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Abstract 
The electrical conductivity method was successfully applied as a new moni-
toring technique to monitor the corrosion and corrosion inhibition processes 
of zinc metal. Measurements of electrical conductivity at 20.0˚C of three dif-
ferent corrosive solutions (HCl, NaOH, and NaCl) were performed with two 
different concentrations (0.10 and 1.00 M) containing zinc sheets in the ab-
sence and presence of four different concentrations of sodium lignosulfonate 
(1.0, 5.0, 10.0, and 20.0 mM). The analysis of curves that illustrates the 
changes in electrical conductivity of these solutions provides qualitative in-
formation about the strength of corrosion as well as the extent of corrosion 
inhibition behavior. The results obtained from electrical conductivity meas-
urements revealed that sodium lignosulfonate was an effective corrosion in-
hibitor in acidic medium (for both 0.10 and 1.00 M HCl) in which it con-
verted into lignosulfonic acid, but was less effective in salt and alkaline media. 
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1. Introduction 

Corrosion monitoring has been routinely practiced by many researchers in the 
last decades to determine the amount of corrosion and the rate of metal loss in 
the environment [1]. Corrosion measurement techniques play a significant role 
in determining the critical factors of corrosion and in reducing their effects [2]. 
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Some of the analytical techniques include the drawing off fluid samples for 
analysis in laboratories where the areas of interest under this item are the con-
centration of metal ions, oxygen counts, electrical conductivity, and pH meas-
urements [3]. 

The electrochemical corrosion monitoring techniques such as polarization 
techniques, potentiometric methods, and galvanic sensors are complicated and 
require particular expertise in using nitrogen gas for isolation the solutions from 
oxygen [1]. Unlike the previous electrochemical techniques, the electrical con-
ductivity method is available, simple, and not affected by oxygen pressure and its 
results are easy to interpret [4]. In addition, among the techniques recently de-
veloped, electrochemical noise tests have proven to be beneficial as a method of 
determining the corrosion rate of certain passive materials, although scientists 
are striving to interpret conflicting results [5] [6]. In relation to evaluating cor-
rosion for electrochemical phenomena and providing higher reliability, modern 
study has created agreement on the technique of electrical conductivity that is 
rapid and does not seriously harm the structure during implementation. The 
dynamics of the connected or mobile charges on the quantity of interface areas 
or fluid or solid material can be investigated [7] [8]. Therefore, this study focuses 
on the electrical conductivity measurements to monitor the corrosion inhibition 
behavior of lignosulfonate (LS) as sodium salt, which was studied for the first 
time. Other corrosion monitoring techniques such as weight loss and potentio-
dynamic polarization were studied before by our research group [9]. 

Based on their resistance to corrosion, metals and non-metals are contrasted. 
The attack rate of each material must be quantitatively specified in order to 
make such comparisons meaningful. In a number of distinct units corrosion 
rates can be provided using various conductivity measurements of the solution. 
A useful way to determine the corrosion rate is by immersing a sample for a cer-
tain amount of moment in a corrosive setting and measuring the solution’s con-
ductivity over that moment [4] [10]. 

Sodium lignosulfonate contains both hydrophilic and hydrophobic groups 
(Figure 1). It is an anionic surfactant, processing a certain degree of surface ac-
tivity, which may promote surface adsorption and hence have application in 
corrosion inhibition process [11]. 

The corrosion rate of many metals has been improved, except for zinc, which 
has the most stable surface. Furthermore, zinc is known for its sacrificial proper-
ties for corrosion inhibition. Zinc atoms form a protective film of zinc oxide that 
prevents the zinc atoms below it from being further oxidized [12]. 

This study aims at measuring the variations of electrical conductivity of three 
different corrosive media containing zinc sheets in the absence and presence of 
four different concentrations of lignosulfonate to study both corrosion and cor-
rosion inhibition processes. The three selected corrosive media were HCl solu-
tions (1.00 M and 0.10 M), NaOH solutions (1.00 M and 0.10 M) and NaCl solu-
tions (5.0% and 0.50% w/w). 
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Figure 1. The chemical structure of sodium lignosulfonate. 

2. Materials and Methods 
2.1. Materials Used 

Pure zinc sheets (99.0%) were purchased from Sigma-Aldrich (UK). Sodium 
lignosulfonate (powder form) was provided from Gainland Chemical Co (Dee-
side, UK). 0.10 M HCl and 1.00 M HCl solutions were prepared from a concen-
trated HCl solution purchased from Merck (UK). Solutions of 0.10 M and 1.00 
M NaOH and solutions of 0.50% and 5.0% (w/w) NaCl were prepared from ex-
tra pure NaOH and NaCl that were provided from S.C. Chemical Co (New Ber-
lin, USA). All solutions were prepared using deionized water. 

2.2. Electrical Conductivity Measurements 

Zinc sheets (2.0 cm × 2.0 cm × 0.025 cm) were polished down by emery papers 
of 100 - 800 grit and degreased with ethanol, then they were immersed inside a 
100 mL beaker covered with paraffin film contains different corrosive solutions 
(HCl, NaOH, and NaCl) in the presence and absence of 1.0, 5.0, 10.0 and 20.0 
mM of lignosulfonate at 20˚C. All experiments were made under stirring condi-
tions of 450 revolutions per minute (rpm), and the values of electrical conduc-
tivity were followed with time. The experiment was done many times and the 
average of high precision electrical conductivity readings was used. 

The electrical conductivity of the investigated solutions was measured using 
CC-501 conductometer (Elmetron, Witosa, Poland). The meter is fitted with cus-
tom LCDs to allow the measured function and temperature to be observed si-
multaneously. The electric conductivity meter includes temperature compensa-
tion mode and inner information logger for 200 time and temperature readings. 
The conductometer works with the Chinch connector for the Pt-1000 tempera-
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ture sample. 
A conventional cell equipped with a multiple inlet system for admission of 

solutions, purging and blanketing the solution with oxygen was used. The Zinc 
sheets were allowed to react with the solutions (HCl, NaOH, and NaCl) for at 
least 5 min and until a stable open circuit dissolution rate was obtained. The cell 
flow rate in each series of studies was roughly 3.0 ml/min. In the conductance 
process, a tiny volume flow cell is responsible for the response between the zinc 
sheets and solutions; following the values of electric conductivity, the response 
frequency is tracked by the flow cell moment. 

3. Results and Discussion 

To investigate zinc corrosion process and its inhibition by lignosulfonate, two 
different concentrations with three different corrosive media were selected. The 
results of these experiments are summarized in the following sections. 

3.1. Electrical Conductivity Measurements in HCl Solutions 

When zinc sheet is immersed in HCl solution, it corrodes according to the fol-
lowing chemical reaction [13]: 

( ) ( ) ( ) ( ) ( )
2+

(s) aq aq aq aq 2 gZn 2H 2Cl Zn 2Cl H+ − −+ + → + +            (1) 

As shown in Figure 2, the value of electrical conductivity (mScm−1) of 1.00 M 
HCl solution containing zinc sheet decreases with the square root of time 
(min1/2). Generally, the electrical conductivity depends on many factors like 
ionic charge and ionic mobility, in addition to the ionic concentration when 
dealing with molar conductivity. According to Equation (1), it is clear that Zn2+ 
ions replace H+ ions, a comparison between the ionic molar conductivity of H+ 

 

 
Figure 2. The changes in electrical conductivity with time for zinc sheets immersed in 
1.00 M HCl solutions in the presence of 0.0, 1.0, 5.0, 10.0 and 20.0 mM of lignosulfonate 
(LS) at 20˚C. 
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(λ+
H

+ = 349.65 Scm2∙mol−1) and the ionic molar conductivity of Zn2+ (λ+1/2Zn2+ = 
52.8 Scm2∙mol−1) [14] gives us an explanation of why this decrease in values of 
electrical conductivity with time of 1.00 M HCl solution that containing the zinc 
sheet. 

As shown in Figure 2, the decrease in electrical conductivity with time is 
more pronounced in the solution of 1.00 M HCl without the addition of ligno-
sulfonate is more pronounced in the compared to the solutions of 1.00 M HCl 
containing different concentrations of lignosulfonate (1.0, 10.0 and 20.0 mM), 
which is then converted into lignosulfonic acid in the acidic media that demon-
strates a significant inhibition property in the corrosion process. To compare the 
slopes of the changes in electrical conductivity as a function of time between the 
different solutions, the electrical conductivity needs to be linearized so that the 
square root of time was used in the graphs instead of time. 

The slope values of the changes of electrical conductivity of 1.00 M HCl solu-
tions with and without lignosulfonate are listed in Table 1. The slope value was 
taken from the linear portion of the plot. The significant difference between the 
slope value of 1.00 M HCl solution without lignosulfonate (slope = −8.7071) and 
solutions containing 1.0, 5.0, 10.0 and 20.0 mM lignosulfonate indicates the in-
hibition behavior of lignosulfonate against the corrosion of zinc sheets in the 
1.00 M HCl solution. 

Figure 3 shows the variation of electrical conductivity of 0.10 M HCl solu-
tions in the presence and absence of lignosulfonate. In the figure, there are ob-
vious differences between the decrease of electrical conductivity of 0.10 M HCl 
solutions containing zinc sheets in the presence of 0.0, 1.0, 5.0, 10.0 and 20.0 
mM of lignosulfonate. 

The slope values of the variation of electrical conductivity of 0.10 M HCl solu-
tions with and without lignosulfonate are listed also in Table 1. As in the previ-
ous case, the obvious difference of the electrical conductivity-time slope value of 
the solution without the addition of lignosulfonate (slope = −0.5801) and, for in-
stance, the solution containing 5.0 mM lignosulfonate (slope = −0.0064) indi-
cates the inhibition property of lignosulfonate against the corrosion process in 
acidic medium. It is noticed that there were no systematic trends of variations in  

 
Table 1. The slope values of changes of electrical conductivity in different solutions of 
1.00 M and 0.10 M HCl containing zinc sheets and 0, 1.0, 5.0, 10.0 and 20.0 mM of ligno-
sulfonate (LS). 

Solution description 
Slope in 1.00 M HCl  

(mS∙cm−1∙min−1/2) 
Slope in 0.10 M HCl  

(mS∙cm−1∙min−1/2) 

0.0 mM LS −8.7071 ± 0.2719 −0.5801 ± 0.0093 

1.0 mM LS −0.1938 ± 0.0073 −0.018 ± 0.0014 

5.0 mM LS −0.2145 ± 0.083 −0.064 ± 0.0011 

10.0 mM LS −0.2725 ± 0.0115 −0.0802 ± 0.0008 

20.0 mM LS −0.0210 ± 0.0130 −0.1309 ± 0.0013 
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Figure 3. The changes in electrical conductivity with time for zinc sheets immersed in 
0.10 M HCl solutions in the presence of 0.0, 1.0, 5.0, 10.0 and 20.0 mM of lignosulfonate 
(LS) at 20˚C. 

 
slopes with increasing the concentration of lignosulfonate. The ratio of the two 
slopes (e.g. without and with the addition of 5.0 mM lignosulfonate) for the 0.10 
M HCl solutions is about 32 whereas in the case of 1.00 M HCl solutions at the 
same conditions the ratio is about 41, which is strongly indicates that the ligno-
sulfonate works as a corrosion inhibitor for zinc metal and appears to be more 
effective in the stronger acidic solution with the same amount of lignosulfonate 
added. 

Other information deduced from the above results are that the corrosion of 
zinc metal in 0.10 M HCl is weaker than that in 1.00 M HCl, which will be in a 
good agreement with the slope values of variation of electrical conductivity with 
time for the solutions of 1.00 M HCl and 0.10 M HCl (Table 1). This means that 
the conductivity measurement provides qualitative information about the strength 
of the corrosion process as well as the extent of the inhibition behavior. The ad-
dition of low concentrations of lignosulfonate (between 1.0 and 20.0 mM) does 
not lead to a significant change in the pH value or a critical increase of electrical 
conductivity readings of the corrosive solutions. 

The corrosion tests of the electrical conduction method were very good in 
agreement with the corrosion loss tests of the sodium lignosulfonate inhibition 
property in HCl solution at 20˚C. Which is strongly indicates that the lignosul-
fonate works as a corrosion inhibitor for zinc metal and appears to be more ef-
fective in the stronger acidic solution with the same amount of lignosulfonate 
added [9]. 

In acidic medium, the corrosion of zinc is effectively impacted by nitrogen, 
oxygen and sulfur-containing compounds [15] [16], and generally such com-
pounds boost the hydrogen overvoltage of zinc metal which may, when it starts 
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to form a corrosive response of metal, be defined as the differentiation between 
hydrogen balance responses in solution and the hydrogen itself in solution [17]. 
The most common corrosion inhibitors are organic compounds that primarily 
contain nitrogen, sulfur or oxygen atoms and their structures are fitted with 
multiple bonds and aromatic rings [11] [18]-[23]. 

The Pourbaix diagram of zinc is shown in Figure 4. The diagram for zinc un-
dergoes dissolution in acidic solutions (as Zn2+ ions) and in basic solutions (as 
zincate ions 2

2ZnO − ) as well as passivation of the zinc sheet as it is corroding in 
oxygenated alkaline solutions. 

3.2. Electrical Conductivity Measurements in NaOH Solutions 

When zinc sheet is immersed in NaOH solution, it corrodes according to the 
following chemical reaction [25]: 

( ) ( )
2

(s) 2 2(g)aq aqZn 2OH ZnO H− −+ → +                  (2) 

We can present the general response mechanism in its easiest way as a series 
of two pseudo-elementary steps involving formation and dissolution of zinc hy-
droxide films [25]: 

Film formation:   ( )2Zn 2OH Zn OH 2e− −+ → +                   (3) 

Film dissolution:  ( ) ( )x
2 2 xZn OH xOH Zn OH −−

+
+ →                  (4) 

As shown in Figure 5, the value of electrical conductivity of NaOH solution 
containing zinc sheet decreases with time. According to chemical reaction (2), it 
is clearly that the total ionic electrical conductivities in the products side are less 
than that on the reactants side. The difference of electrical conductivity was un-
noticeable between a solution of 1.00 M NaOH in the absence of lignosulfonate 
and solutions of 1.00 M NaOH in the presence of 1.0, 5.0, 10.0 and 20.0 mM 
lignosulfonate as shown in Figure 5. 

As indicated in Table 2, all the slope values of the electrical conductivity  
 

 
Figure 4. The Pourbaix diagram for zinc at room temperature (adopted from Ref. [24]). 

https://doi.org/10.4236/ajac.2020.1110028


A. M. Altwaiq et al. 
 

 

DOI: 10.4236/ajac.2020.1110028 356 American Journal of Analytical Chemistry 
 

 
Figure 5. The changes in electrical conductivity with time for zinc sheets immersed in 
1.00 M NaOH solutions in the presence of 0.0, 1.0, 5.0, 10.0 and 20.0 mM of lignosul-
fonate (LS) at 20˚C. 

 
Table 2. The slope values of changes of electrical conductivity in different solutions of 
1.00 M and 0.10 M NaOH containing zinc sheets and 0.0, 1.0, 5.0, 10.0 and 20.0 mM of 
lignosulfonate (LS). 

Solution description 
Slope in 1.00 M NaOH 

(mS∙cm−1∙min−1/2) 
Slope in 0.10 M NaOH 

(mS∙cm−1∙min−1/2) 

0.0 mM LS −0.2234 ± 0.0051 −0.1621 ± 0.0006 

1.0 mM LS −0.1075 ± 0.0007 −0.1265 ± 0.0007 

5.0 mM LS −0.2025 ± 0.0022 −0.1152 ± 0.0007 

10.0 mM LS −0.2011 ± 0.0005 −0.1305 ± 0.0004 

20.0 mM LS −0.1321 ± 0.0009 −0.0921 ± 0.0003 

 
changes with time of the solutions of 1.00 M NaOH with 1.0, 5.0, 10.0, and 20.0 
mM lignosulfonate are less than in the case of 1.00 M NaOH without the addi-
tion of lignosulfonate. 

Figure 6 shows the changes in electrical conductivities of 0.10 M NaOH solu-
tions containing zinc sheets with and without lignosulfonate. It is found that the 
corrosion process in this solution is weak as indicated by the slope values of the 
plots that show the variation of the electrical conductivity of these solutions with 
time (see Table 2). In this case, the corrosion inhibition behavior of lignosul-
fonate is less evident than in basic medium at 1.00 M NaOH due to the weakness 
of corrosion of zinc metal in 0.10 M NaOH solution. This weakness could be 
considered to the possibility of the passivation process of the zinc as shown in 
the Pourbaix diagram (Figure 4). 

As indicated in Table 2, the difference in the slope values of the 0.10 M NaOH 
solution without lignosulfonate (slope = −0.2234) and the same solution containing  
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Figure 6. The changes in electrical conductivity with time for F immersed in 0.10 M 
NaOH solutions in the presence and absence of 1.0, 5.0, 10.0 and 20.0 mM of lignosul-
fonate (LS) at 20.0˚C. 

 
1.0 mM lignosulfonate (slope = −0.1075) indicates again the corrosion inhibition 
behavior of lignosulfonate. 

The variation of electrical conductivities of corrosive media containing zinc 
sheets with and without inhibitor indicates the strength of the corrosion process 
and the inhibition behavior. The inhibition behavior of lignosulfonate will be 
evident if the corrosion is active so that in the case of testing 0.10 M NaOH as a 
corrosive medium, the inhibition behavior of lignosulfonate was less visible than 
in acidic medium. 

3.3. Electrical Conductivity Measurements in NaCl Solutions 

Figure 7 shows the variation of electrical conductivity of 5.0% (w/w) NaCl solu-
tions in the presence and absence of lignosulfonate. As shown in this figure, the 
electrical conductivity of the solution without lignosulfonate decreases slightly 
or semi-constant with time, while the same solution with different concentra-
tions of lignosulfonate, the electrical conductivity increases slightly with time. 
The slope values of the variation of electrical conductivity of 5.0% (w/w) NaCl 
solutions in the presence and absence of 1.0, 5.0, 10.0, and 20.0 mM of lignosul-
fonate with the time that are listed in Table 3. Because the slope value of electri-
cal conductivity was less in case of presence of lignosulfonate than in case of ab-
sence of lignosulfonate, again we could notice the inhibition behavior of ligno-
sulfonate. 

Figure 8 shows the variation of the electrical conductivity of 0.50% (w/w) 
NaCl solutions with and without lignosulfonate. As shown in Figure 8, the val-
ues of electrical conductivity of the NaCl solution containing zinc sheet were in-
creasing with time. This increasing of electrical conductivity was due to the con-
version of Zn to Zn2+. In the case of NaCl solutions, there is no replacing of Zn2+  
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Figure 7. The changes in electrical conductivity with time for zinc sheets immersed in 
5.0% (w/w) NaCl solutions in the presence and absence of 1.0, 5.0, 10.0 and 20.0 mM of 
lignosulfonate (LS) at 20.0˚C. 

 
Table 3. The slope values of changes of electrical conductivity in different solutions of 
5.0% and 0.50% (w/w) NaCl containing zinc sheets and 0, 1.0, 5.0, 10.0 and 20.0 mM of 
lignosulfonates (LS). 

Solution description 
Slope in 5.0% (w/w) 

NaCl (mS∙cm−1∙min−1/2) 
Slope in 0.50% (w/w) 

NaCl (mS∙cm−1∙min−1/2) 

0.0 mM LS 0. 287 ± 0.0255 0.0114 ± 0.0002 

1.0 mM LS 0.1147 ± 0.0029 0.0072 ± 0.0003 

5.0 mM LS 0.1650 ± 0.0043 0.0087 ± 0.0001 

10.0 mM LS 0.0346 ± 0.0014 0.0072 ± 0.0001 

20.0 mM LS 0.0391 ± 0.0020 0.0082 ± 0.0001 

 

 
Figure 8. The changes in electrical conductivity with time for zinc sheets immersed in 
0.50% (w/w) NaCl solutions in the presence and absence of 1.0, 5.0, 10.0 and 20.0 mM of 
lignosulfonate (LS) at 20.0˚C. 
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ions with H+ as occurring in the acidic medium or with OHˉ as occurring in the 
basic medium. 

The slope values of the change of electrical conductivity of 0.50% (w/w) NaCl 
solutions with and without lignosulfonate are listed in Table 3. Again, the dif-
ference of the slope values of the solution without lignosulfonate (slope = 0.0114) 
and, for instance, the solution contains 1.0 mM lignosulfonate (slope = 0.0072) 
indicates the inhibition property of lignosulfonate against the corrosion process 
in the salt medium. 

The inhibition behavior of lignosulfonate is already affirmed [6] [9], but the 
new in this study that HCl (1.00 M and 0.10 M), NaOH (1.00 M and 0.10 M) and 
NaCl solution (5.0% and 0.50% w/w) were tested as corrosive media. A result 
from this study tests the electrical conductivity method to be a simple monitor-
ing tool of corrosion and corrosion inhibition processes. 

4. Conclusions 

This study succeeds in using the electrical conductivity method as a new moni-
toring tool to provide qualitative information about the strength of corrosion as 
well as the extent of the inhibition behavior. The variation of electrical conduc-
tivity readings of three different corrosive media containing zinc sheets in the 
absence and presence of four different concentrations of lignosulfonate indicates 
the inhibition behavior of lignosulfonate in the three selected corrosive media. 
The inhibition behavior of lignosulfonate was very pronounced in acidic me-
dium and less visible in a basic medium (0.10 M NaOH) and neutral medium 
(0.50% NaCl). 

Suggested additional work is making electrical conductivity measurements at 
other values of temperature and making measurements on the surface of zinc 
sheets by scanning electron microscope coupled with an energy-dispersive system. 
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