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Abstract The microencapsulation technology was brought in
to solidify corrosion inhibitor in order to prolong the releasing
time of it. In this work, thiourea (H,NCSNH,) was used as a
corrosion inhibitor and microcapsuled using glutin and
polyvinyl alcohol (PVA), respectively, as protective agent.
The re-sealing process was used as a way to prolong the
releasing time of the H,NCSNH, encapsulated in micro-
capsules. It was found that the H,NCSNH, microcapsule
corrosion inhibitor using PVA as a protective agent had a
better releasing time. The releasing times of the H,NCSNH,
microcapsule corrosion inhibitors were prolonged from 18 to
48 h by re-sealing process and using PVA as a protective
agent. Both the use of PVA as a protective agent and the
application of the re-sealing process decreased the encapsu-
lation efficiency of the H,NCSNH,. The performance
parameters on protecting Q235 carbon steel from corrosion
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in 0.1-M H,SO, solution were evaluated by polarization
curve and electrochemical impedance spectra methods. The
results showed that the H,NCSNH, released into the solution
from microcapsules could well protect Q235 carbon steel
from corrosion and the corrosion-inhibiting mechanisms of it
were the same as that of H,NCSNHS,.
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UV spectrophotometric method - Electrochemical impedance
spectra - Polarization curve

Introduction

Corrosion inhibitor technology is an effective and economic
way for protecting metal from corrosion, which is already
widely used in many industries [1-10]. The bottom of high
sour gas wells, which have separators, cannot be well
protected by liquid corrosion inhibitors. Solidifying and
slowing their release rate would be an effective way to
solve this problem. L. Mikhail Zheludkevich et al. [11] and
A. N. Khramov et al. [12—13] had devoted their efforts to
finding an effective way to control the releasing speed of
corrosion inhibitors. L. Mikhail et al. [11] used zirconia
nanoparticles as a reservoir for the storage and prolonged
the releasing time of corrosion inhibitors. A. N. Khramov et
al. [12—13] encapsulated the corrosion inhibitor within the
coating matrix which slowed the release of them and then
improved the protection capacity of the coating.

The microencapsulation technology is an effective way
to solidify effective components and control the releasing
speed of them which are encapsulated in microcapsules.
With the development of it, the microencapsulation
technology had been widely used in agriculture, food,
medicine, and other industries because of its advantages
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on solidifying effective components and slowing the
releasing rate of them [14—19].

In this study work, the microencapsulation technology
was applied to find an effective way to solidify and keep
the thiourea (H,NCSNH,), which was encapsulated in
microcapsule, releasing in a slow rate. Three kinds of
microcapsules were made by using thermal phase separa-
tion method together with vigor Finestran drying bath
method. The first and the second kinds were produced by
using glutin and polyvinyl alcohol (PVA) as protective
agents, respectively. And they were all sealed by alginate
natrium once. The third kind used PVA as a protective
agent and was sealed twice by alginate natrium. The
qualities of them were evaluated by using UV spectropho-
tometric, polarization curve, and electrochemical imped-
ance spectra (EIS) methods, respectively.

Experimental
Preparation of the microcapsules

Add a saturated H,NCSNH, solution into a CH,Cl,
solution containing 85% ethyl cellulose. And then, add
that mixture drop by drop into a 5% glutin solution or an
8% PVA solution until the W/O emulsion is formed.
Maintain the emulsion at 60 °C and stir it until the CH,Cl,
is vaporized completely. After filtering, washing, and
drying it, the primary product of the microcapsules is
achieved [20, 21]. Dissolve the primary product in a 55 °C
saturated alginate natrium solution and drop calcium
chloride in it with an orifice device. Then, we get the
H,NCSNH, microcapsule corrosion inhibitors [22]. Three
kinds of them were produced under three situations:

1. Product #1 was microencapsuled with glutin and was
sealed once.

2. Product #2 was microencapsuled with PVA and was
sealed once.

3. Product #3 was microencapsuled with PVA and was
sealed twice.

Evaluation of the microcapsules

The pictures of the microcapsules were captured by a JT-
218211 microscope.

Put 4 mg #1, 5 mg #2, and 6 mg #3 into 0.12-L 0.1-M
H,SO, solutions, respectively. The concentration of
Ho,NCSNH, (Cp,neswm,) released into the solutions was

detected using UV spectrophotometric method [23] every 6 h.

The Q235 carbon steel electrode with a working surface
area of 1 cm? was used as a working electrode in this study.
The electrode was polished with silicon carbide waterproof
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Fig. 1 Picture of HNCSNH, microcapsule corrosion inhibitor

electro-coated abrasive paper no. 1000, and then it was
degreased with ethanol and dried in cool air before
experiment. A titanium plating metal and a saturated
calomel electrode were used as a counter electrode and a
reference electrode, respectively. Polarization curve and
EIS were measured using a computer-controlled system
(CHI 604C). The working system was a three-electrode
system. The polarization curve was performed at a scan rate
of 0.3 mV s™! and EIS was performed at the open circuit
potential during the frequency of 0.05~100,000 Hz with an
amplitude vibration of 5 mV. The polarization curve and the
EIS were performed after the adding of microcapsules
every 6 h. The polarization curve and EIS were also
performed in 0.1-M H,SO, solutions added with the
H,NCSNH, respectively at 0.31 mM and 0.438 mM, which
equaled to the final concentrations of H,NCSNH, in the
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Fig. 2 Relationship between the concentration of H,NCSNH, and
time in 0.12-L 0.1-M H,SO, solution containing 4 mg #1, 5 mg #2,
and 6 mg #3 microcapsule corrosion inhibitor products, respectively
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Fig. 3 Polarization curves obtained on Q235 carbon steel electrode
determined in 0.12-L 0.1-M H,SO, solution containing 4 mg #l
H,NCSNH, microcapsule corrosion inhibitor every 6 h

systems added with #1 and #3 products. The polarization
curve and the EIS were both calculated by ZView software.

All experiments were taken at the temperature of 28+
0.2 °C.

Results and discussion

The releasing rate

The shape and diameter of these three kinds of micro-
capsules were the same. Figure 1 was a picture of one kind
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Fig. 4 Polarization curves obtained on Q235 carbon steel electrode

determined in 0.12-L 0.1-M H,SO, solution containing 5 mg #2
H,NCSNH, microcapsule corrosion inhibitor every 6 h
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Fig. 5 Polarization curves obtained on Q235 carbon steel electrode
determined in 0.12-L 0.1-M H,SO, solution containing 6 mg #3
H,NCSNH, microcapsule corrosion inhibitor every 6 h

of them. The picture showed that the diameter of it was
about 500 um and the shapes of them were granular which
indicated that it was applicable to microencapsulate the
H,NCSNH, using the method mentioned above.

The relationship between Cy,ncsnm, and time in 0.12-L
0.1-M H,SO, solution was shown in Fig. 2. It could be
found that the Cy,ncsnm, increased with time until the
H,NCSNH, was released completely; then the Cy,ncsnm,
remained stable. This indicated that the microencapsulation
technology could well prolong the releasing time of
H,NCSNH,, which was encapsulated in microcapsules.
The releasing time of #1, #2, and #3 were 12, 18, and 48 h,
respectively. Therefore, the releasing time of the micro-
capsules microencapsulated with glutin was shorter than
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Fig. 6 Relation between i, calculated from Figs. 3, 4, and 5 and
time
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Fig. 7 Corrosion-inhibiting efficiency calculated from Fig. 6

those with PVA. The re-sealing process could prolong the
releasing time of the microcapsules from 18 to 48 h when
microencapsuled with PVA. The Cp,ncsnm,had no linear
relationship with time. Therefore, the H,NCSNH, was
scattered in the microcapsules [24].

The encapsulation efficiency of the microcapsules could
be calculated as Eq. 1 [25].

MH,NCSHNH,

x 100% (1)
mo

TTH,NCSNH, =

Where 77,ncsnn, Was the encapsulation efficiency of the
H,NCSNH,; my,nesnn, was the weight of the HNCSNH,;
mgo was the weight of the microcapsules. The encapsulation
efficiencies of #1, #2, and #3 calculated from the results of
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Fig. 8 EIS obtained on Q235 carbon steel electrode determined in

0.12-L 0.1-M H,SO,4 solution containing 4 mg #1 H,NCSNH,
microcapsule corrosion inhibitor every 6 h
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Fig. 9 EIS obtained on Q235 carbon steel electrode determined in
0.12-L 0.1-M H,SO,4 solution containing 5 mg #2 H,NCSNH,
microcapsule corrosion inhibitor every 6 h

Fig. 2 and Eq.
respectively.

It was obvious that the amount of H,NCSNH, encapsu-
lated in these three products in decreasing order was #3, #2,
and #1. But the releasing speed of H,NCSNH, in
decreasing order was #1, #2, and #3.

Therefore, microcapsules microencapsulated with PVA
had longer releasing time and slower releasing rate than
those with glutin. The re-sealing process prolonged the
releasing time and decreased the releasing rate. Both
microencapsulating with PVA and re-sealing process
decreased the encapsulation efficiency.

1 were 51.5%, 48.8%, and 44.7%,
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Fig. 10 EIS obtained on Q235 carbon steel electrode determined in
0.12-L 0.1-M H,SO,4 solution containing 6 mg #3 H,NCSNH,
microcapsule corrosion inhibitor every 6 h
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Fig. 11 Relation between i, calculated from Figs. 8, 9, and 10 and
time

Evaluation of the quality of the microcapsules using
polarization curve

The polarization curve was used to evaluate the quality of these
three kinds of microcapsules on protecting Q235 carbon steel
from corrosion in 0.1-M H,SO, solution and the results were
shown in Figs. 3, 4, and 5. It could be found that the corrosion
current densities decreased greatly at first with the releasing of
the H,NCSNH, and remained stable after 12 h for #1, 18 h
for #2, and 48 h for #3. In other words, the releasing time of
the H,NCSNH, encapsulated in #1, #2, and #3 products are
12, 18, and 48 h, respectively. These results were all
consistent with the results gotten from UV spectrophotometric
method. The corrosion current densities calculated from
Figs. 3, 4, and 5 were shown in Fig. 6, which showed that
the H,NCSNH, released could well protect Q235 carbon steel
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Fig. 12 Corrosion-inhibiting efficiency calculated from Fig. 11
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Fig. 13 Polarization curves obtained on Q235 carbon steel electrode
in 0.12-L 0.1-M H,SO, solutions containing H,NCSNH,, #1 and #3,
respectively

from corrosion and the corrosion rate decreased at first and
then remained stable after 12, 18, and 48 h for #1, #2, and #3
products, respectively. The relative standard deviations of the
potentials and the corrosion current densities are 4.15% and
11.4%, respectively.

The corrosion-inhibiting efficiency calculated from
polarization curve (),c) could be calculated as follows [26]:

. .y

Moo = T 1T 100% 2)
Leorr

Where i.., and i, were the corrosion current densities

of the carbon steel in the system in the absence and in the

presence of the microencapsulated corrosion inhibitors,

respectively. The corrosion-inhibiting efficiencies calculated
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Fig. 14 EIS obtained on Q235 carbon steel electrode in 0.12-L 0.1-M
H,S0, solutions containing H,NCSNH,, #1 and #3, respectively
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from the results of Fig. 6 and Eq. 2 were shown in Fig. 7.
The corrosion-inhibiting efficiencies of #1, #2, and #3 all
increased with time at first and then remained stable after 12,
18, and 48 h, respectively. These changes were all consistent
with the changing of the values of the Cy,ncsnm,- It could
also be concluded from Figs. 6 and 7 that the releasing rate
of these three kinds of products in decreasing rate was #1,
#2, and #3, which was well consistent with the results gotten
from UV spectrophotometric method.

The values gotten from the polarization curves proved
that the microencapsulation technology could solidify
H,NCSNH, and prolong and control the releasing rate of
it. The H,NCSNHj; released could well inhibit the corrosion
of Q235 carbon steel.

Evaluate the quality of the microcapsules using EIS method

EIS was performed after the three kinds of microcapsules
were added into 0.12-L 0.1-M H,SOy4 solutions every 6 h
and the results were shown in Figs. 8, 9, and 10. It showed
that the diameters of the arc, which equals to the values of
R, increased with the releasing time at first and
maintained a stable value after the H,NCSNH, was
released completely. Therefore, the corrosion rate, which
was in proportion to the reciprocal of R,, decreased with
the release of the microcapsules and remained stable after
the H,NCSNH,, was released completely. The values of R,
calculated from EIS were shown in Fig. 11, which
expressed the inhibiting effects of the three kinds of
microcapsules. The relative standard deviation of the
values of R, is 8.88%. It could also be concluded from
Figs. 8, 9, and 10 that the releasing time of #1, #2, and #3
were 12, 18, and 48 h, respectively.

The corrosion-inhibiting efficiency calculated from EIS
(ng1s) could be evaluated as Eq. 3 [26]:

nes = (1 — Rpo/Ry) X 100% (3)

Where R, and R, were polarization resistances calcu-
lated from EIS in the system in the absence and in the
presence of the microencapsulated corrosion inhibitors,
respectively. The corrosion-inhibiting efficiencies calculat-
ed from Eq. 3 were shown in Fig. 12. It was obvious that
the changes of ngs were the same as that of 7.

Therefore, the results of EIS also proved that micro-
encapsulating could well prolong the releasing time of
H,NCSNH, and could well control the corrosion rate of
metal. These results were all well consistent with the results
gotten from UV spectrophotometric method and polariza-
tion curves.

@ Springer

Comparison of the H,NCSNH, and the H,NCSNH,
released from microcapsules

Figures 13 and 14 illustrated the polarization curve and the
EIS in 0.1 M H,SO,4 containing 0.31 and 0.438 mM
H,NCSNH; and in the solutions after adding #1 and #3 for
18 and 60 h, respectively. It could be concluded that the
corrosion rates of Q235 carbon steel dipped into the
solutions containing 0.31 and 0.438 mM H,NCSNH, were
the same as that in the solutions added with #1 and #3 for
18 and 60 h, respectively. The shapes of the polarization
and the EIS in H,NCSNH, solutions were the same as that
in the solutions containing H,NCSNH, microcapsule
corrosion inhibitors. Therefore, the mechanisms of the
H,NCSNH, microcapsule corrosion inhibitors were the
same as that of H,NCSNH,.

Conclusions

The microcapsule technology could solidify a corrosion
inhibitor and control the releasing rate of it. H,NCSNH,
microcapsule corrosion inhibitors could well inhibit the
corrosion of metal. Microencapsulating H,NCSNH, with
PVA had a longer releasing time and a slower releasing rate
than that using glutin. The re-sealing process could prolong
the releasing time and slow the releasing rate of
H,NCSNH,. Both microencapsulating with PVA and re-
sealing could decrease the encapsulation efficiency of
H,NCSNH, microcapsule corrosion inhibitors. The
corrosion-inhibiting mechanisms of H,NCSNH, microcap-
sule corrosion inhibitors were the same as that of
H,NCSNH,.
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