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Commercially available carbohydrates D(+)-glucose (1), D(+)galactose (2) and lactose (3), along with
some synthesized derivatives Methyl-4,6-O-Benzylidene-a-D-glucopyranosae (4), Methyl 4,6-O-
benzylidene-2-O-p-toluenesulfonyl-a-D-glucopyranose (5), Methyl 4,6-O-benzylidene-2,3-di-O-p-
toluenesulfonyl-a-D-glucopyranose (6), Methyl 2,3-anhydro-4,6-O-benzylidene-o-D-mannopyranose
(7) and 6-methoxy-2-phenyl-7- (prop-2-yn-1-yloxy) hexahydropyran [3,2-d] [1,3] dioxin-8-ol (8), have
been evaluated as corrosion inhibitors for APl 5L X70 steel immersed in HCI 1M, with stationary
conditions. The best corrosion inhibition was achieved by Methyl-4,6-O-Benzylidene-a-D-
glucopyranose (4), with 87% efficiency at 50 ppm. Worth noting, D(+)-glucose (1) performed better as
a corrosion inhibitor than D(+)galactose (2). Langmuir isotherm studies showed that all the compounds
followed a combined chemical-physical adsorption process (according to the Gibbs energy data
analysis). SEM-EDS studies confirmed the decrease of the corrosion process on the steel surface in the
presence of the corrosion inhibitors.
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1. INTRODUCTION

Corrosion of carbon steel in aqueous solution, which is an electrochemical process involving iron
dissolution from steel and hydrogen evolving, has been widely recognized as one of the principal factors
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of steel degradation in oil and gas pipelines [1-3]. To effectively solve this problem, several studies have
been conducted using corrosion inhibitors [4], which are organic or inorganic chemical substances that
effectively decrease the corrosion process on a metal surface when are added in low quantities to the
corrosive medium [5]. In the search for environment-friendly corrosion inhibitors, organic compounds
derived from carbohydrates, like chitosan [6] or aloe vera [7], have been tested with promising results.

Carbohydrates are the most abundant compounds in the biological world, which represents more
than 50% of the total dry weight of earth biomass. Their functions include structural composition and
recognition sites in cells, and as the main source of metabolic energy [8]. In this regard, D(+)-glucose
(1) is the most abundant carbohydrate in nature (figure 1(3)). Living cells oxidize D(+)-glucose to obtain
energy and to synthesize glycogen as energy reserve [9].

Taking in account that carbohydrates are low-cost and readily-available compounds and the
relatively easiness to obtain carbohydrate derivatives, we proceeded to evaluate them as corrosion
inhibitors of API 5L X70 steel under acidic conditions, by electrochemical impedance spectroscopy
(EIS) test.
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Figure 1. Chemical structure of the commercial carbohydrates D(+)-glucose (1), D(+)galactose (2) and
lactose (3).

2. EXPERIMENTAL
2.1 Synthesis of the carbohydrate derivatives

2.1.1 Methoxy-4,6-O-Benzylidene- a-D-glucopyranose (4)

The preparation of the compound 4 was made from the precursor’s methyl-oa-D-glucopyranose
(1.2 equivalents), zinc chloride 15 g (0.75 equivalents) and Benzaldehyde 50 mL (590 mmol). The
reaction was carried out in a 250 ml ball flask at room temperature for 48 hours of vigorous stirring, at
the end of the reaction time it was slowly emptied into a vessel containing cold water in constant agitation
for 15 minutes, after this time a white solid is formed which is left in refrigeration for 12 hours, then the
solid is extracted by decantation and placed under stirring for 1 hour with 50 ml of petroleum ether to
remove the excess of benzaldehyde, after this time the solid is filtered in a funnel of the porous filter and
subjected to 2 washes with deionized water and subsequently to 2 washes with petroleum ether, the solid
is allowed to dry at room temperature for 12 hours and subsequently dry by heating to 70 °C and reduced
pressure in vacuum line obtaining a white solid with a yield of 63% of the reaction m.p. 145-147 °C.
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2.1.2 Methyl 4,6-O-benzylidene-2-O-p-toluenesulfonyl- a-D-glucopyranose (5)

Compound 4 (1 equivalent) was dissolved in anhydrous pyridine, then 1.25 equivalents of p-
toluenesulfonyl chloride was slowly added to the solution in an ice bath with vigorous stirring. The
mixture was allowed to react for 72 hours and was followed by thin-layer chromatography. After this
time, the mixture was extracted with CH2ClI> three times in an extraction funnel, the first one with a 10%
HCI solution followed by one with a saturated solution of NH4Cl and finally with a saturated solution of
NaCl. Then, the mixture was dried using Na2SO4 subsequently filtered and dried under reduced pressure.
Finally, the product was recrystallized using a mixture of CH2Cl / Petroleum ether to obtain a white
solid. Yield 88%, crystals with a m.p. of 152-155 °C.

2.1.3 Methyl 4,6-O-benzylidene-2,3-di-O-p-toluenesulfonyl- a-D-glucopyranose (6)

One equivalent of compound 5 was dissolved in anhydrous pyridine; then 2.5 equivalents of p-
toluenesulfonyl chloride was slowly added to the mixture in an ice bath with vigorous stirring, the
mixture was left to react for 72 hours and was followed by thin layer chromatography. After this time
the mixture was extracted with CH,Cl; three times in an extraction funnel, the first one with a 10% HCI
solution followed by one with a saturated solution of NH4Cl and finally with a saturated solution of
NaCl. Then, the mixture was dried using Na>SOs, subsequently filtered and dried under reduced
pressure. Finally, the product was recrystallized using a mixture of CH2Cl, / Petroleum ether obtaining
a white solid. Yield 65%, crystals with a m.p. of 147-149 °C.

2.1.4 Methyl 2,3-anhydro-4,6-O-benzylidene- a-D-mannopyranose (7)

0.7 equivalent methyl 4,6-O-benzylidene-2-O-p-toluenesulfonyl-a-D-glucopyranose were
dissolved in CH2Cl2. Then, 1.5 equivalents of metallic sodium (previously dissolved in methanol) are
added dropwise to the solution using an addition funnel. The reaction is left for 48 hours at room
temperature with constant stirring. After this time, the organic phase is extracted with dichloromethane
and washed with a solution of NH4Cl and NaCl using an extraction funnel. The solution was dried using
anhydrous Na»SOs and finally evaporated to dryness under reduced pressure obtaining a white solid
with. Yield 40% and m.p of 145-147 °C.

2.1.5 6-methoxy-2-phenyl-7- (prop-2-yn-1-yloxy) hexahydropyran [3,2-d] [1,3] dioxin-8-ol (8)

In order to obtain the monopropargylated derivative, 1 equivalent of methoxy-4,6-O-
Benzylidene-D-glucopyranose was used, which is dissolved in DMF and reacted with 0.9 equivalents of
propargyl Bromide and 0.9 equivalents of Sodium Hydride. The reaction is left for 24 hours. After this
time, the organic phase is extracted with dichloromethane and washed with a solution of NH4CI and
NaCl using an extraction funnel. The solution is dried using anhydrous Na>SOs Finally, the product was
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purified by chromatographic column using a mixture of ethyl acetate / petroleum ether (33/67) to obtain
a white solid. Yield 55%, crystals with a m.p. of 115-118 °C.

2.2 Corrosion inhibition tests

2.2.1 Inhibitor solutions

A 0.01 M solution of each of the carbohydrates 1-8 in water or DMF was prepared. Then,
concentrations of 5, 10, 20 and 50 ppm of the inhibitor were added to the HCI 1M corrosive solution.

2.2.2 Electrochemical evaluation

The potential was stabilized at 20 °C for approximately 1800 s before electrochemical impedance
spectroscopy (EIS) test. EIS: a sinusoidal potential of £10 mV was applied in a frequency interval of 10°
2 Hz to 10* Hz, in an electrochemical cell with three electrodes using Gill Ac. The working electrode
was APl 5L X70 steel, while reference electrode and counter electrode were Ag/AgCl saturated with
chloride potassium and graphite respectively. The electrode surface was prepared using conventional
metallography methods over an exposed area of 1 cm?.

After EIS measurements, the potentiodynamic polarization curves at 50 ppm inhibitors. The
measurements covered a range of -500 mV to 500 mV regarding the open circuit potential (OCP), with
a sweep velocity of 66.07 mV/min using the ACM Analysis software for data interpretation

2.2.3. Characterization of surfaces by SEM-EDS

API 5L X70 steel was used for the corrosion inhibition studies. This type of steel has a
metallographic preparation with the following nominal composition (wt%): C, 0.26; Mn, 1.65; P, 0.030;
S, 0.030; and balance iron. The API 5L X70 steel surface was prepared both with and without (blank)
inhibitor; a 50-ppm concentration was used for a 24 hours immersion time. After that experiment, the
steel was washed with distilled water, dried, and the surface analyzed using a Zeiss SUPRA 55 VP
electronic sweep microscope at 10 kV with a 300x secondary electron detector.

3. RESULTS AND DISCUSSION

3.1 Corrosion inhibition test by EIS for commercially available carbohydrates for
API 5L X70 steel in acid conditions.

Nyquist diagram for APl 5L X70 steel without inhibitor is shown in figure 2, where can be
observed that Zrea Value reached a maximum 40 Q cm?.
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Figure 2. Nyquist diagram of API 5L X70 steel in HCI 1M

Nyquist diagrams for the systems with the corresponding commercially available carbohydrate
inhibitors are shown in figure 3: D(+)-Glucose (3a), D(+)Galactose (3b) and Lactose (3c). These
inhibitors showed a continuous increase in Zrea value when increasing its concentration. The semi-circle
shape of the diagrams it is an indicative of a time constant for D(+)-Glucose (4a) and D(+)Galactose
(4b) controlled by charge transfer resistance [14]. However, Lactose (4c) showed a depressed curve,
which is an indicative of the presence of two-time constants: one related to charge transfer resistance,
and another one related to the adsorbed inhibitor film [10-12].

It is worth mentioning that both D(+)-Glucose and D(+)Galactose are structurally very similar,
however, the position of the -OH could favor a larger semi-circle diameter in D(+)-Glucose Nyquist
diagram. Lactose is a disaccharide formed by glucose and galactose moieties. The later could be the
reason for a notable increment in semi-circle diameter (Zrea~ 325 Q cm?) at 50 ppm, and the glucose
moiety could be responsible for the corrosion inhibition activity found in Lactose.
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Figure 3. Nyquist diagrams of commercially available carbohydrate on immerse APl 5L X70 steel at
different inhibitor concentrations. Diagrams a), b), and c) corresponds to compounds D(+)-
Glucose, D(+)Galactose and Lactose respectively.

After obtaining the Nyquist diagrams of the compounds at different concentrations (figure 3), the
impedance results for API 5L X70 steel with and without inhibitor can be explained by an equivalent
circuit (Figure 4) which comprise of Rc (charge transfer resistance), and Q is the constant phase element
in parallel with Rs (solution resistance), Rmor is the molecule resistance. Electrochemistry parameters are
summarized in table 1.
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Figure 4. Equivalent electric circuit used in the system with (b) and without inhibitor (a).

Constant phase elements (CPE) have widely been used to account for deviations brought about
by surface roughness. The impedance of CPE is given by the next equation [15]:

Zepg = Q7 ()" 1)

where Q is the pseudo capacitance, o is the angular frequency in rad s, j = -1 is the current
density, and a is the CPE exponent. Depending on n, CPE may represent the resistance (Z (CPE) =r, n
= 0), capacitance (Z (CPE) = C, n = 1), the inductance (Z (CPE) = L, n = -1) or the Warburg impedance
for (n = 0.5). The CPE parameter Q cannot represent the capacitance when n <1 [16, 17].

Cal = Yo(w;n)n_1 (2)

where Cq is the double layer capacitance and om is the angular frequency in which Z' is the
maximum (Eq. 2).
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The value of inhibition efficiency (IE) can be obtained by means of the following equation [13-
14]:

IE (%) = (= )blank~ (% )inhibitor

(zc:)blank

x 100 3)

Where Rt is the charge transfer resistance with inhibitor and without inhibitor (blank).

As can be seen in table 1, the values of charge transfer resistance (Rct) increase proportionally
with an increment in inhibitor concentration. This can be attributed to a better protection of the metal
Surface in the presence of the carbohydrates. Interestingly, glucose and galactose showed a similar
performance as corrosion inhibitors, and, apparently, -OH orientation does not influence in the overall
performance. However, Lactose showed the larger Rt values, which denotes a better AP1 5L X70 steel
surface protection.

On the other hand, the decrease in the electrochemist double layer capacitance is generally
associated to a displacement of solvent (water) molecules, which are replaced with inhibitor molecules,
generating a protecting film [18-20].

Table 1. Electrochemical parameters of D(+)-Glucose, D(+)Galactose, and lactose in API 5L X70 steel
immerse in HC1 1M

Inhibitor C Rs N Ca Ret Rmol IE
(ppm) (Q cm?) (WFem?)  (Qem’)  (Qem?) (%)

Blank 0 5 0.8 1490 50 - -
5 14 0.8 364.5 165.5 - 69.8
1 10 1.4 0.8 385.5 191.8 - 73.9
20 14 0.8 398.6 210.9 - 76.3
50 14 0.8 439.3 226.4 - 77.9
5 0.9 0.8 796.3 98.5 - 60.1
2 10 0.9 0.8 820.3 127.9 - 69.3
20 1.2 0.8 863.5 141.9 - 72.3
50 1.2 0.8 868.2 151.2 - 74.0
5 15 0.6 348.3 26.47 3.136 10.6
3 10 15 0.7 373.9 52.4 28.27 67.2
20 1.3 0.6 327.9 132.3 33.88 84.1
50 1.7 0.7 182.9 205.7 49.09 89.6

Nyquist diagrams for the synthesized carbohydrate derivatives are shown in figure 5. It can be
observed a depressed semi-circle shape for all the compounds, which can be attributed to two-time
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constants: one related to charge transfer resistance, and another one related to the adsorbed inhibitor film
[21-23]. Compounds 5 and 6 showed charge transfer resistance dependence only [24].

Comparatively, Nyquist diagrams a, b and d, showed that, at 50 ppm, the diameter for the semi-
circle is larger for compound 5 (Zrear~ 495 Qcm?). Structurally, compound 4 is a simple molecule which
possess heteroatoms and in saturations capable of a better interaction with the metal surface, increasing
the adsorption and improving corrosion inhibition in API 5L X70 steel. The protected -OH in compound
4 do not influences in the overall inhibition efficiency in concentrations over 20 ppm. Similarly, when
the disubstituted compound (compound 5) was tested, it showed a similar corrosion inhibition behavior
for API 5L X70 steel under the studied conditions.

It is important to note that further modifying the structure of the carbohydrate does not increase
the overall corrosion inhibition (compounds 7 and 8) that the one showed by compound 4.
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Figure 5. Nyquist diagrams of carbohydrate derivatives on immersed APl 5L X70 steel at different

inhibitor concentrations. Diagrams a), b), ¢), d) and €) corresponds to compounds 4, 5, 6, 7 and
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T
0 50 100

Table 2. Electrochemical parameters for carbohydrate derivatives in API 5L X70 steel immersed in HCI

1M

Compound C Rs n Cal Ret Rmol Rtotal IE
(ppm)  (Q cm?) (@Fem?)  (Qem?)  Qem?)  Qem®) (%)

0 1.7 0.8 1927.2 40.2 - 40.2 -

5 1.6 1.0 93.1 28.4 3.5 31.8 -
4 10 1.9 0.9 308.9 64.8 48.7 1135 38.0
20 2.0 1.0 87.3 199.1 3.8 202.9 79.8
50 1.9 0.9 297.8 322.1 1.0 323.1 87.5

5 1.6 09 20310 26.6 10.9 37.5 -
10 1.5 0.9 326.3 113.0 42.8 155.8 64.5
5 20 1.5 0.9 358.0 173.3 146.9 320.2 76.8
50 1.6 0.9 277.0 240.0 255.4 495.4 83.3
5 1.6 1.0 1104.0 50.5 1.4 51.8 22.5
10 2.0 0.8 107.5 175.2 0.0 175.2 77.1
6 20 2.1 0.8 418.8 184.3 134.6 318.9 78.2
50 1.6 0.8 416.2 170.0 135.4 305.4 76.4

5 3.9 0.7 355.1 34.2 - 34.2 -
7 10 1.7 1.0 104.8 165.9 - 165.9 75.8
20 1.3 1.0 198.3 276.8 - 276.8 85.5
50 1.2 0.9 250.0 294.8 - 294.8 86.4
5 3.4 0.8 229.2 49.9 - 49.9 19.5
8 10 3.2 0.8 312.4 83.1 - 83.1 51.7
20 3.2 0.7 343.2 150.1 - 150.1 73.2
50 3.6 0.8 296.3 272.4 2.3 274.7 85.3

Figure 6 shows the corrosion inhibition as function of concentration of the carbohydrate. As can
be seen, a lower corrosion of the metal (higher IE) correlates with a higher concentration of the
carbohydrates. Lactose remains as the best corrosion inhibitor for concentrations above 20 ppm for the
commercially available carbohydrates, while compound 4 showed the best corrosion inhibition



Int. J. Electrochem. Sci., Vol. 14, 2019 9215

efficiency for the synthesized carbohydrate derivatives. This is an indicative that the sulfoxide moiety
does not improve the efficiency of the carbohydrate as corrosion inhibitor. Moreover, it seems that the -
OH substituents in the hexose ring are responsible for the corrosion inhibition and for the interaction of
the carbohydrate with the metal surface and, derivatization of this substituents leads to a loss in efficiency
as corrosion inhibitor.
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Figure 6. Variation of the inhibition efficiency of the carbohydrate derivatives 1-8 as a function of its
concentration for APl 5L X70 steel submerged in HCI 1M.

3.2 Corrosion inhibition test by polarization curves for carbohydrates at 50 ppm for API 5L X70 steel
in acid conditions.

The electrochemical parameters obtained by potentiodymic polarization technique, using the
Tafel extrapolation were: the corrosion potential (Ecorr), the corrosion current density (icorr) and both; the
anodic and cathodic Tafel slopes (bc and ba). The inhibition efficiency (IE %) values were determined
using equation 4 [25] and are presented in Table 3.

i corr

IE(%) - (1 N icorr(blank)) x 100 (4)

Where, icorr(blank) is a corrosion current density without inhibitor and icorr is the corrosion current
density in the presence of carbohydrate inhibitor

In Table 3 it can be observed that icor decreased in the presence of 50 ppm carbohydrate
inhibitors, indicating that the anodic dissolution of carbon steel and cathodic reduction of hydrogen ions
were inhibited; this suggests the formation of a protective layer of inhibitor molecules over the steel
surface [26]. However, cathodic reactions are comparatively more affected than the anodic ones without
causing any significant change in Ecorr Values (< 85 mV) which leads us to conclude that carbohydrates
are a mixed type but predominantly it is a cathodic type inhibitor (see Figure 7) [27].
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Figure 7. Tafel plots in the absence and presence at 50 ppm of carbohydrate derivatives 1-8 for API 5L
X70 steel submerged in HCI 1M

Table 3. Polarization data in the absence and presence of 50 ppm carbohydrate derivatives 1-8 for API
5L X70 steel submerged in HCI 1M

Compound C Ecorr VS -be ba icorr o IE
(ppm) Ag/AgCl (mVdec?!) (mVdecl) (pA/ecm?) (%)
sat.
Blank 0 -331.0 173.4 125.1 530.3

1 50 -458.6 149.1 70.8 66.0 0.9 87.6
2 50 -455.2 121.3 76.5 126.9 0.8 76.1
3 50 -447.0 145.2 62.2 69.2 0.9 86.9
4 50 -445.4 118.3 79.2 208.1 0.6 60.8
5 50 -463.2 139.1 77.8 98.5 0.8 814
6 50 -441.5 135.7 57.7 56.5 0.9 89.3
7 50 -445.1 130.4 65.3 67.9 0.9 87.2

3.3 Adsorption isotherm

Among all the adsorption mechanism descriptions reported in the literature [28-33], the most
common model to describe this process is Langmuir’s isotherms (equation 5). The corresponding
adjustment for this model was performed and is shown in figure 8, while the adjustment parameters are
shown in Table 3.

A (5)

0 Kads

Where C is the concentration, © is the coating degree and Kags is the adsorption constant.

The value of Kags is related with the Gibbs free energy value (AG°ads) and is related to equation
(6) [34, 35]:

AG°,4s = —RT In 55.5k 4 (6)

Where the numeric value of 55.5 is the molar concentration of water in an acid solution, R is the
constant of ideal gasses and T is the absolute temperature of the system.
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The calculated values of the thermodynamic adjustment are also shown in Table 3. Several
authors mention that the values of AG® ads around -40 KJ/mol or more negative are consistent with the
charge interchange between the metal and the organic compound, so the reaction is defined as a
chemisorption, while the values of AG° ads lower than -20 KJ/mol produce only an electrostatic
interaction (physisorption) [36-41].

According to these results, for all the compounds a physisorption-chemisorption type process is
observed, with exception to compound 6, which presents only a chemisorption type process [42].
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Figure 8. Adsorption isotherm at different concentrations of carbohydrates derivatives on API 5L X70
steel immersed in 1M HCI

Table 3. Adjustment of thermodynamic data with the Langmuir isotherm

Compound AG°ads R? Compound AG®ads R?
(KJ/mol) (KJ/mol)
1 . -36.84 1 5 -38.71 0.9998
2 \ -38.39 0.9999 6 -43.43 0.9999
3 . -37.82 0.9988 7 -39.09 0.9995
4 \ -33.92 0.9252 8 -33.92 0.9133

3.4 SEM-EDS Surface analysis

The surfaces of the API 5L X70 steel with and without inhibitor (Figure 9), were characterized
by SEM-EDS to corroborate the effectiveness of the inhibitor by evaluating the electrochemical
response. Figure 9a shows the surface of polished steel without the presence of inhibitor. As can be
appreciated, the metallic surface presents damage due to the action of chloride ions in the corrosive
solution, supported by EDS and shown in Figure 9b. However, figures 9¢c and 9e show the morphology
of the steel sample surface in presence of the best carbohydrate inhibitors found in this research
(compounds 3 and 7). These results suggest that the inhibitors form protective films of the surface of the
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API 5L X70 steel effectively diminishing corrosion. In this case, the corrosive species (CI) are
diminished in the chemical analysis (Figures 9d and 9f).
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Figure 9. SEM-EDS images of API 5L X70 steel for a) polished steel immerse in HCI 1M, in presence
of 50 ppm of ¢) compound 3 and e) compound 7.

4. CONCLUSIONS

Five of eight of the carbohydrates proved to be efficient corrosion inhibitors for API 5L X70
steel submerged in HCI 1M under static conditions. Lactose showed a better performance that glucose
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and galactose under the studied conditions. However, the best corrosion inhibition efficiency was
showed by Methoxy-4,6-O-Benzylidene-a-D-glucopyranose (Compound 4).

Thermodynamic analysis showed that all of the studied carbohydrates followed a combined
physical-chemical adsorption process over the metal surface. This was correlated with the electron
spectroscopy analysis of the metal surface.
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