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ABSTRACT 
 
A non-toxic compound, 5-hydroxytryptophan (5-HTP), was investigated for its performance as 
inhibitor of J55 steel corrosion in both 1M and 15% HCl for the first time. The efficiency was 
determined using Weight Loss (WL), Electrochemical Impedance Spectroscopy (EIS) and 
Potentiodynamic Polarization (PDP) techniques. Inhibition efficiency obtained from WL 
measurement decreased from 91.4% and 73.9% in 1 M and 15% HCl respectively at 30°C to 67.4% 
and 40.3% in the respective acid solutions at 90°C. B lending 5-HTP with potassium iodide, 
polyethyleneglycol and glutathione increased the efficiency to values above 72% in both acid 
solutions at 90°C. The inhibitor adsorption was spont aneous and physical in mechanism, following 
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the Langmuir adsorption model. Adsorption was also exothermic with resultant decrease in entropy 
of the bulk solution. Increase in 5-HTP concentration increased the charge transfer resistance but 
decreased the double layer capacitance. Tafel polarization study shows that 5-HTP behaves as 
mixed type inhibitor with anodic predominance. The corrosion products and metal surface were 
analysed using other techniques like SEM/EDS, FTIR, UV-VIS. The surface protection is attributed 
to formation of protective film of 5-HTP molecules on J55 steel surface facilitated by O, N and C=C 
functionalities. The resulting oilfield chemicals can be used as efficient alternative corrosion 
inhibitors for protection of surface and downhole steel construction materials. 
 

 
Keywords: 5-hydroxytryptophan; oilfield chemicals; acid corrosion inhibitor; EIS; SEM/EDS; J55 steel. 
 

1. INTRODUCTION  
 
A number of chemicals are required in oil and 
gas production. These chemicals are referred to 
as oilfield chemicals. From the drilling and 
cementing to recovery, transportation and 
refining, several oilfield chemicals are employed. 
In most cases, when existing wells deplete, the 
use of chemistry to maintain production through 
well stimulation, secondary and enhanced oil 
recovery operations, becomes very crucial. 
Oilfield chemicals include those additives for the 
drilling mud, fluid loss additives, clay stabilizers, 
lubricants, biocides, corrosion inhibitors, scale 
inhibitors, gelling agents, filter cake removal 
agents, hydrate control agents, cement additives, 
etc. Many fluids such as fracturing, flooding, 
stimulation, and pickling contain acid which 
stimulates corrosion of associated metallic 
structural materials. Corrosion gulps a major part 
of production cost in the oil and gas industry. The 
National Association of Corrosion Engineers 
(NACE) estimated the direct cost of corrosion in 
U.S.A. at $276 billion in 1998 which was 
approximately 3.1% of the gross domestic 
product (GDP) [1] but exceeded $1trillion in 2012 
[2]. Globally, the annual cost of corrosion 
worldwide is estimated at $ 2.2 trillion (2010), 
which is roughly 3% of world’s GDP [3]. Obot [4] 
opines that the expenditure on corrosion could 
have been channeled to provide food for the poor 
as part of the Millennium Development Goals 
(MDGs). Therefore, the need to device cheaper 
means to control corrosion and cut down the 
associated cost cannot be overemphasized. 
 
An easy and cost effective way of combating 
oilfield corrosion is the use of corrosion inhibitors. 
Thus, corrosion inhibitors are an important class 
of oilfield chemicals. They can be used as 
additives in drilling, acidizing, fracture, 
stimulation, and enhanced oil recovery fluids to 
reduce the rate of corrosion. These fluids usually 
contain corrodible agents like acid (HCl), water 
and carbon(iv)oxide [5-6]. Selection of the 
corrosion inhibitor requires consideration of some 

important factors like sustainability of its 
source(s), cost of raw materials, its chemistry 
and environmental impacts [7]. Many compounds 
that contain functionalities like nitrogen, oxygen, 
multiple bonds, conjugated double bond 
systems, heteroatoms and aromatic rings have 
been found to be efficient CIs for different metals 
in various media [8-13]. However, some of these 
compounds may be toxic or very expensive. 
There are also some efficient non-toxic CIs that 
have been reported in literature [14-15] but some 
of them are very expensive to buy or synthesize. 
Thus, CIs sourced from cheap, sustainable and 
non-toxic materials would be desirable. Nigeria is 
blessed with numerous local resources from 
where CIs could be sourced. Sourcing CIs from 
local materials would in addition create internal 
wealth, reduce importation, and help to actualize 
the Nigerian Content Act. This Act entails value 
added or created in Nigerian economy through 
utilization of Nigerian resources for provision of 
goods and services to petroleum industries, 
within acceptable quality, health, safety and 
environmental standards in order to stimulate 
development of indigenous capability [16]. Since 
there is still little or no progress made in that 
direction so far, this study aims to achieve this 
contribution.  
 

5-HTP has been reported as the active 
compound in seeds of Griffonia simplicifolia. 
Ultra Performance Liquid Chromatography and 
High Performance Liquid Chromatography direct 
assays of Griffonia simplicifolia have been 
reported to yield about 20% (seeds); 0.3-1.2% 
(leaves) and 0.1-0.2% (pods) of naturally 
occurring 5-HTP [17]. Griffonia simplicifolia is a 
shrub, leguminous plant which grows abundantly 
in many southern parts of Nigeria. It can be 
propagated by seed and by wildings. It has been 
classified taxonomically [18] with a scientific 
name: Griffonia simplicifonia (DC.) Bail, which is 
synonymous to Bandeiraea simplicifolia (DC.) 
Bail, and local names such as Children whistle, 
Arin, Olabahun, Tapara, Alukoko and Mba-aba. 
The seeds or leaves of the plant have been used 



for treatment of various health challenges 
especially in folk medicine. Some of these 
treatment include diarrhea, vomiting and 
stomach ache, wounds, bladder and kidney 
ailments [18], anxiety and depression, insomnia, 
migraine and headache [18,19], sickle cell [20], 
Ehrlich Ascites tumor cells [21], etc. Mo
these uses have been attributed to the presence 
of 5-hydrotryptophan (5-HTP), the major/active 
alkaloid in the plant [18,19]. The 5
toxic and can be obtained in large quantity from 
local source [19] or prepared cheaply from 
tryptophan [22,23]. Besides, 5-HTP contains 
similar electronic functionalities mentioned above 
in its molecular structure (see Fig. 1)
 

 
 

Fig. 1. Chemical structure of 5
 

In this study, 5-HTP was investigated as 
alternative CI for J55 steel in both 1
15% HCl for the first time. The 15% HCl is used 
to simulate real field acidizing concentration 
while 1 M HCl is a concentration many 
researchers have used to test their CIs [24
The choice of HCl is motivated by its widespread 
use in well acidizing and enhanced oil recovery 
fluids. The J55 steel coupons are used to 
simulate oil transfer steel tubings, oil drilling 
pipes, casings, line pipes, etc., encountered in 
the oilfield [28,29]. Standard techniques like 
gravimetric and electrochemical measurements 
are used to evaluate the CI efficiency [30,31]. 
The morphology (pittings or roughness) of the 
metal specimen is checked by SEM to observe 
possible difference with and without the inhibitor. 
Other techniques like FTIR, UV-VIS, EDS are 
employed to further characterize the inhibition 
phenomenon. The 5-HTP was also blended with 
some compounds for improved performance at 
high temperature. Adsorption, kinetic and 
thermodynamic models are also used to further 
explain the inhibitor interaction with metal 
surface.  
 

2. MATERIALS AND METHODS 
 

2.1 Materials 
 
Weights were measured using Sartorius 
CPA225D analytical balance with sensitivity 
±0.00001g. Gamry ZRA REF 600
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The morphology (pittings or roughness) of the 
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possible difference with and without the inhibitor. 
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HTP was also blended with 
some compounds for improved performance at 
high temperature. Adsorption, kinetic and 
thermodynamic models are also used to further 
explain the inhibitor interaction with metal 

AND METHODS  

Weights were measured using Sartorius 
CPA225D analytical balance with sensitivity 
±0.00001g. Gamry ZRA REF 600-18042 

Potentiostat/ Galvanostat was used for 
electrochemical measurements. The 756PG UV
Vis Spectrophotometer, supplied by Shanghai 
Spectrum Instruments Co., Ltd and TENSOR II 
FTIR Spectrophotometer were also used for 
spectroscopic assessments. The SEM/EDS was 
AMETEX S4800 EDAX TSL. Different grades of 
silicon carbide papers such as CC
P1000, P500, P400, P200 and P100 were used 
for surface abrasion.   
 

2.2 Preparation of Steel Specimens
 

The J55 steel specimens were supplied by 
Qingdao Tengxiang Instrument and Equip
Co. Ltd, China. They were mechanically press
cut into coupons of dimension 2 cm x 2 cm for 
gravimetric experiments; 1 cm x 1 cm for 
electrochemical studies and 2 cm x 1 cm for 
surface analysis. The surface was treated as 
provided by NACE Recommended 
0775 and ASTM G-1 & G-4 for surface finishing 
and cleaning. In addition coupons for 
electrochemical studies were abraded with 
various grades of silicon carbide paper and 
finished to mirror surface with CC
grade. The prepared specimens were enclosed 
in sealed water-proof bags and stored in 
moisture free desiccator prior to use. The 
chemical compositions (wt. %) of J55 steel was 
C (0.24), Si (0.22), Mn (1.1), P (0.103), S (0.004), 
Cu (0.5), Ni (0.28), Mo (0.019), Fe (balance)
 

2.3 Preparation of Inhibitor Solutions
 

Analytical grade HCl was diluted to 
concentrations of 1 M and 15% using double
distilled water. Powdered 5-hydroxytryptophan 
(HPLC 99.9%, extracted from seeds of 
simplicifolia) was supplied by Shaanxi Kangl
Ecology Agriculture Co. Ltd., China and was 
used as supplied without further analyses. The 5
HTP was prepared to five different 
concentrations (1x10-5, 3x10-5, 5x10
10x10-5 M) in the HCl solutions. The test 
solutions were used for the study about 48 hours 
after preparation.  
 

2.4 Preparation of Inhibitor Blends
 
The additives used in this study were: 
polyethyleneglycol (PEG-4000, Industrial grade) 
supplied by Richest group Ltd., Shangai; sodium 
gluconate (Analytical grade) and glutathione 
(Industrial grade) supplied by Wuhan Yuancheng 
Gongchuang Technology Co. Ltd., China; and 
potassium chloride (Analytical grade) supplied by 
Meyer Chemical Technology Co. Lt., Shangai; 
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China. They were used as supplied without 
further analyses. The concentration of each 
additive used was 1x10-6 M. They were blended 
with 10x10-5 M 5-HTP and prepared in the HCl 
with vigorous stirring. The resulting blend 
solution was allowed to stand for 48 hours with 
regular agitation at about 6 hours interval before 
use in the corrosion study. 
 
2.5 Weight Loss Technique 
 
Pre-weighed steel coupons were immersed in 
the acid solutions without and with different 
concentrations of 5-HTP for five hours interval 
maintained at 30°C in a water bath. They were 
retrieved, washed in 20% NaOH solution 
containing about 200 g/L of zinc dust until clean, 
dried in air after rinsing in acetone and weighed 
to determine the weight loss. Experiments were 
carried out in triplicates but only the mean values 
of the weight losses (g) are reported. The initial 
and final weights of the coupons were denoted 
as w1 and w2 respectively, corrosion rate of iron 
(R), percentage inhibitor effectiveness (inhibition 
efficiency), ℇ�� , and degree of surface coverage 
(θ), were calculated as follows:  
 

� = ��.
(�
� ��)
���                                     (1) 

  

ℇ��  = 100(��� �� 
��

)                                    (2) 

 
� = 0.01ℇ��                                       (3) 

 
where ��  and ��  are the corrosion rates (cmh-1) 
in the absence and presence of the inhibitor,  � is 
the density of iron, � is the average surface area 
(cm2) of the metal specimens and �  is the 
immersion time (h). The values of corrosion rate 
obtained were converted to another unit (mmpy) 
using conversion factors explained in literature 
[32]. This procedure was repeated at other 
temperatures like 45°C, 60°C, 75°C and 90°C in 
the different test solutions.  
 

2.6 Electrochemical Measurements  
 
The conventional three electrode set up was 
used consisting of saturated calomel electrode 
(SCE) as reference electrode, platinium as 
counter electrode and J55 steel coupons as 
working electrode. The EIS were conducted at 
frequency of 105 to 10-2 Hz for open circuit 
immersion time of 30 minutes at 30°C. The 
voltage was changed to -0.15V to +0.15V vs. EOC 

at scan rate of 1 mV/s for PDP measurements 
[33,34]. EChem software package was used for 
data fitting and analyses. 

Charge transfer resistance from EIS 
measurements were used to compute the 
inhibition efficiency according to Eq. 4. The 
inhibition efficiency (from PDP data) was 
calculated from the corrosion current densities 
using Eq. 5.  
 

ℇ !" = 100 #�$%&� �$%'
�$%&

(                      (4)  

 
where �)�* and �)�!  are charge transfer 
resistances in the absence and presence of 
inhibitor respectively. 
 

ℇ+, = 100(1 − !$.//�

!$.//� )                                    (5) 

 
where 0)122�  and 0)122�  are the corrosion current 
densities in the absence and presence of the 
inhibitor respectively. The magnitude of the 
double layer capacitance (345 ) of the adsorbed 
film was calculated from constant phase element 
(CPE) constant ( 61 ) and charge transfer 
resistance (�)�) using Eq. 6. 
 

345= (67 �)�
8�9)



:                                    (6) 

 
where n is a constant showing degree of 
roughness of the metal surface obtained from the 
phase angle given that (;< = −1)= is the phase 
angle of CPE and > = 2α⁄(π ) is the CPE 
exponent. 
 
2.7 UV-vis Study 
 
The UV-vis spectrum was first obtained using the 
solution containing 10x10-5 M 5-HTP in 1 M HCl 
prior to immersion of the J55 steel. Another 
spectrum was obtained using a solution resulting 
from immersing the steel in 1 M HCl for 24 hours. 
The spectral profiles were then compared.  
 
2.8 FTIR Study 
 
The FTIR spectrum of the pure 5-HTP sample 
was obtained. Another spectrum of the 5-HTP 
film formed on J55 steel surface after immersion 
(both mixed with potassium bromide) was 
recorded. Both spectra were compared.  
 

2.9 SEM/EDS Study  
 
Steel coupons of sizes 1 cm x 2 cm were 
abraded to mirror finish as earlier described. The 
SEM images were recorded in the vacuum mode 
before and after immersion in HCl. This was 
repeated with a coupon immersed in HCl 
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containing 10x10-5 M 5-HTP solution. The 
instrument was operated at 5 kV. Also, EDS 
profiles of the steel surface ab initio and the 
corrosion products of three points each metal 
surface sample in the inhibited and uninhibited 
solutions were recorded. 
 
3. RESULTS AND DISCUSSION 
 
3.1 Weight Loss Measurement 
 
The corrosion rate of J55 steel in both the 1 M 
and 15% HCl were calculated from weight loss 
data and used to compute the inhibition 
efficiency (%I) and fractional surface coverage 
(θ). Results obtained with and without different 
concentrations of 5-HTP are presented in     
Table 1. 
 
3.1.1 Effect of corrosive fluid concentration  
 
The efficiency of 5-HTP was tested both 1 M HCl 
and 15% HCl (4.4 M HCl) and the results 
obtained (Table 1) were compared. Results show 
that the effectiveness of 5-HTP declined when 
the acid concentration was increased from 1 M to 
15%. For instance, the inhibition efficiency 
decreased from 91.42% in 1 M HCl to 73.94% in 
15% HCl at 30°C. This represents about 18.03% 
decrease in inhibition efficiency on about 340% 
increase in acid concentration. Though the 
inhibition efficiency reduces due to increased 
acid strength, the value is still reasonably high for 
a bio-based material and can be optimized to 
obtain higher efficiency using intensifiers. This 
result demonstrates that 5-HTP can protect J55 
steel materials in less aggressive media to highly 
aggressive media. 
 
3.1.2 Effect of concentration of inhibitor  
 
The obtained inhibition efficiency increased as 
concentration of 5-HTP was increased at 
constant temperature (Table 1). Similar trends 

have been reported in literature [35,36]. This 
implies that as number of molecules of 5-HTP in 
the acid solution increases, more 5-HTP 
molecules are adsorbed on the steel surface and 
its degree of protection is improved. 
Consequently, it may be possible to achieve 
higher inhibition efficiencies by further increasing 
the concentration of 5-HTP. However, CIs are 
usually deployed in small quantities hence using 
too much or too small quantity of the inhibitor is 
not desirable [7]. A concentration of 10x10-5 M 
corresponds to just 22 mg of 5-HTP per 1L of 
acid solution, which is reasonably small [32]. 
 
3.2 Inhibitor Sensitivity to Downhole 

Temperature Difference 
 
Recently, some industries have ventured into 
production/recovery of hydrocarbons from deep 
pay zones. Difference between surface and 
downhole temperatures is a key factor that 
influences the effectiveness of corrosion 
inhibitors used for such operations. Going down 
the well, the difference in temperature per unit 
well length has been described as geothermal 
gradient. An average geothermal gradient of 
about 25°C per km of depth (1°F per 70 feet of 
depth) is believed to be universal [37]. From 
literature reports, the average geothermal 
gradient in Niger delta fields is 28°C/km [38]. 
Many deep wells in the region are estimated to 
be about 2-4 km deep corresponding to 
downhole temperature in the range of 65°C-
125°C [39,40]. 
 
To elucidate the effect of temperature on the 
performance of 5-HTP, the highest concentration 
of the inhibitor was tested at five different 
temperatures between 30°C and 90°C. Results 
obtained are shown in Table 2. It can be 
observed from the table that inhibition efficiency 
decreased as temperature increased. For 
instance, in 1 M HCl solution, the inhibition 
efficiency reduced from 91% at 30°C to 67% at

 
Table 1. Corrosion rate, inhibition efficiency and fractional surface coverage data for the 

inhibition of J55 steel corrosion in 1M and 15% HCl  using different concentrations of 5-HTP at 
30°C 

 

Test solution  In 1M HCl  In 15%  HCl  
? (mmpy) @AB(%) θ ? (mmpy) @AB(%) θ 

Blank solution 33.82 - - 161.02 - - 
1 x 10-5 M 
3 x 10-5 M 

6.07 
5.71 

82.04 
83.11 

0.82 
0.83 

68.32 
59.46 

60.14 
63.07 

0.60 
0.63 

5 x 10-5 M 
8 x 10-5 M 

4.70 
3.89 

86.09 
88.47 

0.86 
0.88 

58.04 
49.01 

66.14 
69.56 

0.66 
0.70 

10 x 10-5 M 2.90 91.42 0.91 44.67 73.94 0.74 
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90°C. The %I obtained were even lower in 15% 
HCl compared to 1 M HCl at high temperatures. 
This implies that if 5-HTP is used as CI in 
acidizing fluid, it will perform effectively at surface 
conditions and loose efficiency some kilometers 
downhole. In literature, this trend is associated 
with physical adsorption mechanism [41]. To 
improve the performance of 5-HTP at high 
temperature, it can be blended with synergistic 
additives [7]. 
 
3.3 Performance of 5-HTP and Intensifier 

Blends 
 
There are various reports that certain substances 
(called intensifiers) can increase the inhibition 
efficiency of some corrosion inhibitors. Many of 
such intensifiers have been listed [7,42]. 
Intensifiers are required because CIs frequently 
do not provide adequate protection to steels at 
high temperatures and long exposure time [43]. 
The efficiency of 5-HTP obtained in this study 
was low at high temperature, hence it was 
blended potassium iodide (KI), polyethylene 
glycol (PEG), sodium gluconate (NaG), and 
glutathione (GLU). 
 
The results obtained (Tables 3-4) show that the 
inhibition efficiency improved at high 
temperatures. For instance, at 90°C, the blends 
containing PEG, KI and GLU afforded %I of 88%, 
87% and 92% respectively in 1M HCl and 72%, 
73%, and 76% in 15% HCl. This demonstrates 
that the inhibitor blends could be efficient in 

various oilfield acidizing procedures associated 
with high temperature operations. 
 

Table 2. Effect of temperature on the 
inhibition efficiency of 5-HTP as corrosion 
inhibitor for J55 steel in acidic solutions 

 
T(°C) %I in 1 M HCl %I in 15% HCl 
30 91.42 73.94 
45 88.02 69.43 
60 81.14 63.17 
75 76.16 54.01 
90 67.42 40.30 

   
3.4 Adsorption Study 
 
Corrosion Inhibitors are generally believed to act 
by adsorption on the metal surface. The 
adsorption can occur through electrostatic 
interactions between charged species of the 
inhibitor and metal surface (physisorption) or by 
actual chemical interaction between the CI 
functional group(s) and metal orbitals 
(chemisorption) [41]. To elucidate this 
mechanism, the fractional surface coverage (θ) 
data were usually fitted into adsorption isotherm 
models as done in literature [44]. Some 
parameters were deduced from the plots and 
used to explain the nature of interaction between 
the CI and metal surface. The isotherm models 
tested were those proposed by Langmuir, 
Temkin, Freundlich, Flory Huggins and El-Awady 
et al. The best fit was obtained with

 
Table 3. Effect of Intensifiers on inhibition effic iency (%) of 5-HTP on J55 steel in 1M HCl 

solution 
 

T(°C) 5-HTP 
Only 

5-HTP 
+ KI 

5-HTP 
+PEG 

5-HTP 
+NaG 

5-HTP 
+ GLU 

30 91.4 99.0 98.8 93.5 99.3 
45 88.0 98.0 97.7 90.1 99.0 
60 81.1 96.3 95.5 84.7 98.1 
75 76.8 92.0 91.1 78.4 96.4 
90 67.4 88.1 87.0 69.1 92.0 

 
Table 4. Effect of Intensifiers on inhibition effic iency (%) of 5-HTP on J55 steel in 15% HCl 

solution 
 

T(°C) 5-HTP 
Only 

5-HTP 
+ KI 

5-HTP 
+PEG 

5-HTP 
+NaG 

5-HTP 
+ GLU 

30 73.9 87.8 86.1 76.0 90.2 
45 69.4 85.4 84.0 74.0 86.7 
60 63.2 81.1 80.0 70.7 82.2 
75 54.0 77.2 77.4 66.5 79.4 
90 40.3 72.1 73.4 62.1 75.9 
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Langmuir isotherm (Figs. 2-3) with �<  ≥
 0.99725. The expression for the model is given 
in Eq. 7. 
 

D�:E
F =  9

GHIJ
+ 3�8L                                       (7) 

 

where 3�8L is the concentration of inhibitor 
(moldm-3)in the acid solution and MN4O is the 
adsorption-desorption equilibrium constant which 
can be used to determine the free energy change 
of adsorption (∆QN4O) according to Eq. 8. 
 

∆QN4O = −�R ln(55.5MN4O)                         (8) 
 

where 55.5 represents the concentration of water 
molecules displaced by inhibitor molecules at the 
surface [45], � is the universal gas constant and 
R is the absolute temperature. The slopes of the 
graphs are not exactly unity as provided by the 
Langmuir isotherm model. This may be attributed 
to interactions between the 5-HTP molecules or 
formation of more than one layer of 5-HTP on the 
J55 steel surface. These are conditions that were 
ignored during the derivation of the model. The 
values of MN4O  and  ∆QN4O  obtained are given in 
Table 5. The constant, MN4O  relates to the 
strength of inhibitor-metal surface interaction. It 
can be observed that MN4O  decreases as 
temperature increases which implies that the 
adsorptive binding strength of 5-HTP on J55 
steel decreases as temperature increases, 
perhaps due to desorption of its molecules from 
the surface. The values also decrease in 15% 
than 1 M HCl demonstrating decreased strength 
of adsorption with increased solution 
aggressiveness. The ∆QN4O values are between -
9.42 kJmol-1 to -14.10 kJmol-1 which fall within 
the range for physical adsorption mechanism, 
indicating that the adsorptive film has an 
electrostatic character [45,46]. 
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Fig. 2. Langmuir adsorption isotherm for the 
inhibition of J55 steel corrosion in 1 M HCl by 
different concentrations of 5-HTP at 30°C to 
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Fig. 3. Langmuir adsorption isotherm for the 
inhibition of J55 steel corrosion in 15% HCl 
by different concentrations of 5-HTP at 30°C 

to 90°C 
 

3.5 Kinetic and Thermodynamic 
Considerations 

 
In all the systems tested, corrosion rate 
increased as temperature increased. The 
corrosion rate data were fitted into Arrhenius 
kinetic model (Eq. 9) and activation energy was 
elucidated from linear plots of log 3�  against 
reciprocal of temperature (Fig. 4). The obtained 
activation energy increased on addition of the 
inhibitor depending on inhibitor concentration. 
Based on the concept of activation and collision 
theory, it can be considered that before the acid 
solution corrodes the metal surface, molecules of 
the acid must collide with the metal molecules on 
the surface. The acid molecules should possess 
energy up to a minimum threshold called the 
activation energy. 
 

log � =  log � −   H
<.X7X�Y                       (9) 

 
where Ea is the activation energy, A the 
Arrhenius pre-exponential factor or frequency 
facto, R Is the universal gas constant and T is 
absolute temperature. In the presence of the 
inhibitors, the activation energy was found to 
increase (Table 6). This implies that the acid 
molecules must acquire extra (higher) energy in 
the inhibited solution for corrosion to occur, 
hence corrosion inhibition. Therefore, addition of 
5-HTP deepens the energy barrier well and 
increases the activation energy. The activaton 
energy was lower in 15% HCl than 1 M HCl 
indicating that molecules of 15% HCl solution 
require less energy barrier to cross the activated 
complex and form corrosion products with mild 
steel than those of 1 M HCl. The increase in 
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activation energy in the presence of inhibitor in 
both acids is consistent with trends reported in 
literature and is associated with physical 
adsorption mechanism [47,48]. 
 
The other activation parameters given in Table 6 
were derived from the transition state equation 
(Eq. 10). Linear plots of log( D�

Y )  against 
reciprocal of temperature (Fig. 5).  
 

log(D�
Y ) =  Z#log # �

[L( + # ∆"∗

<.X7X�((] − # ∆^∗

<.X7X�Y(    (10) 

 
where ∆_∗ and ∆`∗are the enthalpy and entropy 
change of activation respectively. The values of 
∆`∗  are all negative which implies that a 
decrease in disorderliness of the system takes 
place on moving from reactants to activated 
complex [49]. It also indicates that the activated 
complex in the rate determining step involves an 

Table 5. Parameters deduced from Langmuir adsorptio n isotherm 
 

T(°C) 1 M HCl 15% HCl 
abcde fgha 

(M-1) 
∆igha 
(kJmol -1) 

abcde fgha 
(M-1) 

∆igha 
(kJmol -1) 

30 1.42 4.16 -13.71 1.32 0.76 -9.42 
45 1.27 3.23 -13.72 1.28 0.74 -9.82 
60 1.21 2.94 -14.10 1.04 0.66 -9.97 
75 1.11 1.89 -13.46 1.04 0.66 -10.42 
90 1.07 1.25 -12.79 0.96 0.57 -10.42 

 

 
 

Fig. 4. Arrhenius plot for the inhibition of corros ion of J55 steel in 1 M HCl using different 
concentrations of 5-HTP 

 

  
 

Fig. 5. Transition state plot for the corrosion of J55 steel in 1 M HCl in the absence and 
presence of different concentrations of 5-HTP 
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association of inhibitor on metal surface instead 
of dissolution of the metal. The negative sign of 
∆_∗ reflects the exothermic nature of J55 steel 
corrosion in HCl. A spontaneous exothermic 
phenomenon with a decrease in entropy is 
thermodynamically consistent at all temperatures 
studied, showing that the results obtained are 
consistent. 

 
Table 6. Activation parameters for corrosion 

of mild steel in both 1 M HCl containing 
different concentrations of 5-HTP at 30°C to 

90°C 
  
Conc  
(x10-5M) 

In 1 M HCl 
jg 
(kJmol -1) 

∆k∗ 
(kJmol -1) 

∆l∗  
(kJmol -1) 

0 17.56 -14.74 -0.18 
1 32.83 -29.87 -0.15 
5 33.64 -30.83 -0.15 
10 37.83 -34.85 -0.14 

 
Table 7. Activation parameters for corrosion 
of mild steel in both 1 M 15% HCl containing 
different concentrations of 5-HTP at 30°C to 

90°C 
  
Conc  
(x10-5M) 

In 15% HCl  
jg 
(kJmol -1) 

∆k∗ 
(kJmol -1) 

∆l∗ 
(kJmol -1) 

0 9.23 -15.06 -0.14 
1 12.49 -32.49 -0.11 
5 27.44 -48.29 -0.10 
10 28.21 -62.16 -0.08 

 
3.6 Electrochemical Impedance 

Spectroscopy 
 
EIS analyses of 1 M HCl without and with three 
different concentrations 5-HTP and the Nyquist 
and Bode plots shown in Fig. 6 were obtained. 
The semicircles obtained from Nyquist plots are 
imperfect and the sizes of diameters are 
influenced in the presence of 5-HTP from that of 
the free acid solution. The difference in sizes of 
their diameters demonstrates that 5-HTP has 
influence on corrosion of J55 steel due to 
inhibition. The diameters increase as inhibitor 
concentration increases following the same trend 
as inhibition efficiency. The imperfection in the 
shape of the semicircle can be attributed to 
surface roughness of the J55 steel. The single 
capacitive loop obtained indicates that the 
mechanism of corrosion is controlled mainly by 
charge transfer process [48]. The shapes of the 
plots were similar in both inhibited and free acid 
solution demonstrating that the mechanism of 

steel corrosion is not influenced by introduction 
of 5-HTP. The equivalent circuit shown in Fig. 7 
gave the best fit for the experimental data and 
was used to analyze the obtained data. Some of 
the associated parameters obtained are given in 
Table 8. The goodness of the fits were in the 
order of 10-4 – 10-5 indicating good correlation 
with the �O (�)�∅D+ )  equivalent circuit model 
used [50]. The surface roughness of the steel 
was compensated by introduction of a non-
integer element dependent on frequency called 
constant phase element, CPE which can be 
estimated using 67 and >, related to impedance 
by: 
 

nD+ = =  (67)�9(;o)�8                     (11) 
 
where  nD+  is the impedance of the CPE, 67  is 
the CPE constant, o is the angular frequency, ; 
is an imaginary complex number, (;< = −1)= is 
the phase angle of CPE and > = 2α⁄(π ).  
 
The value of >  indicates deviation of the CPE 
and can be used to predict the degree of 
roughness or inhomogeneity of the steel surface. 
This  value decreased on addition of 5-HTP 
suggesting that the surface roughness of the 
steel is increased by adsorption of inhibitor 
molecules on steel surface active sites [50]. It 
also shows that there is relative and/or integrated 
influence on the CPE: not just a single 
resistance, capacitance or inductive element. 
Decrease in n on addition inhibitors also signifies 
insulation of the metal/solution interface by 
formation of a surface film. Formation of this film 
results in increase in charge transfer resistance 
in the presence than absence of inhibitor. The 
charge transfer resistance increased with 
increase in inhibitor concentration showing that 
the ‘blanketing’ property of the film improved as 
inhibitor concentration increased. The inhibition 
efficiency obtained also increased with increase 
in inhibitor concentration, hence consistent with 
weight loss results. 
 
Increase in peak heights of the Bode plots 
suggests more capacitive response of the 
interface due to the presence of adsorbed 
inhibitor layer [50]. This capacitive response can 
result from formation of an electrochemical 
double layer with a capacitance, and its 
magnitude ( 345 ) was estimated using Eq. 6 
earlier stated. The 345  values decreased in the 
presence of inhibitors, similar to results obtained 
by Shaban and coworkers using vanillin cationic 
surfactants [51] and Anupama and coworkers 
using Pimenta dioica leaf extracts [50]. The 
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decrease in 345  values can be attributed to 
decrease in the local dielectric or an increase in 
the thickness of the double layer or both, caused 
by the adsorbed protective film of the inhibitors 
as earlier inferred [33,50]. 
 

3.7 Potentiodynamic Polarization 
 
Corrosion of iron in steel in HCl involves least 
one oxidation and one reduction process at each 
electrode, e.g. 
 

Anode:   Fe(s)            Fe2+
(aq) + 2e  (12) 

 
Cathode: 2H+

(aq) + 2e          H2(g)            (13)  
 

Partial anodic oxidation of the iron leads to its 
dissolution (corrosion) while hydrogen gas is 
liberated at cathode. The sum of both cathodic 
and anodic processes can be used to obtain the 
compromise or free corrosion potential ( p)122 ) 
and the corresponding current density ( 0)122 ). 
Tafel cathodic and anodic constants (q) and qN) 
were obtained from the slope of Tafel 
polarization plots in Fig. 8. Some of the PDP 
parameters determined are shown in Table 9. 
The 0)122 values decreased more with increase in 
inhibitor concentration due to formation of 
adsorbed protective film. 
 
A displacement in p)122  to more positive values 
in the inhibited solutions compared to the free 
acid solution was observed in Fig. 8. In literature, 
when the corrosion potential is displaced in the 

negative direction, the inhibitor is regarded as 
cathodic whereas anodic inhibitors displace the 
potential in the positive direction [50]. Therefore, 
the shift to positive p)122 values suggests that the 
inhibitor have dominant influence on the partial 
anodic reaction. However, the highest shift from 
that of the free acid ( rp)122)  was not up to -
85mV, hence not sufficient to categorize the 
inhibitor is cathodic or anodic type. Similar shift in 
p)122 values (less than 85 mV) was reported [52] 
and the inhibitor was regarded as mixed type 
with anodic predominance. A mixed type inhibitor 
acts by blocking of some active anodic and 
cathodic sites of the metal without changing its 
dissolution or corrosion mechanism. In other 
words, 5-HTP inhibits both the iron dissolution 
and hydrogen evolution processes but more 
actively inhibiting iron oxidation which is anodic 
reaction. 
 
The values of q)  and qN  obtained changes with 
concentration of inhibitor. Both values increase 
with increase in inhibitor concentration, with the 
highest value in the uninhibited solution. 
However, the highest difference between the 
values for the inhibited solutions from free acid 
solution was obtained with qN. This also suggests 
that the inhibitor has anodic predominance [53]. 
The calculated inhibition efficiency also 
increased with increase in concentration of the 
inhibitor, similar to weight loss and EIS results. 
Also, the results obtained for EIS and PDP using 
15% HCl (Table 10) are in good agreement.  

 

 
 

Fig. 6. Nyquist and Bode plots for inhibition of J5 5 steel corrosion in 1 M HCl using different 
concentrations of 5-HTP  

 

 
 

Fig. 7. Electrochemical equivalent circuit ( ?a (?st∅uvj)) model used for data fitting 
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Table 8. Some parameters obtained from EIS techniqu e used to monitor the inhibition of J55 
steel corrosion in 1 M HCl containing different con centrations of 5-HTP 

 
EIS parameters  5-HTP concentration  

0 1x10-5 5x10-5 10x10-5 
Rxy (Ωcm2) 76.2 478.1 722.4 1021.0 
Rz (Ωcm2) 1.131 1.037 0.918 0.897 
Y|x10�
 (Ω�9s�cm�9) 139.6 162.4 134.8 121.5 
α (x10�X) 872.2 892.7 905.2 983.1 
Fit(x10-6) 131.1 10.5 19.8 11.7 
N 0.555 0.551 0.548 0.517 
��� x10-10 (Fcm-2) 3.51 1.24 0.11 0.03 
��� (%) - 83.99 89.45 92.53 
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Fig. 8. Tafel plots for inhibition of J55 steel cor rosion in 1 M HCl by 5-HTP at 30°C 
 
Table 9. Some parameters obtained from PDP techniqu e used to monitor the inhibition of J55 

steel corrosion by 5-HTP at 30°C 
 
PDP parameters  5-HTP concentration  

0 1x10-5 5x10-5 10x10-5 
qN (mV/decade) 71.3 52.1 55.0 55.2 
q) (mV/decade) 101.2 88.2 92.0 95.3 
0)122 (µA) 619.4 88.0 49.1 12.7 
p)122 (mV) -473 -458 -464 -461 
ℇ+, (%) - 85.79 92.07 97.94 

 
Table 10. Inhibition efficiency of 5-HTP obtained i n 15% HCl solution by electrochemical 

measurements 
 
Technique  
used 

1x10-5 M 5x10-5 M 10x10-5 M 10x10-5 M 
+ KI 

10x10-5 M 
+ PEG 

10x10-5 M 
+ NaG 

10x10-5 M 
+ GLU 

EIS 61.2 65.4 71.1 86.8 88.2 75.4 89.8 
PDP 65.1 69.9 80.0 88.4 90.6 76.1 91.2 

 
3.8 Uv-visible Spectroscopy 
 
Fig. 9 shows the spectral profile for IM HCl 
solution containing 1x10-5 M 5-HTP before and 
after immersion of J55 steel. The band obtained 
experienced a displacement in the presence of 
the inhibitor. This behavior has been ascribed to 

possible interaction between Fe2+ and inhibitor 
compounds in the inhibited solution [53]. 
Probable electronic transitions like > → �  or n 
→  �∗ (involving non-bonding electrons of O and 
N) or � →  �∗  (involving multiple bonds and 
conjugated system) could have caused such 
displacement. In literature, when there is a shift 
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in position of the spectra of the solution after 
immersion of the metal, formation of a surface 
complex between the inhibitor and metal surface 
is inferred [54]. This complex acts as the 
adsorbed protective film that ‘blankets’ the steel 
surface from direct acid attack, hence corrosion 
inhibition. 
 
3.9 FTIR Study 
 
The spectrum of pure 5-HTP shows prominent 
peaks which provides insights on the functional 
groups in the compound. After immersion, some 
of the peaks are either lost or less prominent due 
to involvement of the corresponding functional 
group(s) in adsorption.  Both spectra are plotted 
in Fig. 10 with the differences clearly observable.  
Those peaks around 3100-3300 cm-1, 1600-1700 
cm-1 and 1200-1300 cm-1 are worthy of note on 
the red line. The peak around 3100-3300 cm-1 

can be assigned to either –OH or –NH vibrations: 
–OH vibrations could be broad in the presence of 
hydrogen bonding while –NH2 is characterized by 
a single peak. These functional groups are 
available in the molecular structure of 5-HTP 
earlier shown in Fig. 1. The peak around 1600-
1700 cm-1 is popularly assigned to C=O of an 
acid group which is available in the molecule. 
The peak around 1200-1300 cm-1 can be 
assigned to C-O group which is also present in 
the molecule. The disappearance of these peaks 
after immersion of the steel (see the blue line) 
demonstrates that these functional groups could 
have been actively involved in the adsorption 
process. 
 
3.10 SEM/EDS Studies 
 
To further establish the reliability of inferences 
drawn from FTIR results, EDS profiles of the 
surfaces of mild steel was obtained without and 
with formation of adsorbed film. The spectral 
profile of pure mild steel surface before 
immersion (Fig. 11, Left) shows presence of Fe, 
C, Si and O with no Cl. On immersion in 1M HCl, 
Fe slightly decreased, O slightly increased and 
Cl ions were detected (Fig. 11, Middle). The 
profile in the solution containing 5-HTP shows 
the highest O and N atoms (Fig. 11, Right) with 
reduced Cl. Thus, adsorption of the inhibitor on 
the surface involved mainly N and O atoms, and 
results in decreased iron exposure due to 
protective effect of the inhibitors. The decrease in 
Cl in the presence of 5-HTP indicates that some 
Cl ions are either displaced by the adsorbed 
inhibitor or forms a bridge-like structure between 
J55 surface and 5-HTP for adsorption of the 

inhibitor. This result is in agreement with 
observations made from FTIR studies. 
 
Micrographs of an abraded steel coupon prior to 
immersion and that immersed in 1M HCl with and 
without 5-HTP for 24 hours were recorded by 
SEM. Result reveals that the surface of the 
abraded steel coupon (Fig. 12, Left) was 
considerably smooth with minimal attack or 
undulation. The surface of the coupon immersed 
in the free acid solution (Fig. 12, Middle) 
experienced severe damage due to corrosive 
attack leading to much pitting and undulation. 
However, the surfaces of the coupon immersed 
in the solution containing 5-HTP (Fig 12, Right) 
was relatively smoother compared to the free 
acid solution. This demonstrates that the addition 
of inhibitor reduces corrosive pitting which occurs 
in the free acid solution [55]. The extent of 
protection can be considered to be high since 
pitting decreases significantly. The protective 
layer formed by the inhibitor was not evenly 
distributed over the metal surface hence some 
portions of the surface were smoother than 
others. Thus, the active sites on the steel surface 
might not be equivalent or possess similar affinity 
for active molecules of the inhibitors. It could also 
be that adsorption of some molecules on the 
surface blankets the acid from attacking that 
portion by steric hindrance or micelles-like 
conformation of adsorbed molecules as 
described by [56]. Some cracks are visible in the 
protective layer (Fig 12 right) which may have 
been caused by surface cleaning before the 
specimen was scanned. 
 
3.11 Adsorption Phenomenon of 5-HTP 
 
Corrosion experts have presumed that CIs 
function by initial diffusion from bulk medium to 
the metal surface and subsequent adsorption on 
the metal surface. A schematic representation of 
this phenomenon is shown in Fig. 13. 
 
Little effort has so far been made to explain the 
manner and speed of diffusion of these inhibitor 
molecules. However, the mechanism of 
adsorption is understood and has been a very 
active field of research. Four forms of adsorptive 
interactions that may take place at the metal-
inhibitor interface are [57]: 
 

• electrostatic interaction between charged 
metal surface and charged inhibitor 
molecules; 

• interaction of uncharged electron pair 
(which may come from non-bonding 
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orbitals of hetero atoms) of the inhibitor 
molecules with the metal; 

• interaction of pie-electrons with the metals; 
or 

• a combination of two or more of the above. 
 

The first case exemplifies physical adsorption 
mechanism; the next two are associated                 
with chemical adsorption mechanism; and the 
last with mixed or physio-chemisorptions.                  
Results from adsorption study above reveals that 
5-HTP molecules were physically adsorbed on 
the steel surface. Physical adsorption (or 
physisorption) involves multilayer adsorption                  
due to electrostatic forces of interaction between 
charged inhibitor species and charged surface. 
The associated heat of adsorption is low (not 
above 20 kJmol-1) as obtained in this study. 

Desorption can take place at increased 
temperature as amount of adsorbed species 
decreases with increase in temperature. This 
may have resulted in decrease in MN4O  values 
with increase in temperature as obtained in this 
study. 
 
Both FTIR and EDS results have indicated that 
the adsorption process was facilitated by N and 
O functionalities. To further probe this, the 
structure of 5-HTP was optimized. The frontier 
molecular orbitals density and energy (namely 
LUMO and HOMO) of 5-HTP were obtained 
theoretically calculated using DFT at BL3YP 
basis set (Fig. 14). Materials studio 7.0 software 
was used for the computation. Results indicate 
that electron rich sites (HOMO) are concentrated 
around N and O atoms while the C=C sites 
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Fig. 9. UV-vis spectra of 1 M HCl containing 10x10 -5  M HCl before and after immersion of J55 
steel 
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Fig. 10. FTIR spectra for 5-pure HTP and corrosion product after immersion of J55 steel 
 



 
 

 
 
Fig. 11. EDS spectra and spectral details of abrade d J55 steel surface (Left), J55 immersed in 

1 M HCl without (middle) and with 10x10
 

Fig. 12. Micrographs of abraded J55 steel (Left), J 55 immersed in 1
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Fig. 13. Schematic representation of adsorption of molecules on solid surfaces from bulk 

 
constitute the LUMO. The energies calculated 
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empty orbital energy and vice versa, therefore 
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Fig. 11. EDS spectra and spectral details of abrade d J55 steel surface (Left), J55 immersed in 
M HCl without (middle) and with 10x10 -5 M 5-HTP 

 
Fig. 12. Micrographs of abraded J55 steel (Left), J 55 immersed in 1  M HCl only (Middle) and 

J55 steel immersed in 1  M HCl containing 10x10 -5 M 5-HTP 
 

 
Fig. 13. Schematic representation of adsorption of molecules on solid surfaces from bulk 

phase 

constitute the LUMO. The energies calculated 
3.211 eV for HOMO and 

A higher value of EHOMO is 
likely to indicate a high tendency to donate 
electrons to appropriate acceptor molecule of low 
empty orbital energy and vice versa, therefore 
enhancing the inhibition efficiency [58]. Thus, 
electrostatic interactions between 5-HTP and the 

h leads ability to inhibit the metal 
corrosion, occurs by means of O and N atoms. 
The band gap energy and dipole moment of 5-

HTP obtained using Eq. 14 and 15 respectively 
are -1.724 eV and 7.919 Debye. Comparatively, 
these values are higher than some amino
based CIs reported in literature [59,60] which 
could justify the high inhibition efficiency of 5
HTP.  
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Fig. 14 (a). HOMO density of 5-HTP    Fig. 14 (b). LUMO density of 5-HTP 
 
4. CONCLUSION 
 
5-HTP were investigated as anticorrosive oilfield 
chemical for J55 steel in acidic well treatment 
fluids. Inhibition efficiency of 5-HTP decreases 
from 91.4% and 73.9% in 1 M and 15%                       
HCl respectively at 30°C to 67.4% and 40.3% in 
the respective acid solutions at 90°C. Addition of 
potassium iodide and glutathione improves                  
the efficiency to values above 87% and 72% in          
1 M and 15% HCl respectively at 90°C.                           
5-HTP behaves as mixed type inhibitor with 
anodic predominance. Increase in 5-HTP 
concentrations decreases the double layer 
capacitance and increases the charge transfer 
resistance. 5-HTP inhibits mild steel corrosion by 
formation of protective film facilitated by O, N and 
C=C functionalities. 5-HTP is spontaneously 
physically adsorbed on J55 steel surface. 
Adsorption of 5-HTP is best approximated by 
Langmuir adsorption model. Adsorption of 5-HTP 
is also exothermic with resultant decrease in 
entropy of the bulk solution. Blends of 5-HTP 
with KI and GLU can be applied as alternative 
ecofriendly corrosion inhibitors for J55                       
steel materials in well treatment fluids containing 
HCl. 
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