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ABSTRACT

Chemical stability of oilfield injection water is a critical factor to avoid corrosion and scaling
of water treatment devices and pipelines. Especially, Guangli oilfield (a branch of Shengli
Oilfield) has achieved remarkable success in anti-corrosion by applying an electrochemical
pre-oxidation process into strong corrosive wastewater treatment, while scaling was aggra-
vated therefore. XRD, SEM, EDS, and chemical analysis demonstrated the major component
of the scale deposit was calcite. Succeedingly, chemical analysis of produced water along
the process showed that pH, concentration of calcium ions, bicarbonate ions, and suspended
solids changed remarkably before and after the mixing reactor. Further studies revealed that
the addition of water treatment chemicals (Na,CO3) in the mixing reactors induced the
precipitates of CaCO3, which could serve as crystal seeds and resulted in the continuous
precipitation of calcium ions. Moreover, calcite saturation ratio increased from 0.97 to 3.94
could contribute to the rise of pH and bicarbonate ions. Consequently, both of them created
favorable conditions for crystal growth and incurred more severe scaling problem. The final
scale inhibition experiments suggested that the amount of calcium carbonate scale could be

mitigated through the dose of scale inhibitors.
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1. Introduction

The corrosiveness and scaling of produced water
are two important issues in oilfields. The produced
water in some areas of Shengli Oilfield, the second

*Corresponding author.

largest oilfield in China, possesses high salinity and
strongly corrosive property. A targeted electrochemi-
cal pre-oxidation process has been effectively used to
resolve the corrosion problem. In Guangli Oilfield, the
corrosion rate was reduced from 1.6 mm a year to
0.076 mm a year. Unfortunately, severe scaling were
observed in several months, and the thickness of the
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Fig. 1. Pictures of scales formed in produced water treatment plant (A) and injection pipes (B) in Guangli Oilfield.

scale could reach up to 50 mm both in produced water
treatment plant (PWTP) and injection wells (as shown
in Fig. 1).

Fundamentals of electrochemical pre-oxidation
technology could be concluded as electrochemical
oxidation/reduction, electrochemical sterilization, and
electrochemical coagulation. During this process, Fe**
and $°” could be oxidized into Fe** and S, respec-
tively, which could be easily removed by the aid of
coagulant. In order to obtain better coagulation sedi-
mentation effect in the electrochemical pre-oxidation
process, alkaline reagents (such as NaOH and
NayCO;) are accustomed to adjusting pH of the
wastewater [1]. Meanwhile, alkaline reagents can also
be employed to solve corrosion problems by trans-
forming corrosive carbon dioxide into carbonate ions.
As carbonate ions could react with calcium ions to
form calcium carbonate deposits, the corrosive carbon
dioxide will be removed [2,3]. The mechanism can be
described as follows [4]:

(1) CO, +H,0 « H,CO3 HCO; + H' -
CO;™ +2H"

() OH™ +H" - H,0

(3) Ca** +CO%" — CaCO; |

pH adjustment for electrochemical pre-oxidation
process differs from that for ease of corrosion prob-
lems. Electrochemical pre-oxidation process usually
set pH in the range of 6.5-7.0 in order to improve
coagulation sedimentation effect [2]. However, for the
ease of corrosion problems, pH is always controlled
around 8.0 to eliminate influencing factors (such as
free dioxide and calcium ions) related to corrosion [4].
It is noteworthy that carbonate equilibrium system
and calcite saturation ratio would be affected even if
the purpose of the pH adjustment is to improve coag-
ulation sedimentation effect. Relatively higher concen-
tration of alkaline reagents can easily lead to the
precipitate of calcium carbonate, especially during the

mixing course between wastewater and chemical
reagents. What’s more, the calcium carbonate precipi-
tate may serve as crystal seed and lead to more severe
scaling problem. Additionally, many researchers have
pointed out that the formation of calcium carbonate
scale could be affected by changing of pH values
[5-11], pressure [12], temperature [13], and salinity
[14,15], etc.

An investigation of the scaling potential in
different sites of the oilfield produced water treatment
process revealed that the most severe scale phe-
nomenon occurred between the mixing reactors and
the buffer tanks. Acid-soluble test indicated that the
main component of the scale was carbonate, which
mainly refers to calcium carbonate. According to the
above analysis, we propose that the water treatment
chemicals, which were added in mixing reactors to
improve coagulation sedimentation effect, were the
culprit of scaling. In this study, detailed investigation
was undertaken to corroborate the hypotheses. The
scale between the mixing reactors and buffer tanks in
the water treatment plant, and the water quality along
the process was analyzed. Factors which induce scal-
ing were studied and the scaling mechanism was pro-
posed. Additionally, a preliminary anti-scaling
experiment was carried out to evaluate the efficiency
of scale inhibitors.

2. Materials and methods
2.1. Process of the produced water treatment plant (PWTP)

Schematic diagram of the Guangli Oilfield pro-
duced water treatment process is illustrated in Fig. 2.
Produced water was first treated by the electrochemi-
cal pre-oxidation devices to remove unstable ions,
such as Fe?*, $*7, and free carbon dioxide, followed by
removing of oil in the de-oil tanks. After that, it flo-
wed through mixing reactors with dosage of chemical
reagents (including coagulant, alkaline reagents, etc.)
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Fig. 2. Schematic diagram of the flowchart of “Electro-
chemical pre-oxidation + Coagulation sedimentation + Fil-
tration” process in Guangli oilfield. 1—electrochemical
pre-oxidation device, 2—de-oil tanks, 3—mixing reactors, 4
—settling tanks, 5—buffer tanks, 6—sand filters; 7-13:
sampling points.

in order to promote the precipitation of suspended
solid (SS) in settling tanks. After that, the water is
stored in buffer tanks and further treated by sand
filters before sending it back to the injection station.

2.2. Analysis of the scale

Two scale samples were taken from location 10
and 11, respectively. Calcium and magnesium con-
tained in the scale was determined by EDTA titration
method [16]. And the content of calcium carbonate
(MF) in the scale was calculated as following:

c(Ca’t)-V-M

MF = = % 100% 1)

where MF—mass fraction of calcium carbonate in the
scale, %; m—weight of the scale sample, g; V—volume
of the dissolved scale sample solution, L; c(Ca*")—
concentration of calcium ions in the dissolved solu-
tion, mol L™!; M—the molecular weight of calcium
carbonate, g mol .

The micromorphology of the scale was examined
using a scanning electron microscopy (SEM S-4800)
equipped with X-ray energy dispersion (EDS), which
allows the qualitative and quantitative elemental
analysis.
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The crystal form of calcium carbonate contained in
the scale was determined by X-ray diffractometer
(Bruker D8 Advance, Germany).

2.3. Water quality analysis

Produced water from sampling points 7 to 13 were
collected in order and the interval time was the same
as the hydraulic retention time of the corresponding
unit. Water sampling and analysis method referred to
SY/T0600 [16]. SS, temperature, and pH were mea-
sured by the gravimetric method, thermometer, and
acidity meter, respectively. Cations including Ba*,
Sr**, Na', K*, and anions including S04 and CI”
were measured with ion chromatography (Dionex
ICS-90, USA).

The scale samples were dissolved in hydrochloric
acid and diluted with de-ionic water. Thereafter, Ca®*
and Mg>* were determined by EDTA titration method.
CO5*” and HCO;~ were determined by the potentio-
metric titration method.

2.4. Scaling tendency analysis
2.4.1. Calcite saturation ratio (CSR)

CSR was calculated to characterize the scaling
tendency of the treated water [17]:

_ o(Ca?") - (Ca*) x o(COZ) - (CO%)
Ksp,CaCOg

CSR )

where c(Ca®*)—the concentration of calcium ions,
mol L™'; y(i)—activity coefficient of species i ions
calculated by Debge-Hiickel formula [18]; K, caco,—
solubility product of CaCOs;, 1.759 x 107 at 333.15 K
[19]; c(CO3 )—the concentration of carbonate ions
(mol L™"), which could be calculated by the following
equation according to carbonate equilibrium:

C(HCO;) . Kz

(COY) ="

3)

The ionization constant of bicarbonate ions (K,) was
calculated by [20]:

290239

rKs +0.02379 - T — 6.498 4)

where T—temperature, K.
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2.4.2. Determine the loss of calcium ions

Produced water samples were collected as the
method described in Section 2.3, and then the samples
were standing at 313.15 K for 9 h. After filtered with
ashless filter paper, the concentrations of calcium ions
in the samples were measured by EDTA titration
method.

2.5. Measurement of the efficiency of scale inhibitors

Two types of commercial scale inhibitors, named
amino trimethylene phosphonic acid (inhibitor A) and
1-hydroxy ethylidene-1,1-diphosphonic acid (inhibitor
B), that are widely used in oilfields were added into
the produced water of sampling point 11 with differ-
ent concentration (2, 5, 10, 15, 20, and 30 mg LY.
Next, the mixtures were standing at 333.15 K. After
9 h, the concentration of calcium ions was measured.
Efficiency of scale inhibitors (I) was calculated as
follows:

G — (1

(%) = x 100% ®)

Co— (1

where cp—calcium ions concentration in raw produced
water samples, mol L% c;—calcium ions concentra-
tion in produced water samples without scale inhibi-
tors and treated by set statically at 333.15 K for 9 h,
mol L™"; c,—calcium ions concentration in produced
water samples with scale inhibitors and treated by set
statically at 333.15 K for 9 h, mol L™".

3. Results and discussion
3.1. Analysis of the scale

The amount of calcium and magnesium in the
scale was shown in Table 1. The result indicated that
the main composition of the scale was CaCO; which
accounted for about 83% in mass fraction, while the
amount of magnesium in the scale was relatively
lower. The EDS results were shown in Fig. 3, it could
be seen that the main elements in the scale including

Table 1
Results of chemical analysis of scale
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Fig. 3. EDS results of the scales from (a) sampling point 10
and (b) sampling point 11.

calcium, magnesium, carbon, and oxygen which also
meant that the main composition of the scale was
CaCOs.

Scale samples were also subjected to SEM analysis.
As shown in Fig. 4, the micromorphology of the scales
tended to form rhombic crystal instead of needle-like
crystal or spherical crystal. A lot of literature
[13,17,18,21] had described the micromorphology of
CaCO;. Calcite and aragonite usually crystallized as
monocrystalline well-faceted particles (rhombohedral
for calcite and needle-like for aragonite crystals), while
vaterite was poly-crystalline and exhibited a spherical
shape [13]. Hence, according to Fig. 4, we suggested
that the main crystal-type of the scale in this study
was calcite. Further study of the scale was performed
with XRD, as shown in Fig. 5. The results indicated
that the dominant crystal-type was calcite, 26 = 23.14,
29.51, 36.09, 39.55, 43.31, 47.27, 47.71, 48.70, 56.80,
57.60, and small amount of aragonite was also

Mass fraction (%)

Sampling point Calcium Magnesium Calcium carbonate
10 333 2.48 83.1
11 33.8 2.73 84.4
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Fig. 4. Micromorphology of scales from (a) location 10 and (b) location 11.

C - calcite
A - aragonite

T
30 40 50 60
2:0

2

Fig. 5. XRD curves of CaCO; species from location 10 and
location 11.

detected at 20 = 26.59, 31.69. Similar results also could
be seen elsewhere [12,22]. Therefore, the conclusion
can be drawn that the main composition of the scale

was CaCO;, of which the dominant crystal-type is
calcite.

According to Gal et al. [8] and Sawada [23], calcite
was the most stable form with a solubility product of
107848 at 298.15 K and widely exists in nature; arago-
nite is a less stable form with a solubility product of
1073 at 298.15 K and mainly biosynthetic; vaterite is
the most unstable form with a solubility product of
10771 at 298.15 K and rarely occurs in nature, but it
always precipitated initially from the supersaturated
solution and plays an important role in the precipita-
tion of calcium carbonate [23].

As there is barely scale formed before mixing
reactors in the PWTP, we suggested that the CaCOj;
scale formed in this study might be transformed from
vaterite.

3.2. Water analysis

Results of the chemical analysis of the produced
water were represented in Table 2. Along the treat-
ment process, the temperatures and the concentrations
of sodium, potassium, magnesium, and chloride ions

Table 2

Water quality results along the process

Sampling points 7 8 9 10 11 12 13
Temperature (°C) 58.8 59.2 58.8 58.8 58.6 58.2 58.2
pH 6.51 6.41 6.43 6.98 6.82 6.84 6.86
SS (mgL™ 11.3 42.0 47.0 69.0 204 232 1.0
Na* (mg L™ 13,521 13,521 13,525 13,524 13,517 13,520 13,515
K* (mg L™ 229 229 222 227 223 225 219
Ca** (mg L™ 1737 1736 1735 1728 1723 1719 1719
Mg** (mg L™ 314 315 314 313 313 313 313
Cl” (mgL™) 24,854 24,837 24,840 24,833 24,842 24,839 24,833
HCO;™ (mgL™") 384 366 363 417 409 402 396
TDS (mg L") 41,044 41,008 41,005 41,046 41,032 41,024 40,999

Note: Ba?*, Sr** and SO,>~ were not detected.
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were relatively stable. However, the values of SS, pH,
and concentrations of calcium ions and bicarbonate
ions varied drastically. The amount of SS, as shown in
Table 2, increased sharply after the electrochemical
pre-oxidation process. And the addition of alkaline
agent (NayCOj) in mixing reactors resulted in the
sharp increase in pH and concentration of bicarbonate
ions. At the same time, as can be seen from the sam-
ple point 10 of Table 2, calcium carbonate was precipi-
tated and led to the substantially increase in SSs. After
that, the amount of calcium ions decreased gradually
along the process because the calcium carbonate
deposit acts as crystal seeds, as well as the increased
pH and concentration of bicarbonate ions. These
results indicated that the main component of the scale
was calcium carbonate.

Many researchers had also pointed out that pH
value [6,7,11], alkalinity or concentration of crystal
seed [14], and bicarbonate ions [14,15] played an
important role in the precipitation of CaCOj. There-
fore, we had proved that the water treatment chemi-
cals were the culprit of the precipitation of CaCOs.

3.3. Scaling tendency analysis

Temperature was set at 333.15 K to facilitate the
calculation. The CSR calculated according to Eq. (2)
was shown in Table 3.

The results showed that calcium carbonate in the
produced water was hardly supersaturated before the
mixing reactors (location 9 in Table 3), with SCR
around 1.0. But after that, CSR value increased sharply
up to 3.94, which implied more severe scaling ten-
dency. Even CSR value decreased along the process
after mixing reactors, it is still above 2.5. The CSR ten-
dency had been demonstrated by the PWTP practice,
in which the scaling tendency between the mixing
reactors and the settling tanks, where the CSR value
was the highest, was most serious.

However, the increasing trend of CSR value was in
contrary to the observations that scaling phenomenon
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was gradually reduced after the settling tanks. Gal
et al. [8] and Yin et al. [24] had pointed out that only
the high CSR was not enough to induce more severe
scaling problem. Therefore, the degree of supersatura-
tion of calcium carbonate in produced water was not
the sole cause of CaCOj; precipitation.

The results of the loss of calcium ions along the
treatment process were shown in Fig. 6. The loss of
calcium ions was less than 8 mg L™ before location
10, while it was up to 23 mgL™" after location 9.
Thereafter, loss of calcium ions decreased along the
process, which was in contrary to the variation trend
of CSR value. These results demonstrated that, as dis-
cussed previously, the degree of supersaturation of
calcium carbonate in produced water after location 9
was not the sole cause of CaCOj; precipitation. We
proposed that, according to the water analysis results
shown in Table 2, variation of SS would be another
factor.

1750

E(A) E(B)

1740
— 1730+

& 17204

1710 4

1700 -
10

Location

11 12 13

Fig. 6. Scaling tendency of produced water at different
sampling point of the water treatment process (concentra-
tion of calcium ions in (A) raw samples and (B) samples
that standing for 9 h).

Table 3

Results of water analysis along the process

Location 7 8 9 10 11 12 13
K, 7.25x 101

y(Ca®") 0.202

»WCO527) 0.167

Ca(x10 2 mol LY 434 4.34 4.34 432 431 430 430
CO5* (x10 ® mol L ™) 1.26 1.12 1.16 473 3.52 3.38 3.18
CSR 1.05 0.93 0.97 3.94 2.66 2.73 2.82
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3.4. Study on key influencing factors

In order to investigate the influence of SS, pH, and
concentration of bicarbonate ions on calcium carbonate
precipitation, produced water samples from location 9,
10, and 11 were taken and, immediately, the concen-
tration of calcium ions was measured. Each of the
samples was divided into two parts: one part was fil-
tered with ashless filter paper to eliminate the effect of
SS on the precipitation of calcium carbonate; and the
other part that without any treatment was marked as
raw sample. And then the samples were tackled
according to Section 2.4.2.

The results of the effect of pH, SSs, and concentra-
tion of bicarbonate ions on CaCOj; precipitation were
presented in Fig. 7. Concentration of calcium ions in
the filtered samples from location 9, 10, and 11 were
approximately equal to that of the raw samples. How-
ever, concentration of calcium ions in the raw samples
was reduced obviously. That meant the variation of
pH and concentration of bicarbonate ions, as shown in
Table 2, had little effect on the precipitation of calcium
carbonate. The raw sample from location 9 had a very
lower loss amount of calcium ions while the raw
samples from location 10 and 11 had a relatively
higher loss amount of calcium ions, 23 and 20 ppm,
respectively. Therefore, it could be concluded that the
SS, when compared with that of pH and concentration
of bicarbonate ions, was the key factor in the precip-
itation of calcium ions.

Crystal growth theory suggested that calcium car-
bonate scaling included two steps—nuclei formation
and crystal growth, and both of them were key factors

1750

I (A) I (B) mm (C)
1740

—~ 1730+

~
~

10
Location

Fig. 7. Concentration of calcium ions in (A) raw samples,
(B) raw samples that standing for 9h and (C) filtered
samples that standing for 9 h at sampling points of 9, 10
and 11.
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in crystal precipitation [25]. Crystal nucleus, under
normal circumstances, was not necessarily produced
even at high degree of supersaturation when the lig-
uid phase was under thermodynamically stable state.
But once the stable state was broken, crystal nucleus
would be formed and then growing until another
thermodynamically stable state was created. In this
study, water treatment reagents added in the mixing
reactors broke the thermodynamically stable state and
caused the precipitation of CaCOj, which resulted in
the increase in the content of SS. In Fig. 7, as the SS in
the filtered samples was removed, the growth rate of
calcium carbonate was almost zero because the CaCOj3
precipitation from water under the existence of crystal
seed was surface reaction controlled [26,27].

What's more, the deposition rate of calcium car-
bonate was accelerated by the correspondingly
increased CSR. Xing et al. [9] indicated that scaling
tendency of calcium carbonate increasing linearly with
the increase in pH when it was lower than 8.0. Zhang
and Dawe [14] pointed out that the reaction order of
calcium carbonate precipitation increasing with the
increase in pH, when it was lower than 7.0. Therefore,
the degree of supersaturation of calcium carbonate
would certainly impact on the deposition rate of
calcium carbonate.

3.5. Scaling mechanisms and efficiency of scale inhibitors

According to the above analysis, the increase in
pH value (from 6.43 to 6.98) led to the right shift of
the carbonate equilibrium system, which was showed
in the reaction formula (1). This further resulted in the
increase in CSR (from 0.97 to 3.94). Both of calcium
carbonate precipitation and high CSR contributed to
the severe scaling phenomena between the mixing
reactors and buffer tanks. Mechanisms of calcium
carbonate precipitation could be deduced as follows:

(4) CO; +Ca*" = CaCo;s |
(5) HyCO; + OH™ = HCO; + H,0
(6) 2HCO; + Ca®" = CaCO; | +H,0 + CO,

Chemical Eqs. (4) and (6) indicate the formation of
crystal seed and growing of calcium carbonate, respec-
tively. Chemical Eq. (5) referred to the increase in pH
and concentration of bicarbonate ions caused by
adding an alkaline agent.

Scale inhibitors were often used to inhibit scale
formation in oilfields. Two types of commercial scale
inhibitors widely used in oilfields were chosen to
investigate their inhibiting efficiency. According to
Section 2.5, the results were represented in Fig. 8. The
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Fig. 8. Efficiency of scale inhibitors on produced water
sampling at location 11.

results indicated that the efficiency of inhibitor A was
increased from 18 to 92% for calcium ions as the con-
centration of inhibitor increased from 2mgL™" to
30 mg L™'. Whereas the efficiency of inhibitor B did
not significantly increases as the concentration of inhi-
bitor increased. These results indicated that the opti-
mum dosage of both inhibitors should not be less than
15 mg L™". Just considering the efficiency of both inhi-
bitors, inhibitor A, of which the efficiency is above
90% when the concentration is higher than 15 mg L™,
is superior to inhibitor B.

4. Conclusion

(1) The scaling problem in Guangli Oilfield was
attributed to water treatment chemicals added
in mixing reactors.

(2) The main composition of the scale in the Guan-
gli PWTP and the injection well was carbonate
(mainly calcite), of which the mass fraction
was more than 80%.

(3) The formation of CaCOj; deposit combine with
the high CSR resulted in the severe scaling
between the mixing reactors and the buffer
tanks.

(4) Precipitation of calcium carbonate could be
inhibited by adding scale inhibitors with a
dosage that higher than 15 mg L™".
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Nomenclature
MF — mass fraction of calcium carbonate in the
scale (%)

concentration of species i (mol L™")

c(i) —

Vv — volume of the dissolved scale sample
solution (L)

M — the molecular weight of calcium carbonate
(g mol™)

m — weight of the scale sample (g)

CRS — calcite saturation ratio in produced water
samples

(D) — activity coefficient of species i

Ksp,caco, — solubility product of CaCOj;, which is
1.759x10~° at 333.15 K

T — temperature (K)

K> — ionization constant of bicarbonate ions

I — efficiency of scale inhibitors (%)

Ci — concentration of calcium ions (mol L™)
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