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Abstract. Carboxyethylthiosuccinic acid (CETSA) was synthesized by thiol-ene click reaction and deter-

mined by various characterization methods, such as 1H NMR, IR and TG. A novel rust remover with

corrosion inhibition was prepared by using CETSA as the main component. The results of rust removal were

tested by the difference method and intuitive comparison method, and its rust removal mechanism was

explored. The corrosion inhibition effect of the composite reagent for A3 steel in 1 M HCl solution was

investigated by static weight loss test, the adsorption isotherm was calculated and fitted.
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1. Introduction

Metals are one of the most common materials in the

modern industry due to its malleability, conductivity

and cost-effectiveness. However, the long-term use of

metal materials will face the problem of rust, espe-

cially, metal equipment rust will bring economic los-

ses and safety risks in industrial production.1 Pickling

technology is the process of removing rust on the

metal surface by using an acid solution. At present, a

strong acid is widely used in traditional rust remover

process, and the effect of rust removal is achieved by

reacting with metal oxide.2–5 However, in this process,

it will cause corrosion to the metal, and it is easy to

form acid fog, which is harmful to the environment,

the human body and surrounding equipment. The use

of corrosion inhibitor is the most simple and effective

way to solve the problem of metal corrosion.6,7 The

mechanism of corrosion inhibitor is to form a protec-

tive film by adsorbing the active site on the metal

surface to inhibit hydrogen ion contact with the metal

surface. The type of corrosion inhibitor can be divided

into inorganic corrosion inhibitor,8 organic corrosion

inhibitor9–16 and mixed substance corrosion inhibitor,

in which the organic corrosion inhibitor is mainly

heterocyclic compounds. The heteroatoms of organic

corrosion inhibitors have lone pair electrons, which

can form coordination bonds with the empty orbitals

of transition metals, thus forming a barrier on the

metal surface.17–28 In the early stage, phosphorus-

containing compounds and toxic inorganic salts were

mainly used as corrosion inhibitors,29 which polluted

the environment. In recent years, some plant extracts

have been reported as corrosion inhibitors, which are

green and environmentally friendly, but expensive and

difficult to industrialize.30–35 Therefore, at present, a

new type of rust remover is needed, which can have an

excellent performance of rust removal in the pickling

process without excessive corrosion of metals.

Click reaction is a simple reaction with mild reac-

tion conditions and high yield. It is commonly used in

polymer modification, biomedicine, basic chemical

synthesis and other fields.36–40 In this paper, CETSA

was synthesized by thiol-ene click reaction. The

structure of the product was determined by 1H NMR

and IR. The thermal decomposition temperature of
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CETSA was analyzed by TG. Due to the strong acidity

and special coordination molecular structure of

CETSA, it may have the ability of chelating metal ions

and corrosion inhibition. Therefore, a new type of rust

remover with corrosion inhibition was prepared by

using CETSA as the main component. The rust

removal performance was tested compared with 10%

HCl solution and commercial rust remover. The rust

removal rate was calculated by the difference method,

and the rust removal degree was observed by intuitive

comparison method. The rust before, and after rust

removal was characterized by XRD. The corrosion

current density of the steel sheet in the rust remover

was analyzed by polarization curve test, and the sur-

face morphology of steel sheet after rust removal was

observed by SEM. At the same time, the corrosion

inhibition performance of the reagent on A3 steel in

1M HCl solution was studied by static weight loss

method. In order to further understand the adsorption

behavior of molecules on the steel sheet, the adsorp-

tion model was fitted and analyzed.

2. Experimental

2.1 Materials and physical measurements

The test material for this study was commercially available

as A3 steel. Maleic acid, b-mercaptopropionic acid,

trimethylamine (NEt3), triethanolamine, sodium hydroxide,

sodium carbonate, sodium chloride, methenamine and

sodium lauryl sulfate were purchased from Energy Chem-

ical, 30% hydrogen peroxide solution was purchased from

Tianjin Yongda Chemical Reagent Co. Ltd., SepliteLSZ-

106S anion exchange resin was purchased from Xi’an

Sunresin New Materials Co. Ltd., hydrochloric acid was

purchased from Beijing Chemical Works. Commercial rust

remover was purchased from Guangzhou End Chemical

Technology Co. Ltd. For the tests, the sample surfaces were

polished by sandpaper, washed by distilled water, petroleum

ether and ethanol in turn, and then dried in the oven. IR was

carried out in the range of 500–4000 cm-1 by Fourier

transform infrared spectroscopy with KBr tablet pressing

method. Deuterium substituted water was used as a solvent

to obtain 1H NMR spectra by 400 MHz NMR spectrometer.

Thermogravimetric analysis (TG) was measured in a Q35

instrument. The product was loaded in a platinum crucible

and heated in N2 (50 mL�min-1) at a heating rate of

10 �C�min-1 from 20 to 300 �C.

2.2 Synthesis of CETSA

CETSA was synthesized according to the following step

and used as the main component for rust remover

(Scheme 1). Maleic acid was dissolved in 50 mL water and

mixed with 0.2 mol b-mercaptopropionic acid, then 5 mol%

catalyst was added. The reaction mixture was stirred and

heated to 80–95 �C for 2.5–3.5 h. The mixed reaction

solution was cooled to crystallize at 8 �C. The crude product
of CETSA as the crystal was obtained by decompression

and filtration. After recrystallization, the product was dried

to remove moisture. The effects of reaction temperature, the

molar ratio of raw materials, reaction time and the selection

of catalyst on the yields were investigated. 1H NMR (400

Hz, CDCl3) d 3.68 (dd, 1H, J = 5.6, 9.4 Hz), 2.87 (m, 3H),

2.73 (m, 1H), 2.63 (m, 2H). IR (KBr, cm-1): 2671(O-H),

1693(C=O), 1419(O=C-O), 1311(H-C-H), 670(C-S-C),

618(CH-S). The spectral data were in agreement with the

structure of this compound.

2.3 Determination of rust removal rate

The rust remover was prepared by adding the mixture of

10% CETSA, 0.5% methenamine and 0.2% sodium lauryl

sulfate to the aqueous solution. Difference method was

carried out using A3 steel specimens with a surface area of

0.005 m2 to determine the rust removal rate. Steel sheets

were rusted quickly by steeping in a mixed solution of 30%

hydrogen peroxide solution and sodium chloride, then

soaked in 10% HCl solution, commercial rust remover and

the rust remover which contained CETSA until the rust on

the surface completely disappeared. The specimens were

cleaned in distilled water and dried in drying box, the

weight before and after the test were recorded. The rust

removal rates V which derived from the weight loss method

were calculated using equations (1).

V ¼ m0 � m1

ts
ð1Þ

Where, s is the sample area immersed in rust remover

(m2), t represents the immersion time (h) and m0 is the

weight of the sample before the test (g), m1 is the weight of

the sample after the test (g).

The solution after rust removal was filtered and charac-

terized by XRD of the residue. CHI760e electrochemistry

workstation was used to determine the electrochemical

behavior of a traditional three-electrode cell (the rusty A3

steel with exposed area of 1 cm2 was used as the working

electrode, platinum electrode was used as an auxiliary

electrode, and standard calomel electrode (SCE) was used

as reference electrode) in three kinds of rust remover. Tafel

curves were obtained by changing the electrode potential

automatically from 0 to 800 mV versus corrosion potential
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Scheme 1. The synthesis of CETSA.
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(Ecorr) at a scan rate of 1 mV�s-1. Surface topography of A3

steel and that treated with three kinds of rust remover were

observed by using SEM.

2.4 Determination of corrosion inhibition

efficiency

The corrosion inhibition performance of the rust remover

which contained CETSA was determined by static weight

loss method: the A3 steel was polished with sandpaper, the

polished test piece was washed with deionized water, petro-

leum ether and ethanol in turn, and then driedwith drying box,

for drying 5 min, and the size of the test piece was measured.

1 M HCl aqueous solution was prepared and the rust

remover which contained CETSA as corrosion inhibitor was

added. The steel sheets were fastened with cotton thread and

soaked in the solution, and they were left alone for 20 h.

Then, the surface of the test piece washed with distilled

water, petroleum ether and ethanol in turn, the steel sheets

were dried and weighed on the electronic balance, the rel-

evant data were recorded.

The obtained data were listed in Table 3 and the corro-

sion rate and corrosion inhibition efficiency were calculated

by equation (2) and (3), respectively:

Cr ¼
W0 �W1

TA
ð2Þ

Where, W0 is the weight of the sample before corrosion

(g), W1 is the weight of the corroded sample (g), T is the

time of immersion (h), and A is the area of the specimen

exposed to the corrosive solution (m2).

g ¼ Cr � C
0
r

Cr

ð3Þ

Where g is the corrosion inhibition efficiency, Cr and Cr’

represent the corrosion rate in the absence and presence of

inhibitor.

3. Results and Discussion

3.1 Condition optimization and synthesis

mechanism of CETSA

The effect of reaction conditions on the yield of

CETSA is investigated and the results are shown in

Table 1. Among the different catalysts, the best yield

of product is obtained by using NEt3. Notably,

increasing the amount of maleic acid give an even

better yield. The highest product yield (87%) can be

obtained by 1.1 equivalent maleic acid reacts with 1

equivalent b-mercaptopropionic acid at 90 �C for 3 h.

On the basis of these results and previous work, we

propose the following catalytic mechanism

(Scheme 2). b-mercaptopropionic acid first reacts with

NEt3 to form the corresponding triethylammonium

cation A and thiolate anion B. As a powerful nucle-

ophile, the thiolate anion adds into the activated C=C

bond-forming a carbon-centred anion intermediate

C which is a very strong base.41 This anion picks up a

proton from a thiol or from the ammonium cation A to

generate the thiol-ene product. Therefore, the carban-

ion as a stronger base is formed by using a relatively

weak base (NEt3) in this catalytic cycle.

3.2 Thermal stability analysis of CETSA

In order to research the thermal stability and the

thermal decomposition temperature of CETSA, the

product is characterized by TG and the result is shown

in Figure 1. According to the result of TG, there is a

strong peak of weight loss between 160–170 �C, which
is attributed to CETSA decomposition, and CETSA is

completely decomposed at 210 �C. Under other

Table 1. Optimization of reaction conditions for synthesis of CETSA.a

Entry Catalyst T (�C) Time (h) Yield (%)

1 TEOA 90 3 61
2 NaOH 90 3 80
3 Na2CO3 90 3 59
4b SepliteLSZ-106S anion exchange resin 90 3 81
5 NEt3 90 3 83
6c NEt3 90 3 68
7d NEt3 90 3 87
8d NEt3 80 3 76
9d NEt3 85 3 82
10d NEt3 95 3 86
11d NEt3 90 2.5 77
12d NEt3 90 3.5 74

aReaction conditions: Maleic acid (0.21 mol), b-mercaptopropionic acid (0.2 mol), H2O (50
mL), catalyst (5 mol%); bSeplite LSZ-106S anion exchange resin (0.5 g); cMaleic acid (0.2
mol); dMaleic acid (0.22 mol); TEOA = triethanolamine.
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temperature conditions, there is no weight loss peak,

especially at 100 �C, which indicates that the product

CETSA does not contain bound water.

3.3 Rust removal performance analysis

The rust removal rate of the three rust removal agents

at different temperature is shown in Table 2. With the

increase of temperature, the rust removal rate of 10%

HCl solution and commercial rust remover were

increased significantly, which may be because the

increase of temperature accelerated the decomposition

reaction of strong acid and metal oxide. The surface of

A3 steel is treated with three rust removers is shown in

Figure 2. The surface of A3 steel treated with 10%

HCl solution and commercial rust remover are

severely corroded and blackens, while the rust

remover which contained CETSA can keep the metal

shiny after rust removal. The results indicate that rust

removal rate of the rust remover which contained

CETSA is less affected by temperature and will not

seriously corrode the metal compared with the other

two kinds of rust remover.

The XRD images of the rust on A3 steel sheet and

conversion product after rust removal are shown in

Figure 3. The absorption peak of conversion product

obtained after rust removal is obviously different from

that of rust. The state of the three kinds of rust

removers after rust removal is shown in Figure 4. The

color of 10% HCl solution (Figure 4a) and commer-

cial rust remover (Figure 4b) is yellow after rust

removal due to it contains Fe3?. In contrast, rust

removers which contained CETSA peel oxides off

metal surfaces to form sediment (Figure 4c), thus, the

solution does not appear yellow and transparent after

rust removal. Although the rust removal mechanism of

CETSA is not clear at present, it is certain that the rust
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Scheme 2. Proposed reaction mechanism of b-mercapto-
propionic acid with maleic acid.

Figure 1. TG spectra of CETSA.

Table 2. Rust removal rate of three kinds of rust remover at different temperatures.

Solution T/�C m0/g m1/g t/h V/g�h-1�m-2

The rust remover which contained CETSA 25 20.5612 20.4268 0.1667 161.28
35 20.6744 20.4428 0.1667 277.92
45 20.3200 20.0632 0.1667 308.16
55 20.4708 20.1948 0.1667 331.20

10% HCl solution 25 20.6884 20.4668 0.2000 221.60
35 20.3424 20.0244 0.2000 318.00
45 20.3288 19.6004 0.2000 728.40
55 20.5648 20.0004 0.1000 1128.80

Commercial rust remover 25 20.7788 20.6024 0.2000 176.40
35 20.8240 20.5168 0.2000 307.20
45 20.3008 19.6176 0.2000 683.20
55 20.1664 19.6208 0.1000 1091.20
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has changed after treatment (Figure 4c). The existence

of weight difference between the rust scale before

removal (0.1396 g) and the filtered sediment (0.0718

g) was proved by weighing, this indicated that part of

the rust scale may be dissolved in the rust remover

which contained CETSA. Therefore, this process is not

simply mechanical rust removal. Rust scale is a loose

and porous mixture which contained a-FeOOH,
c-FeOOH and Fe3O4.

4 CETSA may penetrate into the

rust scale and reacts with it to make it fall off the metal

surface.

The polarization curves of rusty A3 steel in three

rust removers are shown in Figure 5. The corrosion

potential (Ecorr), corrosion current density (icorr), the

slope of cathode Tafel (bc) and slope of anode Tafel

(ba) of the system can be obtained by analyzing the

polarization curve with origin software, and the data

Figure 2. (a) Picture of rusty A3 steel sheet, (b) that treated with the rust remover which contained CETSA, (c) with 10%
HCl solution, (d) and with commercial rust remover.

Figure 3. XRD images of the rust on A3 steel sheet and
conversion product after rust removal.

Figure 4. Picture of 10% HCl solution (a), commercial rust remover (b), the rust remover which contained CETSA
(c) after rust removal.

Figure 5. Tafel polarization curves of rusty A3 steel in
rust remover solution.
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are shown in Table 3. The corrosion current density of

10% HCl solution and commercial rust remover are

much higher than that of the rust remover which

contained CETSA. The corrosion current density of

the rust remover which contained CETSA is very

small, which can still achieve the rust removal effect.

This result proves that the rust removal mechanism of

the rust remover which contained CETSA is different

from that of traditional strong acid rust remover, which

relies on acid dissolving rust.

3.4 Surface analysis

The SEM images of the surface of A3 steel treated

with three rust removers are shown in Figure 6. The

protective layer formed during the rust removal pro-

cess is confirmed by SEM images. Aggressive attack

of commercial rust remover and 10% HCl solution on

the A3 steel surface after removing rust are shown in

Figure 6(c) and (d), the distribution of corrosion

products is extremely uneven, and the metal surface is

seriously damaged. The result indicates that 10% HCl

solution and commercial rust remover corrode the

metal while achieving the effect of rust removal.

Figure 6(b) shows that a thin film is formed on the

surface to protect the metal after the rust removal

process with the rust remover which contained

CETSA. According to the results of SEM, the rust

remover which contained CETSA is different from the

other two rust removers, which can protect effectively

the metal from corrosion in the process of rust

removal.

3.5 Corrosion inhibition performance analysis

The effects of adding different concentrations of cor-

rosion inhibitors at different temperatures on inhibi-

tion efficiency are shown in Figure 7. It is worth

noting that corrosion inhibition can be effectively

achieved by adding a small amount of the rust remover

Table 3. Fitted tafel polarization curve parameters for rusty A3 steel in rust remover solutions.

Solution Ecorr (mV) ba (V/dec) -bc (V/dec) icorr (lA cm-2)

The rust remover which contained CETSA 192 20.3 18.0 0.78
10% HCl solution 336 2.1 7.6 2.01
Commercial rust remover 337 9.1 7.1 1.40

Figure 6. SEM images of blank (a) and steel treated with the rust remover which contained CETSA (b), with 10% HCl
solution (c), with commercial rust remover (d).
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which contained CETSA, and even the inhibition

efficiency can reach more than 90% at 35 �C. Both
CETSA and methenamine play an important role in

the whole corrosion inhibitor system, the two com-

pounds have polar groups centered on S and N atoms

with high electronegativity, respectively. These central

atoms can form coordination bonds with the unoccu-

pied empty d orbitals of transition metal atoms and

form an adsorption film at the metal interface to inhibit

corrosion of metal. The corrosion inhibition efficiency

significantly decreases at 55 �C, which may be due to

the reaction of methenamine with a part of CETSA to

form quaternary ammonium salt and lose the corrosion

inhibition effect when the temperature rises to a cer-

tain extent.

3.6 Adsorption isotherm analysis

In order to explore the adsorption behavior of inhibitor

molecules on the surface of A3 steel sheet, the data of

concentration of inhibitor (c) and surface coverage (h)
were substituted into several common models, such as

Langmuir, Frumkin and Freundlich, and the adsorption

isotherm was fitted and analyzed. The model expres-

sions could be found in formulas (4), (5) and (6).

c

h
¼ 1

K
þ c ð4Þ

ln
h

c 1� hð Þ

� �
¼ lnK þ 2ah ð5Þ

lnh ¼ lnK þ nlnc ð6Þ

The linear correlation between c/h and c is found to

be the best through calculation. It can be seen that the

adsorption behavior of the inhibitor on the surface of

A3 steel is the most consistent with the Langmuir

isotherm. The linear correlation coefficients (R2) of c/h
and c are 0.999, 1, 1 and 0.998 at 25 �C–45 �C, which
was obtained by Excel software fitting. The Langmuir

adsorption isotherm of the rust remover which con-

tained CETSA on the surface of A3 steel at 35 �C in 1

M HCl solution is shown in Figure 8.

4. Conclusions

In summary, CETSA was successfully synthesized by

using the thiol-ene click reaction and was investigated

as the main component of rust remover. Findings

could be concluded as follows:

(1) The highest yield of CETSA was obtained by using

NEt3 as a catalyst, and the structure of the product

was proved to be correct by 1H NMR and IR. The

result of TG showed that the product did not

contain bound water and was decomposed between

160–170 �C.
(2) The rust remover was prepared by adding the

mixture of 10% CETSA, 0.5% methenamine and

0.2% sodium lauryl sulfate to an aqueous solution.

The rust removal rate of the rust remover which

contained CETSA was less affected by temperature

and would not seriously corrode the metal com-

pared with 10% HCl solution and commercial rust

remover.

(3) Some of the rust scale was dissolved by the rust

remover which contained CETSA, and the rest

formed precipitation. The results of XRD indicated

Figure 8. The Langmuir adsorption isotherm of the rust
remover which contained CETSA on the surface of A3 steel
in 1 M HCl solution at 35 �C.Figure 7. Effect of concentration of the rust remover

which contained CETSA on inhibition efficiency at various
temperatures.
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that the precipitates formed by falling off from the

metal surface have changed, and the structure was

different from the rust before rust removal. The

polarization curve parameters were shown that the

corrosion current density of the rust remover which

contained CETSA was lower than that of 10% HCl

solution and commercial rust remover when the

rust removal effect was achieved, which indicated

that the former is less corrosive to metals in the rust

removal process.

(4) The surface morphology of A3 steel after rust

removal was observed by SEM. It was found that

the rust remover which contained CETSA could

form an adsorption film on the metal surface in the

process of rust removal to protect the metal from

corrosion.

(5) The rust remover which contained CETSA as a

novel corrosion inhibitor for A3 steel in 1 M HCl

solution was investigated by static weight loss test.

Corrosion inhibition can be effectively achieved by

adding a small amount of the rust remover which

contained CETSA, and even the inhibition effi-

ciency can reach more than 90% at 35–45 �C. The
adsorption behavior was determined to be the most

consistent with the Langmuir adsorption isotherm

through calculation and fitting.

Supplementary Information (SI)

All additional information pertaining to experimental data

and characterization of using 1H NMR and IR spectra are

given in Figures S1–S2. The data of corrosion rate and

surface coverage are shown in Table S1. The calculation

results of the adsorption isotherm are shown in Table S2.

The components of the commercial rust remover are shown

in Table S3. The effect of percentages of sodium lauryl

sulfate on rust removal at 25 �C are shown in Table S4.

Supplementary information is available at www.ias.ac.in.
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