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ABSTRACT

The precipitation mode of barium sulphate (BaSO,) in the presence of mineral additives plays an
important role in many industrial processes. Therefore, in this paper, a study of the 2Qrecipitation reaction
of a saturated barium sulphate solution in the presence of metal ions Fe** and Mn?*, found in industrial
waters and in the geochemical evolutions of paleoenvironments, is presented. XRD, conductivity, FTIR
spectroscopy, and SEM were used to investigate the barite precipitation reaction in the presence of a
known amount of Fe™* and Mn”* ijons. Conductivity measurements showed that the presence of Fe**
accelerated both induction and crystal growth stages. On the other hand, adding Mn?* ions did not affect
the kinetics of the precipitation reaction. Solid analysis showed that the barite lattice was doped with low

levels of manganese.
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L INTRODUCTION

The variation of physic-chemical parameters in a system,
such as internal pressure, temperature, and pH during the
extraction of petroleum and the addition of surface water with a
different composition in the second recovery, can trigger tartar
formation reaction. These facilitate the emergence of deposits
of minerals in the well, reservoir, and machinery that transports
production fluids. The geological level (blockage of the rock
formation's pores) as well as the hydraulic, mechanical,
thermal, and economic levels are all greatly impacted by the
creation of these deposits [1]. Barite precipitation occurs
outside and inside reservoirs and pipe lines. Nucleation and
precipitation processes can happen on surface facilities, pumps,
wells, pipelines, and in refinery equipment used for crude oil
processing [2-4]. The most frequent tartars are calcium
carbonate, calcium sulfate, and barium sulfate [5, 6]. The first
disruptor of petroleum infrastructure and equipment is barite
due to its low solubility value (Ksg,sos= 1.10 x 10™°). The
literature shows that the composition of groundwater is rich in
several metal ions. Furthermore, the precipitation process and
the composition of the produced scale can be altered by the
presence of trace amounts of metal ions. This has an impact on
all efforts to prevent tartar from forming as well as the
assessment of potential damage.

The impact of the metallic ions on the precipitation
phenomena has been thoroughly examined with regard to the
barium sulphate precipitation reaction. The final product
generally has a particular percentage of metallic ions [7-9].

Several studies have examined the impact of Fe**, Eu**, Sr**,
Ca®, Cs**, and Mn”" ions on barite precipitation, looking at the
solid state obtained outside at the end of the reaction compared
to pure barite precipitation phenomena [9-12].

The effect of Fe’* and Mn** on the barite precipitation
reaction and the nature of the formed solid was examined in
this paper.

IL EXPERIMENTAL SECTION

A. Materials

The experimental unit was designed to take out the
experimental portion (Figure 1). The reaction was kept at a
steady temperature of 308 K, using a thermostatic closed cell
and thermostatic water circulation. To maintain homogeneity in
the solution, we employed a magnetic stirrer. We were able to
determine the pH and conductivity properties of the solution by
using the Proline B 210 pH-meTER and the Proline B 250
conductivity cell.

B. Chemical Reagents

Barium chloride dehydrate (BaCl-2H,0), sodium sulphate
(Na,SOy), iron (III) chloride (FeCl;), manganese chloride
(MnCl,), and sodium chloride (NaCl) were used for an
analytical grade supplied by SIGMA-ALDRICH and FLUKA
(Belgium).

C. Experimental Procedure

To carry out the experimental part we followed the
following procedure. A mixed supersaturated solution of barite
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was prepared by mixing 500 mL of (BaCl,, MnCl,)-or (BaCl,,
FeCl;) with 500 mL of Na,SO, solution at T = 308 K (Table I).
In the mixture, the initial concentration of the different reagents
is equal to 5.10° M. The manipulation was performed at a
starting pH= 6.2 (with pH=2.8 at the end of the reaction) for
sulphate solutions in a semi-open reactor. The effect of
atmospheric CO, on the pH and equilibrium of the solution is
negligible. The literature shows that only at high pH values the
precipitation reaction is affected [5]. To eliminate the effect of
ionic strength on the kinetics of the reaction, the ionic strength
was adjusted with the addition of NaCl. The reaction was
initiated when sodium sulfate was added to the cationic
solution (Ba™, Fe*, and Mn*"). We analyzed the precipitate
that was left behind after the reaction using FTIR, XRD, and
SEM techniques. By aggregating 40 scans on an Affinity-1C
Schimadzu spectrophotometer, defusing reflectance allowed for
the acquisition of the 1nfrared spectra of the samples in KBr
pellets in the 4000—400 cm™' region with a resolution of 4 cm™
XRD was performed at room temperature with a Jobin Yvonet
LabRam HR, utilizing Cu Ko radiation (A = 0.15418 nm) and a
Philips X'PERTPRO diffractometer in step scanning mode. The
scanning range for the XRD patterns was 2 theta = 5-90°. A
fixed counting period of 4 s and a short angular step of 2 h =
0.017° were applied. The software X-Pert High—Score Plus
was utilized to ascertain the identification phase and the XRD
reflection positions. To guarantee the accuracy of the
experiment, we replicated all precipitation reactions multiple
times.
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Fig. 1. Experimental unit: 1. Conductivity cell using Proline B 250; 2.

Thermostatic bath; 3. Magnetic stirrer; 4. Heating head; 5. Pipes; 6. Electrode
conductivity; 7. Double-wall reactor of 1000 ml; 8. Electrode pH; 9. pH meter.

I RESULTS AND DISCUSSION

The influence of iron (III) and manganese (II) on the
precipitation process of barium sulphate was examined in this
work by a combination of spectroscopic, morphological, and
conductivity analyses. In order to investigate the precipitation
phenomenon, we prepared three synthetic solutions (Table I).

TABLE L. COMPOSITION OF SYNTHETIC SOLUTIONS FOR
THE STUDY OF Fe™* AND Mn** EFFECT ON BARITE
PRECIPITATION
Solution [Ba™] (M) [SO.71 (M) [Fe™] (M) Mn”] (M)
S0 2.5.10° 2.5.10° 0 0
S1 2.5.10° 2.5.10° 25.10° 0
S2 2.5.10° 2.5.10° 0 2.5.10°

We decided to examine the variation in conductivity for
every trial in order to have a point of comparison between the

acquired results. The delta conductivity presented in Figure 2,
is the variance between the conductivity at the moment t and
the initial conductivity, calculated by: Ac = o(t) - o(initial).

A. Effect of Fe™*

1) Effect of Fe'* Ions on Conductivity Variation

Based on the conductivity readings taken during the
reaction, Figure 2 depicts the investigation of iron (IIT)'s impact
on the barite precipitation reaction's kinetics. The kinetics of
the precipitation of barium sulphate reaction are impacted by
the presence of iron (III) ion, as can be shown by comparing
the variation of the conductivity in solutions SO and Sl
depicted in Figure 2. Every variation has two different parts.
The first half shows a linear increase in Ac with increasing
time. This stage is related to the phases of both induction and
crystal growth stages [13]. The equilibrium between the ionic
species in the solution and the solid is achieved in the second
ste}p when the value of Ao stays constant [14]. The addition of

25 x 107 M) to the barium sulphate saturated solution
(Sl) caused an increase in the linear part-slope, an increase in
Ao, and a reduction in the induction and crystalline
development times from 64 s to 20 s. This result is different
than the what acquired after the addition of iron ions in
supersaturated solution of calcium carbonate. This difference is
attributed to the fact that, at low pH, the BaSO, precipitation
reaction does not depend to pH as the CaCOj; reaction.
Additionally, the hydrolysis of water by the free Fe™ ions
decreases the pH of the solution from 6.2 to 2.8 [15].
Therefore, solid iron sulfate or iron oxide species may be able
to accelerate the heterogeneous precipitation on the one hand
and on the other hand to make a film which will reduce the
homogeneous prec1p1tat10n [16]. We measured the ultimate
total concentration of Fe®* in the barium sulfate solution at the
end of the experience in order to confirm the above theory. It
was discovered to be 2.4 10° M. The rusty color of the solid
produced can be explained by the fact that an amount of the
Fe™ ions was precipitated with barium sulfate. According to
[15], dissolved species that can bind to and be adsorbed by
heterogeneous precipitation, such as metal cations, anions, and
neutral polymer molecules, prefer to react on the surface of
oxide particles scattered in water. To understand more about
the impact of Fe** on the barite precipitation reaction in our
case, FTIR analysis of the solid collected after filtration of the
solution was carried out.
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Fig. 2. Curve of the conductivity variation in barite supersaturated

solution for S0, S1, and S2 at. T=308 K.
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2) FTIR Spectrum Analysis

The functional groups involved in the adsorption or
absorption of iron compounds generated on the crystal surface
or in the barite lattice were identified using the FTIR spectra of
the precipitates collected at the conclusion of the precipitation
reaction of S1 solution. Any differences, indicated by the
appearance of additional peaks or shifts in the strength of
already existing peaks, are compared to the spectrum of pure
barite. The pertinent FTIR spectra are shown in Figure 3. Peaks
in the spectrum regions of 3423 and 1636 cm™' indicate the
existence of water in the pure barium sulphate spectrum.
Furthermore, barite is identified by the sulfur-oxygen (S-O)
stretching, which places the three bands of sulphate ion
oscillation at 1070, 1114, and 1197 cm™. The antisymmetric
banding modes of SO,” are also responsible for the two peaks
in the spectra that are depicted at 636 and 609 cm’! [4, 17]
Figure 3 illustrates the appearance of new peaks in the 400-840
cm™! range, indicating the development of iron oxides. With a
minor divergence, the FTIR spectra of hematite exhibit the
usual peaks of Fe-O bonds at 461, 512, and 644 cm’! [18].
Authors in [19, 20] reported the occurrence of a-FeO(OH) in
relation to other peaks that were observed at 751 and 839 cm'.
Peaks at 3285 and 3180 cm™ are associated with the o-
FeO(OH) O-H band. With a small deviation, the sulfate Peaks
may be seen in 606, 644, 983, 1071, 1109, and 1212 cm™. The
infrared spectroscopy result shown in Figure 3 indicates that
the precipitate obtained contains iron oxides and barite without
any mixed solids.

OF (8.0), Fe-0H, OH
100 Fe-0-H
\ ‘s o .
80 N M
§ \
60 _ v
1656 N
40 1282
20 _ 1212 4
"
11094972

Y Y

3500 3000 2500 2000 1500

cm?

1000 500

Fig. 3. FTIR spectra of BaSO4:Fe’* sample obtained at room temperature.

3) SEM Analysis Results

To evaluate the impact of Fe™ addition on crystal shape,
SEM images were gathered for later visual examination (Figure
3). Figure 3 shows the presence of pure barite with other iron
solid phases.

B. Effect of Mn**

1) Effect of Mn®* lons on Crystal Growth Rate

Based on conductivity data for the liquid state and
combined by morphology and structural analysis for the solid
state, the influence of Mn** ions on barium sulfate deposition is
shown in Figure 2. The conductivity curve in the presence of
Mn?* ions is identical to those of pure barite. Therefore, Mn**

ions cannot significantly affect the barite precipitation kinetics.
In the presence of Mn ions, there is no precipitation reaction
between Mn and sulfate ions (higher solubility of MnSO, in
water, solubility = 530 g in 1 kg of water). So, no important
modification in heterogonous and homogenous precipitation
mode of barite occurred. In addition, the solid generated by the
filtration of the S2 solution was examined by XRD, SEM, and
FTIR analyses in order to study the impact of Mn** ions on the
resulting solid phase.

Fig. 4. SEM image of BaSOsFe™ solid sample obtained at room
temperature.

2) FTIR Sectrum Analysis

There are significant variations in the S2's spectrum
compared to pure barium sulphate, as demonstrated by the
infrared spectra of Figure 5. There were two shifts observed in
the band: one at 642 cm™ (636 in pure barite), which
corresponded to the SO4's out-of-plane bending vibration, and
another at 605 cm™ (609 in pure barite). Furthermore, a
significant deviation was noted in the 1000-1200 cm™ region,
which was ascribed to sulfate ion vibration in accordance with
sulfur—oxygen (S-O) stretching. However, the compound's
spectrum obtained in the presence of Mn®* exhibits a
significant shift in the peak from 1213 cm™ in pure barite to
1197 cm™ in S2, a shoulder between 1050 cm™ and 1130 cm™
and a peak at 982 cm™ in pure barite shift to 979 cm™. We
found also a new peak at 1383 cm™".

This leads us to conclude that the obtained result differs
somewhat from pure solid barite. Authors in [5, 21, 22] showed
similar variation in the infrared and Raman spectrum when
they studied the role of Ca, Mn, and Sr in barite deposition.
Therefore, the change in IR spectra that was observed cannot
be explained by surface adsorption, but can be explained by the
insertion of Mn** or the replacement of Ba* with Mn** in the
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barite lattice to create a solid solution Ba; Mn, SOy [5, 21]. The
substitution theory is ruled out by the large discrepancy from
the radius of Mn™* with that of Ba**. Thus, we employed the
XRD and SEM investigation to validate this insertion
hypothesis.
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Fig. 5. FTIR spectra of BaSO,:Mn* sample obtained at room temperature.

3) XRD Analysis Results

The single-phase compound formation was examined by
the XRD pattern seen in Figure 6. The strength of the peaks is
the only difference of the two XRD patterns. The position (20)
shows no difference. According to [5], the Mn/BaSQO, pattern is
part of the orthorhombic space group. According to [21], the
weak incorporation of Mn into the BaSO, lattice is the cause of
the intensity difference. The relatively high solubility of
MnSO, in a water-based solution explains this result.
Consequently, there is very little impact of the ion-pair amount
of MnSO, to BaSO, nucleation compared to calcium effect [5].
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Fig. 6. XRD pattern of BaSO,Mn** sample obtained at room
temperature.

The XRD and infrared spectra match those published in[18]
when BaSO, was enriched with a stoichiometric ratio of Mn>*
(The Mn-doped BaSO, was made by recrystallization method
by mixing BaCO; and concentrated H,SO, in stoichiometric
ratio. The mixture of solid was heated at 650-700 °C in a quartz
crucible for 30 min) however, we employed a different
synthesis process and a stoichiometric amount of Mn*".

4) SEM Analysis Results

To evaluate the impact of Mn** inclusion on crystal shape,
SEM images were gathered (Figure 7). According to [23], the

barite precipitate has hexagonal platelets as its distinctive shape
when Mn?* is not present. The SEM image displays the shape
of flattened diamonds with some morphological alterations
caused by the addition of Mn* (the particles have regular
hexagon-like angular edges).

SEM image of BaSO,Mn** solid sample obtained at room
temperature.

Fig. 7.

We can infer from the examination of the compounds
derived from solution S2 that the existence of Mn®* cannot
modify the kinetics, due to the absence of any modification in
heterogeneous and homogenous precipitation mode. Solid
analyses can confirm slight doping of the barite lattice.

Iv. CONCLUSION

This work examined the effect of adding metal cations,
such as manganese (II) and iron (III) ions, on the formation of
barium sulfate through the precipitation reaction. This study
showed the formation of iron precipitate, without changing in
the barite structure. The conductivity study demonstrated that
the addition of iron Fe® increases the global rate of the
precipitation reaction. Indeed, the induction time decreased and
the slope of the conductivity curve increased at the start of the
reaction. This can be attributed to the acceleration of the
heterogeneous mode. During this reaction, an important
variation of the pH attributed to Fe(OH); formation was
noticed. On the other hand, this investigation demonstrated that
the presence of manganese (II) ions did not modify the
precipitation kinetics of barite. FTIR, XRD, and SEM analyses
confirmed a slight doping of manganese ions in barite lattice.
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