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Abstract The corrosion and corrosion inhibition

effect of carboxymethyl cellulose (CMC) for mild

steel in sulphuric acid medium was investigated using

chemical (weight loss and hydrogen evolution)

techniques at 30–60 �C. The effect of addition of

halide ions (Cl-, Br-, and I-) was also studied. It

was found that CMC functions as an inhibitor for acid

induced corrosion for mild steel. Inhibition efficiency

increases with increase in immersion time but

decreases with increase in temperature. Addition of

halide ions reveals that chloride ions (Cl-) antago-

nize the inhibition process whereas iodide ions (I-)

exert synergistic effect on the corrosion inhibition by

CMC. Corrosion inhibitive effect was afforded by

adsorption of CMC molecules onto the mild steel

surface both in the absence and presence of halide

ions which was found to follow Langmuir adsorption

isotherm model. The phenomenon of physical

adsorption is proposed from decrease in inhibition

efficiency with increase in temperature. The inhibi-

tion mechanism was further corroborated by the

values of thermodynamic and kinetic parameters

obtained from the experimental data.
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Introduction

Mild steel typically the AISI grades 1005 through

1025 is usually used for structural applications.

Aggressive acids predominantly sulphuric acid are

widely used for industrial and some specific treat-

ments (e.g. chemical cleaning and pickling) of mild

steel most especially when intended for hot-dip

galvanizing. However, these acids are known to

cause severe corrosion problems. In order to mini-

mize the loss of mild steel, acids inhibitors are always

added to the treatment bath. The most effective and

efficient acid inhibitors are organic compounds

containing polar functions such as oxygen, nitrogen,

sulphur and phosphorus in their molecular structures

(Maayta and Al-Rawashdeh 2004; Bouklah et al.

2005; Abd El Rehim et al. 2001; Umoren et al. 2007)

and inorganic compounds such as chromate, dichro-

mate, nitrite, etc. (Fontana 1986). At the same time,

the environmental unfriendliness of these products,

especially inorganic inhibitors, cost ineffectiveness,

and unavailability have come under criticisms. Con-

sequently, research activities in recent times are

geared towards finding alternative acid corrosion
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inhibitors. Polymers, both naturally occurring and

synthetic ones have gained wide acceptance in this

regard. The inherent stability, presence of multiple

adsorption sites, eco-friendliness, availability, and

low cost makes polymers to be a better substitute for

inorganic and organic acids inhibitors (Yurt et al.

2007; Rajendran et al. 2005; Umoren et al. 2006a).

Chemical structure of CMC revealed that it

contains hydroxyl and carboxyl groups hence fulfill

an important criterion to function as a corrosion

inhibitor. It has been reported as effective corrosion

inhibitor for cadmium (Khairou and El-sayed 2003)

and mild steel (Bayol et al. 2008) in HCl solution. We

have also reported corrosion inhibitive effect of CMC

for mild steel in H2SO4 solution (Solomon et al.

2009). Although the value of inhibition efficiency of

72% at CMC concentration of 0.04% obtained for

mild steel in HCl by Bayol et al. was relatively high,

the value obtained in our previous study for mild steel

in H2SO4 was relatively low being 64.8% from

weight loss measurements.

To upgrade the performance of organic corrosion

inhibitors, extensive studies have been undertaken to

identify synergistic effects of other additives. Syner-

gistic corrosion inhibitor formulation has been advo-

cated as it is an effective means of improving the

inhibitive force of inhibitor, decreasing the amount of

inhibitor usage and diversifying the applications of

the inhibitor in acidic media (Li et al. 2008). Some

reports indicating synergistic inhibition of synthetic

and naturally occurring polymers with some cations

and anions can be found in the literature. Sathiyana-

rayanan et al. (2008) and Jeyaprabha et al. (2006a)

found that cerium, zinc and manganese ions greatly

enhanced the inhibition efficiency of polyaniline

(PANI) when used as inhibitor for iron in sulphuric

acid. Corrosion inhibitor formulation consisting of

50 ppm polyacrylamide (PAA) and 50 ppm Zn2? and

also 50 ppm Zn2? - 300 ppm phenyl phosphonate

(PPA) have been reported by Rajendran et al. (1998)

to show synergistic effect. Synergistic inhibition

effect has also been reported to exist between

carboxymethylchitosan (CMCT) and cu2? for mild

steel corrosion in 1 M HCl (Cheng et al. 2007).

For the anions, halide ions are the most widely

studied. It is generally accepted that halide ions

facilitates the adsorption of organic inhibitors during

mild steel corrosion in acidic media. It is thought that

halide ions, which become specifically adsorbed on

the metal surface, are able to improve the adsorption

of organic cations in solution by forming intermedi-

ate bridges between the metal surface and the positive

end of the organic inhibitor. Corrosion inhibition

synergism thus results from increased surface cover-

age arising from ion—pair interactions between the

organic cations and anions. Influence of halide ions

on corrosion inhibition of metals using synthetic

polymers have been reported (Larabi et al. 2004;

Umoren and Ebenso 2007; Jeyaprabha et al. 2005;

Umoren et al. 2006b, 2008a) but the effect with

naturally occurring polymers have not been investi-

gated although we have reported a few for mild steel

in acidic medium in our laboratory (Umoren and

Ebenso 2008; Umoren et al. 2008b, c; Umoren and

Ekanem 2009).

In our continuous quest of exploring environmen-

tally friendly and cost effective corrosion inhibitors,

the present work reports on the effect of CMC in

combination with halide ions for mild steel corrosion

in acidic environment at temperature range of 30–

60 �C using weight loss and hydrogen evolution

techniques.

Experimental

Materials

A flat sheet of mild steel 0.09 cm in thickness with the

following composition: C = 0.13%; Si = 0.18%; Mn

= 0.39%; P = 0.40%; S = 0.04%; Cu = 0.025%;

and the balance Fe was used in the study. The mild

steel was mechanically press-cut into coupons of

5 cm 9 4 cm (surface area = 20 cm2) dimension,

for weight loss study and 3 cm 9 3 cm dimension

for hydrogen evolution measurements. These cou-

pons were used without further polishing to ensure

reproducible surface. However, they were degreased

in absolute ethanol, dried in acetone and stored in a

moisture- free desiccator prior to use in corrosion

testing. The inhibitor, carboxymethyl cellulose

(CMC) used is a product of Sigma–Aldrich, Inc.

Germany and was used as obtained. The concentra-

tion of CMC used in the study ranged between 0.1

and 0.5 g/L. Analytical grade potassium halide salts

(KCl, KBr and KI) (Sigma–Aldrich) was used to

study the effect of the halide additives by adding a

fixed concentration of 5 mM to different
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concentrations of CMC. The corrodent concentration

used was 2 M H2SO4 (Sigma–Aldrich) prepared from

98% reagent grade. All reagents used for the study

were Analar grade, and were used as procured

without further purification. Deionised water was

used for the preparation of all solutions.

Weight loss measurements

In weight loss experiments the pre-cleaned mild steel

coupons were suspended in 250 mL beakers contain-

ing 200 mL of test solutions maintained at 30, 40, 50,

and 60 �C in a thermostated bath with the aid of glass

rods and hooks. The coupons were retrieved at 2 h

intervals progressively for 10 h, washed thoroughly

in 20% NaOH solution containing 200 g/L of zinc

dust (Jones 1996) with bristle brush, rinsed severally

in deionised water, cleaned, dried in acetone, and re-

weighed. The weight loss, in grammes, was taken as

the difference in the weight of the mild steel coupons

before and after immersion in different test solutions.

The corrosion rate (g cm-2 h-1) in the absence

and presence of CMC and CMC-halide mixtures were

determined using Eq. 1 (Umoren 2008):

CRWL ¼
DW

At
ð1Þ

where DW is the weight loss of the mild steel coupon

after 10 h of immersion in grammes, A is the

sectional area of the mild steel coupon in cm2 and t

is the exposure time in hours.The inhibition effi-

ciency of CMC and CMC-halide mixtures were

evaluated from Eq. 2:

% g ¼ CRblank � CRinh

CRblank

� �
� 100 ð2Þ

where CRblank and CRinh are the corrosion rates of the

mild steel coupons in the absence and presence of

additives, respectively, in 2 M H2SO4 at the same

temperature.

Hydrogen evolution measurements

The hydrogen evolution measurement was carried out

using gasometric assembly. The assembly is given in

Fig. 1 and detailed description is reported elsewhere

(Umoren and Ekanem 2009). In this method, 100 mL

each of 2 M H2SO4, 0.1–0.5 g/L CMC and the

Stopper

mild steel Coupon

Delivery 
tube

Paraffin Oil

Water Jacket

Water Inlet

Water 
outlet

Corrodent + inhibitor

Fig. 1 Gasometric

assembly for the

measurement of hydrogen

gas evolved
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different concentrations of CMC in combination with

5 mM KCl, KBr, and KI was introduced into a

reaction vessel which was connected to a burette

through a delivery tube. The initial volume of air in

the burette was recorded. Mild steel coupons of

dimension 3 cm 9 3 cm were carefully dropped into

the different test solutions placed in the reaction

vessel. The volume of hydrogen gas evolved from the

reaction was monitored by the depression (in cm3) in

the level of paraffin oil contained in the burette at

fixed time intervals (Umoren and Ebenso 2007;

Ebenso et al. 2006). This was conducted at the

temperatures of 30, 40, 50, and 60 �C maintained

with the help of a thermostated water bath.

The corrosion rates from hydrogen evolution

measurements were computed from Eq. 3 and inhi-

bition efficiency from Eq. 2.

CRH ¼
Vt � Vi

tt � ti
ð3Þ

where Vt and Vi are the volumes of hydrogen evolved

at time tt and ti, respectively.

Results and discussion

Corrosion inhibition performance of organic com-

pounds as corrosion inhibitors can be evaluated using

electrochemical and chemical techniques. For the

chemical methods, weight loss measurement is ide-

ally suited for long term immersion test. Corrobora-

tive results between weight loss and other techniques

have been reported in the literature (Aytac et al.

2005; Moussa et al. 1998; Ebenso and Oguzie 2005).

Earlier studies (Solomon et al. 2009) have shown that

CMC inhibited acid induced corrosion of mild steel

and the highest inhibition efficiency of 64.8%

was obtained at 30 �C with CMC concentration of

0.5 g/L. This concentration was therefore chosen to

evaluate the effect of halide ions additives. Figure 2

shows the weight loss of mild steel in 2 M H2SO4 in

the absence and presence of CMC (0.5 g/L) and

CMC in combination with 5 mM KCl, KBr and KI at

(a) 30, (b) 40, (c) 50 and (d) 60 �C, respectively.

Inspection of the figure reveals that the weight loss of

mild steel was reduced in the presence of CMC

compared to the free acid solution; an indication of

the inhibiting effect of acid corrosion of mild steel.

Further reduction in weight loss was observed on

addition of halide ions to CMC solution especially for

Br- and I- ions with most profound effect noticed

with I- ions at all the temperatures studied. However,

a different behaviour for weight loss of mild steel was

noted with CMC - Cl- mixtures particularly at

longer immersion period where the weight loss was

observed to be lower compared to that of CMC alone.

Further inspection of the figures also show that

weight loss of mild steel in 2 M H2SO4 increases

with increase in temperature both in the absence and

presence of the additives.

The computed values of corrosion rate and inhi-

bition efficiency for the different systems at all the

temperatures studied are listed in Table 1. From the

table, it is clearly seen that the corrosion rate of mild

steel in 2 M H2SO4 is lower in the presence of the

additives compared to the blank solution. Again

corrosion rate is observed to be in the order

CMC ? Cl- [ CMC [ CMC ? Br- [ CMC ? I-.

Increase in corrosion rate of mild steel on addition of

Cl- ions to CMC in comparison to CMC alone could

mean that Cl- ions stimulated the corrosion of mild.

On the other hand, lower corrosion rates were

recorded on addition of Br- and I- ions to CMC

compared to the presence of CMC alone which

indicates that both Br- and I- ions addition to CMC

enhanced the corrosion inhibition effect of CMC with

greater effect obtained with I- than Br- ions. Results

in Table 1 also show that corrosion rate increases

with increase in temperature with the highest values

obtained at 60 �C for all the systems investigated.

Inhibition efficiency values also presented in Table 1

show a decreasing trend with increasing experimental

temperatures for all the systems studied. Also the

trend of inhibition efficiency with respect to the

systems was found to follow the order

CMC ? I- [ CMC ? Br- [ CMC [ CMC ? Cl-.

For instance at 30 �C, the inhibition efficiency

obtained for CMC alone was 65%. On addition of

5 mM KCl, inhibition efficiency was downgraded to

51% and upgraded to 67 and 89% on addition of the

same concentration of 5 mM KBr and KI,

respectively.

Inhibition of mild steel corrosion in 2 M H2SO4 by

CMC alone may be attributed to the adsorption of

CMC onto the mild steel surface leading to corrosion

inhibition phenomenon. Corrosion inhibition is initi-

ated by the displacement of adsorbed water mole-

cules by the inhibitor species leading to specific
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adsorption of the inhibitor on the metal surface

(Umoren and Ebenso 2007). Decrease in inhibition

efficiency with temperature indicates that the

molecules of CMC were physically adsorbed on the

mild steel surface. The physisorption mechanism can

be rationalized by considering the structure of CMC

Fig. 2 Variation of weight loss against time for mild steel corrosion in 2 M, H2SO4 in the absence and presence of CMC and

CMC ? halide mixtures at a 30, b 40, c 50, and d 60 �C

Table 1 Calculated values

of corrosion rate and

inhibition efficiency for

mild steel in 2 M H2SO4 in

the absence and presence of

CMC and CMC -

potassium halides mixtures

at 30–60 �C from weight

loss measurements

System/concentration Corrosion rate (g cm-2 h-1) Inhibition efficiency, g (%)

30 �C 40 �C 50 �C 60 �C 30 �C 40 �C 50 �C 60 �C

Blank 1.79 4.72 15.7 23.7 – – – –

CMC (0.5 g L-1) 0.63 1.84 6.12 9.26 65 61 61 61

CMC ? 5 mM KCl 0.88 2.27 8.00 12.5 51 52 49 47

CMC ? 5 mM KBr 0.59 1.69 5.89 8.99 67 64 62 62

CMC ? 5 mM KI 0.19 0.52 1.96 3.02 89 89 88 87
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which shows that it contains carboxyl functional

group (–COOH) in addition to the hydroxyl func-

tional group (–OH) in its molecule. In acid solution,

the carbonyl oxygen (C = O) may be protonated and

the molecule exists as a polycation. However, in

H2SO4 solution, steel is assumed to be positively

charged and having hydrated ions of sulphate

(SO4
2-) being weakly adsorbed on the surface

thereby given rise to negatively charged steel surface

(Abd El-Maksoud 2008). The formation of positively

charged protonated species facilitates adsorption of

the compound on the metal surface through electro-

static interaction between the CMC molecule and the

mild steel surface (physisorption). Furthermore, it has

been reported that, the substitution process in CMC is

slightly cooperative rather than random, giving

slightly higher than expected unsubstituted and

trisubstituted areas (Batdorf and Rossman 1973).

The molecules are therefore most extended (rod-like)

at low temperatures but at higher temperatures, the

molecules overlap and coil up and then, entangle to

become a thermoreversible gel. This behaviour at

higher temperatures may be responsible for the low

inhibition efficiency of CMC observed as the ther-

moreversible gel nature may not appreciably cover

the mild steel surface.

Mechanism of inhibition and effect of halide ions

additives requires some knowledge of interaction

between the protective compound and the metal

surface. According to the mechanism for the disso-

lution of iron in acidic sulphate solution initially

proposed by Bockris et al. (1961), iron electro

dissolution in acidic sulphate solution depends

primarily on the adsorbed intermediates as follows:

Feþ H2O, ðFeOHÞads þ Hþ þ e� ð4Þ

ðFeOHÞads!
rds ðFeOHÞþ þ e� ð5Þ

ðFeOHÞþ þ Hþ ! Fe2þ þ H2O ð6Þ

The cathodic hydrogen evolution follows the steps:

Feþ Hþ , ðFeHþÞads ð7Þ

ðFeHþÞads þ e� , ðFeHÞads ð8Þ

ðFeHÞads þ Hþ þ e� ! Feþ H2 ð9Þ

In the presence of halide ions (X-), the mechanism of

the anodic dissolution is given as (Chin and Nobe

1972; MacFarlane and Smedley 1986):

Feþ H2Oþ X� , ðFeXOHÞads þ Hþ þ e� ð10Þ

ðFeOHÞ�ads!
rds ðFeXOHÞþ þ e� ð11Þ

ðFeXOHÞ þ Hþ ! Fe2þ þ X� þ H2O ð12Þ

The inhibitor (CMC) molecules may then combine

with the adsorbed intermediates to form metal-

inhibitor complex. The resulting complexes could

either catalysed or inhibit further metal dissolution

depending on its solubility (Okafor and Zheng 2009).

From the results obtained in this study, it follows that

on addition of Cl- ions to CMC a readily soluble

complex formation occurred, thus increasing the

metal’s corrosion rate and lowering inhibition effi-

ciency. On the other hand addition of Br- and I- ions

to CMC results in the formation of insoluble complex

leading to reduction in corrosion rate and raised

inhibition efficiency particularly with respect to

iodide ions. Synergistic inhibition effect between

iodide ions in combination with arginine against

copper corrosion (Zhang et al. 2009), aliphatic

amines (Fouda et al. 2005), methionine (Oguzie

et al. 2007), propargyl alcohol (Feng et al. 1999) for

mild steel corrosion; diphenylamine (Jeyaprabha

et al. 2006b) for iron corrosion in acidic media have

been reported. The highest synergistic effect of iodide

ions has been attributed to chemisorption with metal

surface due to its larger size, ease of polarizability,

high hydrophobicity and low electronegativity com-

pared to the other halide ions (Jeyaprabha et al.

2006c). The strong chemisorption of iodide ions on

the metal surface is responsible for the synergistic

effect of iodide ions in combination with CMC. The

CMC polycation is then adsorbed by coulombic

attraction at the metal surface, where iodide ions are

already chemisorbed. Stabilization of the adsorbed

iodide ions by means of electrostatic interaction with

CMC polycation leads to greater surface coverage

and thereby greater inhibition efficiency (Azim et al.

1995).

The seeming negative effect of Cl- ions with

CMC as observed in this present study is not

surprising given the fact that halide ions have been

known to stimulate and inhibit corrosion of metals.

The negative effects of addition of halide ions to

naturally occurring materials including plant extracts

used as corrosion inhibitor for mild steel in acidic

media has been reported in the literature. Oguzie
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(2006) reported antagonistic effect with Cl- and

synergistic effect with Br- and I- ions on addition to

10% extract of Occimum viridis in 2 M HCl. Eddy

et al. (2009) observed that addition of Br- and I- ions

to Lasianthera africana antagonized inhibition of

mild steel in 0.1 M H2SO4 while Cl- ions produced

synergistic effect. Other antagonistic behaviour

between mixture formulations as corrosion inhibitors

can also be found in the literature. Rajendran et al.

(1998) found that corrosion inhibitor formulation

consisting of 50 ppm polyacrylamide and 300 ppm

phenyl phosphonate showed antagonistic effect on

the inhibition of corrosion of mild steel in neutral

aqueous environment. Similarly, antagonistic effect

between amino trimethylene phosphonic acid as well

as 1-hydroxyethane-1,1-diphosphonic acid and poly-

acrylamide has been reported (Rajendran et al. 1996,

1997). In all cases, the observed antagonistic effects

have been attributed to formation of soluble adsorp-

tion intermediates which exhibit fast dissolution rates

especially at higher temperatures.

To gain insight into the possible cause of negative

effect of Cl- ions on corrosion inhibition by CMC,

experiments were undertaken to asses the effect of

immersion time on the inhibition efficiency of CMC

alone and on addition of halide ions. Figure 3 shows

the plot of immersion time against inhibition effi-

ciency for the different systems studied. From the

figure, it is seen that inhibition efficiency increased

with immersion time for CMC, CMC ? Br- and

CMC ? I- which could be attributed to increase in

surface coverage due to increased inhibitor adsorp-

tion as time increases and stability of the adsorbed

layer on the mild steel surface. However, in the

presence of Cl- ions an initial increase in inhibition

efficiency with time is observed which could be

attributed to the initial spontaneous adsorption of the

inhibitor on the metal surface. A precipitous decrease

in inhibition efficiency was also observed with

increase immersion time which could be likened to

the onset of the dissolution of the adsorbed film and a

decrease in surface coverage. The result is in

agreement with that of the weight loss measurements.

Hydrogen evolution measurements

This technique provides a rapid and reliable means of

assessing the inhibitive performance of corrosion

inhibitors on mild steel corrosion in acidic media at

short term immersion period. The relative speed,

effectiveness and suitability for monitoring in situ,

any perturbation by an inhibitor with respect to gas

evolution in the metal/solution interface have been

well established in the literature (Ebenso and Oguzie

2005; Solmaz et al. 2008; Umoren and Obot 2008).

The volume of H2 gas evolved in the uninhibited

(2 M H2SO4) solution and solutions containing CMC

and CMC-halide mixtures were monitored as a

function of exposure time at fixed time interval.

Figure 4 shows the plot of volume of H2 gas evolved

against time for mild steel corrosion in 2 M H2SO4 in

the absence and presence of CMC and CMC in

combination with KCl, KBr and KI at 30, 40, 50, and

60 �C represented by panels a, b, c, and d, respec-

tively. It is seen from the figure that addition of CMC

to the corrosive medium causes a considerable

reduction in the volume of H2 gas evolved, suggest-

ing that CMC molecules adsorbed onto the metal

surface and blocked the electrochemical reaction

efficiently by decreasing the available surface area.

Further inspection of the figures reveal that further

reduction in the volume of H2 gas evolved was

observed on addition of 5 mM KBr and KI onto CMC

while the volume of H2 gas evolved increases on

addition of 5 mM KCl compared to the volume of H2

gas evolved in the presence of CMC alone. Also the

volume of H2 gas evolved increases with increase in

temperature for all the systems studied.

Fig. 3 Plot of inhibition efficiency as a function of immersion

time for mild steel corrosion in 2 M H2SO4 in presence of

CMC and CMC ? halide mixtures at 30 �C
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Table 2 shows the computed values of hydrogen

evolution rate which can be correlated to the corro-

sion rate of mild steel coupons in the absence and

presence of CMC and CMC—halide mixtures at

different temperatures. Results in the table indicate

that hydrogen evolution rate followed the order

CMC ? KI \ CMC ? KBr \ CMC \ CMC ? KCl

which is in agreement with results obtained from

weight loss measurements. The increase in hydrogen

evolution rate when Cl- ions was combined with

CMC compared to CMC alone also points to the

decreasing inhibitive effect of CMC in the presence

of the chloride ions while the decrease in hydrogen

evolution rate observed for CMC - I- combination

indicates enhancement of inhibitory action of CMC

in the presence of iodide ions. The hydrogen evolu-

tion rate was also found to increase with increase in

temperature with the highest values obtained at 60 �C

for all the systems investigated. The calculated values

of inhibition efficiency are also listed in Table 2 and

Fig. 4 Variation of volume of H2 evolved with time for mild steel corrosion in 2 M H2SO4 in the absence and presence of CMC and

CMC ? halide mixtures at a 30, b 40, c 50, and d 60 �C

642 Cellulose (2010) 17:635–648
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can be seen to follow the trend reported for weight

loss measurements. It increases in the order

CMC ? KI [ CMC ? KBr [ CMC [ CMC ? KCl

but decreases with increase in temperature.

Comparison of the values of inhibition efficiency

from the two independent methods as presented in

Tables 1, and 2 for weight loss and hydrogen

evolution techniques, respectively, it is observed that

the values obtained from the hydrogen evolution

technique are lower for all the systems. This can be

attributed to differences in immersion time needed

for the inhibiting species to get adsorbed and form a

protective film on the mild steel surface thereby

isolating the metal from attack of the aggressive

anions present in solution. In addition, it has been

argued that corrosion rate values from hydrogen

evolution method represent instantaneous values

while those one from weight loss method represent

average values.

Adsorption considerations

Some authors (Solmaz et al. 2008; Vracar and Drazic

2002) have pointed out that adsorption on corroding

surfaces never reaches the real equilibrium and tends

to an adsorption steady state. However, when the

corrosion rate is sufficiently small, the adsorption

steady state has a tendency to become quasi-equilib-

rium state. Therefore, it is reasonable to consider the

quasi-equilibrium adsorption in a thermodynamic

manner using the appropriate equilibrium isotherms.

Adsorption isotherms provide information about the

interaction among adsorbed molecules themselves as

well as their interactions with the metal surface.

Values of the degree of surface coverage (h) for the

different systems studied at 30 �C after 10 h of

immersion were used to determine which isotherm

best described the adsorption process. Surface cov-

erage values were evaluated from the weight loss

measurements assuming direct relationship between

inhibition efficiency and surface coverage as follows:

g(%) = h 9 100. The surface coverage values were

fitted to different adsorption isotherm models and

best result judged by the correlation coefficient (R2)

was obtained with Langmuir adsorption isotherm.

Langmuir isotherm is given by the expression:

C

h
¼ 1

Kads

þ C ð13Þ

where h is the surface coverage, C is the concentra-

tion, Kads is the equilibrium constant of adsorption

process. Kads is related to the free energy of

adsorption DGo
ads by the equation (Noor 2009):

log Kads ¼ � log CH2O �
DGo

ads

2:303RT
ð14Þ

where CH2O is the concentration of water expressed in

g L-1 (the same as that of inhibitor concentration), R

is the molar gas constant (kJ mol-1 K-1) and T is the

absolute temperature (K). The plot of C/h as a

function of C is shown in Fig. 5. Linear plots were

obtained with very good correlation coefficient which

seems to suggest that adsorption of CMC alone and

on addition of halide ions follow Langmuir adsorp-

tion isotherm. Adsorption parameters obtained from

this isotherm are listed in Table 3. From the table, it

is seen that Kads values are in the order

CMC ? KI [ CMC ? KBr [ CMC ? KCl [ CM-

C. Large values of Kads imply more efficient adsorp-

tion hence better inhibition efficiency (Refay et al.

2004). The large value of Kads obtained for

CMC ? KI system accord with the high inhibition

efficiency obtained. Though the linearity of the

Langmuir plot may be interpreted to mean that the

adsorption of CMC alone and in the presence of the

halide ions additives follow Langmuir isotherm,

the considerable deviation of the slope from unity

shows that the isotherm can not be strictly applied.

Table 2 Calculated values

of corrosion rate and

inhibition efficiency for

mild steel in 2 M H2SO4 in

the absence and presence of

CMC and CMC -

potassium halides mixtures

at 30–60 �C from hydrogen

evolution measurements

System/concentration Hydrogen evolution rate (mL min-1) Inhibition efficiency, g (%)

30 �C 40 �C 50 �C 60 �C 30 �C 40 �C 50 �C 60 �C

Blank 0.57 0.77 1.44 2.67 – – – –

CMC (0.5 g L-1) 0.22 0.34 0.76 1.66 56 51 45 37

CMC ? 5 mM KCl 0.27 0.40 0.87 1.76 48 45 38 34

CMC ? 5 mM KBr 0.18 0.31 0.69 1.46 63 56 50 45

CMC ? 5 mM KI 0.05 0.08 0.21 0.51 85 84 83 79
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This deviation may be explained on the basis of the

interaction among adsorbed species on the surface of

the metal. It has been postulated in the derivation of

Langmuir isotherm equation that adsorbed molecules

do not interact with one another, but as we pointed

out in our earlier report (Solomon et al. 2009) this is

not true in the case of large organic molecules such as

CMC having polar atoms or groups which can adsorb

on the cathodic and anodic sites of the metal surface.

Such adsorbed species interact by mutual repulsion or

attraction. It is therefore pertinent to say that the

adsorption behaviour of CMC alone and with halide

ions combination can be more appropriately repre-

sented by a modified Langmuir equation suggested by

Villamil et al. (1999) taking into consideration the

interactions between adsorbate species as well as

changes in heat of adsorption with changing surface

coverage as follows:

C

h
¼ n

Kads

þ nC ð15Þ

The suitability of modified Langmuir adsorption

isotherm in this study corroborates the findings of

Cheng et al. (2007) in their study of carboxymethyl

chitosan (a naturally occurring polymer) as an

ecofriendly inhibitor for mild steel in HCl solution.

Generally, corrosion inhibitors are found to protect

steel corrosion in acid solutions by adsorbing them-

selves on steel surface. Adsorption is a separation

process involving two phases between which certain

components can become differentially distributed.

Adsorption can be described by two main types of

interaction (Adamson 1990; Noor and Al-Moubaraki

2008) namely physisorption and chemisorption. Phys-

isorption involves electrostatic forces between ionic

charges or dipoles on the adsorbed species and the

electric charge at the metal/solution interface while

chemisorption involves charge sharing or charge

transfer from the inhibitor molecules to the metal

surface to form a coordinate type of bond. Thermo-

dynamic adsorption parameters are a useful tool for

clarifying the adsorption behaviour of an inhibitor.

The free energy of adsorption DGo
ads was computed

using Eq. 14 and the values are listed in Table 3 for

the different systems studied. From the table, it is seen

that the values of DGo
ads in all cases are negative. The

negative values of DGo
ads indicate the spontaneous

adsorption of the additives on the mild steel surface.

Survey of literature reveals that negative values of

DGo
ads around 20 kJ mol-1 or lower are consistent

with the electrostatic interaction between charged

molecules and the charged metal (physisorption)

while those around 40 kJ mol-1 or higher involve

charge sharing or transfer from organic molecules to

the metal surface to form coordinate type of bond

(chemisorption) (Obot et al. 2009). Results pre-

sented in the table indicate that the values of DGo
ads

for all the systems studied lies between -21.7 and

-16.8 kJ mol-1 signifying spontaneous adsorption of

the additives via physisorption mechanism.

Effect of temperature

In this study the effect of temperature on the

corrosion of mild steel in 2 M H2SO4 and its

inhibition by CMC alone and on addition of halide

ions was evaluated using weight loss method at the

Fig. 5 Langmuir adsorption isotherm model for mild steel in

2 M H2SO4 containing CMC and CMC ? halide mixtures at

30 �C

Table 3 Adsorption parameters deduced from Langmuir

adsorption isotherm at 30 �C

Systems DGo
ads

(kJ mol-1)

Kads

(g L-1)

Slope R2

CMC -16.8 14.1 1.45 0.99

CMC ? 5 mM KCl -19.9 15.2 1.86 0.99

CMC ? 5 mM KBr -19.7 45.5 1.52 0.99

CMC ? 5 mM KI -21.7 100.0 1.10 1.00
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temperature range 30–60 �C. The results of effect of

temperature on corrosion rate and inhibition effi-

ciency as indicated in Table 1 show that corrosion

rate increases with increase in temperature both in the

uninhibited and inhibited solutions while inhibition

efficiency decreases with temperature rise for the

different systems investigated. The dependence of

corrosion rate on temperature can be expressed by the

Arrhenius equation:

log CR ¼ log A� Ea

2:303RT

� �
ð16Þ

where CR is the corrosion rate, Ea is the apparent

activation energy, R is the molar gas constant, T is the

absolute temperature, and A is the frequency factor.

Arrhenius plots obtained for the corrosion of mild steel

in the uninhibited and inhibited acid solutions are

shown in Fig. 6. Linear plots were obtained and

activation energy Ea was evaluated from the slope

(-Ea/2.303R) of the linear plots and listed in Table 4.

Ea values in the table are higher for inhibited solutions

(for the different systems) than the uninhibited one,

indicating a strong inhibitive action of the additives by

increasing energy barrier for the corrosion process,

emphasizing the electrostatic character of the inhibi-

tor’s adsorption on the mild steel surface (physisorp-

tion). Experimental corrosion rate values obtained

from weight loss measurements for mild steel in 2 M

H2SO4 in the absence and presence of CMC and CMC-

halide ions combination was used to further gain

insight on the change of enthalpy (DH*) and entropy

(DS*) of activation for the formation of the activation

complex in the transition state using transition state

equation (Noor and Al-Moubaraki 2008):

log
CR

T

� �
¼ log

R

Nh

� �� �
þ DS�

2:303R

� �� �

� DH�

2:303RT
ð17Þ

where CR is the corrosion rate, h is the Planck’s

constant, N is the Avogadro’s number, R is the

universal gas constant and T is the absolute temper-

ature. Figure 7 shows the plot of log CR/T versus 1/T

for mild steel corrosion in 2 M H2SO4 for the

different systems studied. Straight lines were

obtained with slope of (-DH*/2.303R) and an

intercept of [log (R/Nh) ? (DS*/2.303R)] from which

the values of DH* and DS*, respectively, were

calculated and listed in Table 4. The positive values

of DH* both in the absence and presence additives

reflect the endothermic nature of the steel dissolution

process. Results in Table 4 further indicate that the

activation enthalpies vary in the same manner as the

activation energies, supporting the proposed inhibi-

tion mechanism. Large and negative values of DS* in

the uninhibited and inhibited systems implies that the

activation complex in the rate determining steps

represent association rather than dissociation step,

meaning that a decrease in disordering takes place on

going from reactants to the activated complex.

Similar observations have been reported in the

literature for mild steel dissolution in the absence

and presence of inhibitors in sulphuric acid solution

(Noor and Al-Moubaraki 2008; Tao et al. 2009;

Oguzie et al. 2008; Badr 2009].

Fig. 6 Arrhenius plot for mild steel corrosion in 2 M H2SO4

in the absence and presence of CMC and CMC ? halide

mixtures

Table 4 Activation parameters for mild steel corrosion in 2 M

H2SO4 in the absence and presence of CMC and CMC -

potassium halides mixtures

Systems/

concentration

Ea

(kJ mol-1)

DH*

(kJ mol-1)

DS*

(J mol-1 K-1)

Blank 74.6 72.1 -70.7

CMC (0.5 g L-1) 77.7 74.5 -78.1

CMC ? 5 mM

KCl

77.4 74.2 -75.9

CMC ? 5 mM

KBr

78.5 75.9 -76.6

CMC ? 5 mM

KI

80.2 117.8 -87.1
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Conclusions

The influence of halide ions on the corrosion

inhibition of carboxymethyl cellulose (CMC) for

mild steel in 2 M H2SO4 has been investigated using

weight loss and hydrogen evolution methods at 30–

60 �C. It was found that CMC inhibited the acid

induced corrosion of mild steel by virtue of adsorp-

tion of CMC molecules on the steel surface via

physical adsorption mechanism both in the absence

and presence of halide ions additives. Addition of

halide ions to CMC exhibited both antagonistic and

synergistic behaviour. Antagonistic effect was

observed with addition of Cl- ions while synergistic

effect was noted with I- ions at all the temperatures

studied. Adsorption of CMC alone and on addition of

halide ions followed Langmuir adsorption isotherm

and was spontaneous in nature. Experimental data

was further corroborated by the kinetic and thermo-

dynamic parameters obtained.
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