. Then, 
supersaturated BaS04 solutions with different carbonate 
concentrations were passed over the surfaces. Images were 
taken during the whole growth process. Special attention 

was paid to changes in the morphology of monomolecular 
steps and two-dimensional islands. In addition, systematic 
measurements of the growth rates of islands spreading on 
both the original barite substrate and the subsequent layers 
were taken on the {DO l} and {210} faces. Tables 1 and 2 
show the concentrations of BaCI2, Na2S04 and Na2C03, 
the pH values and the supersaturations with respect to 
barite of the aqueous solutions used in the inhibition exper
iments. The concentrations of barium and sulphate were 
maintained constant, while the carbonate ion concentra
tion was varied. The activities of the different chemical 
species were calculated using PHREEQC [21 J. The super
saturations with respect to barite were calculated using 
the following expression: Pbruite � a(Ba2+). a(SO;-) / K,p.bmite 
(where a(Ba2+) and a(SO;-) are the activities of the free 
ions in the solution and Ksp,barite is the solubility product 
for barite � 10 -9.98 at 2 5 °C [22]). In all the experiments 
the supersaturation with respect to barite was approxi
mately 12 for experiments on {O D I} faces and 7 for 
experiments on {210} faces, sufficiently high to ensure 

Table 1 
Concentrations, pH and supersaturation with respect to barite of the 
aqueous solutions used in inhibition experiments conducted on barite 
{�Ol} faces 

Solution composition (mM) pH Supersaturation 

BaCh Na2S04 Na2C03 /3barite 

0.04 0.04 0 7 12.59 
0.04 0.04 0.01 8.9 12.59 
0.04 0.04 0.02 9.2 12.30 
0.04 0.04 0.03 9.4 12.30 
0.04 0.04 0.04 9.5 12.30 
0.04 0.04 0.05 9.6 12.02 
0.04 0.04 0.06 9.6 12.02 
0.04 0.04 0.07 9.7 12.02 
0.04 0.04 0.08 9.7 12.02 
0.04 0.04 0.09 9.8 11.74 
0.04 0.04 0.1 9.8 11.74 
0.04 0.04 0.11 9.9 11.75 
0.04 0.04 0.15 9.98 11.48 
0.04 0.04 0.2 10.1 10.96 

Table 2 
Concentrations, pH and supersaturation with respect to barite of the 
aqueous solutions used in the inhibition experiments conducted on barite 
{210} faces 

Solution composition (mM) pH Supersaturation 

BaCh Na2S04 Na2C03 /3barite 

0.03 0.03 0 7 7.24 
0.03 0.03 0.001 8 7.24 
0.03 0.03 0.003 8.47 7.24 
0.03 0.03 0.005 8.68 7.24 
0.03 0.03 0.01 8.97 7.24 
0.03 0.03 0.02 9.25 7.08 
0.03 0.03 0.03 9.41 7.08 
0.03 0.03 0.04 9.52 7.08 
0.03 0.03 0.05 9.60 6.92 
0.03 0.03 0.06 9.68 6.92 
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Fig. 1. AFM images of two-dimensional islands on barite surfaces. (a) Circular sector shape two-dimensional islands growing on a (001) face. Gro\Vth 
rates were measured along the [100] direction. (b) Needle-shape two-dimensional islands growing on a (21 0) face. Growth rates were measured along the 
[120] direction. 

the formation of two-dimensional islands on these faces. 
The two-dimensional islands formed on each face have a 
distinctive shape: while those growing on {DO l} faces are 
circular sector-shaped, on {2 l O} faces are needle-shaped 
(see Fig. 1). 

For all the solutions used, the supersaturation with re
spect to witherite was calculated using the expression: 
Pwiilierite � a(Ba2+). a(CO;-)/K,p.wiilierite (where a(Ba2� 
and a(CO;-) are the activities of the free ions in 
the solution and Ksp,witherite is the solubility product for 
witherite � 10 -8.56 at 25°C [23]). In all the cases, its value 
was lower than 1, which means that the crystallization of 
witherite can be discarded. In order to maintain supersatu
ration constant, fresh solution was injected at intervals of 
about 1 min between each AFM scan. All the AFM images 
sho\Vll in this paper were taken in constant force mode 
while displaying the cantilever deflection signal. Height 
images were also taken in order to determine the thickness 
of monolayers. For each experiment several measurements 
of growth rates of two-dimensional islands have been car
ried out. In the experiments on the barite {DO l} faces, 
growth rates were measured along the (100) directions of 
the two-dimensional islands. In the case of {2 l O} faces, 
growth rates were measured along the (120) directions of 
the two-dimensional islands (see Fig. 1). 

2.2. Recovery experiments 

A series of experiments were carried out in order to ob
serve the recovery of growth on barite {DO l} and {2 l O} 
faces previously inhibited. Nonnally, growth recovery re
quires a considerable increase in the supersaturation of 
the growth medium. In the case that we are dealing with, 
each face shows a distinctive behaviour. To make these dif
ferences obvious we carried out the recovery experiments in 
two parts: (i) Solutions supersaturated with respect to bar
ite and containing carbonate were passed over freshly 
cleaved barite {O D I} faces. The carbonate concentrations 

in the solutions were high enough to promote the complete 
inhibition of growth after the formation of the second 
layer: 0.2 and 0.3 mM for barite {DO l} and 0.05 mM for 
barite {2 l O} faces. (ii) Carbonate-free aqueous solutions 
with increasing supersaturation with respect to barite were 
passed over barite surfaces previously inhibited. This al
lowed us to determine the supersaturation level required 
to recover growth on each face. 

3. Inhibition of growth on barite {OO I} and 

{ 210} surfaces 

3.1. Barite { O Ol} face 

When an aqueous solution with [Ba2+] � [SO�-] � 0.04 
mM (Pbari" � 12.6) is passed over a freshly cleaved barite 
(001) face, two-dimensional nucleation is rapidly promoted. 
The nucleation on barite {DO l} surface was previously de
scribed [24 J. Two-dimensional islands are half-unit cell high 
and show a characteristic circular sector shape with straight 
edges parallel to (120) directions. The orientation of the 
islands is rotated 1800 in successive layers. Both the nucle
ation and the spreading of two-dimensional islands on barite 
{DO l} surfaces also occur in the presence of different 
amounts of CO�- ions. Fig. 2a shows two-dimensional 
islands growing on a barite (00 1) face from a supersaturated 
solution C!3barite = 12.6). After a few minutes, a solution with 
the same barium and sulphate concentration, but bearing 
carbonate, was passed over that surface (Fig. 2b-f). 
Although the two-dimensional islands continue growing, 
the presence of carbonate in the solution strongly modifies 
their growth kinetics. Table 3 shows the islands' growth rate 
(measured along the [ l O O J  direction) on barite {DO l} sur
faces when supersaturated solutions contain increasing 
amounts of carbonate. In Fig. 3 the growth rates of two
dimensional islands versus the concentration of carbonate 
in the aqueous solution have been plotted. As can be seen, 
for aqueous solutions with carbonate concentrations below 



Fig. 2. Growth sequence observed on a barite (001) face from solutions of composition [Ba2+] = [SO�-] = 0.04 mM, in the absence and in the presence of 
carbonate. (a) Two-dimensional islands growing from a pure barium sulphate solution. (b f) Gwwth from a solution with the same concentration ofBa2+ 
and SO�- as in (a) but with 0.04 mM of Co;-. Two-dimensional islands continue their gro\Vth while new islands fonn on the original barite substrate. 
Finally, a second generation of islands begins to grow. The island indicated with an arrow initially grows on the area previously gwwn in the absence of 
carbonate (c e) and continue growing on areas that already had gwwn in the presence of carbonate (f). Growth sequence around 45 min. 

Table 3 
Carbonate concentrations and growth rates obtained in the inhibition 
experiments for barite {001} faces 

Total Gro\Vth rates (run/s) 
carbonate 1st 2nd 2nd 
(mM) layer original layer pure layer barite 

substrate barite with carbonate 

0.01 0.54 0.54 0.54 
0.02 0.54 0.54 0.54 
0.03 0.54 0.54 0.53 
0.04 0.54 0.54 0.53 
0.05 0.54 0.54 0.48 
0.06 0.54 0.52 0.43 
0.07 0.55 0.53 0.40 
0.08 0.58 0.55 0.38 
0.09 0.60 0.56 0.36 
0.1 0.64 0.62 0.31 
0.11 0.66 0.63 0.27 
0.15 0.69 0.66 0.14 
0.2 0.75 0.71 0 

0.06 mM, the islands' growth rate on the original barite sub
strate remains constant, with a value of 0.54 run/so For high
er carbonate concentrations, their growth rate increases with 
the concentration of carbonate, reaching a value of O. 75 nm/ 
s for a carbonate concentration of 0.2 mM. 

The growth kinetics of a second generation of islands 
(i.e. islands growing on the previously formed layer) de
pends on the region of the surface where they grow. Those 
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Fig. 3. Growth rates of two-dimensional islands spreading on barite 
{O 0 1} surfaces versus the total carbonate concentration in the aqueous 
solution. Growth rates were always measured along \1 00) direction. Solid 
squares correspond to the gro\Vth rates of two-dimensional islands that 
grew on original barite substrate. The solid circles represent the gro\Vth 
rates of the second generation of island that grew on areas previously 
gwwn in the absence of carbonate (inner part of the first generation of 
two-dimensional islands). Finally, solid triangles represent the gro\Vth 
rates of the second generation of two-dimensional islands when they 
spread on areas previously gro\Vll in the presence of carbonate. 

islands which spread on the area formed before introducing 
carbonate (i.e. on top of the inner part of the two-dimen-



sional islands) maintain a constant rate of 0.54 nm/s for 
carbonate concentrations up to 0.06 mM. However, when 
higher carbonate concentrations are used, growth rates 
progressively increase, reaching a value of 0.71 nm/s for a 
carbonate concentration of 0.2 mM. This behaviour is 
identical to that observed when the first islands grew on 
the original pure barite (001) substrate. In Fig. 3, the small 
difference between the points corresponding to the growth 
rates measured for the first layer spreading on the original 
barite substrate (solid squares) and for the second layer 
spreading on pure barite (solid circles) is due to the diffi
culty of distinguishing the limit between the area of the first 
layer grown before and after injecting the carbonate-bear
ing solution. For carbonate concentrations higher than 
0.2 mM, growth rate measurements were impossible due 
to the extremely high two-dimensional nucleation rate. 

When islands of the second generation reach an area of 
the first layer grmvn from a solution containing carbonate, 
their growth rate decreases (solid triangles in Fig. 3). Such 
a decrease depends on the carbonate concentration. For a 
carbonate concentration below 0.04 mM, growth rates re
main almost constant, with a value of 0.54 nm/s, i.e. the 
value corresponding to a pure BaS04 solution with a super
saturation f3barite = 12.6. However, for a carbonate concen
tration in the range from 0.04 to 0.2 mM, the islands 
growth rate decreases linearly as the carbonate concentra-

tion in the solution increases. For concentrations higher 
than 0.2 mM the growth is completely inhibited after the 
formation of the first monolayer of islands. These islands 
only grow either on the original barite substrate or on 
those regions of the first layer previously grown in the ab
sence of carbonate. As a result, an exact reproduction of 
the nanotopography underneath is observed (see Fig. 4a
d). In contrast, when solutions with carbonate concentra
tions below 0.2 mM were used, successive monolayers 
formed. 

Frequently, in the deflection images the boundary be
tween areas gro\Vll in the absence and in the presence of 
carbonate appears as a line with a stronger contrast. This 
can clearly be observed in Fig. 5. By looking at the height 
AFM images it is obvious that monolayers gro\Vll incorpo
rating carbonate are lower than pure barite mono layers. 
The amount of CO�- incorporated must be significant since 
both deflection and height AFM images of the first CO;-
bearing monolayers show a homogeneous contrast. By 
considering the radius of curvature of the AFM tips used, 
we can roughly estimate a maximum distance between car
bonates incorporated into barite (001) monolayers of 
60 nm. Systematic measurements of the barite {O 01} mon
olayers height have been carried out on the AFM images. 
The results are shown in Table 4. In Fig. 6, the heights 
of the two-dimensional islands versus the concentration 

Fig. 4. Inhibition and recovery sequence on a barite (001) face from a solution of composition [Ba2+] = [SO�-] = 0.04 mM and [CO;-] = 0.2 mM. (a) 
First generation of two-dimensional islands previously gwwn in the absence of carbonate. (b d) A solution supersaturated with respect to barite and 
containing carbonate is injected. The islands grow now incorporating carbonate and the islands on the original pure barite substrate coalesce and complete 
a monolayer (",3.5 A). On the areas previously gwwn in the absence of carbonate (two-dimensional islands in (a)) the formation of a new generation of 
islands can be observed. These islands are not able to spread over areas previously gro\Vll in the presence of carbonate and the growth on the surface is 
inhibited. As a result, the original nanotopography is almost perfectly reproduced one monolayer higher (compare (a) and (d)). (d) A solution 
supersaturated with respect to barite (Pbarit,,= 31.6) and without carbonate is injected. (e and f) The recovery of growth is observed. 



Fig. 5. Growth sequence taken during the growth of a barite (00 1) face when a solution with 0 .2 mM of carbonate is injected, The AFM images show the 
formation of a layer with a different contrast around the islands previously formed without carbonate. 

Table 4 
Carbonate concentrations and height of the two-dimensional islands 
obtained in the inhibition experiments for barite {OO 1} faces 

Total carbonate (mM) 

0.2 
0.15 
0.13 
0.09 
0.08 
0.06 
0.04 
0.03 
0.02 
0.01 
o 

Height measurements (A) 
2.48 
2.64 
2.88 
3.08 
3.26 
3.43 
3.53 
3.5 
3.53 
3.5 
3.5 

of carbonate in the aqueous solution have been plotted. As 
can be seen, for carbonate concentrations below 0.05 mM, 
two-dimensional islands show a constant height. However, 
when carbonate concentrations in the growth solutions are 
above 0.05 mM, the height of the islands clearly decreases. 

3.2. Bm'ite {2l OJ face 

The inhibition of growth on the barite {21 O} faces in
duced by the presence of COi- ions in the solution is sim
ilar to that observed on the {OOl} faces. In the absence of 
carbonate, when BaS04 solutions with a supersaturat.ion 
with respect to barite of Pbante = 7.2 are passed over 
{210} surfaces, two-dimensional nucleation is rapidly pro
moted. Two-dimensional islands have one unit cell in 

4 0  

3 5  ·![f![ 
f 

li € 
0 3 0  

! 
" 
c 
.!!! 

f .� 
� 2 5  
:5 
'0 
- 20 "" 
DI 
G r 15 

10 
0 0.05 0.1 0.15 02 025 

Total carbonate In the solution (mmoUI) 

Fig. 6. Heights of the (001) two-dimensional islands versus the total 
carbonate concentration in the aqueous solution. Standard deviation error 
bars have also been plotted. The height of a pure barite monolayer is 
3.5 A.. 

height and a characteristic needle-shape, being their longest 
axis parallel to (120) directions. The growth of the islands 
on {21 O} faces is highly anisotropic: they grow very fast 
along one sense of the [1201 and very slow along the oppo
site sense of such a direction [25]. For the mentioned super
saturation, the measured growth rate along the [1201 is 
3.7 mn/s. As in the case of {O 01} faces, the use of aqueous 
solutions with the same concentration of barium and sul
phate, but bearing moderate amounts of carbonate, neither 
inhibits the nucleation nor the spreading of two-dimen-



Fig. 7. Growth sequence on a barite (210) face from solutions of composition [Ba2+] = [So�-] = 0.03 mM, in the absence and in the presence of 
carbonate. (a) Two-dimensional islands growing from a pure BaS04 solution. (b) Growth from a solution with the same concentration of Ba and S04 as in 
(a) but with 0.005 mM of CO;-. This concentration of carbonate it is not high enough to inhibit the growth process after the formation of the first 
monolayer. Therefore, nucleation and spreading of two-dimensional layers occurs in successive layers. 

sional islands on the original {21 O} surfaces. Fig. 7 shows 
a typical growth sequence on a barite (210) face. Two
dimensional islands initially grew from a supersaturated 
solution with respect to barite and in the absence of car
bonate. A few minutes later, a solution with the same con
centration of barium and sulphate, but bearing carbonate, 
was injected in the fluid cell of the AFM. 

Although, the presence of carbonate in the growth solu
tion does not modify the nanotopography of the surface, 
the growth rates of islands on successive layers again de
pend on the carbonate concentration. Table 5 and Fig. 8 
show the growth rates along (120) directions as a function 
of the carbonate concentration in the aqueous solution. 

Table 5 
Carbonate concentrations and growth rates obtained in the inhibition 
experiments for barite {21 O} faces 

Total Growth rates (run/s) 
carbonate 2nd layer 2nd layer barite pure 
(mM) barite with carbonate 

0.001 3.7 3.7 
0.003 3.7 3.7 
0.005 3.7 3.7 
0.01 4.2 3.2 
0.02 4.64 2.8 
0.03 5.1 1.8 
0.04 5.5 0.5 
0.05 5.7 0 
0.06 6 0 
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Fig. 8. Growth rates of two-dimensional islands on barite {210} faces 
versus the total carbonate concentration in the aqueous solution. Growth 
rates were always measured along the [ 120] direction. Growth rates of 
two-dimensional islands that grew on original barite substrate have been 
plotted as solid squares; growth rates of the second generation of two
dimensional islands on areas previously gwwn in the presence of 
carbonate have been plotted as solid triangles. Measurements made on 
the second generation of islands that grew on areas previously gwwn in 
the absence of carbonate (inner part of the first generation of two
dimensional islands) coincide with the solid squares and they have not 
been plotted. 

When solutions with low carbonate concentrations (from 
0.001 to 0.005 mM) are placed in contact with barite 



Fig. 9. Inhibition and recovery sequence on a barite (210) face from a solution of composition [Ba2+] = [So�-] = 0.03 mM and [CO;-] = 0.05 mM. (a) 
First generation of two-dimensional islands previously grovm in the absence of carbonate. (b d) The growth is inhibited after injecting a solution 
supersaturated with respect to barite and containing carbonate. The original nanotopography is almost perfectly reproduced one monolayer higher 
(compare (a) and (d)). (d) A solution supersaturated with respect to barite ({3barite = 7.2) and 'Without carbonate is injected. (e and f) The recovery of 
growth is observed. 

{2 l 0} faces, the first generation of islands spreads on the 
original (210) substrate at a constant rate of 3.7 rrrn/s, 
i.e. the same rate as in the absence of carbonate. However, 
for carbonate concentrations higher than 0.005 mM, the 
growth rates of this first generation of islands increase with 
the concentration of carbonate in the solution (solid 
squares in Fig. 8). Thus, for a carbonate concentration of 
0.06 mM the islands growth rate measured along the 
(120) directions is 6 nm/s. 

The growth kinetics of the second generation of islands 
(i.e. islands formed on the previously grown first layer) 
again depends on what area of the first layer they grow. 
Those islands spreading on areas previously gro\Vll either 
in the absence of carbonate or from solutions with carbon
ate concentrations below 0.005 mM, grow at a constant 
rate of 3.7 run/so For carbonate concentrations higher than 
0.005 mM, growth rates increase with the carbonate con
centration in the same way as occurred with the two
dimensional islands on the original barite (210) substrate. 
In this case, growth rate measurements exactly coincide 
with those obtained for the islands growing on the original 
substrate (solid squares in Fig. 8). However, when islands 
corresponding to the second generation reach areas previ
ously gro\Vll in the presence of carbonate, growth rates 
behaviour depends on the carbonate concentration in the 
aqueous solution. Thus, for carbonate concentrations be
low 0.005 mM growth rates remain almost constant, with 
a value of 3.7 run/s, while for carbonate concentrations in 

the range from 0.005 to 0.05 mM growth rates decrease 
linearly as the carbonate concentration in the aqueous 
solution increases. Finally, for carbonate concentrations 
above 0.05 mM the growth of the second generation 
of islands is completely inhibited. In this case, again the 
nanotopography underneath is exactly reproduced (see 
Fig. 9a-d). 

4. Recovery of barite {OO I} and { 21 O} faces from 

"dead zone" 

In the next subsections we will describe the results of a 
series of experiments conducted to determine under which 
conditions growth on {DO l} and {2 l 0} surfaces recovers 
after it has been completely inhibited by the presence of 
carbonate in the growth solution. For this purpose, aque
ous solutions with different supersaturation levels with re
spect to barite have been passed over previously inhibited 
barite surfaces. Our AFM observations show that, for 
the time-scale considered, the behaviour of growth recov
ery on barite {DO l} and {2 l 0} surfaces differs. 

4.1. Barite { O Ol} faces 

As has been described in Section 3.1, for aqueous solu
tions with [Ba2+] � [SO;-] � 0.04 mM, growth on barite 
{DO l} surfaces is totally inhibited when the solution con
tains carbonate concentrations higher than 0.2 mM. The 



Fig. 10. Spirals formed during the recovery of growth on a barite (001) surface previously inhibited using a solution of composition [Ba2+] = 

[So�-] = 0.04 mM and [CO;-] = 0.3 mM. The composition of the solution used to recover the growth on the surface was [Ba2+] = [SO�-] = 0.07 mM 
(supersaturation with respect to barite f3barite = 36.3). 

total inhibition occurs after the formation of a single 
monolayer that covers (and reproduces) the original nano
topography. In order to recover the growth on this surface, 
it is necessary to increase the supersaturation of the solu
tion with respect to barite. We conducted recovery experi
ments by passing pure BaS04 aqueous solutions with 
increasing supersaturations over the previously inhibited 
barite {O 0 I} surfaces. 

As has been explained above, the growth inhibition also 
leads to the ahnost perfect reproduction of the original 
nanotopography (compare for example Fig. 4d with 
Fig. 4a). Experiments using solutions with different super
saturations with respect to barite showed that no recovery 
of growth occurred when the supersaturation value was 
smaller than 31.6, although the surface was maintained in 
contact with the solutions for a period of time longer than 
750 s. However, for solutions with a f3barite � 31.6, a few 
seconds after injecting the solution, the recovery of growth 
on barite {0 01} faces occurs (Fig. 4e and I). Initially, the 
shape of two-dimensional islands forming on the surface 
differs from the characteristic circular sector. However, as 
growth proceeds and successive layers are fonned, the cir
cular sector shape of the islands is also recovered. 

Recovery of growth have been also observed on barite 
{O O I} surfaces previously inhibited after growing from 
solutions with composition [Ba2+] � [SO;-] � 0.04 mM 
and [CO;-] � 0.3 mM. In this case, a higher supersatura
tion with respect to barite (/3barite � 36.3) was needed to re
cover growth. Moreover, during the recovery process, 

numerous growth spirals formed on areas of the surface 
where no screw dislocations existed previously (see 
Fig. 10). This implies that there is a relationship between 
the incorporation of carbonate ions into {DO l} surface 
and the formation of screw dislocations. Since the develop
ment of such growth spirals has been observed in a number 
of independent experiments, it seems to be a typical feature 
of the recovery of barite lO O I} surfaces inhibited after 
growmg from solutions bearing high amounts of 
carbonate. 

4.2. Barite {2l OJ faces 

The behaviour of the recovery of growth on barite 
{210} faces substantially differs from that observed on 
{O O I} faces. Growth on {21 O} faces previously inhibited 
by carbonate spontaneously starts to recover after a short 
period of time (�750 s) in contact with carbonate-free solu
tions with the same BaS04 concentration as the initial 
growth solution. Fig. 9a-d show the inhibition of a barite 
(210) surface using a solution with composition [Ba2+] � 

[so;-] � 0.03 mM and [CO;-] � 0.05 mM. The growth 
recovers when a carbonate-free solution with composition 
[Ba2+] � [SO;-] � 0.03 mM is passed over the surface 
(Fig. ge-l). Fig. 11 shows the growth rate evolution during 
the recovery process on a barite (21 0) face. As can be seen, 
during the first minutes after injecting the "recovering" 
solution, the (210) surface does not grow. However, after 
about 10 min, two-dimensional islands start to grow and, 



4 
.!!! 
E 
.:. 
c 0 3 
U 
. g: " 
S '" 2 I", 
Cl 
c 
0 
" 

� 
.<= 
'i: 
2 
Cl 0 

0 200 400 600 800 
Time (s) 

1 000 1200 1400 

Fig. 11. Recovery growth rates of the two-dimensional islands on {21 O}.  
Growth rates were always measured along the [120]  direction. 

rapidly, a growth rate of 3.7 nm/s is reached. This growth 
rate coincides with that measured when a solution with 
identical composition was passed over the original pure 
barite substrate. Once the surface is recovered, growth pro
ceeds nonnally and successive layers show no signs of de
fect fonnation, in contrast with what has been observed 
on {DO l} surfaces. 

5. Discussion 

5.1. Inhibition of growth on barite {�Ol} and {210} 
faces by CO;- ions 

AFM observations presented in Section 3 demonstrate 
that the presence of CO;- ions in the growth solutions 
strongly inhibits continuous layer-by-Iayer growth on bar
ite {DO l} and {2 l 0} faces. In the case of barite {DO l} 
faces, such an inhibition is accompanied by a clear decrease 
in the height of the two-dimensional island. Our measure
ments show that for carbonate concentrations below 
0.05 mM (i.e. carbonate concentration for which no growth 
inhibition is detected) the height of the two-dimensional 
islands remains constant, with a value of 3.5 A (the height 
of the elementary growth layer for pure barite {DO l) faces 
[26]). However, above the threshold carbonate concentra
tion ( [CO;-] � 0.05 mM), inhibition occurs and simulta
neously the height of (001) two-dimensional islands 
decreases with the carbonate concentration in the aqueous 
solution (Fig. 6). The height of the islands grown from a 
solution containing 0.2 mM is 2.48 A.., which means a 
30% decrease compared to the height of a pure barite 
monolayer. This result is consistent with a certain degree 
of substitution of the large SO;- tetrahedral groups by 
the smaller CO�- triangular groups in the barite structure. 
Therefore, we can conclude that during the growth of bar
ite {O D I} faces from solutions bearing carbonate, CO;
groups incorporate into barite structure. 
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Fig. 12. Growth rate of the second generation of two-dimensional islands 
on barite {OO 1} face along [1 0 0] direction versus two-dimensional islands 
height. Data fit well to a linear function (correlation coefficient R = 0.99). 

On barite {DO l} faces, the incorporation of CO;- in the 
first monolayer seems to be energetically favourable since 
two-dimensional islands grow at higher velocity as the car
bonate concentration increases in the aqueous solution. 
The incorporation of carbonate in this first monolayer 
determines the subsequent growth inhibition. When the 
second generation of islands starts to grow on areas that 
had incorporated CO�-, growth rates decrease linearly with 
the carbonate concentration until the growth is completely 
inhibited for [CO;-] � 0.2 mM. Fig. 12 shows the relation
ship between the height of the second generation of two
dimensional islands and their growth rate along [ l O O J  
direction. As can be seen, the rate of spread on the surface 
linearly decreases with the decrease of height of the islands. 
As the height of the island is an indirect measurement of 
the degree of substitution of SO;- anions by CO;- groups 
(the higher the substitution the smaller the height), it can be 
concluded that the incorporation of CO;- in barite {O D I} 
surfaces leads to a clear decrease of the growth rate on this 
surface. The growth inhibition must be related to changes 
in barite {O D I} surfaces properties induced by CO;- incor
poration (e.g. slight distortion of bond lengths, number of 
kink positions, etc.). Furthennore, the differences in height 
between the original barite terraces and the first monolayer 
incorporating carbonate result in the formation of sub
nanosteps. Such sub-nanosteps can constitute an actual 
physical barrier for the advancement of subsequent mono
layers. However, a complete understanding of the role 
played by CO;- anions during the inhibition of barite 
{DO l} faces growth will require a more detailed investiga
tion using other surface sensitive techniques (e.g. XPS, 
TOF-SIMS), which is beyond the scope of this work. 

The growth of barite {2 l O} faces is much more strongly 
affected by the presence of carbonate in the aqueous 
solution. Thus, the carbonate concentration required to 
promote the complete inhibition of the second mono
layer growth in the case of {2 l O} faces is 4 times 



lower ( [CO;-] � 0.05 mM) that in the case of {DO l} faces 
( [CO;-] � 0.2 mM). If inhibition of growth on {2 l O} sur
face results from the incorporation of CO�- into barite 
mono layers, this must be very limited. No decrease of the 
height of the two-dimensional mono layers growing in the 
presence of carbonate has been measured on {210} sur
faces. This is consistent with such a limited incorporation, 
although it could also mean that in this case growth inhibi
tion results from the adsorption of CO�- on specific points 
of the two-dimensional islands, without incorporating into 
the structure. However, since the growth of the first mono
layer in the presence of CO�- is faster than in its absence, 
incorporation seems to be a more likely mechanism. 

The much higher sensitivity of barite {2 l O} surfaces to 
the presence of carbonate anions in the growth medium can 
be explained if we considered the different geometry of two
dimensional island on {2 I D} and {DO l} surfaces. As has 
been explained above, two-dimensional islands on {2 l 0} 
are highly anisotropic, with an elongated shape and a faster 
growth rate along one sense of the (120) directions. It is 
evident that a small number of CO�- anions either incorpo
rating in or adsorbing on the ends of the elongated two
dimensional islands will be able to completely stop the 
growth on {2 l 0} surfaces. On the contrary, two-dimen
sional islands on {DO l} are circular sector-shaped, with 
straight edges parallel to (120) directions. In this case, 
growth mainly occurs by the advancement of the large 
curved edge, which has a higher number of kink-sites than 
the narrow edge of two-dimensional islands on {2 l O} 
[25,27]. Therefore, to completely inhibit growth on {DO l} 
faces a high number of CO�- anions has to incorporate 
into the kink-sites of the curved edge of the two-dimen
sional islands. 

Our observations of growth in the presence of carbonate 
on both barite {DO l} and {2 l O} faces show that the 
kinetics of advancement of the first and the subsequent 
mono layers is completely different. While the effect of car
bonate on the first monolayer consists in increasing its rate 
of spreading, a clear reduction of the growth rate of the 
successive mono layers is observed. Although the general 
behaviour of the growth inhibition on barite {O D I} and 
{2 l 0} surfaces can be explained by the classical "isomor
phic incorporation" model i.e. the growth rate decrease 
as the concentration of carbonate in the aqueous solution 
increases, the behaviour of the first monolayer is difficult 
to interpret on the basis of this model. A similar behaviour 
of the first monolayer has been observed in other systems 
[17,19]. This indicates that during the growth of crystalline 
faces from multicomponent aqueous solutions the forma
tion of a faster first monolayer plays an important and 
poorly understood role. 

5.2. Recovery of growth on barite { O O  l} and {2l OJ faces 

Although barite {DO l} and {2 l O} faces exhibit a similar 
growth inhibition behaviour in the presence of carbonate, 
the recovery of growth (i.e. the exit from the so-called dead 

zone) is different on each face. Thus, once growth inhibi
tion has occurred, in order to recover the growth on barite 
{DO l} faces it is necessary to considerably increase the 
supersaturation for barite of the carbonate-free aqueous 
solution. On the contrary, in the case of {2 l O} faces the 
growth recovery spontaneously occurs using a carbonate
free aqueous solution with the same concentration of sul
phate and barium as the solution used in the inhibition 
experiment. This different recovery behaviour can be re
lated to the different amount of carbonate previously re
quired to completely inhibit growth on each barite face. 
As has been explained in Section 3, in the case of {O D I} 
faces a minimum concentration of carbonate of 0.2 mM 
is needed to stop growth after the formation of the first 
barite monolayer. Such a monolayer contains a significant 
amount of carbonate and only free-carbonate aqueous 
solutions with a supersaturation !3barite � 31.2 are able to 
promote growth again on {DO l} (although no recovery 
has been observed for solutions with !3barite < 31.2 during 
the time of the experiment, we cannot rule out the possibil
ity that growth could recover after very long periods of 
time of exposure to such carbonate-free aqueous solu
tions). The recovery process starts on those regions of the 
surface where two-dimensional nucleation is easier, e.g. 
steps edges. After a few minutes, growth is observed on 
the whole surface, although with a non-homogeneous cov
ering. Such an inhomogenity of growth reflects that the 
substrate has an important degree of strain around the 
point defects, resulting from the extensive substitution of 
large SO;- anions by small CO;- groups. The existence 
of this substrate strained at nano-scale is more clearly evi
denced when we study the recovery on barite {DO l} sur
faces previously inhibited using a solution with a higher 
concentration of carbonate ( [CO;-] � 0.3 mM). After 
growth inhibition, a higher supersaturation (Pbarite � 36.3) 
will also be required for recovery on this surface. In this 
case, the recovery of growth leads to the formation of 
numerous growth spirals on the surface. Since spiral 
growth necessarily implies the emergence of screw disloca
tions, we can conclude that {DO l} faces grown in the pres
ence of carbonate are highly defective. At present, we are 
not in conditions to propose a mechanism for the genera
tion of screw dislocations. However, such generation must 
be related to the lattice stress associated to the inhomoge
neous incorporation of CO�- into the uppennost mono
layer of barite {DO l} surface, which can be substantially 
reduced by the formation of shallow screw dislocations. 

The spontaneous recovery of growth on {2 l 0} faces 
after a few seconds in contact with a carbonate-free aque
ous solution with the same concentration of sulphate and 
barium as the solution used for the inhibition also has to 
be related to the very small amount of carbonate required 
to promote growth inhibition on this surface. As no differ
ence in height between layers grmvn from solutions with 
and without carbonate has been measured, we cannot con
clude whether inhibition is due to incorporation or adsorp
tion of CO;- groups on the ends of the elongated 



two-dimensional islands. Depending on the inhibition 
mechanism (incorporation or adsorption of COi-), the 
recovery mechanism will be also different. If we assume 
incorporation as the inhibition mechanism, a nano-barrier 
will exist at the boundary between the first and the second 
monolayer. Such a nano-barrier would be very small and 
could easily be overcome. This is consistent with the exis
tence of an induction time (about 730 s) before the inhib
ited two-dimensional islands start to grow again. 
Furthermore, once growth resumes on {21 O} surfaces, 
there also exists an induction time for the nucleation of 
new generations of two-dimensional islands on such a sur
face. The existence of an induction time would also be con
sistent with the adsorption of COi- groups. In this case, 
after a short period of time in contact with a carbonate-free 
solution, the adsorbed CO;- groups could abandon their 
position on the surface and pass to the solution. The release 
of CO;- groups would leave barite (210) surface free to 
grow again. However, the hypothesis of a simple adsorp
tion of CO;- is difficult to conciliate with the fact that 
the growth rate of the first monolayer increases, while the 
second monolayer grows slower. A definite explanation 
of both growth inhibition and recovery on {21 O} will re
quire further investigations. 

6. Conclusion 

AFM observations show that under moderate supersat
uration conditions, the presence of carbonate in the aque
ous solution inhibits the growth of barite {DO l} and 
{210} faces. A threshold concentration of carbonate in 
the aqueous solution is required to promote growth inhibi
tion. This concentration is 4 times higher for {DO l} than 
for {210}. In the case of {DO l} faces, a high amount of 
carbonate is incorporated into the first monolayer. This is 
reflected by a decrease of the height of the two-dimensional 
islands growing on the face. The incorporation of car
bonate into the barite structure changes the surface charac
teristics (e.g. distortion of bonds and formation of 
sub-nanosteps). In the case of {21 O} faces, the inhibition 
effect of coi- ions is not accompanied by a measurable de
crease in the height of the first monolayer. Therefore, it 
cannot be completely discarded that adsorption of CO;
could play a role in the inhibition. 

On both {DO l} and {210} faces, the second monolayers 
spread on the surfaces with rates inversely proportional to 
the carbonate concentration in the aqueous solution, the 
inhibition being complete above a certain carbonate con
centration value. For a given supersaturation with respect 
to barite, this value is face-specific. 

Recovery experiments conducted on previously inhib
ited surfaces show a different behaviour for {DO l} and 
{2 1 O}. While growth recovery on {O O l} faces requires to 
considerably increase the supersaturation for barite of a 
carbonate-free aqueous solution, it occurs spontaneously 
on {21 O} when these faces are placed in contact with a car
bonate-free solution with the same concentration of sul-

phate and barium as the solution used in the inhibition 
experiment. 

The results presented here indicate that inhibition and 
recovery of growth phenomena on barite {O O l} and 
{210} faces are complex and they involve a number of dis
tinctive processes. Of special interest is the different growth 
behaviour of the first monolayer compared to subsequent 
monolayers: the first monolayer always increases its growth 
rate in the presence of a carbonate concentration above the 
inhibition concentration threshold. In addition, the rapid 
spreading of a first carbonate-bearing monolayer deter
mines the subsequent inhibition of growth on barite faces. 
This observation is in agreement with previous AFM 
observations of growth inhibition in other systems [17 
and references therein, 19 J, indicating that the formation 
of a first monolayer during crystal growth inhibition 
strongly controls the effectiveness of incorporating ions as 
inhibitors. This fact seems to be an interesting starting 
point for a future improvement of the classical isomorphic 
impurity incorporation model. 

Finally, the observed differences in the amount of car
bonate required to inhibit growth on barite {DO l} and 
{210} faces, together with the different recovery behaviour 
of both faces, can be useful for interpreting typical barite 
morphologies found in natural environments (e.g. desert 
roses), as well as for obtaining information about barite 
geneSIS. 
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