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The chemical technique was used to investigate the inhibition and 
adsorption properties of L-proline for steel corrosion (weight loss method). 
As the concentration of L-proline increased, the inhibition efficiency 
increased, but decreased as the temperature increased, according to the 
findings. The inhibitor’s adsorption to the steel surface has been shown to 
be random, involving both electrostatic and chemisorptions. The Temkin 
adsorption isotherm governs the adsorption of L-proline to the steel surface. 
Thermodynamic parameters have been determined in some cases.

Keywords:
Corrosion inhibition
Carbon steel
Proline
HCl

1. Introduction

Corrosion protection is important in the petroleum 
industry because carbon steel is commonly used, such as 
in the construction of oil and gas production pipelines and 
transmission lines [1].

Corrosion cells form on metal surfaces in contact with 
an electrolyte due to energy differences between the metal 
and the electrolyte.In relation to the electrolyte, different 
potentials can exist between different zones of the metal 
surface [2]. The contents of the cell are as follows:

(1) A loaded anode zone is one of the first things you’ll 
notice. The iron is oxidized in the anode zone.

(2) The cathode is loaded. Electrons are found in the 
cathode zone. These electrons are capable of reacting with 
other compounds.

(3) A metal path that allows electrons to pass through.
(4) An electrolyte that coats the iron’s surface.
Because of its adsorption at the metal/solution 

interface, this compound acts as an inhibitor. Adsorption is 
influenced by the inhibitor community’s physicochemical 
properties [3]. The existence of heteroatoms like N, 
O, and multiple bonds in its molecular structure, as 
well as functional and aromatic groups, donor atoms’ 
electron density and p-orbitall character, are thought to 
allow electrons to pass through adsorption centers [4]. 
The toxicity of most corrosion inhibitors, on the other 
hand, which are toxic to living organisms and should 
therefore pollute the ecosystem, prompted us to look 
for environmentally friendly inhibitors [5,6]. Heterocyclic 
compounds with л bonds, such as sulfur, oxygen, and 
nitrogen, are inhibitors [7]. Functional groups, steric 
influences, electron density at the donor atom, and 
molecule electronic structure are all responsible for 
the physical properties of inhibitor molecules [8,9]. The 
inhibitor can adsorb to the metal surface through two 
types of reactions. Physical adsorption is the electrostatic 
force between the absorbed species’ ionic or dipolar 
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up to 1200 grains. After that, the electrode was washed 
twice in water, degreased with acetone, washed twice 
more in water, and dried at room temperature with a towel. 
The samples were weighed and suspended for 3 hours at 
(25-55 °C) in 50 ml of a 1.0 M HCl solution containing 
L-proline at the necessary concentrations. The coupons 
were washed in water, degreased with ethanol, washed 
again in water, dried, and weighed on an analytical 
balance after the tests were completed (precision: 0.1 mg). 
The inhibition efficiency (percent IE) was estimated using 
the equation below overtime periods of exposure:

� (1)

The weight loss in the absence and presence of the 
inhibitor is represented by surface coverage and W(free), 
W(inh).

3. Results and Discussion

3.1 Effect of Concentration

Table 2 shows the difference in weight loss of steel in 
the presence of varying concentrations (2x10-3 - 8x10-3 M) of 
L-proline in 1 M HCl for 3.0 h at 25 °C. They were plotted 
out. Figure 1 shows that L-proline inhibits steel corrosion 
in a 1 M HCl solution at the lowest concentrations used in 
the analysis, with the highest inhibition efficiency seen at 
an inhibitor concentration of 8 x 10-3 M in 1 M HCl at 25 °C. 
The addition of L-proline reduces the rate of corrosion, as 
shown in Table 2. The linear change in weight loss over 
time in uninhibited and inhibited 1 M HCl indicates the 
absence of insoluble surface films throughout corrosion. 
This may be because the adsorption of inhibitor molecules 
on the surface of carbon steel increases with increasing 
inhibitor concentration, effectively separating the carbon 
steel surface from the medium [11,12].

Table 2. Corrosion rate (C.R.) and inhibition efficiency 
data for carbon steel in 1 M HCl solutions without and 

with various concentrations of L-proline at 25 1°C derived 
from weight loss measurements.

Conc.,M C.R., mg cm-2 min-1 θ % IE

1 M HNO3 2.68 - -

2x10-3M 0.80 0.690 69.0

4x10-3M 0.56 0.791 79.1

6x10-3M 0.39 0.832 83.2

8x10-3M 0.35 0.862 86.2

charges and the electrical charge at the metal/solution 
interface. Chemical adsorption, on the other hand, occurs 
when charge from inhibitory molecules is shared or 
transferred to the metal surface, resulting in coordinated 
forms of bonds [10].

Proline is one of the twenty amino acids found in living 
organisms that make up their protein building blocks. 
Since the IUPAC meaning of an imine includes a carbon-
nitrogen covalent bond, proline is commonly referred to 
as an imino acid. Proline is an aminoalkanoic acid that can 
be synthesized from glutamine. The aim of this study is 
to evaluate the corrosion inhibition of carbon steel in 1M 
HCl in the presence of various concentrations of L-proline 
using the weight loss technique at 298-328K, as well as to 
measure and discuss the thermodynamic functions for the 
dissolution and adsorption processes. It was selected as 
an inhibitor based on molecular structure considerations 
because it is an organic compound with many adsorption 
centers.

2. Experimental

2.1 Materials

Carbon  s t ee l  spec imens  wi th  the  fo l lowing 
compositions (percent by weight) were used in the tests: 
0.200 C, 0.350 Mn, 0.014 P, and 0.003 S.

2.2 Inhibitors

Table 1. the molecular structure of L-proline as well as 
other data.

Structure Mol. formula Mol.wt.

C5H9NO2 115.13 g mol-1

2.3 Solutions

Analytical grade HCl (37 percent) was diluted with 
double distilled water to make 1M HCl solutions. The 
inhibitors were used at various concentrations ranging 
from 2 X10-3 to 8 X 10-3 M.

2.4 Weight Loss Measures

In a thermostatically regulated water bath, weight 
loss measurements were taken in a 100 mL glass beaker. 
The length of the answer was 50 milliliters. Oblong steel 
coupons (2 cm long, 2 cm wide, 0.2 cm thick) were used. 
Before all of the tests, the coupons were polished with 
metallographic sandpaper with an accelerated fineness of 

DOI: https://doi.org/10.30564/jmmr.v4i1.3114
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metallic corrosion [17]. Positive ∆H* values indicate that 
the steel dissolution process is endothermic. The high and 
negative values of ∆S* indicate that the active compound 
in the rate-determining phase is an interaction rather than 
a dissociation, implying that when the reactants and active 
compound are switched, the perturbation decreases [18]. 

Table 4. Effect of concentration of L-proline on the 
activation energy of carbon steel dissolution in 1 M HCl.

Conc. M
Activation parameters

Ea ٭
kJ mol -1

∆H٭
kJ mol -1

-∆S٭
J mol-1 K-1

1 M HCl3 23.60 21.20 198.9

2x10-3M 40.12 41.52 153.50

4x10-3M 47.20 45.44 141.23

6x10-3M 65.9 57.34 135.12

8x10-3M 89.12 61.96 99.65

0.00300 0.00305 0.00310 0.00315 0.00320 0.00325 0.00330 0.00335 0.00340
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Figure 2. log corrosion rate vs 1/T curves for carbon 
steel dissolution in 1M HCl in absence and presence of 

different concentrations of L-proline.
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Figure 1. Weight loss-time curves of carbon steel 
in 1 M HCl in the absence and presence of different 

concentrations of L-proline at 25◦C.

3.2 Effect of Temperature

Weight loss measurements were used to investigate the 
impact of temperature on both the corrosion rate and thus 
the inhibition efficiency of L-proline in each of 1M HCL 
within the range of 25-55°C with a 10°C increment, Table 
3 shows that increasing the temperature causes an increase 
in steel corrosion rate in both free and inhibited acid 
solutions, as well as a decrease in L-proline inhibition 
efficiency, assuming that the test compound prevents steel 
corrosion by adsorbing an inhibitor molecule, while the 
test compound desorbs at higher temperatures [13].

The apparent energy of activation (Ea*), activation 
enthalpy (∆H*), and activation entropy (∆S*) for steel 
corrosion in 1 M HCl solution were calculated using the 
Arrhenius form equation in the absence and presence of 
various concentrations of L-proline [14]:

� (2)
and transition state equation [15]:

� (3)

Where the frequency factor is (A), the Planck constant 
is (h), the Avogadro number is (N), and the universal gas 
constant is (R).

The kinetic parameters obtained from log Rate vs. 
(1 / T) (Figure 2) are mentioned in Table 4 and (1 / T) 
vs. log (Rate / T) (See Figure 3) showed that the value 
of Ea* in an inhibited solution is higher than in an 
uninhibited solution, meaning that steel dissolution is 
slow in the presence of an inhibitor, which can be clarified 
by physical adsorption [16]. Equation 2 indicates that the 
higher the Ea* value, the less the corrosion risk is. That 
is frequently way to the advent of a film at the metallic 
surface, which acts as a strength buffer in opposition to 

Table 3. Weight loss measurements for carbon steel in 1 
M HCl solution in the absence and presence of different 

L-proline concentrations at 25–55°C±1°C.

% IEθC.R., mg 
cm2min-1Temp., °CConc.

69.00.2052.6825

2x
10

-3
M 10.90.1092.8835

8.90.0893.6145
5.40.0549.6355
79.10.7260.8025

4x
10

-3
M 52.90.5292.0135

32.80.3282.8745
22.50.2257.3355
83.90.8190.5625

6x
10

-3
M 70.20.7091.9135

54.30.5431.1045
48.20.4825.3455
86.20.8730.3525

8x
10

-3
M 83.40.8341.9835

71.80.7184.8245
66.90.6694.4555

DOI: https://doi.org/10.30564/jmmr.v4i1.3114
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∆G°ads up to -20 kJ mol-1 are based on the electrostatic 
interaction between charged molecules, and thus the 
charged metal (physical adsorption). ∆G°ads less than -40 
kJ mol-1 involve the exchange or transfer of electrons 
from inhibitor molecules to the metal surface to form a 
coordinate bond (chemisorsorption) [20]. The obtained 
∆G°ads values were approximately equivalent to -59  
kJ mol-1, indicating that both electrostatic and chemisorption 
processes are involved in inhibitor molecule adsorption on 
carbon steel in 1 M HCl solution [21]. The thermodynamic 
parameters relate to the inhibitors’ decomposition (primary 
contributor) and chemical tests (secondary contributor) 
on the metal surface. Kads follows a similar pattern, with 
higher values indicating more effective absorption and, as 
a result, better inhibition efficiency [22].

Table 5. the inhibitor binding constant (Kads), free energy 
of binding (∆G°ads), and later interaction parameter (a) 

for the corrosion of carbon steel in 1 M HCl at 25°C for 
various inhibitor concentrations.

Conc. M
Temkin

a Kads x 10-8 
mol L-1 

ΔG°ads 

kJ mol-1 

2x10-3M 11.2 5.15 -58.9
4x10-3M 10.8 3.38 -57.4
6x10-3M 10.4 2.33 -55.8
8x10-3M 10.1 1.65 -53.9

Figure 4. Temkin adsorption isotherm for carbon steel 
corrosion in 1 M HCl solutions at 25oC plotted as vs log C 

of L-proline.

4. Conclusions

The main assumptions are as follows: 
(1) L-proline has a significant inhibitory impact on 

steel corrosion in 1 M HCl.
(2) As the inhibitor concentration rises, the value of 

inhibition efficiency falls, and as the temperature rises, the 
value of inhibition efficiency falls.

(3) The Temkin adsorption isotherm governs the 
adsorption of L-proline on steel.. 

0.0031 0.0032 0.0033 0.0034
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m
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-2
 m

in-1
 K

-1

1/T K-1

Figure 3. log corrosion rate/T vs 1/T curves for carbon 
steel dissolution in 1M HCl in absence and presence of 

different concentrations of L-proline.

3.3 Adsorption Isotherm Behavior 

The following equation was used to calculate the values 
of surface coverage for various inhibitor concentrations in 
1 M HCl based on weight loss measurements:

� (4)
The values of increased as the inhibitor concentration 

increased, as can be seen from the values of. Using these 
surface coverage values, different adsorption isotherms 
can be used to process the experimental results. 

It can be seen from the values of θ that the values 
of θ increased as the inhibitor concentration increased. 
Different adsorption isotherms may be used to process the 
experimental data using these surface coverage values. 
To investigate the adsorption mechanism, the adsorption 
mechanism was studied using the Temkin adsorption 
isotherm. The isotherm is defined by the equation below. 

ln KadsC= a θ� (5)
Kads is the adsorption constant, and C is the inhibitor 

concentration. The plot of θ versus log C gives linear 
relation (shown in Figure 4). The adsorption constant Kads 
are often calculated from the intercept and ΔGºads are often 
calculated from the subsequent equation: 

Kads=1/55.5exp (ΔGo
ads/RT)� (6)

Where 55.5 represents the mole/liter concentration of 
water in solution [19], T is the absolute temperature, and R 
is the universal gas constant.

The thermodynamic parameters for the adsorption 
process derived from Figure 4 are shown in Table 
5. The increased inhibition efficiency and negative 
G°ads values indicate that the investigated compound 
is strongly adsorbed on the metal’s surface, and the 
spontaneity adsorption mechanism aids in the creation 
of a stable adsorption layer on the metal’s surface. 

DOI: https://doi.org/10.30564/jmmr.v4i1.3114
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The effect of microcosmic morphologies of textured Cu surface by 
nanosecond laser on the inert wetting and reactive wetting, i.e., ethylene 
glycol/copper and tin/copper wetting systems, was studied by using 
modified sessile drop methods. To create different surface roughness, 
the microcosmic morphologies with different spacing of grooves were 
constructed by nanosecond laser. The results showed that the inert wetting 
(ethylene glycol/copper) was consistent with Wenzel model, while the 
reactive wetting results deviated from the model. In Sn/Cu reactive wetting 
system, the interfacial evolution in the early stage and the pinning of 
triple line by the precipitated η-Cu6Sn5 caused the rougher surface and the 
worse final wettability. When the scale of artificial roughness exceeded the 
roughness that was caused by interfacial reaction after reaching the quasi-
equilibrium state at interface, the final wettability could be improved.

Keywords:
Wettability
Nanosecond laser
Roughness
Soldering
Texturing

1. Introduction

The roughness of the surface could be a factor which 
influences the wettability. For the purpose of objective 
characterization with good reproducibility of results, 
the smooth surface with very limited roughness is 
required, usually, in a range of ~ 2-10 mm, the roughness 
(Ra) should be dozens of nanometers for the polished 
metallic surface, and dozens to hundreds of nanometers 
for the polished polycrystalline ceramic surface. On the 
other hand, with development of soldering and brazing 
technology, a sound joint is not just depended on the 
reaction at interface, and some uncertain failure may also 
be caused due to the brittleness of reaction products. The 
factitious microcosmic topography of surface may be a 
method to control wettability, and then the dependence of 
interfacial reaction could be alleviated.

Although the effect of roughness or surface topography 

on the wettability has been developed by Wenzel model 
since 1936 [1], some controversies are still remained in a 
reactive wetting system, especially for the reactive wetting 
at high temperatures. As described by Wenzel model, the 
apparent contact angle can be predicted as
cosθa=wrcosθY� (1)

where θa and θY are the apparent contact angle on the 
rough surface and the contact angle on the smooth ideal 
surface, and wr is the area ratio of rough surface to smooth 
surface. Theoretically, when θY is below 90o, the increased 
roughness would improve wettability, and vice versa. 
However, in the reality, the apparent contact angles are 
more or less deviated from the predicted value of Wenzel 
model. Palasantzas et al. [2] indicated that the critical 
transition angle was not 90o, and should be smaller than 
90o, and further decreases with increasing a roughness 
exponent H. Wu et al. [3] suggested that the wettability of 
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The surface of Cu substrate was firstly polished to the 
roughness (Ra, the mean deviation in contour arithmetic) 
of ~ 30-50 nm in a tested distance of 2 mm, and then, 
some substrates were selected for surface laser texturing. 
The substrates were degreased with acetone and dried by 
blowing dry air, and then textured by HY-TS20A fiber 
nanosecond laser machining. The textured morphology 
was further characterized by infinite focus optical 3D 
surface metrology (Infinite Focus G4, Alicona Imaging 
GmbH, Austria).

For the wetting of ethylene glycol/Cu, the experiments 
were performed by optical surface analyzer (OSA60, 
NBSI, China); For the wetting of Sn/Cu, because of 
oxygen partial pressure of atmosphere, the wetting 
experiments were performed under a high vacuum (~ 
3-4 × 10-4 Pa) by designed device, as described in detail 
elsewhere [12]. The improved sessile drop method was 
adopted for the study of Sn/Cu. The advantage of this 
method, especially for a metallic system, the effect of 
original oxide film can be alleviated, i.e., the substrate 
was annealed at high temperature under a high vacuum 
before wetting. In the vacuum chamber, the substrate was 
placed on the holder horizontally, and metallic block was 
stored in a stainless-steel tube outside heating zone. The 
chamber was vacuumed to a high vacuum (~5-7 × 10-4 
Pa), and then the substrate was heated to 700 oC at a rate 
of 20 oC/min, and dwelling for 10 min, finally cooled to 
the experimental temperatures. After such a treatment, the 
covered oxide film on substrate can be broken, and the 
wetting behavior would be close to the intrinsic behavior. 
As the experimental temperature was stable, the drop 
was transferred to the surface of substrate. Meanwhile 
the camera recorded the variation of the whole wetting 
process.

After wetting experiments, the profiles of drop were 
analyzed by Surface Meter Elements analysis software 
(developed by BNSI company, China) to calculate the 
contact angle and drop base radius. Selected wetting 
couples were sectioned and polished for microstructural 
observation using a scanning electron microscope (SEM, 
FEG 450, Netherlands) equipped with energy dispersive 
spectrometers (EDSs) in a spot size of ~2 mm and an 
optical microscope (OM, MEF-3, Austria) for analysis.

3. Results and Discussion

The square texture with different spaces was 
constructed by nanosecond laser. The spaces are 50 
mm, 75 mm, 85 mm and 100 mm. The typical textured 
surface of space ~ 85 mm as well as the three-dimensional 
morphology were shown in Figures 1 (a) and (b). Because 
of the texturing process by spot laser, the structure was 

the compound forming reactive wetting system would be 
worsening by a rough surface of substrate. Chen et al. [4] 
developed a theoretical model and verified the wetting 
behavior experimentally. However, the conflict with Wu’s 
viewpoint [3] was raised, as predicted by Chen at al. [4], the 
wettability in a reactive system could be promoted with 
less active addition. Also, Satyanarayan and Prabhu [5] 
found that the rough surface can improve wettability in 
the wetting of SAC solders/Cu system, which is a typical 
reactive wetting system. In the study of Al/h-BN reactive 
wetting system, Shen et al. [6] considered the different 
roughness of h-BN surface was the key factor which 
caused the reported contact angles were so scattered, 
and also showed the smoother surface and the smaller 
contact angle, i.e., the wettability would be worsen by the 
increased surface roughness. Further, Chen and Duh [7] 
also showed the wettability of solders would be degraded 
as the substrates become rough in the wetting of Sn-Bi/Cu 
system. After investigating about the wetting of sixteen 
materials combinations at room temperature and high 
temperatures with the selection of atomic liquid (metallic 
liquid) and molecular liquid (organic liquid), Hitchcock 
et al. [8] suggested wettability would be deteriorated 
by roughening a substrate whether of wetting (θY<90o) 
and non-wetting (θY>90o) system. In the study of the 
reactive wetting of Cu-Sn-Ti and Ag-Cu-Ti alloys on SiC, 
Tillmann et al. [9] showed no distinct correlation between 
roughness and wettability. Kramer et al. [10] tried to use 
Cassie-Baxter model explained the effect of microtextured 
surface topography on the wetting of In and Sn film by 
liquid Ga-In alloys, but found that the results only showed 
a good agreement prior to reactive wetting. In the reactive 
wetting of CuAgTi/alumina system, the results were 
obtained by Voytovych et al. [11], indicated that the wetting 
did not vary significantly with the roughness of the solid. 
To sum up, whether roughness of the surface would 
promote or deteriorate wettability in a reactive wetting 
system at high temperature is still ambiguous, as well as 
the factor caused divergence.

In this work, the polished Cu surface was textured by 
nanosecond laser. The liquids, ethylene glycol and pure 
Sn, were selected, which has the similar contact angles on 
Cu surface, and also the comparison between molecular 
and atomic liquids were considered. The textured Cu 
surface with different roughness was studied. The purpose 
of this work is to reveal the key factors on the wettability.

2. Experimental Procedure

The substrates of Cu were in a purity of >99.99% and 
dimension of 20 mm×20 mm×5 mm. Ethylene glycol and 
Sn with a purity of >99.9% and >99.999% were selected. 
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The results of the wetting of ethylene glycol/Cu show a 
good agreement with Wenzel model, i.e., the wettability 
can be improved definitely with the increase of roughness.

For the reactive wetting, Sn/Cu system, so many 
complex factors would cause the scattered data. The oxide 
film of the substrate and interfacial reaction are the main 
factors. As shown in Figure 3(a), the wetting behavior 
was influenced by the initial conditions, significantly. 
Without pre-heat treatment before dropping, the droplet 
was transferred when temperature was stable at 250 oC, 
the non-wetting of initial contact angle (~112o) can be 
received as well as the slow spreading velocity. As the 
substrate was first heated to 450 oC at a rate of 20 oC/min 
and isothermal dwelling for 10 min, and then cooled to 
250 oC, the initial contact angle was decreased to ~68o, 
and also the spreading was accelerated. After anneal at 
700 oC for 10 min, the effect of oxide film on the substrate 
can be relieved. The final contact angles almost do not 
depend on the anneal process, are ~ 34o, which may due 
to the high reactivity between Cu and Sn. The effect of 
surface texturing morphology, as shown in Figure 3(b), 
the textured morphology would cause a poor wettability, 
i.e., the larger initial and final contact angles comparing 
to polished one, also the spreading was slowing down. 

similar with tight stamp hole. The depth, after laser 
ablation, is in ~ 1-2 mm, which is much smaller than 
Chen’s work [4], but the spaces between two stripes are 
wider. By varying the space, the different roughness can 
be obtained, as shown in Figure 1(c). The linear variation 
of space with roughness indicates the regular controlled 
morphologies can be obtained by nanosecond lasers.

In the inert wetting system, i.e., the wetting of ethylene 
glycol/Cu system, the contact angles of ethylene glycol 
on polished Cu surface are almost invariant, are ~ 34.1o, 
as shown in Figure 2(a). With increase of roughness 
(or decrease of line spacing by ablation), the pinning of 
triple line moving is obvious. The decrease of contact 
angles becomes slow also monotonous, which always 
take several seconds until reached final contact angle. 
Based on the obtained actual morphology, the area rate in 
Equation (1), wr, can be calculated. The final contact angle 
vs. wr has a good linear relationship, as shown in Figure 
2(b). The intercept, when wr=1, the intrinsic contact 
angle for ethylene glycol on ideal smooth Cu surface 
can be deduced is ~36o. Also, the limitation of wr can be 
calculated for perfect wetting, is ~1.33. When wr is larger 
than that value, the wetting type may change from Wenzel 
model to Cassie model (heterogeneous wetting with air). 

Figure 1. Images of Cu substrate surface by nanosecond laser textured (a) 2D profile and (b) 3D profile; (c) Roughness 
as a function of space for nanosecond laser textured.

Figure 2. (a) Variations with time of the contact angle of ethylene glycol spreading on textured Cu substrate with 
different space at room temperature; (b) Final contact angle as a function of wr for ethylene glycol/textured Cu system.
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be expressed as,
r*=2ση(ε)LTe/LeΔT� (1)

where Te is the equilibrium precipitation temperature, 
680 K for η phase and 871 K for ε phase [13], Le is the 
fusion heat per unit volume (8.69×108 J/m3 for η phase 
and 8.01×108 J/m3 for ε phase [13]), ΔT is the undercooling 
of η or ε phase and ση(ε)L is the interface energy between 
precipitated phase and liquid solder (0.09214 J/m2 for σηL 
and 0.1659 J/m2 for σεL 

[14]). r* can be calculated, is ~ 0.9-1 
nm which is much smaller than the scale of laser textured 
roughness. On the other hand, for a heterogeneous 
nucleation, the micro-groove (concave interface) would 
decrease the Gibbs free energy for nucleation, and then 
increase the nucleation rate. Therefore, the micro-groove 
would be filled IMCs due to the preferred nucleation, 
and then made the interface become flat. This stage took 
place only in milliseconds [15]. Therefore, in the early 
stage, the interface with the smaller roughness is much 
easier to be smooth. The smoother surface and the lower 
thermodynamic barrier for nucleation for the initial stage, 
which induced better initial wettability.

However, the roughness caused by the precipitated phase 
may further cover up the original laser textured morphology. 
When the size or thickness of grown precipitated phase was 
over the scale of original roughness, the wettability might be 
determined by the roughness of precipitated phase (η-Cu6Sn5 

Obviously, the abnormal phenomenon is inconsistent with 
Wenzel model, as shown in Figure 3(c). The rougher the 
surface caused the poor wettability in the Sn/Cu reactive 
wetting system. 

The cross-sectional microstructures of the interface were 
shown in Figure 4. The typical continuous bilayer structures 
can be observed. Based on the EDS results, Cu3Sn layer is 
the layer contacted with Cu, and Cu6Sn5 layer is the layer 
contacted with liquid. The textured morphology cannot be 
distinguished in all structures. As be mentioned above, the 
textured micro-groove in a depth only ~ 1-2 m, which can be 
easily covered up during reaction. 

The deviation from Wenzel model should also be 
related to the interfacial reaction. Chen et al [4]. proposed 
a model, for the “non-composite surface” case (Sn-based 
solder/Cu case), the variation of total energy can be 
expressed as the increased area of interface multiply the 
interfacial tension. However, the model is suitable only for 
inert system. As a reactive wetting system, the interfacial 
area is varying during reaction as well as interfacial 
tension. The first stage of the reaction at interface is 
the dissolution, i.e., the dissolution of Cu into liquid. 
The laser textured micro-grooves would become flat by 
dissolution due to the sharp-angled effect, meanwhile, the 
precipitation of reaction product (IMCs) would further 
cause the interface become flat. The critical nucleation 
radius r* of the precipitation of η-Cu6Sn5 or ε-Cu3Sn can 

Figure 3. Variations with time of the contact angle of Sn droplet spreading on Cu substrate (a)with different pre-heat 
treatment temperature and (b)with different space at 250℃ ; (c) Initial contact angle and final contact angle as a function 

of wr for Sn/textured Cu system.

Figure 4. Cross section micro topography of wetting Sn drop on Cu substrate with difference space: (a) 100 mm; (b) 85 
mm; (c) 75 mm; (d) 50mm.
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of laser textured Cu surface by ethylene glycol and tin, 
as the inert and reactive wetting systems. The obtained 
results indicated that the inert wetting system had a good 
agreement with Wenzel model. However, in a reactive 
wetting system, the rougher surface caused the worse 
wettability, which is inconsistent with Wenzel model. 
In the early stage of Sn/Cu system, the fast nucleation 
process and the small nucleation radius at interface would 
make the interface smooth. Therefore, the smoother 
surface and the better initial wettability can be correlated. 
When the scale of artificial roughness exceeded the 
roughness that was caused by interfacial reaction after 
reaching the quasi-equilibrium state at interface, the final 
wettability may be improved by texturing process before 
wetting. The enhanced mass transfer reaction in the laser 
ablation zone under the capillary force at the triple line 
would prompt the growth of IMCs to the perpendicular 
direction, and then pin of triple line. Therefore, the 
rougher surface and the worse final wettability can be 
correlated.
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This paper deals with the formulation of ceramic filters having the porosity 
adapted to domestic potable water treatment. The filters were made from 
clays and rice husk obtained from the Far North region of Cameroon 
(Logone Valley). Nine formulations were investigated to choose those that 
might have the porosity standing between 35 and 50% (the ideal porosity 
adapted for water treatment). The nine formulations investigated were as 
follows: clay:rice husk mixture weight ratio 0.7:0.3; 0.8:0.2 and 0.9:0.1 
with the particle size of 100:100 microns. The sintering temperatures of 900 
°C, 950 °C and 1000 °C were applied for each of the mixtures. The results 
showed that only filters with weight ratio 0.7:0.3 sintered at 900 °C, 950 °C 
and 1000 °C had porosity between 35 and 50% with values of 39.41±0.96; 
40.15±1.59; 40.14±1.31 respectively. Mechanical strength, permeability 
and iron leaching behavior were investigated for these three formulations. 
The formulation 0.7:0.3 with sintering temperature of 1000 °C had the 
higher permeability and was the more stable for iron leaching so it is the 
more adapted for water treatment in terms of flow rate and iron leaching 
behavior, pore size distribution showed that these filters were macroporous 
and designed for microfiltration with average pore diameter of 0.46 µm.

Keywords:
Ceramic filter
Porosity
Permeability
Iron leaching
Soukamna

1. Introduction

Ceramic filters for water filtration is one of the alternative 
techniques for treatment of drinking water [2]. They are made 
of clay and porogen. Ceramic water filtration is the process 
of passing water through a porous ceramic material. It is a 
promising way to reduce the burden of water-borne diseases; 
it is affordable in terms of cost and made from local resources 
[3]. It has been shown that ceramic filters can reduce turbidity 
[1] and microorganism from water [3]. However, any ceramic 
filter intended to treat domestic water must have a minimal 
flow rate of 1 L/h [4]. To get this flow rate the porosity of the 
filters should be between 35 and 50% [1], this porosity will 

ensure a high flow rate and an efficiency against microbial 
pollutant [3]. Previous works have shown that filters based on 
clays of the Far North region of Cameroon can leach iron on 
the filtrate. Many parameters could influence the porosity and 
the leaching behavior of a ceramic filter such as the sintering 
temperature and the percentage of porogen. Determine the 
best formulation that ensures the ideal porosity and the lower 
leaching behavior is therefore a crucial task for a clay-rice 
husk mixture. 

In this research, ceramic filters based on materials from 
Far North region of Cameroon (clay and rice husk) were 
formulated. Study of the effect of weight ratio (clay and 
rice husks) and sintering temperature on porosity of the 
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weighting the ceramic body before and after sintering 
in order to evaluate the influence of ratio and sintering 
temperature on ceramic filters lost in weight. The ceramic 
body (before sintering) was weighted and the weight (M1) 
was recorded. After sintering the ceramic filters obtained 
were weighted and the weight (M2) was recorded. Then 
lost in weight (in percentage) was calculated using the 
following formula:

� (1) 

The apparent porosity (amount of voids or pores within 
a volume of porous material) was measured according to 
the Archimedes method (using water as immersion fluid) [5] 
as follow: the ceramic filters were weighted and the weight 
(W1) was recorded. They were then immersed in a beaker of 
water. Bubbles were observed as the pores in the filters were 
filled with water. Their soaked weights were measured and 
recorded. The filters were lightly wiped with a moistened 
smooth cotton cloth to remove all excess water from the 
surface, and the saturated weight (W2) was recorded. The 
porosity was then calculated using the following formula:

� (2)

Mechanical strength of the filters was measured using 
the compression method [6]. The filters were clamped 
with 2 pieces of tests grippers and a stretching force was 
applied until the filters rupture, the maximum load and 
elastic modulus were recorded by a dynamometer. The 
mechanical strength was then obtained by the following 
formula:  

� (3)

Where MS is the mechanical strength (MPa), F is the 
minimal force that cause the filter rupture and S is the 
surface area of the filter.

The permeability and leaching tests were done using 
distilled water as water to filtrate. Each ceramic water 
filter was filled with distilled water and allowed to filter 
until they are emptied; this was done for a consecutive 10 
h (during 10 days). Each time the filters are emptied, the 
time required and the volume of filtrate were recorded. 
The flow rate was then obtained by dividing the volume 
obtained by the time necessary to empty the filter. The 
flow rate of a day was the mean of each run for this 
day. The determination of Iron released in solution was 
done using a colorimetric method (Molecular absorption 
spectrometer) with a UV-Visible spectrophotometer 
(spectroquant Pharo 100 M). The Iron content of the 
filtrate for a day was the mean of each run for this day. 
The pore size distribution was determined by mercury 
intrusion porosimetry. The analysis was performed on a 

filters was done. This was done to choose the formulation 
(weight ratio and sintering temperature) that gives the 
porosity between 35 and 50%. Then the study of the effect 
of temperature on mechanical strength, permeability and 
iron leaching behavior of the having porosity between 
35 and 50% was done. Finally, pore size distribution 
was investigated on the formulation with the higher 
permeability and the lower iron leaching behavior.

2. Experimental

2.1 Sampling of Raw Materials

Clay material was collected at a mining site located at 
Soukamna (Far North region of Cameroon) altitude 321 m, 
latitude 10.34716°N and longitude 15.26525°E. Rice husks 
were collected at Yagoua (Far North region of Cameroon) 
market. After collected, the clay and rice husks were stored 
and dried at room temperature in the laboratory. The clay was 
grind using an artisanal (made of wood) mortar while the rice 
husk was grind using a grinding mill (farmer mill used to grind 
corn). The clay and rice husk were sieved through a 100 μm sieve.

2.2 Ceramic Body Preparation 

Sieved clay and rice husk were then mixed at different 
ratios 0.7:0.3, 0.8:0.2 and 0.9:0.1 (by weight) followed 
by making dough by adding water. This leads to what is 
called “ceramic paste”. We evaluated the influence of rice 
husks on the viscosity of Soukamna clay and the influence 
of time on ceramic paste viscosity. 

The ceramic paste was then cast in a cylindrical-shaped 
mold to make the filter. The resulting ceramic filters were 
cylindrical in shape, hollow with one side open, and had  
a height of 5,9 cm and a thickness of 5 mm. The samples 
were then air dried in the laboratory (temperature of 25 °C) 
for 2 days after which they were further dried at 105 °C in 
an electric oven (Crouzet, France) for 24h (to make the 
samples safer and to remove excess moisture). Afterwards 
the samples were sintered in a muffle furnace (Nabertherm, 
Germany) at 3 different temperatures (900, 950 and 1000°C) 
for 8 hours in 2 steps; firstly, sintering temperature was set 
up at 500 °C at a rate of 5 °C/min and held for 2 h so that all 
the pore former would be burned off. Secondly, the sintering 
temperature was increased up to one of the 3-desired final 
sintering temperatures (900, 950 and 1000 °C) at a rate of 
10 °C/min and held for 2 h. Then the muffle furnace was 
cooled down gradually to temperature below 100 °C before 
removing the ceramic filters.

2.3 Ceramic Filters Characterization 

Lost in weight of ceramic filters was evaluated by 
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with other ratios, it can be seen that lost in weight 
percentage of ceramic filters raises with temperature. 
This is due to the development of vitreous phase in these 
cases [9]. This phenomenon is explained by the fact that 
raising temperature leads to the move of pores from center 
towards the surface [10]. Table 1 also shows that lost in 
weight drops when clay content in the paste raises. This is 
in accordance with the results of [11] and confirm that rice 
husks in the paste lead to a compaction of the ceramics.

Table 1. Lost in weight percentage of ceramic filters

% argile 900 °C 950 °C 1000 °C

70 46.09 ± 0.85 45.80 ± 0.67 47.97 ± 0.30

80 36.49 ± 0.08 39.99 ± 0.02 42.44 ± 0.28

90 30.21 ± 1.55 33.16 ± 0.71 35.31 ± 0.12

Apparent porosity
As shown in Table 1, the temperature did not influence 

the porosity of the filters. However, the percentage of 
rice husks did. The fact that sintering temperature did 
not affect the porosity values could be because all the 
three temperatures studied are on the solid phase of the 
heat treatment since only liquid phase is the one that 
is responsible of porosity reduction [11,12]. Meanwhile 
porosity increases with porogen. This table also showed 
that only filters of 70:30 at the three sintering temperatures 
had the target porosity. So, this weight ratio was used for 
the remaining work.

Table 2. Apparent porosity values of filters in function of 
sintering temperature and clay content

Clay (%) 900°C 950°C 1000°C

70 39.41 ± 0.96 40.15 ± 1.59 40.14 ± 1.31

80 30.15 ± 0.01 29.34 ± 0.02 28.54 ± 0.34

90 18.65 ± 0.19 21.32 ± 0.08 20.89 ± 1.74

Mechanical strength 
Table 2 shows the influence of sintering temperature 

on the mechanical strength of the filters. It was observed 
that the mechanical strength remained constant with 
the increasing of sintering temperature. This result is in 
harmony with the results of porosity that showed that the 
porosity of these three formulations was almost the same. 
In fact, mechanical strength of a ceramic drops when 
porosity increases [13,14].

Table 3. Mechanical strength of the filters

Clay (%) 900°C
(MPa)

950°C
(MPa)

1000°C
(MPa)

70 0.21 ± 0.03 0.22 ± 0.01 0.23 ± 0.02

Permeability
Figure 2 shows the permeate flux of the ceramic filters. 

porosimeter AutoPore IV 9500 V1.

3. Results and Discussion

3.1 Influence of Rice Husks and Time on Ceramic 
Paste Viscosity	

As shown in Figure 1, it can be seen that clay alone 
(100% clay content in ceramic paste) has the highest 
viscosity (regardless of time) compared to ceramic paste 
that contains the rice husks. It is observed a decrease of 
58%, 48%, 83%; 60%, 45%, 86% and 67%, 52%, 82% 
respectively for a clay content of 90%, 80% and 70% 
and for the times 60s, 120s and 180s. This observation 
suggests that addition of rice husks has the effect of 
destroying the three-dimensional structure of clay [7] and 
increasing the interaction forces (Van Der Waals forces in 
particular) between particles which promote the formation 
of flocs and aggregates and therefore the decrease of 
viscosity [8], indeed, it is the three-dimensional structure 
of clay that is responsible for the viscosity of a clay. 
However, it is noticed that viscosity for the ratio 80:20 is 
higher than that of the ratio 90:10; this suggests that when 
the amount of clay is 80 the amount of silica supplied is 
such that the water absorption capacity decreases. The 
ratio 70:30 has the advantage of having a viscosity which 
does not vary with time and whose value (4 PaS) is closest 
to those accepted in the ceramic industry (0.2-0.4 PaS) [8].2D Graph 2

Time (s)

40 60 80 100 120 140 160 180 200

vis
co

sit
y

 (p
a.

s)

0

10

20

30

40

50

70%
80%
90%
100%

Figure 1. Ceramic paste viscosity

3.2 Ceramic Filters Characteristics

Lost in weight
As shown in Table 1, the temperature did not influence 

lost in weight of the ceramic filters made with ratio 70:30. 
This suggests that it is from 30% to above of rice husks 
content in the paste that rice husks stop to have an effect 
on clay behavior with sintering temperature. Meanwhile, 
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it was observed that iron content in the filtrate from filters 
sintered at 900°C was higher (0.111 ± 0.025mg/L) than 
the one from filters sintered at 950 °C (0.088 ± 0.012 mg/
L). This could be because at 950 °C the Iron is in form of 
Hematite (Fe2O3) that is more stable than magnetite (Fe3O4) 
present at 900 °C [16]. From Figure 4 it was observed that 
filters sintered at 900 °C were the less stable with the 
higher cumulative iron content. The cumulative data for 
sintering temperature of 1000°C and 950°C are around the 
same. This meaning that the level of iron crystallization is 
almost the same for these two temperatures [17].

Due to the higher permeability lowest cumulative iron 
content on the filtrate, the sintering temperature of 1000 
°C was definitely chosen like the adequate temperature for 
producing ceramic filters. Pore diameter distribution was 
then investigated for filters sintered at 1000 °C.

Pore diameter distribution
Figure 5 shows the pore size distribution for the 

ceramic filters. This shows the plot of the derivative of 
the cumulative curves, dV/d, versus the pore diameter of 

The result showed that the filters sintered at 1000 °C had 
the higher permeate flux. This could be because pores 
diameter and pores density increase with temperature 
[15]. So in this case filters sintered at 1000 °C, filters 
should have higher diameter pores size and the higher 
permeability.

Iron leaching behavior
Figure 3 and 4 show the evolution of iron content (mg/

L) per day and the evolution of cumulative iron content 
(mg/L) for the filtrate for 10 days trial respectively. 
Figure 3 shows that the iron content of the filtrate did 
not exceed 0.3 mg/L which is the maximum tolerable for 
potable water. Iron leaching is due to the hydroxylation 
of iron oxides present in the filter matrix when this latter 
is in aqueous solution [16]. It was observed that for the 
first day the higher value (0.133 ± 0.004 mg/L) of Iron 
content was filtrate of filters sintered at 1000 °C; this is 
because clay used in this work is non-calcareous clay. 
In this type of clay amount of iron oxides increases with 
temperature starting from 700 °C to 1080 °C. Meanwhile 

Figure 2. Permeate flux of the ceramics filters

Figure 3. Iron content of the filtrate per day
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appearance of a broad peak in this pore diameter range. 
The summit of this peak (7.12 µm) suggests that pores 
with this diameter occupy the maximum volume of 
the filter’s matrix. Since average pore diameter is 0.46 
µm these filters are macroporous [19] and designed for 

the studied ceramic filters. The dV/d function is widely 
used for determination of diameter, which occurs in 
the penetration of the maximal mercury [18]. This figure 
shows that there is a predominant presence of pores 
with diameters of 0.02 to 21.2 µm, illustrated by the 

Figure 4. Cumulative Iron content of the filtrate per day

Figure 5. Pore diameter distribution of filters
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C. A. França. Studies of Kaolin Rheology [C]. IX JA-
TRAMI, San Juan, Argentina, 2008, 2-11.

[8]	Ayadi Afef Jmal, Soro Julien, Kamoun Amel et 
Baklouti Samir. Study Of Clay’s Mineralogy Effect On 
Rheological Behavior Of Ceramic Suspensions Using 
An Experimental Design [C]. International Journal of 
Research and Reviews in Applied sciences, 14, 2, 374-
384.

[9]	Zghal H. Baccour, Medhioub M. et Mhiri T. Caractéri-
sation physicochimique et mécanique de matériaux 
céramiques obtenus à partir des argiles Tunisiennes [C]. 
Verres, Céramiques & Composites, 1, 2, 25-33.

[10]	Nasir Nurulfazielah, Ridhwan Jumaidin, Mohd Zu-
lkefli Selamat, Suhaila Salleh et Kok-Tee Lau. Effect 
of Different Types of Pore-Forming Agent on the 
Macro Pore Size of Ceramic [C]. Applied Mechanics 
and Materials, 761, 380-384.

[11]	Al Zubaidy R.Z., Al-Khafaji M.S. and Al-Saadi 
R.J.M. Compatibility between Hydraulic and Me-
chanical Properties of Ceramic Water Filters [C]. 
Journal of Engineering, 23, 147-167.

[12]	Dabare L. and Svinka R. Characterization of Porous 
Ceramic Pellets from Latvian Clays [C]. Chemija, 
25, 82-88. 
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microfiltration.

Table 4. Intrusion data summary

Total Intrusion Volume 0.4168 mL/g

Median Pore Diameter (Volume) 3.8253 µm

Median Pore Diameter (Area) 0.0592 µm

Average Pore Diameter (4V/A) 0.4592 µm

Bulk Density at 0.53 psia 1.3384 g/mL

Apparent (skeletal) Density 3.0270 g/mL

Stem Volume Used 66 %

Porosity 55.7838 %

4. Conclusions

The characterization of ceramic filters showed that 
to obtain apparent porosity between 35 and 50% the 
adequate mixture clay:porogen is 70:30 in weight. The 
results also showed that temperature does not influence 
porosity because the three temperatures studied are all 
in the solid phase of heating treatment. Temperature 
of 1000 °C led to the higher permeability due to the 
increasing of pore diameter and to the lower iron leaching 
due to crystallisation of iron with temperature. Pore size 
distribution on these filters showed that majority of pores 
has diameter between 0.02 and 21.2 µm and are designed 
for microfiltration. So that they are able to retain pollutant 
such as suspended matter that causes turbidity of water. 
Anyway further research should be done to evaluate the 
performance of these filters to reduce turbidity. 
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Micro-sized copper powder (99.95%; O≤0.3) has been shock-processed 
with explosives of high detonation velocities of the order of 7.5 km/s to 
observe the structural and microstructural sub-strengthening. Axisymmetric 
shock-consolidation technique has been used to obtain conglomerates of 
granular Cu. The technique involves the cylindrical compaction system 
wherein the explosive-charge is in direct proximity with the powder whereas 
the other uses indirect shock pressure with die-plunger geometry. Numeric 
simulations have been performed on with Eulerian code dynamics. The 
simulated results show a good agreement with the experimental observation 
of detonation parameters like detonation velocity, pressure, particle velocity 
and shock pressure in the reactive media. A pin contactor method has been 
utilized to calculate the detonation pressure experimentally. Wide angled 
x-ray diffraction studies reveal that the crystalline structure (FCC) of the 
shocked specimen matches with the un-shocked specimen. Field emissive 
scanning electron microscopic examination of the compacted specimens 
show a good sub-structural strengthening and complement the theoretical 
considerations. Laser diffraction based particle size analyzer also points 
towards the reduced particle size of the shock-processed specimen under 
high detonation velocities. Micro-hardness tests conducted under variable 
loads of 0.1 kg, 0.05 kg and 0.025 kg force with diamond indenter optical 
micrographs indicate a high order of micro-hardness of the order of 159 Hv. 
Nitrogen pycnometry used for the density measurement of the compacts 
shows that a compacted density of the order of 99.3% theoretical mean 
density has been achieved.

Keywords:
Shock waves
Wide angle x-ray diffraction
Microstructure
FE-SEM
Laser diffraction
Microhardness

1. Introduction

In the prevailing atmosphere of worldwide militarization 
and an age of nuclear engineering, the use of light sustainable 
metals is increasing due to their high ductility, malleability 
and high temperature or corrosion resistant properties. An 
excellent thermal and electrical conductivity with intrinsic 
strength of formability, ductility and corrosion/fatigue 

resistance make non-magnetic copper components a premier 
choice in the aerospace industries [1-5]. The solidification of 
commercially available or chemically/physically synthesized 
Cu powder involves hydraulic or isostatic processing, metal 
injection molding or sintering. Distinctive challenges arising 
on the solidification/ compaction of powders are due to 
deterioration of fine grained structure as well as formation 
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of undesired phases in the crystal structure that may result 
into weak sub-structural strengthening and poor mechanical 
properties. These powder metallurgical processes due to the 
high capital investment and extended operating period do not 
provide satisfactory microstructural sub-strengthening [6-9]. 

Rapid solidification by explosives is gaining a 
particular importance in the field of materials science 
and powder metallurgy wherein the destructive force 
is channelized for constructive roles. Explosives have 
number of novel applications in agriculture, forestry, 
civil engineering, drilling, cutting, welding, cladding and 
forming of metals, powder metallurgy and manufacturing 
industries in high temperature and pressure regime. The 
explosively generated shock wave compaction is quite 
advantageous due to its controlled detonation pressure that 
directly transmits shock waves to the powdered materials. 
Compaction of materials by shock waves utilizes the 
extremely rapid and intense deposition of energy at the 
particle surfaces; causes shape deformation and thereby 
produce inter-particle bonding and keep the compacts 
homogeneous throughout as well. The high pressure 
pulse acts only for microsecond offers no opportunity 
for the grain-growth or formation of undesired phases. 
The high pressure is accompanied by high temperature 
which melts the particle surface and is responsible for 
solid state diffusional bonding of the particles whereas 
the high cooling rates of the order of ~105 K/s does not 
allow the material to melt [10,11]. Therefore, this type of 
rapid solidification retains the original crystalline and 
microstructure of the compacts. The basic problem while 
working with explosive compaction of metals and alloys 
is the controlled detonation pressure. To avoid rigorous 
repetition of field trials for optimization of shock wave 
parameters, a well coupled Computer simulations by 
using ANSYS software AUTO DYNE-2D in Eulerian 
mesh has been performed before carrying out the actual 
experiments.

This paper presents the computer simulation studies 
and experimental verification of shock consolidated 
granular copper powder. The crystal structure and the 
corresponding microstructure before and after shock 
compaction has been studied and correlated with the 
theoretical aspects of shock consolidation phenomena. 
The computational results are in upright agreement with 
the experimental outcome. 

2. Experimental 

The experimental method involves a cylindrical 
compaction system in which powder container ampule is 
surrounded by a Perspex pipe and the space in-between is 
tapped gently with high energetic explosive. The ampule 

is made of mild steel to withstand with shape deformation 
with a conical top and plane bottom plugs. The plugs 
are fabricated with annular grooves so that during rapid 
solidification process the material may flow into those 
grooves and thus making a single conglomerate [12,13]. 
An electric detonator is placed on the top center of the 
explosive loaded assembly which is further connected to 
a generator capacitor exploder to initiate the detonation 
reaction. A pin contactor technique is employed to 
measure the detonation velocity of the explosive in 
the reactive media. A series of electrical pins is placed 
through drilled holes on the bottom half of the assembly at 
various depths which served to determine the arrival time 
of shock wave as it passes through these electrical pins. 
The output of these pins is connected to the digital storage 
oscilloscope where the electrical signal is converted to the 
voltage pulses by a pulser and the arrival time of shock 
wave can be determined. Knowing the arrival time and 
distance between the pins, detonation velocity can be 
calculated by the following relation:

And the corresponding particle velocity can be 
calculated by

Where,  is density of explosive used and is adiabatic 
exponent of CJ-point with a value of 3 in present 
case. Upon reaction initiation, a detonation wave on 
interaction with explosive process a shock wave which 
traverses down to the explosive column and a rarefaction 
wave produces a side on pressure thus collectively an 
axisymmetric shock pressure consolidates the powder 
material. 

Figure 1. Axisymmetric cylindrical compaction system 
with explosive in close proximity with Cu.
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Figure 2. modeling for shock-consolidation set-up with 
gauge points.

3. Results and Discussion

3.1 Simulated and Experimental Determination 
of Detonation Velocity

The shock pressures are predicted at the core and also 
at radial distances of 3 mm and 5 mm of the powder 
compact including the compaction ampoule. By proper 
selection of the Eulerian simulation parameters, the 
modeling of air, copper powder and explosive has been 
employed to calculate shock pressures with the theoretical 
values. The granular copper powder, weighing 12.25 g 
with average particle size of 22 micron, has been filled 
manually into ampoule by tapping to a density of 4.6 g/cc. 
The filled ampoule is placed centrally inside the outer tube 
made of aluminum alloy. A plastic explosive, weighing 
0.277 Kg has been filled into the annular space between 
ampoule and outer tube to a density of 1.5 g/cc. 

Figure 3 depicts the simulated detonation pressure 
profile as the shock wave approaches the gauge points 
whereas output pulse record obtained by pin contactor 
method provides arrival time of shock wave as it 
approaches the electrical pins. The distance at which 
these pins were inserted into the perspex pipe is known 
already. Hence, velocity of detonation can be calculated. 
The experimental average value of detonation velocity is 
found to be 7.5 km/s which correspond to the detonation 
pressure of the order of 18.38 GPa. On the other hand 
simulated detonation pressure is of the order of 17.1 GPa 
with a net dispersion of 6.9%. 

The shock pressures are predicted at the core of the 
powder compact including the compaction ampoule. 
The shock pressure at the core has been calculated as 
41.3 GPa, wherein ρ = 8.5 g/cc, us = 4.744 km/s and up = 

The recovered specimen is machined for crystal 
structure, microstructural features and microhardness. 
Wide angle X-ray Diffraction using X´PERT X-ray 
detector with step time of 1.0s and step size of 0.02 
(o2θ) operating at 40KV over the angle range 30 to 80o. 
The initial powder morphology was examined by using 
SEM JEOL JSM operating at 25 kV and a pressure of 
10-5 torr. The microstructural study from the fractured 
pats of the specimen was observed by FE-SEM at high 
magnification. The microhardness of the compacted 
specimen was determined by Lieca microhardness tester 
with indent load of 50 gf and 100 gf loads. The particle 
sizes were measured by using small angle laser light 
scattering method whereas the density of the final product 
was measured by using nitrogen pycnometry.

The shock parameters have been computed by non-
linear transient numeric simulation using an Eulerian code 
in AUTODYN 2D workbench. The equation of state for 
the powder and distended materials is governed by the 
Mie-Grüneisen relation:
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Where, P is the Shock -pressure, oρ is initial tapped 
density, s is fitting parameter obtained by the slope of  
curve (shock velocity–particle velocity curve) and Γ  is 
Mie Grüneisen parameter with a value of 2 for Cu [14,15]. 
The solution is obtained by modeling the consolidation 
experiment in 2d axisymmetric configuration. The 
explosive has been modeled by assuming that on 
detonation, the propagating detonation wave transfers its 
energy to the surrounding material at the reference density 
of 1.5 g/cc. The solution of the full set of equations is 
obtained numerically by using Eulerian space referential. 
In order to produce infinite boundary conditions, the 
material flow out and pressure transmission conditions 
have been applied to the Eulerian space. In order to 
observe the shock pressure variation with respect to 
distance from the core, the sensing probes has been placed 
at the core and also at radial distances of 3mm and 5mm 
of the powder compact including the compaction ampoule. 
For the initiation of detonation, the point detonation has 
been chosen and applied at the top of the set-up as shown 
in Figure 2.
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Figure 3. Simulated detonation pressure profile and output pulse record obtained by pin contactor.

DOI: https://doi.org/10.30564/jmmr.v4i1.3631

1.024 km/s. The simulated shock pressure profile at core 
is shown in Figure4, which stipulates a peak pressure 
of 38.7 GPa. The dispersion between the simulated and 
theoretically calculated values of peak pressure is 6%.

3.2 Crystal Phase Determination 

Figure 5 is wide angle x-ray diffraction (WAXD) 
pattern of the un-shocked initial and shocked specimen. 
Peak positions clearly be identified and corresponds to 
FCC structure for both the specimens. No other peak 
can be detected in the WAXD pattern is a suggestive of 
absence of undesired phases in the shocked specimen. 
This means that the compacts have retained their 
crystalline structure intact. A little noise in the shocked 
specimen as compared to the un-shocked specimen can 
be attributed to the partial amorphization which actually 
is due to the re-solidified melted regions across the 
interparticle boundaries and is responsible for the solid-
state diffusional bonding between the particles. Another 
specific feature evident from the WAXD pattern is the 
peak broadening of the shocked specimen which indicates 
particle size reduction and complements the theoretical 
considerations. Under the high pressure of the order 
of 41.3 GPa the particles undergo plastic deformation 
mechanism which reduces the particle size [16]. 

3.3 Microstructural Analysis

Figure 6 (a) represents initial powder morphology 
of the granular smooth fine orange-red colored copper 
particles with fernlike structure. Few small satellite 

particles can be seen to attach with large particles with a 
well-defined dendritic structure. The average particle size 
as suggested by micrographs is observed to be about 30 
μm which matches with the average size taken from the 
laser diffraction based scattering experiment. A guassian 
distribution of the particles corresponds to avergae mean 
diameter of 22 μm as shown in Figure 6. The fractured 
morphology of the consolidated specimen taken from 
the inner core where the pressure was intense, is shown 
in Figure 6(b). One feature is quite prevalent that the 
original dendritic structure of the specimen has remained 
intact and can be observed without any deformation. 
The particles are joined together via plastic deformations 
which is in agreement with the theoretical prediction. The 
interparticle melted regions get re-solidified under high 
cooling rates of the order of 105 K/s thus maintaining the 
original microstrucutre [17,18]. This behaviour is a clear 
evidence that micro-structural sub-strenghtening has been 
achieved in this process with specified conditions.

3.4 Microhardness and Density Measurements

The microhardness of the consolidated specimen has 
been tested with diamond indent loads of 0.1 kg, 0.05 kg 
and 0.025 kg force. Figure 7 (a) is an optical micrograph 
of the polished surface of the consolidated copper which 
appears to have smooth finishing and good uniformity. 
Figure 7(b) is the optical micrograph with indent loads. 
It can be discerned from the micrograph that the indent 
loads have been withheld well by the surface of specimen 
and no cracking or deformation can be seen. The larger 
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Figure 4. snapshot of the shock wave pressure profile as it traverses down to the explosive consolidation system

Figure 5. WAXD pattern of un-shocked and shocked granular Cu.
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4. Conclusions
A good sub-structural strengthening for granular 

Cu has been achieved by using explosively generated 
shock waves corresponding to a detonation pressure of 
the order of 18.38 GPa and shock pressure of 41.3 GPa. 
The computational results obtained by simulations in 
AUTODYN -2d software in Eulerian mesh proved to be 
an excellent pre-determination of the shock parameters as 
the results are in close agreement with the experimental 
outcome with a dispersion of 6% only. The crystalline 
structure of the consolidated specimen matches exactly 
with that of initial specimen without indication of any 
other phases as revealed by wide angle x-ray diffraction 
studies. The original dendritic structure remained intact 
under the shock wave loading without serious melting 
as conferred by the microstructural studies. An elevated 
microhardness value of the order of 159 Hv complements 
the sub-structural strengthening observed by the FE-
SEM. Under the controlled conditions of input parameters 
the specimen can be consolidated close to the theoretical 

pyramid indent is for 0.1 kg force whereas the smallest 
is for 0.025 kg force. The density of the final product is 
measured by nitrogen pycnometry corresponds to a value 
of 99.3% of the theoretical mean density of Cu.

The observed data with Vicker’s microhardness values as 
per ASTM standard E-92 is shown in Table 1 as follows:

Table 1. Microhardness record obtained under various 
diamond pyramid indent loads.

Average Maximum Minimum Std. Deviation

154 HV 0.025 154 HV 0.025 154 HV 0.025 0.0

157 HV 0.05 159 HV 0.05 155 HV 0.05 2.19

136 HV 0.1 136 HV 0.1 135 HV 0.1 0.62

Figure 6. (a) Initial powder morphology showing the 
dendritic structure; (b) Microstructure from the fractured 
part of the consolidated specimen showing well bonded 

structure with intact dendritic structure.

Figure 7. Optical micrographs showing diamond indenters 
at variable loads.
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Silver nanofluid was prepared by bio-reduction reaction between orange 
peels extracts (OPE) and silver nitrate and characterized by spectroscopic 
and microscopic techniques. Colloidal nanoparticles of sizes between 40 
– 50 nm and spherical shape were obtained. The nanofluid was applied 
as anticorrosion additive to inhibit corrosion of X80 steel in simulated 
oilfield scale dissolver solution (1.0 M HCl) at various temperatures. 
The nanofluid (OPE-AgNPs) was 98.9 % and 84.3 % efficient at 30 ºC 
and 60 oC respectively as determined by weight loss measurement. In 
comparison with OPE, OPE-AgNPs shows better corrosion inhibition and 
higher resistance to thermal degradation. Some kinetic and thermodynamic 
models were used to characterize the inhibition process. OPE-AgNPs 
could be optimized and used as alternative anticorrosion additive for scale 
dissolution liquor in the industry.
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1. Introduction

Scales are mineral deposits often accumulated 
downhole, on topsides or on export terminals during 
petroleum production. They plug the pipework or 
permeable reservior and cause flow problems. They also 
contaminate the produced fluid. Operators will be forced 
into relentless and costly effort to keep the pathway 
clear to maximize production. This is often achieved 
through descaling or acid wash operations to remove or 
decommission scales. The solution used for this procedure 
is often called scale dissolver and is composed mainly of 
hydrochloric acid of concentration about 1 M [1,2]. 

Being acidic in nature, scale dissolvers could create 
additional problems – corrosive attack on steel materials. 
Therefore, it is crucial to add corrosion inhibitors to the 
solution to retard the rate at which the dissolver corrodes 
the steel surface while maintaining the dissolver in the 

desired activity. A wide variety of corrosion inhibitors 
(ranging from organic to inorganic, to organometallic 
compounds) are available for this purpose [3,4]. However, 
the corrosion inhibitor (CI) needs to be cheap and 
environmentally friendly, which makes plant extracts to 
attract tremendous research attention as potential material 
for use as corrosion inhibitor.

Plant extracts are cheap, readily available and non-
toxic. However, plant extracts are easily degraded by heat 
and biochemical agents. In addition, it is difficult to store 
extract-based CIs for a long time as it will biodegrade 
[3]. Therefore, the need to chemically transform plant 
extracts into new materials that will not be easily 
degraded thermally or biochemically, and will exhibit 
improved inhibition efficiency and longer storage time 
becomes crucial. In this work, we report the efficiency 
of a nanofluid obtained by modification of plant biomass 
extract with silver nanoparticles as a new alternative 
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Aldrich) stock and used to simulate scale dissolver. 
X80 steel coupons of composition: (wt. %) C (0.17), P 
(0.015), Ti (0.015), Si (0.38), S (0.002), Mn (1.25), Mo 
(0.20), Nb (0.04), Fe (bal), were used as test specimens 
in experiments. Specimens were initially immersed in 
absolute ethanol to remove lubricants, then polished with 
silicon carbide abrasives various grits until mirror finish 
was reached. Polished specimens were again cleaned 
in ethanol, washed in acetone for easy air-drying, then 
weighed. 

Different weights of the nano-powder were measured 
and used to prepare three different concentrations 
(0.10 g/L, 0.30 g/L and 0.50 g/L) in 1.0 M HCl. The 
immersion approach was deployed to carry out weight 
loss experiments with the X80 steel coupons (dimension 
= 2 cm x 2 cm) fully suspended in the 1.0 M HCl (blank) 
and inhibited (containing the nano-powder) solutions at 
30, 40, 50 and 60 oC maintained in water bath [3]. After 24 
h of immersion, each coupon was retrieved and cleaned 
following then ASTM standard procedures (ASTM G1-
90) [5], then reweighed. This was repeated for all test 
solutions in triplicates and the mean weight loss was 
determined which was used to computate corrosion rate 
and inhibition efficiency based on Equation 1 and 2 
respectively. 

� (1)

� (2)

where the parameters , A, , and  represent 
mean weight loss, surface area of coupon (cm2), 
immersion time (h), density of iron (gcm-3), and corrosion 
rates of blank and inhibited solutions, respectively.

3. Results and Discussion

3.1 Formation and Characteristics of the 
Nanomaterial

The nanoparticles were formed within 45 minutes 
as signalled by changing colour to dark brown. When 
allowed to stand for another 48 h, the dark brown colour 
remained unchanged signifying that bio-reduction reaction 
had completed. Also, a homogeneous nanofluid without 
sediment was obtained which indicates that the nano-
powder is soluble in water. Comparing the UV-Vis spectra 
of the extract solution and the nano-fluid, it was observed 
that there was difference in their plasmon absorption 
(Figure 1). While the extract absorbed at λmax = 545 nm, 
the nanofluid absorbed at λmax = 496 nm. The wavelength, 
λ max = 496 nm, falls within previously reported Plasmon 

corrosion inhibitor for X80 steel in simulated oilfield scale 
dissolver. 

The advantage of nanoscale materials is that they 
have high size to volume ratio and this makes them 
more reactive. Nanoparticles prepared from plant 
extracts have been widely reported. Although the 
mechanism of formation of the nanoparticles has not been 
convincingly described, it is generally accepted to occur 
by bio-reduction reaction. Researchers opine that these 
nanomaterials have extensive future prospects. Better 
still, their synthetic process takes a single route and does 
not require complex tools or high energy. Since there 
are a wide variety of plants and the biomasses can be 
obtained in large quanttity, it is possible to scale up the 
production and have a wide range of nanoparticles for 
various applications. It is on these bases that our interest 
is channeled to this research direction.

2. Materials and Method

2.1 Extraction 

Fresh ripe oranges were acquired from Itam market 
in Uyo and conveyed to Chemistry laboratory for 
analyses. The orange biomass was washed for two times 
in deionized water, peeled, air-dried, milled and weighed 
(w0). 10.0 g of the pulverized biomass was extracted in 
1.0 L deionized water for 24 h followed, then filtered. 
The residue was weighed (w1) after being dried in air. The 
weight of extract recovered was estimated by determining 
the difference in weight (w0-w1). The extract solution was 
concentrated to paste form using rotary evaporator, then 
dried at 45 °C to powder in the oven.

2.2 Preparation and Characterization of Nanofluid

0.5 g/L of the orange peels extract (OPE) was mixed 
with 1.0 mM AgNO3 (1:1) at 30 - 50 °C in water bath with 
constant swirling until colour change was observed. A 
portion of the colloidal solution was dried to nano-powder 
in oven at 35 °C while the other portion was stored in 
amber bottle at laboratory temperature. A small amount 
of the nano-powder was dissolved in de-ionized water to 
obtain a colloidal solution of the nanofluid. The nanofluid 
were analysed for light absorption properties using UV-
Vis spectroscopy at 400 – 800 nm. Also, both the extract 
and nano-powder were characterized by X-ray diffraction 
(XRD) at 2 = 10o - 90o. Particle size, morphology and 
shape were also determined by TEM. 

2.3 Corrosion Studies 

1.0 M HCl was prepared from 37% Analar grade (Sigma 

DOI: https://doi.org/10.30564/jmmr.v4i1.3621



28

Journal of Metallic Material Research | Volume 04 | Issue 01 | April 2021

Distributed under creative commons license 4.0

� (3)

where k is the shape factor, β is the full with at half 
maximum (FWHM), λ is the X-ray wavelength and θ is 
the Bragg angle.

Figure 2. XRD diffraction pattern of Orange peels extract 
and the silver nano-powder.

The nanostructure, morphology and particle size of 
the nano-powder was determined by TEM and the image 
obtained is shown in Figure 3. It can be observed that 
nanoparticles were actually formed, and that the particles 
were almost uniformly round-shaped, non-agglomerated 
and around 55 nm in size. Particles with sizes range within 
1 - 100 nm are usually considered to be nanoparticles [9]  
and the average size of the synthesized material 
determined by TEM and XRD falls within this range. 

3.2 Corrosion Measurement

The nano-powder was used as anticorrosion additive 
in the laboratory simulated scale dissolver liquor. The 
corrosion rate and inhibition efficiency obtained at 
different temperatures are presented in Table 1. 

From the table,  i t  can be observed that at  all 
temperatures, corrosion rate was highest in the dissolver 
medium without the nano-powder. However, on addition 
of the nano-powder, corrosion rate reduces, indicating that 
corrosion has been inhibited. The inhibition efficiency 
increases as the concentration of the nano-powder 
increases but decreases on increase in temperature. 
The corrosion rate in the presence of the crude extract 
is higher than with the nano-powder, implying that the 
nanoparticles exhibit better anticorrosion effect than the 
crude extract. 

At all temperatures and concentrations, the nano-
powder yields higher inhibition efficiency than the extract 
implying that modification of the extract with silver 
nanoparticles improves its efficiency and resistance to 

absorption range of 400 - 500 nm [6] for plant biomass 
mediated silver nanoparticles (AgNPs), supporting that 
orange peels extract- silver nanoparticles (OPE-AgNPs) 
were completely developed. Absorption in the UV-Vis 
region often leads to electronic transitions. Depending on 
the identites of the phyto-compound, transitions such as 

 culd occur in single bonded molecules, 
in molecules containing lone pair of electrons and 

 in double bonded, triple bonded and molecules 
with conjugation. 

Figure 1. UV-Visible spectrum of orange peels extract 
and the silver nanofluid

To further investigate the nature of the nano-powder, 
XRD diffraction patterns of the pure extract and the OPE-
AgNPs were obtained (Figure 2). No well-resolved peaks 
were observed with the spectrum of OPE whereas distinct 
well-resolved peaks were observed for OPE-AgNPs at 2θ 
= 24.2, 39.1, 44.8, 65.2, 77.8 and are indexed as (100), 
(111), (200), (220), and (222) on matching with JCPDS 
card [7]. It can be observed from the XRD spectrum of 
OPE-AgNPs that the peak corresponding to (111) plane 
has the highest intensity. This signifies that a large 
proportion of the nanoparticles exists in this orientation. 
Also, JPCD card matched the phase of silver to Ag0 
indicating that the silver ions were actually reduced to 
zero valency which has been previously reported for other 
plant extracts mediated silver nanoparticles. Thus, the 
phytocompounds in orange peels extract act as reducing 
agent, reducing silver to zero valency while the silver ion 
acts as the oxidizing agent for the phytocompounds. With 
this scenario, the nanoparticles formed could be seen as 
resulting from capping of organic molecules of OPE on 
silver to form a coordinate covalently bonded complex 
which is organometallic in nature. 

Average crystallite size ( ) of 62.6 nm was estimated 
from calculation using Scherrer’s equation (Equation 3) [8].
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equation (Equation 4) and thermodynamic transition 
state equation (Equation 5) were constructed as shown in 
Figure 3. 

� (4)

� (5)

where CR is the corrosion rate, N is Avogadro’s 
number, R is the universal gas constant, h is Planck’s 
constant, A the Arrhenius frequency constant, T is absolute 
temperature, ΔH* and ΔS* is the enthalpy and entropy 
change of activation, respectively.

Relevant activation parameters (Table 2) such as the 
apparent activation energy (Ea), enthalpy change (ΔH*) 
and entropy change (ΔS*) associated with the adsorption 
process were determined for all the test solutions. From 
results, Ea values were higher when both OPE and NPs 
were added than in the free acid solution. In the presence 
of the NPs especially, higher Ea values were obtained. 
This indicates that the additives increase the energy 
threshold for ease of corrosion. Thus, their adsorption 
elicited corrosion resistance on the substrate surface. 

thermal degradation [10]. This inhibitive effect can be 
attributed to the adsorption of the nanoparticles on the 
surface of the X80 steel causing a ‘barrier’ for mass and 
charge transfer thus protecting the metal surface from 
corrosion. Adsorption can be by physical or chemical 
mechanism. As obtained in this study, where inhibition 
efficiency decreases with temperature increase, it can be 
implied that previously adsorbed molecules may have 
desorbed as temperature increases. This behaviour is 
consistent with physical adsorption mechanism.

3.3 Kinetic and Thermodynamic Studies

Most bio-based CIs act by adsorption of their phyto-
compounds on active sites of the substrate (steel) [11]. 
This occurs by adherence of their molecules on the 
substrate surface and is often driven by chemical or 
physical interactive forces. The nature of the force 
could be predicted by fitting surface coverage into 
various adsorption isotherm models as a function of 
concentration. However, the concentrations in this study 
are not in molar terms, hence adsorption isotherms could 
not be determined. Instead, linear plots that fit Arrhenius 

Table 1. Corrosion rate and inhibition efficiency in the presence and absence of OPE and nano-powder (NP) at various 
temperatures for 24 h immersion time

Test
solution

30 oC 40 oC 50 oC 60 oC

CR(mmpy) %I CR(mmpy) %I CR(mmpy) %I CR(mmpy) %I

1 M HCl 0.3845 - 0.7239 - 1.5440 - 2.2714 -

0.5 g/L OPE 0.0120 96.9 0.2992 58.7 0.7521 51.3 1.2102 46.7

0.10 g/L NP 0.0058 98.5 0.1564 78.4 0.4625 70.0 0.7365 67.6

0.30 g/L NP 0.0055 98.6 0.1164 83.9 0.3308 78.5 0.6098 73.2

0.50 g/L NP 0.0043 98.9 0.0926 87.2 0.2305 85.1 0.4275 81.2

Figure 3. (a) Arrhenius plot and (b) Transition state plot for the corrosion of X80 steel in 1 M HCl containing OPE and 
the orange peel extract-silver nano-powders (OPE-AgNPs).
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terization of walnut husk extract-silver nanocomposites 
for removal of heavy metals from petroleum wastewater 
and its consequences on pipework steel corrosion. Jour-
nal of Molecular Liquids, 335, 116132.

[9]	 Domingos, R. F., Baalousha, M. A., Ju-Nam, Y., 
Reid, M. M., Tufenkji, N., Lead, J. R., Leppard, G. G. 
and Wilkinson, K. J. (2009). Characterizing manufac-
tured nanoparticles in the environment: multimethod 
determination of particle sizes. Environmental Sci-
ence and Technology, 43(19), 7277-7284.

[10]	Ituen, E., Singh, A., Yuanhua, L. and Akaranta, O. 
(2021). Green synthesis and anticorrosion effect of 
Allium cepa peels extract-silver nanoparticles com-
posite in simulated oilfield pickling solution. SN Ap-
plied Sciences, 3(6), 1-17.

[11]	 Ituen, E., Akaranta, O. and James, A. (2017). Eval-
uation of performance of corrosion inhibitors using 
adsorption isotherm models: an overview. Chemical 
Science International Journal. 18(1), 1-34.

[12]	Faraj, N., Abdelghani, K. A., Idress, A. A. and Ibra-
him, D. M. (2021). L-Proline as a Green Corrosion 
Inhibitor in Aqueous Solutions for Carbon Steel. 
Journal of Metallic Material Research, 4(1), 16 -20.

[13]	Chidiebere, M. A., Oguzie, E. E., Liu, L., Li, Y. and 
Wang, F. (2014). Corrosion inhibition of Q235 mild 
steel in 0.5 M H2SO4 solution by phytic acid and 
synergistic iodide additives. Industrial and Engineer-
ing Chemistry Research, 53(18), 7670-7679.

This resistance increases as concentration increases, a 
performance that has been associated physical adsorption 
mechanism in literature [12]. 

Table 2. Activation parameters obtained

Test solution  (kJ/mol)  (kJ/mol)  (kJ/mol)

1 M HCl 21.31 -13.14 1.12

0.5 g/L OPE 28.47 -14.28 1.08

0.1 g/L OPE-AgNP 33.82 -16.42 0.94

0.3 g/L OPE-AgNP 41.75 -21.06 0.94

0.5 g/L OPE-AgNP 53.94 -25.88 0.87

Negative enthalpy changes were also obtained, which 
indicates that the adsorption was essentially exothermic, 
typical of physisorption mechanism [13]. The values of 
entropy change obtained were all positive and decreases in 
the presence of the additives in a concentration dependent 
manner. This indicates that the activated complex stage 
was dominated by association of molecules of inhibitor on 
the surface, rather than dissociation. Also, adsorption of 
the additives on the steel surface resulted in orderliness of 
the bulk solution [13].

4. Conclusions

The following conclusions are drawn based on 
empirical data:

(1) Reaction between aqueous orange peels extract and 
silver nitrate produces nanofluid which can be dried to 
nano-powder.

(2) Orange peels extract-silver nanopowder are round 
shaped, of 55 -63 nm average size and non agglomerating.

(3) The nano-powders inhibit corrosion of X80 steel in 
simulated scale dissolver at 30 oC to 60 oC.

(4) OPE-AgNPs inhibits corrosion better than the crude 
extract especially at high temperatures. 
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