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ABSTRACT

The cutting saw blade with diamond blade and carbon steel matrix is widely used in stone cutting
because of its high strength, impact resistance and good thermal stability. However, the carbon
steel matrix is easy to corrode in the circulating cooling water, which shortens its service life. In
this study, a new highly efficient benzotriazole-based (BMN) composite inhibitor was synthesized
and investigated against the corrosion of carbon steel in stone processing wastewater. The corro-
sion inhibition properties and mechanism of prepared BMN for carbon steel in real stone process-
ing wastewater were evaluated and deduced using the experimental weight loss, electrochemical and
surface morphology characterization techniques. Weight loss methods results showed that a high
inhibition efficiency of 99.59% in stone processing wastewater was achieved at ambient temperature,
with the stirring speed 200 rpm, the immersion time 7 d, and the BMN concentration is 50 mL-L™".
Electrochemical impedance spectroscopy indicated that resistance from the surface films (R,) and
charge transfer resistance (R,) were enhanced with increase in BMN concentration. Polarisation
results revealed the BMN acted as an anodic inhibitor, owing to the addition of BMN resulted in the
significant change of anodic Tafel slopes (B,). Scanning electron microscopy results indicated BMN
formed a protective film on the surface of carbon steel through adsorption. In short, the prepared
BMN composite inhibitor exhibited superior anti-corrosion performance for saw blade corrosion in
stone processing wastewater, which had great application potential in industries.

Keywords: Stone processing wastewater; Benzotriazole; Corrosion inhibitor; Electrochemical tests;
Corrosion mechanism

1. Introduction explore the anti-corrosion characteristics of carbon steel saw
blade in high-salinity wastewater [4]. Currently, there are
many methods to protect metal surface against corrosion,
such as using corrosion-resistant steel, coating and adding
corrosion inhibitor, and so forth [5,6]. Among these meth-
ods, the use of inhibitors is considered to be the most eco-
nomical strategy, which can effectively reduce or delay the
metal corrosion process [6-8]. At present, most commercially

The open circulating water cooling system is used to
cool the saw blade cutting marble in the process of stone
processing. And at this time, the cooling water containing
suspended solids, anions and cations constantly corrodes
the saw blade, shortens equipment lifespan and causes huge
economic losses [1-3]. Therefore, it is of great significance to
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available corrosion inhibitors such as, carboxylic acid organic
corrosion inhibitors, are relatively inexpensive, but the cor-
rosion inhibition performance is weak [9]. On the contrary,
most of the traditional corrosion inhibitors contain organic
phosphoric acid. A large amount of untreated phospho-
rus-containing water will lead to algae growth, resulting in
eutrophication of the water body, harming the water envi-
ronment, and increasing the cost of water treatment [10,11].
Therefore, it is important to develop a kind of corrosion
inhibitor with low price and excellent performance that can
meet the large-scale use of stone processing plants.

Most inhibitors retard metal corrosion by forming an
inhibition layer on the metal surface through adsorption [8].
Benzotriazole (BTA), an effective organic corrosion inhibitor
that has been studied for many years [12,13]. However, the
corrosion inhibition effect of single BTA is poor and expen-
sive [14]. It has been turned out that a cost-effective strategy
is to utilize the synergistic effect of the corrosion inhibitor,
which can reduce the amount of a single reagent and
improve the corrosion inhibition effect. The MoO,* exhibits
a superior anticorrosion performance, and molybdenum is
low in toxicity and has a low degree of environmental pol-
lution, which is generally used in synergy with corrosion
inhibitors such as BTA [15,16]. Nitrite is an effective metal
corrosion inhibitor, usually used together with sodium ben-
zoate and other corrosion inhibitors, which has good cor-
rosion inhibition effect and can form an oxide film on the
metal surface [17,18]. Sodium benzoate, as an anode type
corrosion inhibitor, can form a protective film on the metal
surface by adsorption [19]. Silicate has been widely used as
corrosion inhibitor, as a result of its great attractiveness in
terms of non-toxicity and low cost. Moreover, silicates were
usually employed with organic inhibitor to accelerate the
film formation. Liu et al. [20], Wang et al. [21] and Coelho
et al. [22] reported that silicate could form an insoluble film
on the surface of the metal through electrostatic adsorp-
tion to inhibit the cathode and anode reactions of the metal.
This work will present an innovative idea to use BMN as
an effective corrosion inhibitor to inhibit the corrosion of
saw blade for carbon steel in stone processing wastewater.

2. Materials and methods
2.1. Materials

Benzotriazole (BTA, CP), sodium nitrite (NaNO,),
triethanolamine (C,H ,NO,), sodium molybdate dihydrate
(Na,Mo0O,-2H,0) were purchased from Sinopharm Chemical
Reagent Co., Ltd., (China). Sodium benzoate (C;H,COONa)
was supplied from Chengdu Cologne Chemicals Co., Ltd.,
(China). Sodium silicate (Na,SiO,"9H,0) was procured from
Shanghai Lingfeng Chemical Reagent Co., Ltd., (China).
Sodium nitrite, triethanolamine, sodium molybdate dihy-
drate, sodium benzoate and sodium silicate are all analyt-
ically pure. All chemical reagents were used as received
without further separation and purification. Deionized
water (18.2 MQ-cm) was used throughout the experiments.

To investigate the corrosion inhibition of BMN in stone
processing wastewater, A3 carbon steel coupons were used
in this study. The A3 carbon steel coupons in the form
of cubes with sizes 50 mm x 25 mm x 2 mm were inves-
tigated. Stone processing wastewater was provided by a

stone processing factory in Macheng (China) as a corro-
sive medium. Table 1 shows the characteristics of the stone
processing wastewater.

2.2. Preparation of BMN composite inhibitor

Firstly, Na,SiO,-9H,O, triethanolamine and sodium ben-
zoate were mixed at a mass ratio of 3:4:10 in a three-necked
flask (i.e., 0.6 g:0.8 g:2.0 g in a 250 mL flask). 100 mL of deion-
ized water was added to the flask as a solvent, and the mix-
ture was stirred and heated in a water bath at 30°C-40°C for
10 min. Secondly, NaNO,, Na,MoO,2H,O and BTA were
added to the three-necked flask (3 g:0.6 g:0.04 g), then the
reaction mixture was continued to stir in the water bath
until completely dissolved. Finally, deionized water was
poured into the flask and stirred for 2~3 min at room tem-
perature and the volume ratio of deionized water to the
mixed solution is 2:1.

2.3. Weight loss methods

A3 carbon steel coupons were polished and cleaned
to avoid the influence of surface condition. The A3 carbon
steel coupons were first polished by using abrasive paper
#240, #400, #1000, #1200 and #1500 in sequence, then cleaned
with deionized water and finally degreased with ethanol
and acetone. The prepared A3 carbon steel coupons were
dried and soaked in BMN composite inhibitor solution for
3-5 min, then dried and weighed under room temperature
conditions without corrosive atmosphere. Afterwards, the
weighed A3 carbon steel coupons were immersed in stone
processing wastewater for 7 d, which contained different
doses of BMN composite inhibitor with constant stirring at
200-250 rpm utilizing a agitator. After the 7 d immersion
test, the carbon steel coupons were taken out and washed
by deionized water and dried in room temperature. Finally,
the carbon steel specimens were weighed with the accuracy
of 0.0001 g [23].

2.4. Electrochemical experiments

Electrochemical measurements were conducted using
a CS120 electrochemical workstation in a conventional
three-electrode corrosion cell. The A3 carbon steel speci-
men, platinum electrode, and Ag/AgCl were used as the
working electrode, counter electrode, and reference elec-
trode, respectively. BMN composite inhibitor at concentra-
tions of 0, 10, 20, 30, 40 and 50 mL-L! were added to the
stone processing wastewater. The working surface area of
A3 carbon steel is 1 cm? Electrochemical impedance spec-
troscopy (EIS) assessment was conducted in the frequency
range 200 kHz~0.01 Hz with a single amplitude perturba-
tion of 10 mV. Linear polarization resistance tests were per-
formed within the potential range of OCP + 10 mV with a
scan rate of 5 mV/s [24,25].

Table 1
Characteristics of stone processing wastewater

pH Total suspended solids ~ Conductivity =~ Turbidity

7.38  6,033.3 mg-L! 491 mS-cm™! 4,920 NTU
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2.5. Surface analysis

The morphology of the A3 carbon steel surface was
observed using an scanning electron microscope (SEM,
MIRA LMS, Tescan, Czech). The morphology measurement
was conducted before and after immersing the specimens
in stone processing wastewater without and with BMN
composite inhibitor for 7 d.

3. Results and discussion
3.1. Measurement of weight loss

Weight losses and corresponding corrosion rates of
stone processing wastewater with different dosage of
BMN composite inhibitor to A3 carbon steel coupons for
7 d were measured (Fig. 1). The weight loss from speci-
mens were adopted to calculate the inhibition efficiency (1)
and corrosion rate (v). The relevant formulas are listed as
follows [26,27]:

U:W()fVVl

S )

where W, and W, are the weight of the corresponding
samples before and after the experiment (g), respectively,
S is the steel surface area (cm?), t is the immersion time (h).

U9

% = x100 )

UO
where v, and v, are the corrosion rate (g-cm?h™) of sam-
ples in inhibited and uninhibited solutions, respectively.
From Fig. 1, the rates of corrosion (v) of A3 carbon steel
coupons decreased from 0.5833 to 0.0024 g:cem=h™ and the
corrosion inhibition efficiency (n) significantly increased
from 48.16% to 99.59% with the increase of the concen-
tration of BMN composite inhibitor. The inhibition effi-
ciency (1) increased with higher BMN composite inhibitor
concentrations, with a maximum inhibition efficiency of
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Fig. 1. Effect of BMN composite inhibitor dosage on inhibition
effect.

99.59% at 50 mL-L™, which was ascribed to an increase in
the chemisorption of the BMN composite inhibitor on the
carbon steel surface. In the experiment, A3 carbon steel cou-
pons were pre-immersed in the BMN composite inhibitor
solution to produce a protective film on the surface, and
then the BMN composite inhibitor was added to the stone
processing wastewater to form a thicker inhibitor layer
through adsorption to block the contact between the sam-
ples and the corrosive medium. The inhibition efficiency of
BMN composite inhibitor increased with the increase in the
concentration of inhibitor.

3.2. Polarisation results

Fig. 2 depicts Tafel curves of the A3 carbon steel cou-
pons in the stone processing wastewater with and without
BMN composite inhibitor. The electrochemical parameters
were characterized by corrosion potential (E_ ), current den-
sity (I_,), anodic and cathodic Tafel slopes (B, and B [28].
The polarisation parameters in the presence and absence of
BMN composite inhibitor are listed in Table 2. As shown
in Fig. 2, the inhibitor pushed the current density towards
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Fig. 2. Polarization curves of A3 carbon steel in stone pro-
cessing wastewater with different concentrations of BMN
composite inhibitor.

Table 2

Impedance parameter fitting of A3 carbon steel in stone pro-
cessing wastewater with different concentrations of BMN
composite inhibitor

c B, B. Eo  Lon n,
(mL-L?)  (V-dec?) (V-dec!) (mV) (mA-cm? (%)

0 0.15 0.24 -762  0.0279 -

10 0.47 0.56 =577 0.0210 2473
20 1.10 0.33 -627  0.0209 25.09
30 1.18 0.51 —450  0.0194 30.47
40 2.63 0.66 -369  0.0108 61.29
50 2.70 0.52 -397  0.0057 79.57
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lower values, which indicated that the addition of BMN
composite inhibitor resulted in the inhibition of corrosion
in carbon steel. And corrosion potential shifted towards the
positive direction. According to the E_, it provided import-
ant information about the type of inhibitor. An inhibitor was
considered as anodic or cathodic when the shift in corrosion
potential between blank and inhibited systems was higher
than +85 mV [29]. Table 2 reveals that all shifts of approxi-
mately —400~-200 mV in the positive potential direction and
there was irregular displacement in the E__ values, similar
behavior was previously observed in many others stud-
ies [30], which suggested that BMN composite inhibitor
can be distinct as an anodic corrosion inhibitor [31].

The corrosion inhibition efficiencies M, %) were calcu-
lated by the following equation [32]:

ICOI‘K‘ corr
oo 100 3)

corr

n,% =

where I and I represented the corrosion current den-
sities in absence and presence of BMN composite inhibitor,
respectively. By comparing the inhibition efficiencies deter-
mined by weight loss method (Fig. 1) and electrochemical
tests (Table 2), it can be seen that after adding BMN compos-
ite inhibitor, the corrosion inhibition efficiencies measured
by weight loss method were higher than those measured by
electrochemical test. That is, after immersion in the BMN
composite inhibitor solution, a protective film was formed
on the surface of carbon steel, which further inhibited the
corrosion reaction and reduced the corrosion inhibition
efficiency.

3.3. Electrochemical impedance spectroscopy

EIS was an effective process to investigate the anti-cor-
rosive characteristic of the inhibitor. Fig. 3a illustrates the
Nyquist plots for A3 carbon steel in stone processing waste-
water with and without different concentrations of BMN
composite inhibitor at room temperature. As the BMN com-
posite inhibitor concentration increased, the diameters of
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Nyquist plots also increased due to the resistance of charge
transfer between the surface of the specimen and the corro-
sion medium was increasing constantly [29]. Fig. 3b illus-
trates the Bode plots for A3 carbon steel in stone processing
wastewater with and without different concentrations of
BMN composite inhibitor at room temperature. Generally,
a low impedance modulus 1Z1 . usually indicated severe
corrosion [33,34]. The value of 1ZI .. —of A3 carbon steel
coupons immersed in stone processing wastewater with
the addition of the inhibitor 30 mL-L~ was enhanced nearly
an order of magnitude than that of without the addition of
the inhibitor as shown in Fig. 3b, which indicated that the
prepared BMN composite inhibitor exhibited outstanding
anti-corrosion performance for saw blade corrosion in stone
processing wastewater. Moreover, in the Nyquist plots of
stone processing wastewater with 0, 10, and 20 mL-L~* BMN
composite inhibitor solution showed a single depressed
semicircle, but with the BMN composite inhibitor concen-
tration increasing, the second depressed capacitive was
found, which indicated that a more complete protective film
had formed on the surface of A3 carbon steel coupons [34].

Fig. 4 represents the equivalent circuit fitting in the
absence (a) and the presence (b) of inhibitor. The imped-
ance data of the stone processing wastewater without BMN
composite inhibitor was fitted by the one-time constant
electrical circuit model (Fig. 4a), while the two-time con-
stant electrical circuit model (Fig. 4b) could be more suit-
able for the stone processing wastewater containing BMN
composite inhibitor [35,36].

It should be noted that, where Rs was the solution resis-
tance, CPE, and CPE, represented the capacitance of carbon
steel surface films and the double electrical layer capaci-
tance, respectively. R, and R, referred to resistance from the
surface films and charge transfer resistance, respectively.
The corresponding fitting parameters are listed in Table 3.

As shown in Table 3, with the concentration of BMN
composite inhibitor increasing from 10 to 40 mL-L7, the R,
increased from 1,844.2 to 9495.5 (2-cm™, and the R, increased
from 907.03 Q-cm™ to 2.481 x 10" Q-cm?, indicating that
the corrosion was significantly suppressed, which also

5.0
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Fig. 3. Electrochemical impedance spectroscopy of A3 carbon steel in stone processing wastewater containing different concentra-
tions of BMN inhibitor: (a) Nyquist plots and (b) Bode modulus plots.
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Fig. 4. Equivalent circuit fitting in the absence (a) and the presence (b) of inhibitor.

Table 3
Fitting results of electrochemical impedance spectroscopy
parameters
¢ (mL-L7) Rs (Q-cm?) R, (Q-cm?) R, (Q-cm?)
0 168.55 - 651.74
10 203.22 1,844.2 907.03
20 196.16 4,502.8 5,053.2
30 870.40 7,430.5 3.9462 x 107
40 858.21 9,495.5 2.481 x 10"

(a) Polished

(¢) 20 mL-L"! BMN

confirmed high efficiency of the inhibition performance
of BMN composite inhibitor [27,36,37].

3.4. SEM observation

Fig. 5 presents the SEM morphological images of A3
carbon steel coupons after immersion in the solution in the
absence and presence of BMN composite inhibitor for 7 d.
Fig. 5a shows the surface of polished steel with deep and
clear polishing scratches. There were severe corrosion on the
sample surface without and with 20 mL-L™ BMN composite
inhibitor (Fig. 5b and c), which was attributed the corrosive

(d) 40 mL-L-! BMN

Fig. 5. Morphology of A3 carbon steel in stone processing wastewater: (a) polished metal sample, (b) blank, (c) A3 carbon steel sam-
ple immersed for 7 d in the presence of inhibitor at 20 mL-L™ and (d) A3 carbon steel sample immersed for 7 d in the presence of
inhibitor at 40 mL-L".
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effect of stone processing wastewater. While the A3 carbon
steel surfaces in inhibited solution were improved (Fig. 5c),
but local corrosion behavior such as pitting still existed.
After the sample was immersed in 20 mL-L* BMN compos-
ite inhibitor solution, the much smoother surface without
obvious corrosion products is displayed in Fig. 5d, which
is similar to the image of polished steel. This further con-
firmed that the BMN composite inhibitor could form a very
adherent and homogenous inhibitor layer on the surface of
A3 carbon steel, thereby reducing metal’s corrosion [38].

3.5. Comparison of inhibition efficiency

Table 4 summarizes the anti-corrosion properties of
different metals treated with various organic corrosion
inhibitors. Although the corrosion medium was different,
the prepared BMN corrosion inhibitor still showed excel-
lent corrosion inhibition efficiency on the easily corroded
carbon steel materials in the high-salt stone processing
wastewater.

3.6. Inhibition mechanism

Electrochemical corrosion is mainly divided into two cat-
egories: hydrogen evolution corrosion and oxygen corrosion

J. Xiang et al. / Desalination and Water Treatment 289 (2023) 197-205

[38,44]. Oxygen corrosion mainly occurs in neutral, weakly
alkaline solutions, and the oxygen in the air will dissolve
in the water, causing accelerated corrosion of the metal. In
addition, the high conductivity of stone processing wastewa-
ter makes carbon steels more susceptible to corrosion. The
above analysis indicates that the BMN composite inhibitor
can restrain the corrosion of carbon steel by forming a pro-
tective film on the surface. As shown in Fig. 6, a possible
corrosion mechanism of A3 carbon steel in stone processing
wastewater could be expressed as the following reactions:

Fe —» Fe™ +2e” 4)
2H,0+0, +4e” - 40OH" ®)
2Fe +2H,0+0, — 2Fe(OH), (6)

The Fe?* was mainly produced by the oxidation reaction
of carbon steel at the anode [Eq. (4)], while the OH" was from
the cathodic oxygen reduction reactions [Eq. (5), and the
total corrosion reaction of carbon steel can be described as
[Eq. (6)]. The O, in those reactions came from the dissolved

Table 4
Comparison of metal corrosion inhibition efficiency of various corrosion inhibitors
Inhibitors Metals Corrosion medium Concentration Inhibition References
efficiency
Methylbenzotriazole Cu DI water 15 mM 92.01% [39]
TAZ 95.34%
2,2’-[[(5-methyl-1H-benzotriazol-1-yl) Cu 0.15 wt.% Gly + 0.5 wt.% H,0, 5 wt.% 99.90% [40]
methyl]imino]bisethanol e
Pure Cu 95%
Benzotriazole Cu-60Ag DI water 1,000 ppm 80.7% [41]
Cu-6Ag 96.4%
3,3’-Dithiodipropionic acid 90%
C 0.15 wt.% NH,Cl + 0.5 wt.% H,O, 0.5 wt.% 42
2,2’-Dibenzamidodiphenyl disulfide © we.% NH; wt% HO, Wi 84.8% [42]
Benzothiadiazole 53.67%
C 3.5 wt.% NaCl 5¢g L™ 43
Benzimidazole " wt% Na & 95.32% [43]
BMN Carbon steel ~Stone processing wastewater 50 mL-L? 99.59% This work
0, anion cation anion cation ®®-BMN
I 2"
OH" % g
. @
Fe2+/ A ot
N D s BMN 0 e
= eYe _ —> S
OH
stone processing % ?
waslewater A3 carbon steel A3 carbon steel

Fig. 6. Corrosion mechanism of A3 carbon steel in stone processing wastewater.
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O, in the solution, which had great significance for the final
corrosion products, such as Fe,0, and Fe,O,. The existence
of iron oxide protective film on the metal surfaces plays a
key role in controlling metal corrosion [45].

The corrosion reaction was remarkably suppressed after
adding BMN composite inhibitor into the corrosion medium.
That is, BTA could interact with Fe* to form complexes,
which then shaped a denser protective film on the surface
of carbon steel to inhibit corrosion reactions. Meanwhile,
sodium benzoate and sodium nitrite were anode corrosion
inhibitors, both of them could form a protective film on the
metal surface by adsorption [20]. Especially, nitrite could gen-
erate insoluble oxides on the surface of carbon steel in alka-
line conditions. Although these single components formed
a protective film on the surface of carbon steel through
adsorption or chemical deposition, the prepared BMN com-
posite inhibitor could better play the synergistic role of each
component, the adsorbed combined inhibitor films could
more efficaciously prevent the A3 carbon steel corrosion.

4. Conclusion

The BMN composite inhibitor was used as a corrosion
inhibitor in stone processing wastewater for A3 carbon steel
surface by using various techniques like gravimetric analy-
sis, electrochemical measurements, and surface morpholog-
ical studies. The following conclusions were drawn based
on the findings:

* A new composite inhibitor BMN was synthesized by
mixing BTA, sodium nitriazole, sodium nitrite, sodium
molybdate, sodium silicate, triethanolamine and sodium
benzoate at the mass ratio of 1:75:15:15:20:50, and the
inhibition efficiency of BMN composite inhibitor was
found to be 99.59% at 50 mL-L™ in stone processing
wastewater for A3 carbon steel.

* DPolarization studies and electrochemical impedance
spectroscopy indicated that BMN acted as anode
inhibitor.

¢ The surface analysis demonstrated that BMN compos-
ite inhibitor could effectively inhibit the A3 carbon steel
corrosion.
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