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ABSTRACT

The aim of the present work was to investigate the influence of various experimental param-
eters on inhibiting the crystallization process, size, and morphology of barium sulfate crystals
in the presence of polyelectrolytes. The results indicated that the experimental parameters,
such as the concentration of the polymer, the pH of solution, the ratio [Ba?*]/[SO? ], and
temperature, are important for the inhibiting of the crystallization process, size, and mor-
phology of barium sulfate crystals. The effects of all these parameters on the morphologies
and crystallization of barium sulfate can be attributed to their influence on the interaction
between the carboxylic acid groups of polyelectrolytes and the crystal surface.

Keywords: Barium sulfate; Crystal morphology; Control of crystallization process;

Polyelectrolytes

1. Introduction

The formation of mineral scale deposits is a major
problem in water containing systems such as cooling
systems, heating systems, desalination processes, oil,
and gas production systems [1,2]. Although barium
sulfate scale is not as common as calcium sulfate and
calcium carbonate scales, it is one of the most obsti-
nate scales found in off shore oil and gas production
systems [3]. BaSO, scale, however, is the most difficult
to remove because it is extremely insoluble substance
(solubility of only in water 2mg/L in water). Due to
its relatively low solubility in water, barium sulfate
scale deposits easily from brine once its solubility
limit has been exceeded and cannot removed by acid
treatment [4]. Barium sulfate precipitates suspended
in the water cause problems such as plugging pore
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spaces in the oil-producing formation and adherent
scale on surfaces such as pipe walls, valves, and
pumps [5]. Both effects are highly undesirable and
result in a decrease in the volume capacity of equip-
ment, a decrease in heat transfer rate, blocking of
pipes, restricted fluid flow, and equipment damage
[6,7]. In most cases, the only way to remove precipi-
tated barium sulfate is by mechanical scraping or
reaming, which is troublesome and costly. Therefore,
managing barium sulfate scales economically requires
preventing precipitation. Systematic methods to reli-
ably control barium sulfate scale formation results in
reduced production and clean-up cost [8]. The most
effective way of avoiding the problem of oilfield scale
formation is by using chemical scale inhibitors which
prevent or delay scale formation [9]. The scale inhibi-
tion by trace amounts of inhibitors has long been
known. In recent years, several investigations have
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been carried out to inhibit the crystallization of bar-
ium sulfate and control of barite crystal morphology
by using additives. The effects of phosphonate mole-
cules [10] EDTA [6], poly(methacrylic acid) (PMAA)
[11], phosphates, acrylate [12], poly(styrene-alt-maleic
acid) (PSMA) [13], poly(styrenesulfonic acid) (PSS)
[14] poly(ethylene glycol)-b-poly(sodium 4-styrenesul-
fonate) (PEG-b-PSSS) poly-phosphinocarboxylic acid
(PPCA) [15], and on the growth of BaSO, crystals
were studied. These additives were found to be partic-
ularly effective as BaSO, growth inhibitors. Generally,
inhibitors are designed by taking into account param-
eters such as the interacting ability of the inhibitors
with surface-active sites of the potential scale former,
the geometry and orientation of the inhibitor when
approaching the surface, and the molecular size of
inhibitor. Crystallization process, size, and morphol-
ogy of barium sulfate crystals are profoundly affected
by numerous factors. Supersaturation (SS), ionic ratios,
temperature, and pH affect nucleation and growth of
barite crystals. Liu and Nancollas [16] found, and also
others confirmed, the decisive role of initial conditions
in barite crystal formation [17,18]. According to Yuan
[19], temperature was found to have a significant
effect on the solubility of barium sulfate. Jones et al.
[10] found that changes in pH show that the greater
the degree of dissociation of the inhibitor molecule,
the better is the inhibition (up to pH 8). In spite of all
these investigations, many questions are still open for
this important process and there is a need more effec-
tive methods for solving scale formation problem.
Much of our knowledge of molecular influences
on crystallization has come from the study of biomin-
eralization [20]. Biological mineralization leads to
formation of hard tissues in many species by precipi-
tation of minerals within polymeric tissue matrices
and calcium-containing salts are major mineral com-
ponents [21]. Acidic proteins can be incorporated into
mineralizing tissues, and are believed to be responsi-
ble for both nucleation and inhibition of crystalliza-
tion. The discovery and successful applications of
chemical additives that have mild environmental
impact has been the focus of several researchers
[22,23]. The goal of the current study was determina-
tion and comparison of the effects of carboxymethyl
inulin (CMI) which has three different number of
carboxylate group and polyacrylic acid (PAA) on the
barium sulfate crystallization and crystal morphology.
As many biological molecules contain oxyanion func-
tional groups (carboxylate, phosphate, and sulfate
esters), we have been involved in crystallization
experiments using carboxylate-substituted polysaccha-
ride, CMI and PAA. CMI is inherently biodegradable
and nontoxic [24]. Previous works showed that CMI
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influences the spontaneous precipitation of calcium
carbonate [22,25], calcium oxalate [26], and hydroxy-
apatite [27]. CMI is also reported as a silica scale
remover [28]. PAA is found high effective inhibitor
for various mineral scale deposits such as calcium
oxalate and barium sulfate in previous studies [14,29].

We also studied the effect of [Ba*'],/[SO; |, ratio,
temperature, and pH of solution on barium sulfate
crystallization.

2. Experimental
2.1. Materials

Barium chloride (CAS: 103-61-37-2) was purchased
from J.T. Baker and sodium sulfate (CAS: 7757-82-6)
was from Sigma-Aldrich. CMI (CAS: 430439-54-6) (all
three grades) was purchased from ThermPhos, Swit-
zerland as Dequest DPB-116AB (where AB=15 for
CMI-15, AB=20 for CMI-20, and AB=25 for CMI-25).
The number AB also indicates the degree of substitu-
tion (DS). DS is defined as the average number of car-
boxylate moieties per fructose unit. For example, for
CMI-15, DS=1.5; for CMI-20, DS=2.0; for CMI-25,
DS=2.5. Molecular weights of CMI-15, CMI-20, and
CMI-25 are 3,000, 2,500, and 6,500, respectively. PAA
(MW 5,000) (CAS: 9003-01-4) was purchased from
Acros.

2.2. Crystal growth experiments

The effects of PAA and carboxymethylinulin
(CMI-15, CMI-20, and CMI-25) on the barium sulfate
crystallization have been investigated by using sponta-
neous crystallization method. Crystal growth experi-
ments were made in a water-jacketed Pyrex glass
vessel of 1L capacity. The supersaturated solutions for
growth experiments were prepared by the slow
mixing of solutions of barium chloride and sodium
sulfate. In the experiments where additives were used,
a similar procedure was followed and the freshly
prepared additive solutions were added to the reac-
tion medium together with the sulfate solution. After
temperature equilibration, the second component was
added, and pH and temperature of the reaction solu-
tions were monitored during crystallization via
personal computer equipped with an appropriate
software. All experiments were performed at a
temperature of 30 +0.1°C except for a few experiments
made to investigate the effect of temperature on the
crystallization.

During the experiments, pH was about 5.5. In the
experiments, the concentration of additives was varied
from 1x 1077 to 1x 10 °mg/L. In order to determine
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the effect of barium/sulfate molar ratio on the barium
sulfate  crystallization, a series of  experi-
ments were carried out in different reactant ratios (RR),
[Ba®*],/[SO3 ], The RR can be defined as the ratio of

initial molar ratio of barium to sulfate, [Ba**],/[SO3 ],
The effect of additives on the precipitation rate of bar-
ium sulfate was evaluated by recording the decrease in
[Ba®*] as a function of time in a solution containing
35x10°*M BaCl, and 35x10 *M NaySO, The
course of the experiments was followed by removing
homogeneous aliquots at various times and quickly fil-
tered through Millipore filters of 0.22 um pore size. The
aqueous phase was analyzed for barium by atomic
absorption spectroscopy (Perkin-Elmer AAnalyst 200).
The crystals removed by filtration were examined by
scanning electron microscopy (SEM) (JEOL JSM-SEM).
The effect of additives can be quantified as the ratio
of the rate of crystallization of the pure solution
(Rop, mol/Lmin) to the rate of crystallization in the
presence of additive (R, mol/Lmin) at the same con-
centration and temperature. The rates reported were
the initial rapid growth rate calculated from slope of
the barium ion concentration vs. time plots for each
experiment. The rates were determined from at least
three separate experiments and only the average values
were reported. The reproducibility of this approach is
4-5%.

3. Result and discussion

3.1. Effects of CMI and PAA polymers on barium sulfate
crystallization

Evaluating the effects of additives on crystal
growth rate was done by comparing the growth inhi-
bition of barium sulfate crystallization attained in the
presence of these polymers by comparison of
the slopes of the curves during the growth phase. The
effect of additives on crystal growth rate was
investigated by comparing growth rate of barium
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sulfate crystallization in the absence and presence of
additive. The ability of additive to act as inhibitor was
evaluated by Ro/R ratios. The higher Ry/R values
correspond to a better inhibition. The results of
crystallization experiments in the presence of addi-
tives are summarized in Table 1.

As shown in Table 1, the polymeric additives have a
varied effect on crystallization of barium sulfate. The
polymers are reasonably good growth inhibitors. The
crystal growth proceeded at a rate smaller than those in
the absence of additives. For all additives, the crystalli-
zation reaction begins immediately; there is no induc-
tion effect. The experimental results in the present
study show that Ry/R ratio increases with increasing
additive concentration. PAA has the most pronounced
effect on growth inhibition followed by CMI-25. The
growth was almost completely inhibited for several
hours at a concentration of 1.0x 10 °molL"". The
effectiveness of biopolymers increases with increasing
carboxyl content on the polymer backbone. Ry/R ratio
increases from 1.20 to 13.77 as the carboxyl content of
CMI increases from 1.5 to 2.5 at 4.0x 107" molL ™"
additive concentration. Several investigations have
indicated that polymers that exhibit an inhibitory effect
on crystallization kinetics of soluble salts are highly
substituted with carboxyl groups [29-33].

The percentage of inhibition was calculated as [1 —
(R/Ro) x 100]. The inhibitory effect of the CMI-25 and
PAA with regard to the crystallization of BaSO, indi-
cated 92.7 and 93.63% inhibition respectively, while
CMI-15 and CMI-20 inhibition strength was only mar-
ginal at 4.0x107"molL™" (see Table 1). PAA and
CMI-25 was the best additive for inhibiting growth
rate of barium sulfate crystallization. This was evident
from highest percent growth inhibiton.

Generally, additives can retard precipitation in two
ways. First, the additive may form stable complexes
with one or more lattice ions of the crystals’ thus
reducing the effective concentration of free ions
necessary for crystallization. This mechanism requires

Table 1
The effect of additives on barium sulfate crystallization at 30°C
C (mol/L) PAA CMI-25 CMI-20 CMI-15

Ryo/R 1% Ry/R 1% Ro/R 1% Ro/R 1%
1x1077 1.57 36.31 142 29.58 1.11 9.90 1.08 7.40
2x1077 3.40 70.58 2.82 64.53 1.16 13.79 1.13 11.50
3x1077 9.31 89.26 6.11 83.63 1.20 16.66 1.16 13.79
4%x1077 15.7 93.63 13.77 92.74 1.36 26.47 1.20 16.66
1x10°° nc - nc — 134 92.53 10.8 90.74

nc: no crystallization, I: inhibition.
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relatively large amounts of the sequestering agent.
The second way is that the additive may be adsorbed
on the initially formed crystallites, either generally or
on particular crystal faces or crystal growth sites. This
surface poisoning effectively prevents or slows further
growth of the crystallites so they never reach critical
size and consequently will eventually redissolve. In
this study, since the amounts of polymer in solution
are small, the growth inhibition is most likely caused
by polymer adsorption of the active growth sites on
crystal surfaces, leading to a surface controlled growth
rate reduction. As the solution concentration of the
inhibitor is increased, more active growth sites on the
crystal surface are blocked, and the rate of crystal
growth decreases. The adsorption of inhibitor mole-
cules on crystal surfaces may be interpreted in terms
of equilibrium adsorption isotherms, which was
developed for the adsorption of ideal gases onto solid
surfaces. This model was used to describe, empiri-
cally, the reductions in crystal growth rates of spar-
ingly soluble salts due to the adsorption of a wide
variety of inhibitors [1,2,22,34]. The use of a Langmuir
model in interpreting the reduction in the growth
rates of numerous sparingly soluble salts in the pres-
ence of inhibitors has largely been successful.

When a polyelectrolyte poisons active growth sites
on the crystal faces, the coverage by polymers, 0, for
this adsorption model is described by Eq. (1). [33].

0 = KC;/(1+KC)) (1)

where K is the adsorption or affinity constant, which
is the ratio of the rate constants for adsorption and
desorption, k,gs/kges, and can be considered as a mea-
sure for the adsorption affinity of the polymer onto
the crystal surface, and C; is the total equilibrium con-
centration of the polymer. The rate in the absence of
polymer, Ry, is reduced to a slower rate, R, according
to the relationship:

R = Ro(1 — 0) (2)
Combination of Egs. (1) and (2) gives

RO kdes 1
9 1 _
Ro—R - kags Ci G)

In practice, this relationship is usually tested by
plotting Ro/(Rop — R) as a function of 1/C;. Typical plots
of data from crystal growth are shown in Fig. 1. The
linearity of the plots of Eq. (3) for barium sulfate crys-
tal growth in the presence of polymers suggests that
the inhibitory effect of CMI polymers and PAA is due
to adsorption at active growth sites. k,gs/kges can be

E. Akyol et al. | Desalination and Water Treatment 52 (2014) 5965-5973

#PAA BCMIL25 A CMI20 -~ CMI-15

Ro/(Rg-R)

¥

- T v T v
2,00E+06 400E+06 6,00E+06 B,00E+06 100E+07 120E+07
1Cy

0,00E+00

Fig. 1. Langmuir-type adsorption isotherm for the effect of
inhibitors.

evaluated from the slope of the resulting straight line.
The values of the affinity constant as calculated for
PAA, CMI-25, CMI- 20, and CMI-15 are 2 x 10°,
3.33x10° 1.11x10°% and 1.01 x 10°L/mol, respec-
tively. The high value of the affinity constant for
CMI-25 and PAA may reflect stronger equilibrium
adsorption of PAA and CMI-25 on the crystal surface,
compared to that of CMI-20 and CMI-15.

The relative solution SS with respect to BaSO,, g,
is defined as

IP'/? — K12
GZTSP:g/Z_1 (4)
sp

in which IP is the ionic activity product and K, repre-
sent the thermodynamic solubility product and was
taken as 1.20 x 10~ "°mol’/L* for BaSO, at 30°C
[35,36]. The ratio IP/ K, represents the degree of SS,
S, and was computed by using MINEQL + chemical
equilibrium modeling software [37], which is free
energy minimization program taking into account all
equilibria in the solution, mass balance, and electro-
neutrality conditions. The considered equilibria with
the related values of the thermodynamics constants
are given in Table 2.

Table 2

Equilibria of barium sulfate in aqueous and the
corresponding equilibrium constants K [38]

Equilibrium log K
H,O=H"+O0H" —13.999
Ba’" +SO;” = BaSO;~ 2.342
H' +S0; =HSO;~ 1.987
BaSO?~ (solid) = Ba?* + SO3~ -9.992
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The rate of barium sulfate crystallization can be
expressed in terms of semiempirical kinetics equation:

R =kd" (5)

where k is the rate constant for crystal growth and n
is the apparent order of the crystal growth. The values
of n are 1 for adsorbtion control, 2 for spiral growth,
and >2 for polynuclear growth.

Logarithmic plots of the rates of BaSO, formation
as a function of the relative SS yielded a straight line
as shown in Fig. 2. The value of n, the effective order
of the reaction, is calculated from the slope of the line.
The effective order of the reaction was found as 2.48
for BaSO, growth in the presence of 1mg/L PAA.
When the deviation is taken into account, this value
suggests a predominantly spiral dislocation, surface
controlled process. This value is in agreement with
earlier reports on the seeded growth of BaSO, [39—-41].

3.2. Effect of the ratio [Ba**],/[SO%7],

A series of experiments were carried out in order
to investigate the influence of the [Ba*'],/[SO3 ], molar
ratio on the kinetics of crystal growth of barium sul-
fate. The comparison of the BaSO, growth rate in
three different RR, are given Fig. 3. The faster growth
rates were obtained in the presence of excess sulfate
ions. Rate increased from 3 x107° to 6 x 10°® when
the RR decreased from 2/1 to 1/2 in the presence of
PAA at 2x107mol/L. Varying the [Ba*'],/[SO3],
ratio could change the surface electrostatics of crystals
and thus influence the PAA-BaSO, crystal interaction,
leading to a increasing crystallization rate BaSO, This

-14

In R (mol/L.min)
&

2 25 3 35 4
Inc

Fig. 2. Logaritmic plot of rate of precipitation of BaSO, vs.
the relative solution SS (T=30°C, 2 x 10~ mol/L PAA,
pH=5.5).
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Fig. 3. The comparison of the BaSO, growth rate in three
different RR.

result indicates that the presence of excess sulfate ions
at the surfaces of BaSO, crystals could impair the
interaction of the PAA with crystal surfaces. barium
ions increase the adsorption of PAA.

3.3. Effect of additives on barium sulfate size and
morphology

Since additives have great influence on crystal
size and shape, we investigated the selective effect of
the polymers on the crystal morphology and size
using SEM. On examination of the SEM images, it
was clear that the presence of additives in supersatu-
rated solutions affects not only the kinetics of crystal
growth but especially morphology and size of bar-
ium sulfate crystals, as shown in Fig. 4 and Table 3.
The characteristic morphology of barium sulfate pre-
cipitated in the absence of additives is shown in
Fig. 4(a). Examination of the morphology of the pre-
cipitated barium sulfate crystals by SEM showed the
formation of the characteristic rectangular tablets. As
shown in Fig. 4(a), the crystals were an average side
length of 9.53m and average side width of 5.79m.
The crystal habit of the precipitated barium sulfate
crystals was affected by presence of additives, as
may be seen in the scanning electron photographs
shown in Fig. 4(b)-(d). The products comprised
round tablets or flower-like aggregates of tablets in
the presence of CMIL It was noteworthy that the as-
prepared flower-like aggregates comprised many
round tablets randomly grown from the central part
of certain mother tablet. It was observed that the
crystals have gained a spherical form in the presence
of PAA. It could be concluded that the inhibition
action of PAA on the crystallization of barium sulfate
led to the controlled aggregation or growth of
flower-like aggregate particles toward spherical
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Fig. 4. SEM of formed barium sulfate crystals in the
(©) 2x 10" mol/L CMI-25, and (d) 2 x 10~ mol/L PAA.

morphology. The average diameter of spherical parti-
cles is 3.65m. The shape or morphology of a crystal
is determined by the relative growth rate along dif-
ferent crystallographic directions. Hence, altering of
the crystal morphology can be achieved by changing
the relative crystal growth rate with specific inhibi-
tion. The interaction between inhibitors and crystal
surfaces can be either specific or nonspecific. Specific
interaction arises between a certain structural group
of an inhibitor and a particular crystal face of inor-
ganic crystals. The inhibitor can then be preferen-
tially adsorbed into the corresponding crystal plane.
Nonspecific inhibition, on the other hand, is less use-
ful for modifying crystal habit in a specific way. In
this work, the formation of spherical particles
showed that PAA caused higher surface coverage of
the particles and finally non-selective adsorption on
all crystal faces of BaSO, particles. This resulted in
the formation of spherical particles.
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presence of (a) no additives, (b) 2 x 10" mol/L CMI-20,

3.4. Effect of pH

In present experiments, we varied pH to investi-
gate the effect of pH on the BaSO, crystal morphology
in the absence and presence of PAA at 2 x 10" mol/
L. Fig. 5 shows the SEM pictures of the particles
obtained under the same conditions but at different
pH values. It was seen that the variation of pH also
affected the crystal morphology in the presence of
PAA. Without any additives rectangular crystals were
obtained when pH 3 and 9 (Fig. 5(a) and (b)). With
PAA at 2x10 "mol/L and at pH 3, the rectangular
particles (as shown in Fig. 5(c)), which were some-
what similar to the products obtained in the absence
of polymer were produced. PAA does not show any
influence at pH=3. When the pH was increased to
pH 9, the crystals have gained a spherical form in the
presence of PAA at 2x 10 "mol/L (Fig. 5(d)). This
showed that PAA was more effective inhibitor in
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Table 3

Comparison of barium sulfate crystal characteristics based on SEM results in the presence of additives at a concentration

of 2 x 107" mol/L

Polymer

No additive
CMI-15
CMI-20

CMI-25
PAA

Rectangular-shaped

L (SD)
(um)

9.53 (x0.73)
7.26 (+0.96)
6.88 (+3.96)

6.83 (+0.49)

W (SD)
(um)

5.79 (£0.50)
5.59 (£0.63)
4.62 (+0.16)

4.37 (+0.57)

L/W

1.65

1.30

1.49

1.56

Spherical-shaped

D (SD)
(um)

8.87 (+3.45)
6.13 (+3.88)

4.20 (£0.17)
3.65 (£0.60)

Note: W=width. L =length. D: Diameter SD =standard deviation.

10kV  X2,500

10kV ~ X2,500

10pm 0000

10pm 0000

15 34 SEI

15 34 SEI

10kV

10kV

vy 4 Wb
X2,500 " 10pm

X2,500 fn

)

0000 4534 SEI

Fig. 5. SEM of formed barium sulfate crystals (a) no additives and pH 3, (b) 1mg/L PAA and pH 3, (c) no additives and
pH 9, (d) 1mg/L PAA and pH 9.

higher pH levels. The same type of morphology was

also reported in literature

It is known that the pH of the solution influences
the protonation degree of the carboxylic acid groups

[42,43].

of PAA and low pH generally reduces protonation

degree. Therefore, the interaction between PAA and

BaSO, crystal was weakened at low pH, the inhibition
effect of PAA on the crystallization of BaSO, at low
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Fig. 6. The Comparison of the BaSO, growth rate in three
different temperature.

pH was impaired and the morphology of the crystals
was similar to that of the crystals prepared in the
absence of polymer. When the pH of the solution was
increased to 9 the spherical particles were obtained.
This result showed that the increase of pH of the solu-
tion led to the increase of the protonation degree of
the carboxylic acid groups of PAA.

3.5. Effect of temperature

The effect of temperature on growth rate was
investigated at 20, 30, and 40°C in the presence of
PAA at 2x 10 "mol/L. It can be seen in Fig. 6 that
the faster growth rates were obtained at 40°C. Rate
increased from 3.3 x 107° to 1 x 10~° mol/L.min. when
the temperature increased from 20 to 40°C in the pres-
ence of PAA at 2 x 107" mol/L. Higher temperatures
provided enough energy to the molecules to overcome
the activation energy of the precipitation reaction and
sped up the transport of scale components from the
bulk solution to the surface. This result is consistent
with expectations and in a good agreement with the
values reported in the literature [44].

4. Conclusion

In this study polymers were added in solution as
an additive, in concentrations ranging from 1x 107
to 1x10°g/L. The results have shown that very
low concentrations of polymers are capable of retard-
ing barium sulfate crystallization. The micron-sized
barium sulfate particles with different morphologies
were obtained via a simple precipitation of sodium
sulfate with barium chloride in the absence and pres-
ence of PAA and CMIL The concentration of poly-
mers, the ratio of [Ba®']/[SO; ], temperature and pH
were found to be important parameters for the
control of morphologies and growth rate of BaSO,
crystals. We present a result in this work that the all
additives tested in this study are effective inhibitors
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for the formation of barium sulfate scale under the
described experimental conditions. Additional results
indicate that experimental parameters have signifi-
cant influence on barium sulfate -crystallization
process. While rectangular crystals were obtained in
the absence of additive, the spherical crystals were
obtained in the presence of PAA. The morphology
change was explained in terms of crystal growth
retardation by mnonspesific adsorbtion. Nonspecific
inhibition can be described as blanket blocking of
crystal steps and kinks over the entire surface of the
growing crystals.

The pH can influence the morphology of the pro-
duced particles significantly with rectangular particles
formed at pH 3; spherical particles or conjoined
spheres were mainly produced at pH 9. The effect of
pH on the crystallization can be interpreted in terms
of the influence of pH on the protonation degree of
the carboxylic groups of polymers. An appropriate pH
might be beneficial to adjust the morphology control
of BaSO,. It was also found that the presence of excess
barium ions at the crystal surfaces could promote the
interaction of PAA with BaSO, crystal. Higher temper-
atures are favorable for increasing the growth rate.
The results described herein indicate that the effective-
ness of anionic polymers was ascribed to their relative
ability to adsorb on the crystal surface and such inhi-
bition is directly linked to fractional coverage of
adsorption sites.
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