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ABSTRACT

Phytochemical screening and aluminium corrosioribitive property of aqueous stem and leaf extraét€ostus
afer in hydrochloric acid was investigated usingigi loss and hydrogen evolution techniques. Resnllicate
that the stem extract (SE) contains alkaloids, dteids, phenols, tannins, anthraquinones, glycasidend
terpenoids whereas saponins, flavonoids, tannihgogides and phlobatannins were detected in thé datract
(LE). Values of corrosion inhibition efficiency abited from hydrogen evolution method ranged fron®38% to
49.43 % and 65.43 % to 51.28 % at 303K to 333KLiBrand SE respectively. From weight loss measurtsmtre
values ranged from 56.21 % to 46.71 % and 61.19%0t19 % for LE and SE respectively at 303K — 33B3#ke
extracts of C. afer inhibited the corrosion process physical adsorption mechanism and the adsorpprocess
was best approximated by the Freundlich adsorptiadel. Arrhenius and transition state plot affordéletic and
thermodynamic parameters like activation energyhalpy change, entropy change and change in frezggnof
adsorption. The higher corrosion inhibition effioy of the stem is rationalised in terms of its ynan
phytoconstituents which are rich sources of somterbatoms like oxygen and nitrogen, usually impgédain
corrosion inhibition.
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INTRODUCTION

A corrosion inhibitor, when added in a minute qitsgnslows down the rate of corrosion of a metahanetal alloy
in the aggressive medium so embedded. Owing to theustrial importance, most corrosion inhibitdrave been
synthesized from cheap raw materials or chosen frompounds containing heteroatoms in their aronwationg
carbon chain [1, 2]. Green corrosion inhibitors bhiedegradable and do not contain heavy metalsthrdoxic
compounds. A brief review on the successful useaddirally occurring substances to inhibit the csioo of metals
in acidic and alkaline environment has been redagteewhere [3].

The plantCostus afeKer (Zingiberaceae) is among the 150 species of sp@rennial and rhizomatous herbs of the
genusCostus It can be found in the forest belt of SenegaljitBAAfrica, Guinea, Niger, Sierra Leone and Nigeria
[4, 5]. C. aferis commonly called bush cane or by other nameshé Nigerian languages viz: Ireke omode
(Yoruba), Opete (Igbo), Mbritem (Efik/Ibibio)Costus afercontains several bioactive metabolites [6], heitse
extensive use in folkloric medicine as remedy fough, rheumatic pains, sleepiness and cardiotahi@][ Tea
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from the dried aerial parts is used for hypertemsidile the leaves are used as poultry feed additto increase
both the size and number of eggs of treated birds.

Studies on different parts &@. Aferrevealsinvitro andinvivo pharmacological activities [9], essential oil [10],
topical anti-inflammatory activity [11], phytochegail composition and antioxidant activities [12]ntienicrobial
activity [13] and phytochemical, proximate and nmaleelement composition [14]. A few chemical skeslhave
shown thatC. afercontains oxalic acid, lanosterol, trigogenin, neasdenin, stigmasterol, Sitosterol, costugenin
[15], a new steroidal saponin aferosiflgd16]. The corrosion inhibition potentials Gostus aferon mild steein
H,SO, medium have also been reported [17]. There is kiervao report on the adsorptive and inhibitive hétars

of Costus afer(bush cane) on aluminium in hydrochloric acidthie present study, phytochemical screening of the
extract has been carried and the inhibitive/adsaitehaviors of the aqueous extracts investigatedluminium in
HCI.

MATERIALSAND METHOD:

Pure aluminium metal (purity 98.5%) of the type AM60 obtained from System Metals Industries, Calaba
Nigeria, was used for the investigation. Each sheet about 0.26 mm in thickness and was mechayipedlss cut
into 4 cm x 4 cm coupons. These coupons were ugedwt further polishing. However, for surface treant, they
were degreased in absolute ethanol, rinsed in meetmir-dried at room temperature and stored iresicdator
devoid of moisture before use in corrosion studfdsreagents used for the study were analar gieatt double
distilled water was used for their preparation.

2.2 Sample collection and extraction:

Fresh samples @@ostus afe(bush cane) were collected from lkot Ebido villageJyo Local Government Area of
Akwa Ibom State, Southern Nigeria. The plant pétem and leaves) were identified at Departmeatany and
Ecological studies of the University of Uyo, Nigeriwhere a voucher specimen was also depositedgeTplant
parts (100 g in each case) were cut into pieces arair-dried for 6 days, grounded and soakedistilled water for
72 h. After 72 h, the mixture was filtered. Therfites were further subjected to evaporation ati878 order to
leave the sample free of the solvent. The stodktiemls of the extract so obtained were used ingrieg different
concentrations of the extract by dissolving 0.2, @nd 0.5 g of the extractin 1 L of 0.5 M HE$pectively.

2.3 Phytochemical screening:
Phytochemical screening was performed on the gstieging standard procedures to identify chemioaktituents
as described elsewhere [18 — 20].

2.4 Gasometric method:

Gasometric methods were carried out at 303 to 33&skdescribed in literature [21, 22]. From the wwduof
hydrogen evolved per minute, inhibition efficien@g 1), and degree of surface covera§gwere calculated using
equations 1 and 2 respectively.

Vl
1% = (1 —Vgi) x 100 1)
Vl
6= 1- U 2)
413

WhereV}, is the volume of hydrogen evolved at timéor inhibited solution and¥, is the volume of hydrogen
evolved at time for uninhibited solution. The volume of hydrogessgevolved per minute was recorded until there
was no evolution of the gas.

2.5 Gravimetric method:

In the weight loss experiment, the pre-cleaned aliwum coupons were dipped in 200 ml of the respecti
inhibitor/blank solutions maintained at 303 to 383n a thermostated bath. The weight loss was detexd by
retrieving the coupons at 2 h interval progresgivet 10 hr. Prior to measurement, each couponwashed in 20
% NaOH solution (containing 100 g/l of zinc dusifised in deionized water and dried in acetone.
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The difference in weight was taken as the weighs lof aluminium. From the weight loss, the inhdbitiefficiency
(% 1) of the extract and the corrosion rate (CRalofminium were calculated using equations 3 anespectively.
The corrosion rate was calculated from the weigbs ldata using the relationship:

CR = —mp)/AT ?3)
%1 =100 (CR-CR)/ICR, 4)
Where CR (mgcrfh™) is the corrosion ratew, andm, (g) are the weights before and after immersiopeetvely
in the test solutionsA (cn¥) is the surface area of the coupofi{s) is the immersion time, GR. CR are the
corrosion rates in the absence and presence oflitmtor respectively.
RESULTSAND DISCUSSION
3.1 Phytochemical screening:

Table 1: Phytochemical constituents of aqueous stem and leaf extractsof C. afer.

Phytochemical Stem  Leaf
Alkaloids + -
Flavonoids + o+
Saponins - +
Phenol + -
Tannins + o+
Anthraquinones + -
Cardiac glycosides + o+
Terpenoids + -
Phlobatannins -+
KEY: + indicates presence ardéabsence respectively.

Table 2: Corrosion rates, inhibition efficiencies and degrees of surface coverage for corrosion of aluminium in 0.5M HCI in the absence
and presence of different concentrations of C. afer leaf extract from weight loss measur ement.

C(g/L) Corrosion rate (mgcfin™) Inhibition efficiency (%) Surface coverage
303K 313K 323K 333K 303K 313K 323K 333K 303K 313K 323K 333K

Blank | 5.12 10.98 13.11 16.02 - - - -
0.1 281 6.27 7.90 10.3445.13 42.86 39.72 35.450.451 0.429 0.397 0.35

5
0.2 260 6.01 7.65 9.7549.15 4524 41.65 39.14 0.492 0.452 0.417 0.391
0.5 224 5.04 6.67 8.5456.21 54.03 49.12 46.71 0.562 0.540 0.491 0.467

Table 3: Corrosion rates, inhibition efficiencies and degrees of surface coverage for corrosion of aluminium in 0.5M HCI in the absence
and presence of different concentrations of C. afer stem extract from weight loss measurement.

C(g/L) Corrosion rate (mgcfin™) Inhibition efficiency (%) Surface coverage
303 K 313K 323K 333K| 303K 313K 323K 333K 303K 313K 323K 333K

Blank | 5.12 10.98 13.11 16.02 - - - -
0.1 257 584 753 9.6449.82 46.82 4254 39.82 0.498 0.468 0.425 0.39
0.2 239 544 6.99 9.3353.38 50.44 46.70 42.96 0.534 0.504 0.467 0.43
0.5 199 453 6.15 7.9861.14 58.72 53.08 50.19 0.611 0.587 0.531 0.50

N O

Table4: Corrosion rates, inhibition efficiencies and degr ees of surface coverage for corrosion of aluminium in 0.5 M HCI in the absence
and presence of different concentrations of C. afer leaf extractsfrom hydrogen evolution measur ement.

C(g/L) Corrosion rate (mgcfin™) Inhibition efficiency (%) Surface coverage
303 K 313K 323K 333K| 303K 313K 323K 333K 303K 313K 323K 333K

Blank | 5.11 10.96 13.13 16.08 - - - -
0.1 269 6.21 7.72 9.8 47.42 43.46 41.11 38.420.474 0.435 0.411 0.38
0.2 249 579 751 9.60 51.37 47.25 4273 40.01 0.514 0.473 0.427 0.40
0.5 210 4.83 6.21 8.1Dp 58.93 56.05 52.61 49.48 0.589 0.561 0.526 0.49

BOH
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Table5: Corrosion rates, inhibition efficiencies and degr ees of surface coverage for corrosion of aluminium in 0.5M HCI in the absence
and presence of different concentrations of C. afer stem extracts from hydrogen evolution measurement.

C(g/L) Corrosion rate (mgcfin™) Inhibition efficiency (%) Surface coverage
303K 313K 323K 333K 303K 313K 323K 333K 303K 313K 323K 333K

Blank | 5.11 10.96 13.13 16.08 - - - -
0.1 254 569 7.32 9.4 5048 48.15 44.15 40.86 0.505 0.482 0.442 0.409
0.2 234 532 6.76 8955438 51.53 4842 44.16 0.544 0.515 0.484 0.44
0.5 177 438 578 7.8D6543 61.14 5599 51.280.654 0.611 0.560 0.5]]

wWN

Table 6: Adsorption parameters deduced from Freundlich adsor ption isotherm for corrosion of aluminium in 0.5 M HCI in the presence
of different concentrations of C. afer leaf and stem extracts.

Temp (K) Weight loss Hydrogen evolution
LE SE LE SE
Kads AGads Kads AGads Kads AGads Kads AGads
303 0.400 -17.77| 0.445 -18.39 0.422 -18.04 0.436 -18.27
313 0.374 -17.96 0.412 -18.53 0.377 -18.01 0.426 -18.73
323 0.351 -18.15 0.379 -18.62 0.354 -18.2¢0 0.398 -18.79
333 0.305 -17.85 0.351 -18.71 0.373 -19.09 0.362 -18.9]

Table7: Activation parametersdeduced from Arrheniusand transition state plotsfor corrosion of aluminium in 0.5M HCI in the
presence of different concentrationsof C. afer leaf and stem extracts.

System Weight loss Hydrogen evolution

LE SE LE SE
Ea AH AS Ea AH AS Ea AH AS Ea AH AS
Blank | 2.93 2.70 -290.2 2.93 2.70 -290.2.94 2.70 -290.2 2.94 2.94 -290.
0.1g/L | 3.37 3.16 -295.8 3.44 324 -296.3.37 3.14 -296.0 3.48 3.24 -29
0.2g/L | 3.48 327 -296.5 3.54 3.41 -297.3.71 3.41 -296.9 3.49 3.27 -297
05¢g/L | 352 229 -297.8 3.65 3.45 -298.8.56 3.45 -2984 2.86 3.64 -299

I NENE N

3.2 Corrosion rate and inhibition efficiency:

The values of corrosion rate and percentage inbibifficiency computed from both weight loss datal volume

of hydrogen gas evolved for the different concditrs of theC. afer extracts at 303 — 333 K are presented in
Tables 2-5, and the variation of inhibition effic@y with concentrations is displayed in Figurelkpection of the
data in the table reveals that the additionCofafer decreased the corrosion rate of aluminium indigatime
inhibitive effect of the added extract on aluminigorrosion in the acid medium.

It is observable from Fig. 1 that the inhibitiorfigency is dependent on the concentration of ttided extract -
increasing as the extract concentration increasleis. observed inhibitive action of the. afer extract could be
attributed to the adsorption of its components lom&ium surface leading to the formation of a lagé adsorbed
molecules with the potentiality of “blanketing” @molating the metal surface from the aggressive aolution and
hence resulting in corrosion rate lowering. Ther@sion rates and inhibition efficiencies obtained the weight
loss measurements were comparable with those eltaising hydrogen evolution method.

The chemical components of the extracCofafer(table 1) are identified from our phytochemicalesaring to be
made up of flavonoids, tannins, anthraquinones, @ardiac glycosides; the stem is exclusively richaikaloids,
terpenoids and phenols which may be responsibléhfohigher inhibition efficiency of the stem exttsacompared
to the leaves extracts (solely rich in saponins @ndbatannins) which means that they contains rheteroatoms
like oxygen and nitrogen in its molecules. Thereftle corrosion inhibition of aluminium may be i@itited to
adsorption of these components through these atensy potential centers of adsorption onto theainstrface.
Assignment of inhibitive effect to a particular cpoment is difficult at this stage because of thengl@x chemical
composition of the extract although further invgation using surface analytical techniques will l@eathe
characterization of the active materials in theoadsd layer, thus assisting in identifying the mexdtve ingredients
in the adsorbed layer.

3.3 Mechanism of adsorption

Various mechanisms have been proposed for inhibitiometal corrosion in several aggressive acididlism The
mechanism reported earlier reported [23] is suitdbl describing the adsorption of extractsGfafer onto the
surface of aluminium. Assuming a molecule or ion,,Ns adsorbed onto a solid metal surface, Al, thed&
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process results in the formation of a surface cemplhich subsequently desorbs from the same sudecerding
to equations 5-9.

Al+ M ——3  (AIM); (5)
(AIM)s 4 R (AIM) + e (6)
(AIM)s , (AIMY)+e 7
(AIMY)s 4 . (AIM?s + e (8)
(AIM™); ¢ , APFT+3e (9)

where ‘s’ symbolizes species at the surface. The inhibition of the @himm corrosion in the aggressive medium is
dependent on the relative stability of the adsorbemlecule or ion on the surface complex. Adsorptan
components ofC. afer extract or its phytochemicals therefore is assutmeerksult in the formation of a surface
complex that blankets the surface of aluminium fribra acid environment leading to inhibition of tberrosion
process. In properly describing the mechanism ogation and nature of the surface complex forndata
obtained for degree of surface covera@gwere fitted into adsorption models proposed bynKia, Langmuir,
Freundlich, Florry-Huggins, Frumkin and El-Awadyal. All these isotherms can be represented as fellow

f (0, X) exp (-2a0) = KC (10)

where f 0, x) represents the configuration factor which e&pehdent on the physical model and assumptions
underlying the derivation of the isotherm, x is #iee ration, & is the lateral molecular interaction parametedt &n

is the equilibrium constant of adsorption [24]. T¢mrelation coefficients obtained (0.930R? < 0.999) indicate
that the adsorption of extracts ©f aferonto the aluminium surface was best describedrbyridlich adsorption
isotherm (figures 2-5).

According to this model,
0= KC" (11)
logb =nlog C +In K (12)

where K is the adsorption-desorption equilibriunmstant denoting the strength of interaction inabdsorbed layer
and n’ is a constant such that<On < 1. Positive and large values of K obtained (ta#)lesuggest significantly
strong interaction between the adsorbed componehthe extracts and is independent of all factoxsept
temperature. It is seen that K decreases with teatyre, implying decrease in adsorption strengththefse
components with increase in temperature. The fneegy change of adsorptioAG,gs) is directly related to K at a
given temperature (T) as shown in equation 13 aasl wged to calculatsG,ys for C. aferextracts;

Gags = -RTIN(55.5K) (13)

Negative values were obtained fdGads from both weight loss and hydrogen evoluti@asarements (table 6). It
has been established that value\Gfys of about -20 kJ/mol are characteristic of physmddorption mechanism,
while those more negative than -40 kJ/mol are abeisi with chemical adsorption [25] . Physical agton
(physisorption) is associated with intermolecularcés causing preferential binding of certain congmts of the
extracts onto the adsorbent which is reversibleaddition of heat while chemical adsorption invoha@®mical
bond formation (coordinate covalent in nature) Uguaith release of large amount of heat [26]. Eyetically,
negativeAG,qs Obtained is consistent with the spontaneous natiuaél adsorption processes. It is also observat th
the strength of adsorption is larger for the stextragts than leaf extracts. Consequently, adsarptib the
phytochemicals of the stem extracts is more sp@atas than that of the leaf extracts and these wdis@ns are in
good agreement for both the weight loss and hydreyelution measurements.

3.4 Kinetic/thermodynamic characterization:

The effect of temperature on the inhibition effraiy and adsorption behaviour @ afer extracts was also
investigated using weight loss and hydrogen evatuthethods. The percentage inhibition efficiencgrdased with
increase in temperature for all the concentratiohshe extracts studied. This trend signifies passishift in
adsorption-desorption equilibrium towards the dpson process as temperature increases [27], wiBi@iso in
agreement with LeChatellier's principle which describes shifts igudibrium position to annul the effects of
changes in equilibrium conditions.
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Arrhenius equation provides a relationship (equatld) with which the experimental rate of corrosiginthe
aluminium in the acid mediun (CR) was correlatethwie respective system temperatures studiedr¢i) fvhere
activation energy (Ea), a quantity characterisfictt® corrosion reaction with the dimensions of rgge was
computed from a plot of log CR against 1/T botlthia absence and presence ofGhaferextracts (figures 6-9).

In accordance with the concept of activation, tbiel anolecules must acquire sufficient energy ireotto pass over
an activation energy barrier to attack and disstiealuminium in the aqueous medium. Heevalues obtained
for the inhibited solutions are larger than thathed free acid solution. This implies that the acidlecules must
pass over a higher energy barrier in the presehdkedC. afer extracts in other to corrode the metals. In other
words, acid molecules unable to acquire these highergies become deactivated and unable to collitte the
metal surface (or the metal activity in the eledremical reaction is retarded) and cause dissoluti@nce
inhibition (protection) of the metal surface withetextent of such protection being concentratiqmeddent. Also,
increase inEa on addition of the inhibitor is usually correlatedth electrostatic interactions which support the
physical adsorption mechanism earlier proposed. [Z6f Ea values obtained for weight loss and gasometric
measurements were also in good agreement.

A classical thermodynamic model called the traosistate equation (equation 14) was used to gaiinefiuinsight
on the enthalpy chang&Kl) and entropy chang@$) of activation (table 7) for the formation of thetivation
complex in the transition state;

CR = (RT/Nh)exp(AS/R)exp(AH/RT) (14)

Where CR is the corrosion rate, h is Plank’s contstd is Avogadro’s number, R is the universal gasstant and T

is the absolute temperature. Straight lines as shnviigures 10-13, were obtained from plot of I6y@gainst 1/T
with slopes equal toAH/2.303R) and intercept equal to [log(R/Nh) A5(2.303R)]. Inspection of the data reveals
that AH values for the dissolution of aluminium are higle the presence than in the absence of the éxtrac
implying that the physical adsorption mechanismmislved. The positive values &H indicate the endothermic
nature of the process. Negati&k8 values indicate decrease in entropy and cons#ylecreased orderliness in the
system probably brought about by reduction of thmlper of molecules of the active constituents eféhtracts in
the bulk solution due to adsorption. The decreasdisorderliness is concentration dependent anfhvour of
higher inhibitor concentrations.

a(i)

60
> 50 -
g /+303
g 40 —8-313
e 30 - 323
S ——333
2 20
£
R 10 -

0 . :

0.1 0.2 05

concentration (g/L)
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Figure 1: Plots of inhibition efficiency against concentration for (a) leaf extractsand (b) Stem extractsof C. afer using (i) weight loss and

(ii) hydrogen evolution technigues at 303-333 K.
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Fig. 2: Freundlich adsor ption isotherm for theinhibition of aluminium corrosion in 0.5 M HCI by extract L eaf extractsof C. afer using
weight losstechnique.
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Fig. 3: Freundlich adsor ption isotherm for theinhibition of aluminium corrosion in 0.5 M HCI by extract Stem extracts of C. afer using
weight losstechnique.
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Fig. 4: Freundlich adsor ption isotherm for the inhibition of aluminium corrosionin 0.5 M HCI by extract L eaf extractsof C. afer using
hydrogen evolution technique.
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Fig. 5: Freundlich adsor ption isotherm for theinhibition of aluminium corrosion in 0.5 M HCI by extract Stem extracts of C. afer using
hydrogen evolution technique.
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0 1000/T (1/K)
-0.5 - 33 3.2 3.1 3 © Blank
-1 A 0.1
& 0.2
U .
= 5 .
Fa X 0.5
2 - & r4
-2.5 A
-3
Fig. 6: Arrheniusplot for theinhibition of aluminium corrosion in 0.5 M HCI by leaf extract of C. afer ~ using weight losstechnique.
0 1000/T (1/K)
-0.5 - 33 3.2 3.1 3
@ Blank
-1 1 mo.1
S, . 0.2
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2 - = p
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Fig. 7: Arrheniusplot for theinhibition of aluminium corrosion in 0.5 M HCI by stem extract of C. afer using weight losstechnique.

0 1000/T (1/K)
05 - 3.3 3.2 3.1 % Blank
1 - mO0.1
[ 0.2
S 15 -
o 0.5
2 - W
-2.5 -
-3

Fig. 8: Arrheniusplot for theinhibition of aluminium corrosion in 0.5 M HCI by leaf extract of C. afer using hydrogen evolution

technique.
1000/T (1/K)
0 T 1 T ’ B ar‘k
-0.5 - 3.3 3.2 3.1 mo.1
1 0.2
5 X 0.5
w -1.5 -
i)
2 -
n
-2.5 -
-3
Fig. 9: Arrheniusplot for theinhibition of aluminium corrosion in 0.5 M HCI by stem extract of C. afer using hydrogen evolution
technique.
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& 3 - 0.2
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—fH— — R
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Fig. 10: Transition state plot for theinhibition of aluminium corrosion in 0.5 M HCI by leaf extract of C. afer usingweight loss
technique.
1000/T (1/K)
O T T T
1 3.3 3.2 3.1 3
@ Blank
- 2 mo.1
SN
[~
o -3 - 0.2
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- 4 - X 0.5
—— —— —
5 - —
-6
Fig. 11: Transition state plot for theinhibition of aluminium corrosionin 0.5 M HCI by stem extract of C. afer using weight loss
technique.
0 1000/T (1/K)
3.3 3.2 3.1 3
-1 -
@ Blank
2 4
£ mo.1
S 3-
a0 0.2
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-4 ‘*//:_AXO.S
=
5 | g :ﬁj
-6

Fig. 12: Transition state plot for theinhibition of aluminium corrosion in 0.5 M HCI by leaf extract of C. afer using hydrogen evolution
technique.
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® Blank
- 2
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-6
Fig.13: Transition stateplot for theinhibition of aluminium corrosion in 0.5 M HCI by stem extract of C. afer using hydrogen

evolution technique.
CONCLUSION

On the basis of this study, the following conclusi@ould be drawn.

1.The extracts o€C. aferact as effective and efficient inhibitor againktrainium corrosion in the acid medium at
all temperatures studied, with greatest efficieac$03K.

2.The stem extract yielded better protection of fhen&nium corrosion than the leaf extract due tgéadifferences
in their phytochemical composition.

3.Corrosion rate increases with increase in temperabwoth in the absence and presence of the extbatts
significantly decreased further in the presencinefextracts.

4. The corrosion inhibition is probably due to thesagbtion of the extracts on to the aluminium swuefaad thus
blocking the corrosion active sites of the aluminiby the physical adsorption mechanism.

5.The inhibition of aluminium corrosion b{. afer extracts obeys Freundlich adsorption model attlad
concentrations and temperatures studied.

6.There was orderliness in the system as adsorptmgressed judged from the very low entropy valugsioed.
7.The adsorption process is endothermic and spontareminferred from positive values of enthalpy aadative
values of free energy of adsorption.
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