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ABSTRACT

In this study, three kinds of triazines were synthesized via a condensation reaction to inhibit corro-
sion in oilfield wastewater. The prepared triazines were characterized by infrared spectroscopy and
gas chromatography-mass spectrometry, and their performance as eco-friendly corrosion inhibitors
in sulfur-containing oilfield wastewater was subsequently evaluated using the weight-loss method
and solid-liquid adsorption theory. The results exhibited that triazine II was the most effective cor-
rosion inhibitor in the three and the maximum inhibition efficiency of triazine II (800 mg L™) can
reach 97.66%. The adsorption of the inhibitor was consistent with the assumption of Langmuir
adsorption isotherm, the process was spontaneous and chemical adsorption. The mechanism of
corrosion inhibition was further explained by desulfurization reaction and coordination bond the-
ory, indicating triazines can be a desulfurizer to synergize their corrosion inhibition in sulfur-con-
taining oilfield wastewater. And their easy adsorption on the steel surface is attributed to nitrogen
and oxygen atoms with isolated electron pairs. The above experimental results all indicate that
they have the excellent performance to inhibit corrosion, which can be used in oilfield wastewater

treatment and will benefit the related research.
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1. Introduction

The amount of water resources is used for displacement
of reservoir oil in the process of oilfield development, in
order to improve oil well production and oil recovery [1,2].
Formation water and injected water are exploited together
with crude oil, leading to a large amount of production
sewage was produced after oil-water separation on the
ground. Noticeably, the amount of high-sulfur wastewater
has increased seriously, accompanied by the proportion of
high-sulfur crude oil grew in number in the deep crude
oil extraction process. Untreated sulfur-containing sewage
may cause air pollution and have certain harm to animals

* Corresponding author.

and plants when discharged into the environment. In addi-
tion, the sulfur-containing oilfield-produced water will
also cause corrosion to some extent in the production and
injection process, reducing the service life of the machine
and production efficiency [3]. In this viewpoint, it is neces-
sary to develop cheap, non-toxic and eco-friendly corrosion
inhibitors, particularly indicating the effective desulfur-
ization effect [4,5].

At present, the reported treatment for treating sul-
fur-containing wastewater mainly include physical meth-
ods, chemical methods, biological methods, etc. [6]. The
physical and biological treatments generally have a poor
effect on the removal of sulfide ions in high-concentration
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sulfur-containing sewage. In case of the electrochemi-
cal method, the support of the equipment often allowed
for the harsh reaction conditions and the long processing
time. In comparison, the oxidation method has advantages
over deep desulfurization, simple operation and low cost.
Essentially, sulfur ions in oilfield wastewater are mainly
treated by the oxidation method to oxidize them into harm-
less elemental sulfur or high-priced oxy salts. On the basis
of reducing pollution, the transformation of pollutants
to resources can be realized. In recent years, triazine and
its derivatives have been widely used as an eco-friendly
desulfurized in various industries [7].

Compared with conventional desulfurizers, triazine-
based desulfurizers show superiority in low-toxicity, effi-
ciency, biodegradable characteristics [8]. Moreover, the
corrosion inhibition of triazine also attracts more inter-
est due to its N-heterocyclic compound with a stable ring
structure and sufficient p-electrons. It is generally accepted
that organic molecules can be adsorbed on the surface of
metal atoms, forming organic films by electrostatic inter-
action [9-11], thus protecting the metal. Shukla et al. [12]
synthesized five kinds of triazine corrosion inhibitors
and confirmed that they have excellent corrosion inhibi-
tion performance in acid solution, which is related to their
active group and electron density. Liu et al. [13] used tri-
azine to solve the problems of blockage and pipeline cor-
rosion caused by sulfur compounds in the transportation
of sulfur-containing gas. Kowalczyk [14] proposed that tri-
azine-based desulfurizers have the characteristics of rapid
hydrogen sulfide absorption, high sulfur capacity, conve-
nient dosing and low price, which were suitable for offshore
oil and gas fields. Castillo et al. [15] conducted performance
tests on five triazine-based desulfurizers, and the results
showed that injecting the desulfurizer into a mixture con-
taining CO, and H.,S can greatly reduce the corrosion rate.
In this paper, several kinds of liquid corrosion inhibitors of
triazines were synthesized by aldehydes and amines, and
their adsorption isotherm, as well as corrosion inhibition
performance and mechanism, were further discussed.

2. Experimental

Triazine compounds were prepared by the condensation
of aldehydes and amines according to published methods
[16-18]. Triazine I, II and III were synthesized by the reac-
tion of formaldehyde with ethylenediamine, ethanolamine
and isopropanol amine respectively, the reaction tempera-
ture was controlled at 60°C. The molecular structures of
synthesized triazines are shown in Fig. 1.

B

N N
HzN/\/ ~_ \/\NH2 HO/\/N
1

Fig. 1. Structures of synthesized triazine I, I and IIL
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The electrolyte solution was sulfur-containing oilfield
wastewater, prepared from analytical grade Na,S9H,0
and distilled water. And the pH was adjusted to 5 with
0.01 mol L™ hydrochloric acid. The concentration range of
inhibitor employed was 200 to 800 ppm in sulfur-containing
oilfield wastewater. The corrosion tests were performed on
A30 steel sheets (40 mm x 14 mm x 2 mm) with a compo-
sition (in wt.%) C: 1.30, Cr: 4.20, Mo: 5.00, V: 3.10, W: 6.40,
Co: 8.30 and Fe balance. The tested materials were abraded
with a series of emery papers to keep the finish of each
surface consistent. The steel sheet was successively soaked
in petroleum ether and anhydrous ethanol, and then the
surface was dried with a hairdryer.

The structures of synthesized triazines were confirmed
by infrared spectroscopy and gas chromatography-mass
spectrometry technology. Fourier transform infrared (FTIR)
spectra were recorded using the Nicolet 5700 with a 4 cm™
resolution. The sample was evenly applied to the internal
mirror and compressed into transparent sheets. Then it
was placed on the sample rack for full-wavelength scan-
ning (400-4,000 nm). In gas chromatography-mass spec-
trometry detection, the mass spectrometry was detected
by electric bombardment ionization source (EI), and the
gas phase was detected by hydrogen ion flame detector
(FID). The analysis conditions of the reaction system with
triazine are as follows:

Column: HP-5MS capillary column with the size of
30 x 0.25 mm x 0.25 pum; Column temperature: 50°C, the
temperature was raised to 100°C at 10°C min™, and then
to 280°C at 20°C min™ for 5 min; vaporizer temperature:
325°C; detector: hydrogen flame with the temperature set to
250°C; hydrogen: 40 mL min™; Air: 450 mL min™; nitrogen:
45 mL min™.

The weight loss experiments were performed in sul-
fur-containing oilfield wastewater samples in the absence
and presence of various concentrations of triazine corrosion
inhibitors. The corrosion inhibition performance was mainly
evaluated by calculating uniform corrosion rate and inhi-
bition efficiency. The mass loss is determined after remov-
ing from the corrosion solution. The uniform corrosion
rates (W__ ) have been obtained as suggested in Eq. (1):

Am

== 1
corr St ( )

where Am is the weight loss, mg; S is the exposed area of
steel sheet, cm? t is the period of immersion of corrosion, h.
The inhibition efficiency (E, %) was determined by Eq. (2):

OH

1\/\0}1)\/( W\)\
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E, %= A 100 @
Am,

where Am, is the weight loss of the steel sheet in the
absence of triazine in the corrosion solution, mg; Am is the
weight loss of the steel sheet in the presence of triazine, mg.

3. Results and discussion
3.1. Fourier transform infrared spectroscopy

FTIR spectra of synthesized triazine I, II and III were
shown as Fig. 2. In case of triazine I, symmetrical stretch-
ing vibration and asymmetrical stretching vibration bands
of amidogen (NH,) at 3,440 cm™ and methylene (CH,) at
2,959.3 and 2,820.6 cm™ were observed. It was noticed that
the vibration absorption band of variable angle appeared at
1,640 cm™, CH, wagging vibration and CH, rocking vibration
appears at 1,390; 1,350 and 733 cm™ respectively. On the con-
trary, the peak at 1,260 cm™ corresponds to the C-N stretch-
ing. In addition, extra peaks may appear due to by-products,
such as cyanogen and imides, and their intermediate alco-
hol-amine compound.

In case of triazine II, the strong and wide absorption
peak of the O-H bond at 3,485.4 cm™ and O-H out-of-plane
bending vibration at 698 cm™ were observed. The absorp-
tion peak of the C-O bond appeared at 1,057.8 cm™, proving
that the compound was primary alcohol. The stretching
vibration peaks of methylene on the triazine ring and the
branched chain were at 2,938.6-28,341.3 cm™, while the
peak at 1,460; 1,350 and 698 cm™ was CH, bending vibra-
tion, CH, wagging vibration and CH, rocking vibration.
The band at 1,150 cm™ corresponds to the C-N stretch-
ing. Furthermore, few significant absorption peaks were
observed in the 2,500-2,000 cm™ wavenumber range, indi-
cating triple bonds or cumulative double bonds were not
formed in the products. However, compounds containing
active hydroxyl groups could dehydrate to form compounds
containing double bonds or ether bonds under certain condi-
tions, the peak appeared at 1,640 cm™ was suspected of being
C=C stretching vibration, and at 1,150 cm™ could be asym-
metrical stretching vibration band of ether bond.

In case of triazine III, a wide absorption peak at 3,392.2
and 682.7 cm™ was detected, indicating stretching vibration
of intermolecular hydrogen bond O-H and the O-H out-of-
plane bending vibration, respectively. Peaks at 2,952.5 and
2,879.2 ecm™ could be ascribed to the asymmetrical stretch-
ing vibration and symmetrical stretching vibration bands of
CH,, while those at 1,351.8 and 1,461.8 cm™ could be assigned
to the symmetrical and asymmetrical bending vibration
of CH,. The bond at 1,130.1 cm™ was associated with the
C-N stretching, then, C-O stretching vibration appeared at
1,072.2 em™. Likewise, imines and cyanogen are produced by
the action of aldehyde and amino groups, which may bring
about the appearance of peaks at 2,150.3 and 1,656.6 cm™,
and the peak at 923.8 cm™ could be the C-O-C stretch-
ing vibration. As discussed above, triazine compounds
have been synthesized by the reaction of primary amine
and formaldehyde, but some by-products were coexistent

in this process. Compared with triazine I and triazine III,
the synthesized triazine II had fewer impurities.

3.2. Gas chromatography-tandem mass spectrometry

The triazine II with few by-products was further ana-
lyzed by gas chromatography-tandem mass spectrometry.
And compared with the samples retrieved from the NIST
spectrum library, the main peak has appeared. The results
showed that the sample contained triazine compounds,
solvent (acetonitrile), ethanolamine and a small number of
other products or impurities. The results of mass spectrome-
try are shown in Fig. 3.

3.3. Gravimetric results

The values of corrosion rate and inhibition efficiency
of various concentrations of triazines in sulfur-containing
oilfield wastewater at 343 K using weight loss technique as
summarized in Table 1.

According to Table 1, the corrosion rate of the blank
sample reached the highest value. And it can be seen that
the severity of the corrosion of steel sheet from Fig. 4. The
corrosion inhibition rate reached 68.72% when 400 mg L
triazine I was added as a corrosion inhibitor, which had a
certain degree of corrosion inhibition. With the further
increase of concentration, the corrosion inhibition of triazine
II was better than that of the other two corrosion inhibitors,
and the highest inhibition efficiency was up to 97.66%. It is
well known that triazines can significantly inhibit the cor-
rosion of steel sheets. The corrosion rate decreased with
the increase of inhibitor concentration, and the inhibition
efficiency increased with the increase of inhibitor concen-
tration. The surface of the steel sheet was attached with
reddish-brown corrosion products, indicating the presence
of Fe,O,. Black corrosion products were also attached to
the surface of the steel sheet, and the specific phase compo-
sition was supposed to be further analyzed by XRD.

The variation curves of corrosion rate and inhibition
efficiency with various concentrations of triazines in sul-
fur-containing oilfield wastewater were drawn according
to the data in Table 1. As can be seen from Fig. 5, when the
concentration was lower in 200 mg L™, the corrosion rates
of steel sheets treated by triazine I and III were greatly
close. With the increase of the concentration of corrosion
inhibitor added, the corrosion rate of steel sheet protected
by triazine II decreased rapidly and maintained the lowest
corrosion rate among the three at any concentration. And
in Fig. 6, the inhibition efficiency of triazine II was high-
est while triazine III was lowest at a low concentration of
200 mg L7, this may be explained by the hydroxyl groups
with large polarity were more prone to metal complex for-
mation at lower concentrations [19,20]. Due to the steric
hindrance and the larger molecular weight of triazine III, it
was difficult to establish the film formed by adsorption on
the metal surface. However, a part of ammonium salt could
have been formed by triazine I, resulting in the decrease of
the rate of inhibition efficiency. When the inhibitor concen-
tration was more than 400 mg L™, the growth rate of inhi-
bition efficiency of triazine II decreased slightly, indicating
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Fig. 2. FTIR spectra of synthesized triazine I, Il and IIL
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Fig. 3. (a) The mass spectrometry diagram of triazine II and (b) corresponding results of NIST library search.

that the adsorption equilibrium was gradually established,
and less reagent was needed to add to achieve full protection
action.

3.4. Adsorption isotherm and thermodynamics calculations

According to reports in the literature, the corrosion
mechanism of corrosion inhibitors was due to corrosion

inhibitor adsorption on the surface of metal [21-23]. The
surface coverage (0) was gradually increased with the
increase of concentration of corrosion inhibitor on the steel
until the molecular adsorption reached saturation and the
coverage tends to 1. The corrosion rate of the steel dropped
to the lowest. According to Eq. (3), the surface coverage
of corrosion inhibitors at different concentrations was
calculated as follow:
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Table 1
Valuation of corrosion inhibition of triazines
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Inhibitor Concentrations (mg L™) Corrosion rates (mg cm?h) Inhibition efficiency (%)
Blank 0 0.21755 /
200 0.11234 48.36130
. 400 0.06804 68.72443
Triazine [
600 0.04080 81.24569
800 0.01221 94.38750
200 0.09935 54.33234
. 400 0.05575 74.37371
Triazine II
600 0.02940 86.48587
800 0.00510 97.65571
200 0.11935 45.13905
Triagine I1I 400 0.07510 65.47920
razmne 600 0.03585 83.52103
800 0.01600 92.64537

I 0

200

uncorroded

400 .

600

0

‘I 0 Izcml

Mo

I
600

Fig. 4. Comparison of corrosion inhibition effect of different concentrations of triazines (The first picture on the left showed the uncor-

roded condition as a comparison).

w._-Ww
e: corr corr. (3)
where W__ is the corrosion rates of A30 steel sheets

/

without trlazmes g cm™” h™; W' is the corrosion rate of
steel sheets with triazines, g cm=2h".

The Langmuir adsorption isotherm assumes the adsorp-
tion of organic molecules as a monolayer over the metal-
lic surface without any interaction with other molecules
adsorbed [24]. The surface coverage (0) was related to
inhibitor concentration (C), which can be evaluated using

Eq. (4):

c
s 4)

where K_,_is the equilibrium adsorption constant of the
adsorption process; f is the slope of the standard curve.

As can be seen from Fig. 7, three correlated straight lines
were obtained (R? close to 1) and triazine II had the best lin-
ear correlation, indicating that the adsorption of triazines
at the interface of the steel and salt solution conforms to
the Langmuir adsorption law. The organic molecules can
absorb on the surface of steel and block the active corro-
sion spots, leading to the corrosion rate was reduced [25].

The thermodynamic parameter of the adsorption process
of corrosion inhibitor, the Gibbs free energy of adsorption
(AG), was calculated and studied. The values of adsorp-
tion equilibrium constant (K_, ) of the inhibitors on the steel
immersed in sulfur-containing oilfield wastewater were cal-
culated by the Eq. (4) and were summarized in Table 2, the
adsorption equilibrium constant of triazine II was relatively
large, indicating that the adsorption capacity was larger
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Fig. 6. Variation of inhibition efficiency in sulfur-containing oil-
field wastewater.

and conducive to corrosion inhibition, which was consistent
with the previous discussion.

The value of adsorption equilibrium constant (K) was
related to the Gibbs free energy of adsorption (AG):

AG,,, =—-RTIn(55.5K ,,) 5)

where K, is the equilibrium adsorption constant of the
adsorption process; R is the universal gas constant; T is the
absolute temperature, K.

The Gibbs free energy of adsorption (AG) can be cal-
culated from Eq. (5), which was summarized in Table 2.
The results showed that all AG values were negative, indi-
cating that the adsorption process was spontaneous. It
was reported that if the AG absolute values were more
than 20 k] mol™, the process mainly belonged to chemical
adsorption [26,27]. In this sense, triazine II was easier to
adsorb spontaneously.

900

800

500 |
B Triazine I
® Triazine I
400 - A Triazine I
[}
300 1 1 1 1 1 1 1 1 1 1 1 1 1
200 300 400 500 600 700 300

C (mgL™h

Fig. 7. Langmuir adsorption isotherm plot for the adsorp-
tion of triazines on the A30 steel in sulfur-containing oilfield
wastewater.

Table 2
Adsorption equilibrium constant (K_, ) and AG of triazines on the
steel surface immersed in sulfur-containing oilfield wastewater

Inhibitor R? f K . (Lmol™) AG (k] mol™)
TriazineI  0.99119 0.72926 560.99 -29.50
Triazine II  0.99561 0.75461 726.68 -30.24
Triazine III  0.99355 0.68441 563.92 -29.52

3.5. Inhibition mechanism

The mechanism of corrosion inhibition of prepared tri-
azines in sulfur-containing oilfield wastewater was system-
atically discussed, based on desulfurization reaction and
coordination bond theory. It was generally believed that
the active sulfides in the produced oil field water have a
strong corrosion effect on the metal equipment [28]. Thus,
the corrosion could be distinctly inhibited by reducing
sulfur percentage content, owing to the high selectivity to
sulfur ions of triazine compounds with the tertiary amine
structure [29]. As shown in Fig. 8, the nucleophilic substi-
tution reaction between triazine II and sulfide occurred,
producing a new S-containing N-heterocyclic compound.
The reaction of 2 molecules of triazine II with 1 molecule
of H,S required lower energy, which was quite easy to
occur. As the reaction proceeded, the required energy was
higher. In fact, the molar ratio of triazine II and H,S can
reach up to 1:2. It was obvious that the sulfur content in
oilfield wastewater was reduced mainly through the reac-
tion of triazine II. In addition, by-product ethanolamine
was generated along the reaction process, which also had
a certain removal effect on sulfide ions according to liter-
ature reports [30]. Above all, triazine II as a desulfurizer
could reduce the possibility of corrosion, attributed to its
nucleophilic substitution reaction with H,S (§*) and the
auxiliary removal effect of by-product ethanolamine.
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Fig. 8. Nucleophilic substitution of triazine II and hydrogen sulfide.

H+

NH,
+ o O/\/

Fig. 9. The steady conformation of triazine I, Il and III.

Additionally, it was also reported that the thin layers,
formed by corrosion inhibitor molecules and the metal, cov-
ered the active sites on the metal surface evenly [31,32], thus
inhibiting the corrosion process. In this sense, we further
investigated the steady conformation of the aforementioned
triazines, using a minimize energy of MM2 in Chem 3D.
As shown in Fig. 9, the p-electrons of the hydroxyl groups
and amino groups colored in pink sufficiently existed in
the steady conformation of triazines, attributed to the pres-
ence of electron-rich N and O atoms. The p-d bonds were
formatted from the overlap of p-electrons to the 3d vacant
orbital of iron atoms, which enhanced the adsorption of
the compounds on the metal surface.

In case of triazine II, the schematic illustration of its
adsorption on metal is shown in Fig. 10. triazine II can easily
absorb on the mild steel surface on the basis of donor-accep-
tor interactions between p-electrons of the O, N and vacant
d orbitals of surface iron. Since the presence of electron-rich
O and N of triazine II, a synergistic effect of desulfurization
performance and accessible adsorption layer was achieved,
significantly improving the inhibition efficiency. Therefore,
triazine II is a dual-functional chemical agent with desul-
furization and anti-corrosion, which can exert excellent
performance in practical applications. In addition, it can
avoid adding much more water treatment agents to oilfield

(I
DT s

TR R g

[ T LTI rr e
TR, T

‘iFO QFb QF5 Q0 QD _QFO
IV 0B I TR O TN

«nilll Interaction with the p-electrons

Fig. 10. The absorption of triazine II on the steel surface by coor-
dination.

wastewater, which is more economical and environmentally
friendly compared with the traditional corrosion inhibitor.



P. Wang et al. / Desalination and Water Treatment 235 (2021) 107-116

4. Conclusion

Three kinds of triazines corrosion inhibitors were syn-
thesized with aldehydes and amines. These triazines were
characterized by infrared spectroscopy and gas chroma-
tography-mass spectrometry, confirming that the three tar-
get inhibitors were all synthesized, and the by-products of
triazine II were the least of the three. Their corrosion rate
and inhibition efficiency in sulfur-containing oilfield waste-
water at different concentrations were investigated by the
weight-loss method, the results showed that the inhibition
performance of triazines were related to their functional
groups and structures. Triazine II had the best inhibition
performance, and the maximum inhibition efficiency of tri-
azine II (800 mg L) could reach 97.66%. The adsorption
process was analyzed by solid-liquid adsorption theory,
indicating that it was a spontaneous and chemical process.
Furthermore, the probable corrosion inhibition mechanism
was explained by the synergistic effect of desulfurization
performance and their easy adsorption on the steel sur-
face, which attributed to nitrogen and oxygen atoms with
isolated electron pairs. Thus, triazines corrosion inhibitors
have great potential for oilfield-produced water containing
corrosive ions in the oil and petrochemical industry.
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