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 Abstract: The presence of salts and dissolved gas like CO2 that is carried with natural 
gas and crude oil along the pipeline is the main reason for corrosion and scale formation. 
These problems are usually resolved separately by corrosion inhibitors and scale 
inhibitors or acidification. Meanwhile, utilizing a compound to resolve both corrosion 
and scale formation has an advantage in the economic side and working time. N,O-
carboxymethyl chitosan or N,O-CMCs is one of the chitosan's derivates. It is water-
soluble and has different functional groups. Those properties support its capability as a 
complexing agent on corrosion and scale inhibitors. Synthesis of N,O-CMCs was carried 
out by chemical reactions between chitosan and chloroacetic acid under alkaline 
circumstances. N,O-CMCs product was characterized using FT-IR and 1H-NMR 
spectroscopy. The inhibition efficiency was analyzed by electrochemical impedance 
spectroscopy (EIS) and potentiodynamic polarization techniques. The measurements 
showed that the highest efficiency of corrosion inhibition reached 63.54% when the 
concentration and temperature were 30 ppm and 35 °C, respectively. N,O-CMCs was 
classified as a mixed-type inhibitor. The adsorption mechanism of the inhibitor followed 
Langmuir adsorption isotherm. The static scale inhibition test informed that the 
optimum inhibition efficiency of N,O-CMCs reached 60.00%. 

Keywords: N,O-carboxymethyl chitosan; corrosion inhibitor; carbon steel; scale 
inhibitor 

 
■ INTRODUCTION 

Corrosion and scale formation are severe problems 
on pipelines of the petroleum industry. Those correspond 
to natural gas and crude oil transportation from the oil 
wells to the processing and storage stages through the 
pipeline containing corrosive substances such as water, 
chloride, minerals, and dissolved CO2 [1-2]. Generally, 
carbon steel is a primary material for pipeline 
construction due to its good physical and mechanical 
properties [3]. Availability and lower price are the other 
reasons when uses this material [4]. However, carbon steel 
is rapidly corroded after contacting with corrosive 
environments. 

Meanwhile, deposition of CaCO3 on the inner 
surface of the pipeline will reduce the stream of fluids and 
triggers localized corrosion attacks (formed pitting 

corrosion) [5]. Consequently, pipeline leakage is 
unavoidable. The utilization of acid solutions can 
prevent or dissolve scale formation, but the 
aggressiveness of fluids also increases simultaneously, 
accelerating the pipeline failure [6]. Besides that, the 
accumulation of acid solution is very harmful to 
organisms around the contaminated area. 

Corrosion and scale problems are usually treated 
separately by corrosion and scale inhibitors with 
different compounds [7-9]. However, the use of a 
compound that has double functions as the corrosion 
inhibitor and scale inhibitor is an advantage. Organic 
corrosion inhibitors have been widely used owing to 
cost-effective, practical means, and contain oxygen, 
nitrogen, phosphor, sulphur atoms that have π and lone 
pair electrons in their molecular structure to be 
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adsorbed on the metal surface by sticking on active sites 
[10-11]. Previous studies inform that corrosion inhibitors 
from polymeric compounds can be adsorbed strongly 
than monomer units or simple compounds [12-13]. On 
the other hand, scale inhibitors from polymer compounds 
are powerful complexing agents toward calcium and 
magnesium ions, good thermal stability, and better 
environmental compatibility [6,12]. A potential 
biopolymer as both corrosion and scale inhibitor is 
carboxymethyl chitosan (CMCs). It is a chitosan 
derivative that can be synthesized from the shell of 
crustaceans, for instance, shrimp, lobster, or crab. CMCs 
have different functional groups compared to chitosan so 
that it is easily dispersed into the aqueous solution and 
adsorbed onto a metal surface and CaCO3 crystal surface 
[14]. The other characteristics of this polymer include 
biocompatible, biodegradable, low toxicity, antioxidant, 
and antibacterial [15-16]. 

CMCs are classified into several types according to 
the position of carboxymethyl groups in the glucosamine 
rings, including N-CMCs, N,N-CMCs, O-CMCs, and 
N,O-CMCs respectively [17]. Each type of CMCs is 
obtained through different synthesis processes [18]. N,O-
CMCs is a type of carboxymethyl chitosan in which 
carboxymethyl groups are bound to amine groups on C-2 
atoms and two hydroxyl groups on C-6 and C-3 atoms 
(Fig. 4). Previous studies had shown that carboxymethyl 
chitosan could be used as a corrosion inhibitor in several 
media [19-20]. However, there is no information about 
the natural source of chitosan, a specific type of CMCs, 
utilization of CO2 in the corrosive medium, and its 
performance as a scale inhibitor. Therefore, this research 
aims to synthesize N,O-CMCs from shrimp shell waste 
and to study its performance as corrosion and scale 
inhibitors in the saturated CO2 solution for metal 
protection. Adsorption isotherm and adsorption energy 
are also studied. 

■ EXPERIMENTAL SECTION 

Materials 

Shrimp shell waste was obtained from Makassar, 
South Sulawesi. Chemicals were analytical grades 
consisting of sodium hydroxide, hydrogen chloride 

(37%), sodium chloride, potassium bromide, 
chloroacetic acid, absolute ethanol (99%), isopropanol, 
MgCl2·6H2O, CaCl2·2H2O, sodium bicarbonate, ethylene 
diamine tetraacetate dehydrate, potassium hydroxide, 
and calcium indicator. All chemicals were procured 
from Merck. 

Instrumentation 

The structure characterization of N,O-CMCs was 
conducted by proton nuclear magnetic resonance (1H-
NMR) Bruker Avance 500 MHz and Fourier transform 
infrared (FT-IR) ALPHA Bruker Spectrometers. The 
effectivity of corrosion inhibition was electrochemically 
analyzed by Voltalab PGZ 301 potentiostat with three 
electrodes configuration. All electrodes were immersed 
in NaCl (1.0%) solution with continuous sparging of 
CO2. Composition of carbon steel as the testing metal 
were C (0.1%), S (0.03%), Mn (0.45%), P (0.025%), and 
balanced Fe [21]. 

Procedure 

Preparation of chitin and chitosan 
NaOH 3.5% (w/v) solution was mixed to shrimp 

shell powder in a ratio of 1:10 for 2 h at 68 °C for the 
deproteination stage. Then, demineralization was 
carried out by adding HCl 1 M solution to protein-free 
chitin in a ratio of 1:15 for 2 h at room temperature. 
After that, chitosan was synthesized by the triple 
deacetylation of chitin. In this stage, the mixture of 
chitin and NaOH 50% (w/v) solution was refluxed in a 
ratio of 1:15 for 3 h at 110 °C. The deacetylation degree 
(DD) of obtained chitosan was determined based on the 
baseline method from the IR spectra. It was calculated 
by Eq. (1) [22]. 

1655

3450

A 100DD 100
A 1.33

 
= − × 

 
 (1) 

where A1655 and A3450 are vibrational absorbances of 
carbonyl in amides at 1655 cm–1 and amine groups at 
3450 cm–1, respectively. Factor 1.33 is a value from the 
ratio between A1655 and A3450 through a specific baseline. 
A viscometric method using the Ostwald viscometer was 
determined by the average molecular weight (AMW) of 
chitosan. Specific viscosity was measured by observing 
the time of flowing fluid with and without chitosan, 
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respectively, then determined the reduced viscosity and 
intrinsic viscosity ([η]) of each solution. Furthermore, the 
average molecular weight of the viscosity Mv���� was calculated 
by the Mark-Houwink formula like on Eq. (2) [23]. 

vK.M
α

η =    (2) 
where value of K = 1.4 × 10–4 mL g–1 and α = 0.83, Mv���� is 
the average molecular weight of viscosity. 

Synthesis of N,O-CMCs 
N,O-CMCs was synthesized by modification Zheng 

and partner method. NaOH (7.2 g) was dissolved in the 
mixture of 25 mL demineralized water and 50 mL 
isopropanol. Then, chitosan (4.0 g) was added to this 
mixture and reacted at room temperature for 1 h. 
Afterward, 5.0 g chloroacetic acid that had dissolved in  
10 mL demineralized water-isopropanol solution at a 
ratio of 1:4 was slowly dropped to chitosan suspension. 
This solution was reacted for 4 h at 50 °C. Furthermore, 
the solution was acidified by adding HCl 2 M solution, 
neutralized by 80% of ethanol, washed with ethanol 
(95%), rinsed with concentrated ethanol, and dried inside 
of the oven at 65 °C for 24 h [24]. The structure 
elucidation of N,O-CMCs was conducted with 1H-NMR 
and FT-IR Spectrometers. Modification of chitin to 
chitosan and N,O-CMCs is displayed in Fig. 1. 

Performance analysis of corrosion inhibitor 
Performance analysis of corrosion inhibitor was 

conducted by electrochemical impedance spectroscopy 
(EIS) and potentiodynamic polarization techniques. 
These experiments used potentiostat with a three-
electrodes configuration. Carbon steel was used as a 
working electrode, platinum as an auxiliary electrode, and 
saturated calomel electrode (SCE) as a reference 

electrode. The working electrode was formed to a 
cylindrical rod (cross-section surface area of 1.13 cm2) 
which was embedded in an epoxy resin. Before starting 
the analysis, the exposed surface of the working 
electrode was polished with 800, 1200, 2000 grit emery-
papers on a Heidolph rotator, washed with 
demineralized water, and rinsed by ethanol. All 
electrodes were connected to a potentiostat. The flask 
was filled with 100 mL NaCl 1% solution and continued 
by fulfillment CO2 gas throughout the experiment. The 
self-assembly of electrochemical measurements in this 
experiment is displayed in Fig. 2. For the EIS technique, 
temperature variations were 25, 35, 45, and 55 °C, 
respectively. The operating frequency was in the range 
of 10 kHz–100 mHz, and the variations of inhibitor 
concentration were 6, 12, 18, 24, and 30 ppm, 
respectively. Meanwhile, corrosion inhibition analysis 
by potentiodynamic polarization technique was carried 
out by taking a temperature that generates the highest 
inhibition efficiency from the EIS technique with several 
concentrations (18, 24, 30, and 36 ppm). Inhibition 
efficiency by EIS and potentiodynamic polarization 
techniques were calculated using Eq. (3) and Eq. (4) [25-
26]. 

inh

inh

Rp Rp
IE     1  00%

Rp 
−

= ×  (3) 

corr  o corr  inh

corr  o

I I
IE     1  00%

I
−

= ×  (4) 

where IE is inhibition efficiency of inhibitor (%), Rpinh is 
polarization resistance with inhibitor (Ohm cm2), Rp is 
polarization resistance without inhibitor (Ohm cm2), 
Icorr o and Icorr inh (mA cm–2) are corrosion current density 
of the system without and with inhibitor. 

 
Fig 1. Modification chitin to chitosan and N,O-CMCs [15] 
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Fig 2. Self-assembly of electrochemical measurements 

Study of adsorption isotherm 
The surface coverage of the inhibitor (θ) on the 

metallic surface correlated to the efficiency of corrosion 
inhibition which is shown in Eq. (5) [27]. 

( )inh

inh

 IE  %Rp Rp
   or  

Rp 100
−

θ =  (5) 

The adsorption process of N,O-CMCs on the metal 
surface was matched to various adsorption isotherms 
such as Langmuir, Freundlich, and Temkin isotherms. 
The adsorption type of inhibitor (physisorption, 
chemisorption, or physical-chemical adsorption) was 
determined by the value of the standard Gibbs free energy 
of adsorption (∆Go

ads) that is displayed in Eq. (6) [26-27]. 
o
ads adsG   RTln(55.55K )∆ =−  (6) 

where R is the constant (8.314 J mol–1 K–1), the value of 
55.55 is water concentration in 1000 mL solution (mol L–1), 
and T is the temperature (K). 

Analysis of scale inhibition 
This test followed NACE Standard TM0374-2001 

about the Standard Test Method Laboratory Screening 
Test that based on the capability of scale inhibitors to 
restrain the precipitation of calcium carbonate in a 
solution. Initially, the mixture of 3.68 g, MgCl2·6H2O, 
12.15 g CaCl2·2H2O, and 33.0 g NaCl was dissolved in 
demineralized water to attain 1.0 L calcium brine 

solution. Then, 1.0 L carbonic brine solution was 
obtained by dissolve 7.36 g NaHCO3 and 33 g NaCl into 
demineralized water [28]. Both brine solutions were 
mixed into the vessels and were divided for the solution 
without the addition of inhibitors in various 
concentrations (6, 12, 18, 24, and 30 ppm). The solution 
was bubbled with CO2 to remove O2. Non-inhibitor 
solutions were specifically distinguished through heating 
at 71 °C for 24 h and without going through heating. 

Meanwhile, all solutions with inhibitors were 
heated at 71 °C for 24 h. After cooling in the atmosphere, 
the next stage was to analyze residual Ca2+ concentration 
and scale inhibition efficiency by titration method with 
standard ethylene diamine tetraacetate dehydrate 
(EDTA) solution. This analysis was repeated two times 
to get accurate results. 

■ RESULTS AND DISCUSSION 

Isolation of Chitin, Synthesis of Chitosan and 
Their Characterizations 

The deproteination step was intended to cut off 
atomic interactions, such as Van der Waals forces, 
covalent bonds, electrostatic forces, and hydrogen bonds 
among polymer chains of chitin with amino acids. The 
demineralization step can reduce mineral content on 
shrimp shells such as CaCO3 and Ca3(PO4)2 [23]. 
Functional group analysis of chitin is displayed on the IR 
spectra in Fig. 3. The spectra show peaks at wavenumber 
3263 cm–1 and 3446 cm–1, which relate to stretching 
vibrations of –OH in alcohol groups by intermolecular 
and intramolecular hydrogen bonds. Besides that, those 
peaks also correspond to the stretching vibrations of  
–NH in acetamide groups. The existence of C–H groups 
on alkane (–CH3 and –CH2) is displayed by absorption 
peaks in the wavenumber range 2891–2960 cm–1 from 
stretching vibrations in phase and out of phase. Whereas 
the C–H vibrations of the methine groups only have 
bending vibration at 1315 cm–1. The presence of the  
C–O bond in the alkoxy group is confirmed by 
absorption peaks at wavenumber 1028–1112 cm–1. The 
typical peak of chitin lies in the wavenumber 1655 cm–1 
with a very high intensity derived from the carbonyl 
(C=O) stretching vibrations in the acetamide group. 
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Fig 3. IR spectra of chitin and chitosan 

The synthesis of chitosan from chitin was carried 
out by the deacetylation process. In this stage, chitin was 
hydrolyzed by a concentrated NaOH solution and high 
temperature to produce primary amine groups after 
releasing acetyl groups in glucosamide rings [29]. This 
stage was carried out three times to get optimization in the 
hydrolysis chitin. The IR spectra of chitosan are displayed 
in Fig. 3. Some absorption peaks are similar to the IR 
spectra of chitin. The differences lie in the reduced 
intensity of the vibrational peak of C=O from the acetyl 
group at 1655 cm–1 and the appearance of a peak at 
wavenumber 1596 cm–1 resulted from bending vibration 
of N–H bonds in primary amine groups [16]. 

Mass of chitin and chitosan after deproteination, 
demineralization, and deacetylation from 75 g shrimp 
shell powders, DD, and AMW of chitosan are shown in 
Table 1. 

Table 1 displays that deacetylation of chitosan 
repeatedly can increase the degree of deacetylation until 
reaching 81.46%. This is followed by the decrease of 
molecular weight due to the change of acetyl groups to 
primary amines and accompanied by the possibility of 
breaking glycosidic bonds on the several polymer chains. 
The average molecular weight of chitosan from the first 
deacetylation cannot be determined by the viscometric 
method because there are still many acetyl groups in the 
polymer chains. 

Synthesis and Characterization of N,O-
Carboxymethyl Chitosan 

The change of chitosan into carboxymethyl 
chitosan was intended to improve its solubility and 
surface-active property [30]. Improvements of these 
characters depend on the degree of substitution and the 
possibility of secondary reactions like cross-linking 
reactions during the synthesis process [31]. IR spectra of 
N,O-CMCs are shown in Fig. 4. The presence of –OH 
groups from carboxymethyl (–CH2COOH) and alcohol 
groups on glucosamine rings (C-6 and C-3) is displayed 
by the extensive peak of about 3000–3450 cm–1. A new 
peak at wavenumber 1739 cm–1 comes from the vibration 
of carbonyl bonds in the carboxyl groups [16,22]. 
Furthermore, the peak at wavenumber 1030 cm–1 due to 
stretching vibration of C–O from –CH2–OH, which 
appeared on the chitosan spectra, becomes weaker. 
While stretching vibrations –C–O– from –CH–OH 
groups at 1070 cm–1 still clearly appear. This indicates 
carboxymethylation on the chitosan mostly in C-6 [32]. 
More significant steric obstacles of the –OH group in C-
3 lead to fewer carboxymethylation  in this site [33]. The  

Table 1. Synthesis steps, product, and several characterization results such as percent yield, deacetylation degree (DD), 
and average molecular weight (AMW) 

No Stages Product Mass (g) Percent yield (%) DD (%) AMW (amu) 
1 Deproteination Chitin + minerals 37.5 50.00 - 

- 
2 Demineralization Chitin 14.7 39.20 - 
3 Deacetylation 1 Chitosan 10.8 73.47 52.23 u 
4 Deacetylation 2 Chitosan 9.8 90.74 62.45 2.00 × 106 
5 Deacetylation 3 Chitosan 7.8 79.59 81.46 1.36 × 106 

u: cannot be determined because chitosan is not soluble in the used solvent 
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Fig 4. IR spectra of N,O-carboxymethyl chitosan (with 
KBr pellet) 

peak intensity at 1383 cm–1 from the vibration C–N bond 
does not increase significantly to indicate that 
carboxymethyl groups are also not much bound to the 
amine groups [34]. Bending vibration of N–H bonds 
generates absorption peak at wavenumber 1596 cm–1 to 
indicate primary amines in the produced N,O-CMCs. 

The type of protons composing N,O-CMCs were 
determined by 1H-NMR spectroscopy. 1H-NMR spectra 
in Fig. 5 show proton signals in N,O-CMCs compound. 
The signal intensity is low due to the poor solubility of 
N,O-CMCs in a small amount of D2O. This corresponds 
to the lower degree of substitution of N,O-CMCs. More 
deshielding methylene protons from 1H-NMR spectra are 

due to the environment adjacent to the electronegative 
groups, such as oxygen ether and oxygen carboxyl. 
Therefore, these protons have low electron density. 

The presence of methyl protons in acetyl groups of 
N,O-CMCs is displayed by a signal at chemical shift 1.95 
ppm. It explains that deacetylation processes to primary 
amines do not occur as a whole when converting chitin 
to chitosan [31]. Strong signals at 3.95 ppm and 3.97 ppm 
indicate that carboxymethylation mainly occurs in the 
hydroxyl groups at C-3 and C-6. Carboxymethylation on 
primary amines is shown by a signal at a chemical shift 
of 3.24 ppm [35]. Then, a powerful signal at 4.7 ppm 
comes from the solvent’s undeuterated parts. 

Analysis of Corrosion Inhibition 

Fig. 6(a) and 6(b) represent a plot of inhibition 
efficiency (%) and polarization resistance (Ohm cm2) as 
a function of N,O-CMCs concentration at several 
temperatures. The increment of polarization resistances 
describes that inhibitor molecules have covered active 
sites on the metal surface and form a protective layer on 
the metal-solution interface [36-37]. A low concentration 
of N,O-CMCs was found to have reduced the corrosion 
rate. N,O-CMCs has too large molecular size, which can 
be adsorbed and occupies a wider area on the carbon 
steel surface. Adsorption processes of polymeric inhibitor 
on metal surface in aqueous solution are via substitution 
reactions with water molecules [38]. There are many 
heteroatoms  (oxygen  and  nitrogen)  and  π electrons of  

 
Fig 5. 1H-NMR spectra of N,O-CMCs (in D2O solvent) 
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Fig 6. Plots of polarization resistance (a) and inhibition efficiency (b) by the presence of N,O-CMCs at various 
concentrations and temperatures 
 
multiple bonds in N,O-CMCs molecular structure to 
make coordination bonding with ions or vacant d-orbitals 
of iron in the metal surface (chemisorption) [39-40]. 

Electrostatic and/or dipole-ion interactions can also 
occur among iron ions and/or iron atoms on the metal 
surface with carboxylate ions from N,O-CMCs 
compounds (physisorption). Besides that, there are 
electrostatic interactions between adsorbed chloride ions 
and positively charged inhibitor molecules from amine 
groups [41]. Bumby curves can be related to the difference 
in inhomogeneities and roughness of the working 
electrode surface during the analysis [42]. The formula of 
polarization resistance (Rp) is shown in Eq. (7). 

p re f  min  re f  maxR Z  Z= −  (7) 

where Zre f max is real impedance at a maximum frequency 
(Ohm cm2), and Zre f min is actual impedance at a minimum 
frequency (Ohm cm2). Values of the corrosion potentials 
(Ecorr), solution resistance (Rs), polarization resistance 
(Rp), and inhibition efficiency (IE) are listed in Table 2. 
The highest efficiency was obtained at 35 °C when the 
inhibitor concentration was 30 ppm. This efficiency tends 
to be stable since the concentration continues to be 
increased. Then, it decreased again by increasing 
temperatures because higher temperatures can accelerate 
metal dissolution and diffusion processes of CO3

2– and H+ 
ions in solution to go to the active sites of metal [43]. 
Besides that, higher temperatures will desorb inhibitor 
molecules that are physically adsorbed from the metal-
solution interface [44]. Structural decomposition and 

structural rearrangement may also occur [45-46]. 
However, protection to the metal surface from corrosion 
attack is still maintained. 

The analysis of corrosion inhibition was also 
carried out by the potentiodynamic polarization 
technique. This method especially measures some 
electrochemical quantities such as corrosion current 
density and corrosion rate at 35 °C, which gives the 
highest efficiency from EIS. 

The type of inhibitor (anodic or cathodic inhibitor) 
can be accurately determined by this technique from 
potential shifting trends on the linear polarization 
curves. The polarization curves for several 
concentrations of N,O-CMCs resulted from this method 
are shown in Fig. 7. 

Corrosion potential values were obtained more 
positively after raising concentration, but these shifts 
were not greater than 85 mV. Therefore, N,O-CMCs is 
classified as a mixed inhibitor with a dominant character 
as an anodic inhibitor [47-48]. As a mixed inhibitor, 
N,O-CMCs can retard metal dissolution in the anodic 
site as well as reduce reaction in the cathodic site [49]. 
Table 3 displays the highest efficiency for the 
potentiodynamic polarization technique when the 
inhibitor’s concentration is 30 ppm. These results have a 
good agreement with EIS result. The addition of N,O-
CMCs up to 36 ppm even decreased inhibition 
efficiency. It can be explained that polymer molecules 
prefer parallelly  adsorbed on  the metal surface  in a low  
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Table 2. Electrochemical parameters calculated by EIS technique in 1% NaCl solution 
Temperature (°C) Concentration (ppm) Ecorr (mV Vs SCE) Rs (Ohm cm2) Rp (Ohm cm2) IE (%) 

25 

Blank -710.8 16.71 295.7 - 
6  -716.1 14.22 478.4 38.19 

12  -682.1 13.89 494.7 40.22 
18  -673.9 14.92 506.5 41.62 
24  -671.4 14.28 548.1 46.05 
30  -682.9 13.36 580.7 49.08 

35 

Blank -716.4 15.46 230.3 - 
6  -714.3 15.30 281.3 18.13 

12  -686.0 15.81 522.0 55.88 
18 -678.1 15.32 528.8 56.45 
24  -675.9 16.03 587.9 60.83 
30  -671.8 15.77 592.6 61.11 

45 

Blank -721.6 14.68 197.0 - 
6  -715.2 11.37 264.1 25.40 

12  -687.5 11.36 356.0 44.66 
18  -687.0 11.85 366.8 46.29 
24  -686.4 11.23 418.4 52.91 
30 -686.0 11.54 438.7 55.09 

55 

Blank -730.0 11.35 173.9 - 
6  -728.3 11.16 204.6 15.00 

12  -703.2 10.76 252.2 31.05 
18  -700.1 10.79 304.3 42.85 
24  -699.8 10.69 310.6 44.01 
30 -695.0 10.71 339.6 48.79 

 

 
Fig 7. Polarization curves of N,O-CMCs at 35 °C 

concentration to cover more active sites and accompanied 
by the expulsion of water molecules from the surface. 
These events continue until higher concentration that 
repulsive forces between inhibitor molecules were strong. 
In that condition, inhibitor molecules tend to be 

perpendicularly adsorbed on the metal surface to occupy 
a smaller surface area [50]. Another reason is the 
intermolecular attraction between the inhibitor 
molecules on the metal surface and the solution phase 
that can release adsorbed inhibitors from the carbon 
steel surface [8]. 

Study of Adsorption Isotherm and the Energy of 
Adsorption 

Some types of adsorption isotherms (Langmuir, 
Freundlich, and Temkin isotherms) were matched to 
know the adsorption mechanism of N,O-CMCs on the 
working electrode surface. The type of adsorption 
isotherm and the values of parameters in adsorption 
energy are summarized in Table 4. Linear curves (Fig. 8) 
display adsorption of N,O-CMCs for some 
concentrations within the range of 25–45 °C on the 
carbon   steel   surface   obtained  from   the   formula   of  
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Table 3. Electrochemical quantities calculated by potentiodynamic polarization technique with and without N,O-
CMCs at 35 °C 

Concentration 
(ppm) 

Corrosion potential 
(mV) 

Corrosion current density 
(mA/cm2) 

Corrosion rate 
(mmPY) 

IE (%) 

0 -710.0 0.2677 3.131  
18 -700.3 0.1135 1.327 57.60 
24 -649.1 0.1068 1.249 60.10 
30 -657.4 0.0976 1.141 63.54 
36 -654.2 0.1691 1.977 36.83 

Table 4. The types of adsorption isotherm, equilibrium constants of adsorption, and standard Gibbs free energies of 
adsorption (ΔGads) N,O-CMCs at range 25–55 °C 

Temperature (°C) Types of adsorption isotherm Kads (L/mol) ΔGads (kJ/mol) RL 
25 Langmuir 2.5 × 108 -57.90 0.559 
35 Langmuir 5.0 × 108 -61.58 0.240 
45 Langmuir 1.43 × 108 -60.26 0.689 
55 Langmuir 5.0 × 107 -59.30 0.863 

 
Fig 8. The linear relationship among several concentrations of N,O-CMCs (Cinh) and Cinh/θ, based on Langmuir 
adsorption isotherm in Eq. (8) at (a) 25, (b) 35, (c) 45, and (d) 55 °C, respectively 
 
Langmuir isotherm adsorption in Eq. (8). It indicates that 
N,O-CMCs molecules have formed a monolayer on the 
metal surface without interaction between their neighbors 
[12]. 

ads

C 1 C 
K

= +
θ

 (8) 

where C is the inhibitor’s concentration (mol L–1), θ is 
surface  coverage,  and Kads is  the equilibrium  constant of  

adsorption-desorption (L mol–1). 
Whereas at 55 °C, the linear regression coefficient 

is relatively low (R2 < 0.900), thus utilizing the first type 
of Langmuir isotherm is not fitted at this temperature. It 
was matched by another Langmuir equation and other 
isotherms like Freundlich and Temkin isotherm 
equations (Eq. (9)–(11)) to fix this discrepancy. Linear 
curves are displayed in Fig. 9. 
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Fig 9. The linear relationship among several concentrations of N,O-CMCs and surface coverage (θ) based on (a) 
modified form of Langmuir adsorption isotherm, (b) Freundlich isotherm, and (c) Temkin isotherm at 55 °C 
 

adslog log K logC
1
θ  = + − θ 

 (9) 

ads
1log log K logC
n

θ = +  (10) 

ads
1 1log K   logC
f f

θ = +  (11) 

where 1/n relates to the adsorption intensity of N,O-
CMCs onto the metallic surface, factor f is related to 
adsorbent-adsorbate interactions [51]. The dimensionless 
constant of the equilibrium parameter (RL) is based on the 
utilization of the Langmuir equation to predict the 
efficiency of adsorption inhibitor on the metal surface. It 
was calculated by Eq.(12) [52]. 

L 
ads

1R  
1  K C

=
⋅+

 (12) 

The adsorption process is favorable occurred when 
the values of RL are in the range 0 to 1, while RL > 1, RL = 
0, and RL = 1, indicate that adsorption is irreversible, 
unfavorable, and linear adsorption processes respectively 
[52]. 

The negative values from ΔGads, high values of Kads, 
and the values of RL parameter indicate the adsorption 
process of inhibitor molecules on to carbon steel surface 
is spontaneous and favorable [8,47]. Meanwhile, because 
ΔGads values are within the range -20 kJ mol–1 to  

-80 kJ mol–1, therefore, adsorption mechanism of N,O-
CMCs was a combination of physisorption and 
chemisorption [1]. 

Study of CaCO3 Scale Inhibition 

CaCO3 crystals will be formed when the mixture of 
calcium and carbonate brine solutions were heated for 
24 h. Calcium ion concentrations were obtained from 
consumed standard EDTA volume to reach the 
endpoint of the titration. The concentration of calcium 
ion and efficiency of scale inhibition was calculated 
using Eq. (13) and Eq. (14) [53]. 

2 EDTA EDTA

system

M  .  V
Ca  

V
+  =   (13) 

2 2
inh blank A

2 2
blank B blank A

Ca   Ca
IE  x1  00%

Ca     Ca

+ +

+ +

   −   =
   −   

 (14) 

where [Ca2+]blank A and [Ca2+]blank B are concentrations of 
calcium ion without inhibitor under heated/after 
precipitation and unheated/before precipitation 
respectively, MEDTA is the molarity of EDTA, VEDTA is the 
volume of EDTA, and [Ca2+]inh is the concentration of 
calcium with the presence of inhibitor. 

A lot of EDTA volumes that were consumed 
indicate  higher  content of  calcium  ions in  the solution  
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Table 5. The average volume of EDTA solution that was needed for an equivalent point in titration, the concentration 
of calcium ions, and inhibition efficiency of N,O-CMCs against CaCO3 scale in the various concentrations at 71 °C 
for 24 h 

Solution The average volume of EDTA (mL) [Ca2+] (mol L–1) IE (%) 
0 ppm (unheated) 2.325 1.161 × 10–3 - 
0 ppm (heated) 1.700 8.490 × 10–4 - 
6 ppm 1.850 9.240 × 10–4 24.04 
12 ppm 1.925 9.620 × 10–4 36.22 
18 ppm 1.987 9.930 × 10–4 46.15 
24 ppm 2.033 1.015 × 10–3 53.28 
30 ppm 2.075 1.036 × 10–3 60.00 

 
phase. The action of inhibitor in solution could retard 
crystal nucleation and crystal growth of CaCO3. 
Consequently, Ca2+ ions were longer dispersed in the 
solution phase, and the equilibrium concentrations of 
Ca2+ ions in the mixed brine solution increased than the 
solution without inhibitor. Kelvin equation in Eq. (15) 
explains the relationship between equilibrium 
concentration and the critical radius of CaCO3 [14]. It was 
known that there is a decrease of critical radius from 
CaCO3 crystal since the equilibrium concentration of ions 
increased. 

0 c

lnC 2 M 
C RT r

γ
=

ρ
 (15) 

where C and C0 are the equilibrium and initial 
concentrations of ion products (Ca2+, CO3

2–) and CaCO3 
respectively, γ is the surface tension of the crystal, M is the 
molar mass of the crystal, ρ is the density of CaCO3, T is 
the testing temperature, R is the constant, and rc is the 
critical radius of CaCO3 crystal. 

The capability of scale inhibition is attributed to 
hydroxyl, amide, and carboxyl groups, which are 
contained by inhibitor compound to improve chelating 
solubilization or complexing calcium ion, and maintain the 
dispersion effect to form CaCO3 microparticles [14,54]. 
Table 5 reveals that the increment of N,O-CMCs 
concentration will increase scale inhibition efficiency 
until it reached 60.00% when the concentration is 30 ppm. 
It corresponds to the availability of more surface area and 
sorption sites to increase the metal adsorption capacity 
[6]. Further increase in concentrations may increase scale 
inhibition. However, this will decrease the corrosion  
 

inhibition effect. Ether groups in the carbon number 6 
(C-6) from glucopyranose rings have the lone pair 
electrons that could also increase the adsorbed N,O-
CMCs onto CaCO3 crystal surface. Therefore, it has been 
good performance as a scale inhibitor at lower 
concentrations [54]. 

■ CONCLUSION 

N,O-CMCs from shrimp shell waste had been 
synthesized by a chemical reaction between monochloro 
acetic acid and chitosan in base condition. Its structure 
was confirmed using FTIR and NMR characterizations. 
Analysis of corrosion inhibition efficiency toward 
carbon steel in the saturated CO2 brine solution 
indicated that the increase of N,O-CMCs concentrations 
also increases inhibition efficiency. N,O-CMCs is 
effective enough as a green corrosion inhibitor at 35 °C 
when the concentration was 30 ppm. The optimum 
inhibition efficiency (IE) was 63.54%. However, this IE 
value is still lower than other green corrosion inhibitors 
like imidazole and its derivatives which IE value reaches 
90%. N,O-CMCs is classified as a mixed-type inhibitor. 
Adsorption’s processes obey Langmuir isotherm, which 
is dominated by chemical adsorption based on changes 
in the standard Gibbs free energy of adsorption. N,O-
CMCs also acts as CaCO3 scale inhibitors because they 
can improve the solubilization of calcium ions and the 
dispersion effect of CaCO3 microparticles. The efficiency 
of scale inhibition reaches 60.0%. Further modifications 
on N,O-CMCs structure, may be considered to improve 
scale and corrosion inhibitions. Utilization of other  
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metals as a working electrode and other types of scale, 
such as CaSO4 and Ca3(PO4)2 are also helpful to know 
their interaction with N,O-CMCs. 
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