
Green Colloidal Composites from Local Agro-wastes1

for Inhibition of Mild Steel Corrosion in 1 M HCl2

3
ABSTRACT4

5

Aims: To investigate the corrosion inhibition efficiency of green colloidal water-soluble
composites formulated from Thaumatococcus daniellii extract (TDE) and local agro-wastes as
alternative oilfield chemicals using mild steel in 1 M HCl.
Study design: Corrosion was monitored by Weight Loss (WL), Electrochemical Impedance
Spectroscopy (EIS) and Potentiodynamic Polarization (PDP) techniques.
Place and Duration of Study: Materials and Oilfield Chemistry (MOC) laboratory, Department
of Chemistry, Faculty of Science, University of Uyo, Nigeria, between December 2017 and
March 2018.
Methodology: The standard procedures for thermo-gravimetric analyses (TGA),
electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization (PDP) were
exactly followed to evaluate corrosion efficiency.
Results: Inhibition efficiency of 91.7 % was obtained with TDE 30 ℃ but this efficiency
decreased as temperature increased. Increase in TDE concentration increased charge transfer
resistance and decreased double layer capacitance. Adsorption isotherms and kinetic models
were also used to describe the adsorption and activation processes. The presence of TDE
increases the activation energy and reduces the rate of corrosive attack of the acid on the steel
specimens. The adsorption of Thaumatococcus daniellii extract (TDE) on the mild steel surface
was characteristic of inhibition by physisorption. Composites from TDE were up to 99 % and 85
% efficient at 30 oC and 80 oC respectively.
Conclusion: Adsorption of TDE molecules is by spontaneous physical adsorption mechanism
and is best approximated by the Langmuir adsorption isotherm. TDE formulations and
composites could be exploited to produce an effective alternative eco-friendly oilfield corrosion
inhibitor.
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1. INTRODUCTION11
12

When the natural pressure of existing wells depletes, production of hydrocarbons could decline13
except some chemical techniques are used to enhance production [1]. Such techniques include well14
acidizing and fracturing, commonly referred to as well stimulation. This involves forcing acid under15
high pressure through the well bore into the formation rock. On reaching the formation, the acid reacts16
chemically with rocks (like calcite, limestone, and dolomite), dissolves them, enlarge existing flow17
channels and open new ones [2, 3]. On the other hand, before reaching the formation, the live acid18
comes in contact with well construction materials which results in corrosion. Also, during production19
and transport, the spent acid also causes significant corrosion problems to associated materials.20

The rate of corrosion usually depends on the type and concentration of the acid used. Hydrochloric21
acid (HCl) is usually deployed for well stimulation because it is economical and reacts fast with the22
formation rocks but HCl is very corrosive. To reduce the rate of HCl corrosion, small amounts of23
corrosion inhibitors are usually added to the well stimulation fluid [4]. Various corrosion inhibitors have24
been designed for use in various acidizing recipes [5-10]. The use of plant extracts is a promising25
adventure but limited by realities that plant extracts undergo microbial or biochemical degradation on26
storage and thermal degradation when applied at high temperature. To upgrade plant extracts for high27
temperature operations, small amounts of some synergistic substances are added, and the resulting28
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mixture is referred to as corrosion inhibitor formulation (CIF) or corrosion inhibitor package (CIP) or29
inhibitor cocktail (IC) according to Barmatov and co-workers [11]. Careful selection of additives should30
be made to ensure that these additives do not neutralize the acid, but only emulsify it while31
maintaining it in the reactive state [2].32

Many plant extracts reported in literature are blended with potassium iodide to improve their inhibition33
efficiency [12, 13]. This paper reports preparation of a CIF using local precursors. A local water-34
soluble surface-active material is synthesized from palm fruit bunch and coded PPA. It is obtained35
from oil palm fruit bunch (Fig. 1, left), an agricultural waste which is in sustainable supply. The PPA is36
famous for its surface activity and ability to emulsify water and palm oil used in preparing local37
delicacy called ‘otong’ by the Ibibio people of Southern Nigeria. This surface activity motivated its38
choice. The base inhibitor is obtained by extracting the leaves of Thaumatococcus daniellii (Fig. 1,39
right) in ethanol and was coded TDE.40

The ‘sweet prayers’ plant (Katemfe), Thaumatococcus daniellii (Benn.) is a rhizomatous plant found in41
the tropical rain forests and coastal areas of West Africa, particularly Nigeria, Ghana and Cote d’Ivoire42
[14]. Thaumatococcus daniellii, whether cultivated or in the wild, contributes to the economy of the43
rural people in most parts of Southern Nigeria through its stalks, leaves, fruits and rhizomes [15, 16].44
Its local uses include mat weaving (stalks), roof thatching (stalks and leaves), food wrapping (leaves),45
as potherbs (leaves and rhizomes) and for sweetening drinks and food (fruits). However, the most46
exciting use of T. daniellii, for which it has earned global interest, is its use as a sweetener or taste47
modifier. The arils contain thaumatin, a group of intensely sweet proteins, about 3000 times sweeter48
than sucrose on weight basis [17]. The plant leaves are therefore non -toxic.49

50

51

52

53
54
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Figure 1. Image of PFB and T. daniellii59
60
61
62

2. MATERIAL AND METHODS63

2.1 Steel specimen64

Mild steel (MS) sheets were purchased from Building and Construction Materials Market in Uyo, Akwa65

Ibom state and cut into coupons of dimension 2 cm x 2 cm, degreased in absolute ethanol and used66

without polishing. NACE Recommended Practice RP-0775 and ASTM G-1 & G-4 for surface finishing67

and cleaning of weight-loss coupons were followed. The steel was of chemical composition C (0.13),68

Si (0.18), Mn (0.39), P (0.40), S (0.04), Cu (0.025), Fe (balance).69

2.2 Test solutions70

Mature leaves of T. daniellii (TDLs) were harvested from a local bush in Ikot Ambon Ibesikpo in71

Ibesikpo Asutan Local Government Area of Akwa Ibom State, Nigeria, while the palm fruit bunches72

(PFBs) were obtained from a local oil palm processing mill. Both were transported to the laboratory,73
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washed convincingly in distilled water and air-dried. The TDLs were macerated and extracted using74

the procedures earlier reported [6]. Before washing, the PFBs were cut into small pieces using a knife.75

The dry PFBs were dried and ashed in the oven at 100 oC as earlier reported [18] to obtain the76

surface-active material coded PPA.77

The acid solution (1 M HCl) was prepared by diluting appropriate volume of stock analytical grade78

hydrochloric acid in distilled water. Different concentrations (100 ppm, 200 ppm, 500 ppm, 700 ppm79

and 1000 ppm) of the TDE were prepared in the I M HCl. The compositions of the colloidal80

formulations are shown in Table 1. The resulting corrosion inhibitor formulations were stored at 4 in81

a refrigerator prior to use.82

Table 1. Composition of formulations of TDE in 1 M HCl83

Formulation code Composition

TDE-PPA 1000 ppm TDE + 500 ppm PPA

TDECIFA 1000 ppm TDE + 500 ppm + 1.0 wt. % KI

TDECIFB

TDECIFC

1000 ppm TDE + 500 ppm + 1.0 wt. % KI + 1.0 wt. % MgCl2

1000 ppm TDE + 500 ppm + 1.0 wt. % KI + 1.0 wt. % MgCl2 +  500

ppm PPA

2.3 Corrosion measurements84

The standard procedures reported earlier for thermo-gravimetric analyses (TGA), electrochemical85

impedance spectroscopy (EIS) and potentiodynamic polarization (PDP) earlier reported in literature86

were exactly followed [19]. In addition, at least three gravimetric measurements were taken per test87

solution and the average value of weight losses are used in further calculations reported. Corrosion88

rate ( ) and inhibition efficiency ( ) for TGA were calculated using Eq. 1 and 2 respectively.89

(1)90

(2)91

where and are the corrosion rates (cmh-1) in the absence and presence of the inhibitor,92

is the density of iron, is the average surface area (cm2) of the metal specimens and is the93

immersion time (h). This procedure was repeated at 60 and 90 o C. The inhibition efficiency (%I) for94

EIS and PDP measurements were calculated using Eqs. 3 and 4 respectively.95
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(3)96

where and are charge transfer resistances in the absence and presence of inhibitor97

respectively.98

) (4)99

where and are the corrosion current densities in the absence and presence of the100

inhibitor respectively. The magnitude of the double layer capacitance ( ) of the adsorbed101

film was calculated from constant phase element (CPE) constant ( ) and charge transfer102

resistance ( ) using Eq. 5103

= (5)104

where n is a constant showing degree of roughness of the metal surface obtained from the105

phase angle given that and = 2α⁄(π ) is the CPE exponent.106

107
108

3. RESULTS AND DISCUSSION109

3.1 Weight loss measurement110

A direct and quantitative correlation between the amounts of the metal dissolved out by the acid due111

to corrosion is provided by the weight loss method. The corrosion rates of the metal coupons were112

estimated from experimental weight loss data and the corresponding inhibition efficiency computed113

and presented in Table 2. It can be observed from the table that corrosion rate increases with114

increase temperature. In the inhibited solutions, corrosion rate decreases as TDE concentration115

increases. This implies that TDE inhibits corrosion of the steel at all temperatures studied. Inhibition116

efficiency increases with increase in TDE concentration but decreased as temperature is raised.117

Similar observations have been reported by other authors [20-22].118

Table 2: Corrosion rate and inhibition efficiency for mild steel corrosion in 1 M HCl containing119

different concentrations of TDE.120

Test solution 30 o C 40 o C 50 o C 60 o C
CR %I CR %I CR %I CR %I

1 M HCl 26.74 - 34.28 - 46.87 - 68.13 -

100 ppm TDE 5.64 78.9 8.71 74.6 15.84 66.2 31.14 54.3

200 ppm TDE 4.97 81.4 7.95 76.8 13.45 71.3 26.30 61.4

500 ppm TDE 3.93 85.3 6.92 79.8 12.56 73.2 23.37 65.7

700 ppm TDE 3.10 88.4 5.31 84.5 9.89 78.9 20.85 69.4

1000 ppm TDE 2.22 91.7 3.81 88.9 7.73 83.5 19.01 72.1

121
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3.2 Adsorption of TDE122

Adsorption isotherms are an important tool for evaluating the performance of corrosion inhibitors. As123

earlier reported [23], the fractional surface coverage data obtained were fitted into adsorption124

isotherm models proposed by Langmuir, Temkin, Flory-Huggins, Frumkin, Freundlich and the so-125

called thermodynamic/kinetic (El-Awady et al.). The best fit was determined by comparing both126

Pearson’s and adjusted R2 values [23]. The best fit was obtained with Langmuir model followed by127

Temkin model. According to the scheme of adsorption described by Ituen and co-workers [23]128

depicted in Fig. 2, the inhibitor molecules (adsorbate) constitute the bulk phase and is in contact with129

the surface of the mild steel (adsorbent). Should the TDE molecules and steel surface are contacted130

for long enough, equilibrium could be established between the amounts of TDE molecules adsorbed131

and that amount remaining in the bulk phase. These adsorption models (Langmuir and Temkin)132

considers the equilibrium relationship by a plot of a function of the amount of adsorbate adsorbed (θ)133

to the equilibrium concentration of the inhibitor (C) at a given temperature using the general form134

shown in Eq. 6:135

(6)136

where denotes the configuration factor, which depends on the physical model and137

assumptions underlying the derivation of the particular model; is the adsorption-desorption138

equilibrium constant, which describes how strongly the molecules are held on the adsorbent surface;139

and a is the molecular interaction parameter used to predict the nature of interactions in the adsorbed140

layer. This general form is amended by Langmuir and Temkin models according to Eq. 7 and Eq. 8141

respectively. Free energy change of adsorption ( ) can be deduced from values using the142

relationship in Eq. 9.143

(7)144

- - (8)145

(9)146

‘147

148

149

150

151

152

153

154

155

Figure 2. Schematic representation of adsorption of molecules on solid surfaces from bulk156

phase [23].157

158

Adsorbent Adsorbent Adsorbent

Condensation on surface beginsDiffusion from bulk medium
Monolayers and multilayers
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In both models, it is presumed that the corrosion inhibitor functions by initial diffusion from bulk159

medium to the metal surface and subsequent adsorption on the surface [23]. The adsorption may160

occur through four forms of adsorptive interactions as follows:161

a. electrostatic interaction between charged metal surface and charged inhibitor molecules;162

b. interaction of uncharged electron pair (which may come from non-bonding orbitals of hetero163

atoms) of the inhibitor molecules with the metal;164

c. interaction of pie-electrons with the metals; or165

d. a combination of two or more of the above [23]166

The first case typifies physisorption mechanism; the next two are associated with chemisorption167

mechanism; and the last with mixed or physio-chemisorptions [24]. Quantitatively, physisorptions are168

also characterized by values less negative than -20 kJmol-1, chemisorptions are categorized169

by values more negative than -40 kJmol-1 and physic-chemisorptions are associated with170

values between -20 to -40 kJmol-1. Results (Table 3) from analyses of both Langmuir plots171

(Fig. 3) and Temkin plots (Fig. 4) show that for TDE at all the temperatures were in the range172

that is attributed to physisorption mechanism. Also decreases with increase in temperature,173

indicating that the strength of interaction of TDE with mild steel weakens as temperature increases,174

leading to desorption of some adsorbed TDE molecules. The negative values of lateral interaction175

parameter ( ) indicate that repulsion takes place in the adsorbed medium.176
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Figure 3. Langmuir adsorption isotherm for adsorption of TDE on steel in 1 M HCl178
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Figure 4. Temkin adsorption isotherm for adsorption of TDE on steel in 1 M HCl180

181

Table 3. Parameters deduced from Langmuir and Temkin adsorption isotherms182

T (oC) Langmuir Temkin
Pearson’

s
Adjusted

kJmol-1
Pearson’

s
Adjusted

kJmol-1

30 0.9994 0.9984 2.88 -12.78 0.9796 0.9461 -2.08 3.04 -12.92

40 0.9988 0.9988 2.01 -12.27 0.9435 0.8537 -2.70 2.12 -12.40

50 0.9978 0.9941 1.12 -11.09 0.9515 0.8737 -3.61 1.63 -12.09

60 0.9993 0.9982 0.91 -10.86 0.9912 0.9767 -5.75 1.02 -11.17

183

3.3 Kinetic and thermodynamic studies184

Corrosion rate was found to increase with temperature increase for both the uninhibited and inhibited185

solutions. The corrosion rate data were then fitted into Arrhenius kinetic model (Eq.10) and activation186

energy was determined from linear plots of against reciprocal of temperature (Fig. 5). The187

activation energy obtained was higher in the presence of TDE than the free acid solution, depending188

on TDE concentration. Based on the concept of activation and collision theory, it can be considered189

that before the acid solution corrodes the metal surface, molecules of the acid must collide with the190

metal surface molecules. The acid molecules should possess energy up to a minimum threshold191

called the activation energy.192

(10)193

where Ea is the activation energy, A the Arrhenius frequency factor, R Is the universal gas constant194

and T is absolute temperature.  In the presence of the inhibitors, the activation energy was found to195

increase (Table 4). This implies that the acid molecules must acquire extra (higher) energy in the196

UNDER PEER REVIEW



inhibited solution for corrosion to occur, hence corrosion inhibition. Therefore, addition of TDE197

deepens the energy barrier well and increases the activation energy.198

The other activation parameters given in Table 4 were derived from the transition state equation (Eq.199

11). Linear plots of against reciprocal of temperature (Fig. 6).200

(11)201

where and are the enthalpy and entropy change of activation respectively. The values of202

are all negative which implies that a decrease in disorderliness of the system takes place on203

moving from reactants to activated complex [25]. It also indicates that the activated complex in the204

rate determining step involves an association of inhibitor on metal surface instead of dissolution of the205

metal. The negative sign of reflects the exothermic nature of mild steel corrosion in HCl.206

Thermodynamically, it is consistent for an exothermic process with decreasing entropy to be207

spontaneous at temperatures that are not too high like those studied.208

3.00 3.05 3.10 3.15 3.20 3.25 3.30
0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

lo
g 

CR

1000/T (K-1)

 1 M HCl
 100 ppm TDE
 200 ppm TDE
 500 ppm TDE
 700 ppm TDE
 1000 ppm TDE

209
Figure 5. Arrhenius kinetic plot for TDE adsorption on mild steel in 1 M HCl solution210

211
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Figure 6. Transition state plot for TDE adsorption on mild steel in 1 M HCl solution213

Table 4. Kinetic and Thermodynamic parameters for inhibition of mild steel corrosion in 1 M214

HCl by TDE215

Solution (kJmol-1) (kJmol-1) (kJmol-1)

1 M HCl 16.51 -14.28 -0.18

100 ppm TDE 18.23 -19.44 -0.17

200 ppm TDE 21.46 -24.01 -0.17

500 ppm TDE 30.09 -28.97 -0.15

700 ppm TDE 36.77 -33.72 -0.13

1000 ppm TDE 41.38 -35.65 -0.12
216
217

3.4 Electrochemical studies218

Many researchers have used electrochemical techniques especially EIS and PDP to explain corrosion219

of metals and their inhibition by different extracts [26, 27]. In EIS, emphasis is laid on measurement of220

the complex – impedance of the system under steady state as a function of frequency (f) or angular221

frequency (w) of a sinusoidal perturbation of small amplitude. In this study, the data for the various222

frequencies were plotted as a set of points in the complex-impedance plane, with and as x-223

and y-axes, called Nyquist plot or complex plane plots shown in Fig. 7 [28]. Analyses of the plot using224

electrical equivalent circuit model shown in Fig.8 yields some EIS parameters shown in Table 5 used225

to describe the corrosion process.226

Results show that the shapes (depressed semicircles) of the plots for the different test solutions are227

similar, which indicates that the mechanism of corrosion is the same for the free acid solution and for228

the inhibited solutions. However, each depressed semicircle increases in radius according to the trend229

1000 pm TDE 500 ppm TDE 100 ppm TDE 1 M HCl as may be observed in Fig. 7. This trend230

is similar to the trend of increase in charge transfer resistance (Table 5) which implies that addition of231

TDE reduces conduction of charges to and fro the double layer between the metal and electrolyte.232
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This reduced conduction of charge can be attributed to corrosion inhibition resulting from thin surface233

insulating film of TDE formed on the steel surface through adsorption from solution. This thin film234

induces a double layer which capacitance as calculated decreases with increase in charge transfer235

resistance and TDE concentration. Inhibition efficiency increases with increase in TDE concentration,236

similar to trends observed with weight loss experiment.237
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238
Figure 7. Nyquist plots for the inhibition of steel corrosion in 1 M HCl with and without239

different concentrations of TDE.240

241

242
Figure 8. Equivalent circuit used for fitting of EIS data.243

Table 5. Some EIS parameters obtained for inhibition of steel corrosion in 1 M HCl without and244

with different concentrations of TDE.245

Parameters 1 M HCl 100 ppm TDE 500 ppm TDE 1000 ppm TDE

1.03 ± 0.06 1.12 ± 0.03 1.16 ± 0.04 1.21 ± 0.08

32.44 ± 1.21 189.02 ± 3.15 374.76 ± 8.95 651.09 ± 7.06

205.1 142.3 153.6 168.7

(x10-3) 857.4 889.1 881.7 872.4

Fit (x10-3) 23.1 64.7 87.4 43.2

0.88 0.86 0.85 0.82

140.42 122.43 92.84 64.13

(%) - 82.84 91.34 95.02

246

247

Data obtained from PDP were used to construct the Tafel plot shown in Fig. 9 and analyses of the248

plots by data fitting of the anodic and cathodic branches yield some parameters presented in Table 6.249
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It can be inferred from the results that the inhibited and non-inhibited solutions yielded similar shapes,250

confirming that the mechanism of corrosion is the same for all he test solutions. The obtained251

corrosion current densities decreased on addition of TDE and as TDE concentration decreases,252

implying that TDE addition leads to reduced current due to inhibitive effect of its adsorbed molecules253

on the steel surface. values shift to more positive values on addition of TDE but the shift is not254

up to -80 mV. From literature reports, such an inhibitor can be said to act as mixed type inhibitor with255

anodic predominance [29, 30]. The trend of inhibition efficiency obtained is similar to that of weight256

loss and EIS results.257
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Figure 9. Tafel plots for the inhibition of steel corrosion in 1 M HCl with and without different259

concentrations of TDE.260

261

Table 6. Some PDP parameters obtained for inhibition of steel corrosion in 1 M HCl262

without and with different concentrations of TDE.263

Parameters 1 M HCl 100 ppm TDE 500 ppm TDE 1000 ppm TDE

(mV/decade) 84.2 87.4 93.2 112.4

(mV/decade) 94.6 86.4 80.3 81.7

( Acm-2) 628.4 114.5 58.8 38.6

(mV) -514 -498 -489 -478

(%) - 81.8 90.6 93.9

264

3.5 Sensitivity of TDE composites to geothermal gradient265

It can be inferred from the inhibition efficiencies of TDE obtained that TDE alone can only inhibit the266

corrosion efficiently at surface conditions. In the field, where 1 M HCl can be used for descaling of267

tubular and casings, as the acid moves downhole, its temperature increases due to geothermal268

gradient. This results in increase in aggressiveness of the acid. Usually, many plant based corrosion269

UNDER PEER REVIEW



inhibitors are thermally degraded at downhole temperatures. To enhance the suitability of TDE, it was270

formulated with other green substances and tested under similar conditions as TDE. Results show271

that the composites show better inhibitive effects even at higher temperatures. For instance, the272

efficiency of TDE was 91.7 and 31.5 % efficient at 30 oC and 80 oC respectively. The efficiency273

increased to up to 99.8 and 85.9 % with TDECIFC which implies good performance at high274

temperature. However, since the composites were prepared in aqueous medium, evaporation of the275

bulk medium occurred above this temperature, so measurements at higher temperatures were276

difficult.277

Table 7: Inhibition efficiency of TDE composites at different temperatures278

System 30 oC 40 oC 50 oC 60 oC 70 oC 80 oC

1000 ppm TDE 91.7 88.9 83.5 72.1 52.6 31.5

TDE-PPA 93.7 92.1 87.5 78.9 67.6 51.6

TDECIFA 95.2 94.6 93.8 90.6 82.4 74.8

TDECIFB 97.3 97.0 95.2 92.4 85.8 78.2

TDECIFC 99.8 98.8 97.7 95.3 92.6 85.9

279
280

4. CONCLUSION281
282

Green colloidal water-soluble corrosion inhibitor formulations from Thaumatococcus daniellii extract283

(TDE) and some local agro-wastes were investigated as alternative oilfield chemicals for inhibiting the284

corrosion of mild steel. These formulations effectively inhibit the corrosion of mild steel in 1M HCl at285

30 to 60 ℃. Adsorption of TDE molecules is by spontaneous physical adsorption mechanism and is286

best approximated by the Langmuir adsorption isotherm. TDE formulations could be exploited to287

produce an effective alternative eco-friendly oilfield corrosion inhibitor.288
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