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Abstract

Corrosion of aluminum cookware has been a major issue in medical,
food processing, and engineering fields. Owing to their numerous
advantages and overall environmental friendliness, plant extracts are
being increasingly investigated as possible corrosion inhibitors. This
paper provides basic information on the inhibitory worth of pure noni
fruit juice on the corrosion of aluminum cookware by analyzing the
chemical species present in the juice. Chemical analysis of the juice
was separately carried out using XRD, XRF, and FTIR as
supplementary techniques for better results and confidence. The
analysis shows that the fruit juice consists of several mineral elements
and their oxides, as well as many complex organic and inorganic
compounds. Most of the elements in the juice promote aluminum
corrosion inhibition, and most of the oxides have high inhibitory
effects on aluminum corrosion by creating or maintaining protective
oxide films on its surface. Many of the chemical compounds in the
juice are composed of nitrogen, sulfur, oxygen, and their heteroatoms,
as well as aromatic hydrocarbons, which have corrosion-inhibiting
properties on aluminum in alkaline or acidic media by effectively
adsorbing onto its surface to create or maintain protective barriers. The
analysis concludes that the fruit juice is highly corrosion-inhibitory on
aluminum cookware. This information encourages all research
interests and works aimed at developing noni fruit juice as a corrosion
inhibitor of cookware aluminum.

1.0 INTRODUCTION

Cookware aluminum refers to aluminum alloys, such as AA 6061 and AA 6063, which are usually used for
producing cooking utensils, such as pots and pans. [1-6]. As aluminum alloys, cookware aluminum has greater
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strength and stability than pure aluminum, but it is less corrosion-resistant than pure aluminum. Cookware
aluminum and its products are frequently processed and used in corrosive environments such as hot, chloride,
acidic, and alkaline water, food, and general environments. Corrosion of aluminum cookware can be an
unavoidable source of aluminum intake into the human body system along with food, resulting in health issues
such as Alzheimer’s disease, organ failure, cancer, infertility, anemia, osteomalacia, dementia, and other chronic
ailments. Corrosion of aluminum cookware has been a serious concern in medical, food processing, and
engineering fields [1-3, 6-12]. Acidic foods, such as citrus fruits, tomatoes, and vinegar-based sauces, can cause
pernicious substances from aluminum cookware to leach into food. High temperatures, improper cleaning
methods, salty foods, and general environmental exposure to acidic, alkaline, and chloride conditions can also
cause the cookware to leach. Discoloration, pitting, and even small holes are common indicators of corrosion of
aluminum cookware [1-3, 6-12]. Several methods, including anodizing, applying protective coatings, ensuring
proper cleaning and storage, and using corrosion inhibitors, are commonly used to prevent the corrosion of
aluminum cookware [3, 6, 13]. These techniques help to create a barrier against corrosive elements, which reduces
the rate of corrosion. The use of corrosion inhibitors that slow down or prevent corrosion of aluminum cookware
can be beneficial, especially in high-exposure aqueous environments [14-15]. Organic corrosion inhibitors such
as azole derivatives, mercapto compounds, quinolines, and certain organic dyes containing heteroatoms like
nitrogen or sulfur can adsorb onto the aluminum surface, forming a barrier against corrosive agents. The stability
of the protective aluminum oxide layer in media with various pH levels is crucial. Citric acid can act as an efficient
inhibitor in alkaline environments. However, in acidic conditions, mixtures such as 3-amino-5-alkyl-1, 2,4-
triazoles and aminotris(methylenephosphonic acid) can be used. Applying a protective coating, such as epoxy
powder coating, provides a physical barrier against the corrosion of aluminum cookware [15-19].

Plant extracts offer several advantages as corrosion inhibitors for aluminum cookware. The advantages include
eco-friendliness, renewability, biodegradability, and low cost. They are also less toxic than traditional chemical
inhibitors and can be easily obtained and processed. Several plant extracts have shown promise as corrosion
inhibitors for aluminum in cookware, with some demonstrating higher effectiveness than others depending on the
specific environment. For example, M. oleifera extract has shown excellent corrosion inhibition in acidic
solutions. Tulsi (holy basil) extract has been found to be more effective than green tea extract in alkaline solutions.
Curcumin, found in turmeric, has shown promise as a green corrosion inhibitor for aluminum in food-related
applications. Curcumin can significantly reduce aluminum leaching into food solutions, especially at cooking
temperatures. Pomegranate peel extract, which is rich in polyphenols, has shown excellent corrosion inhibition in
saline solutions. Laurus nobilis (bay leaf) extract effectively prevents aluminum corrosion in saline solutions.
Green tea and tulsi (holy basil) extracts are more effective than green tea extract in alkaline solutions. A wide
variety of other plant extracts, including those from sunflower seed hulls, ginkgo leaves, and others, have been
explored as potential corrosion inhibitors for cookware aluminum [14-19]. When using corrosion inhibitors,
including plant extracts for cookware, it is important that they do not affect food safety and do not impart any
undesirable taste or odor to food [1-3, 6-8]. Differences in seasonal times and geographical location of plants, as
well as the maturity or ripening stages of their parts, such as fruits, can lead to significant variations in the
chemical composition of extracted juice from plant parts. In addition, different extraction methods can result in
different concentrations of active compounds in the extracted juice and differences in the juices' effectiveness
when used as inhibitors for protecting metals from corrosion [15-25].

Noni fruit juice is an extract from the fruit of the noni tree. The tree can grow to about 3-10 m in height, and it is
common in Nigeria and other tropical regions. The leaves and fruit of the tree are traditional food in many cultures
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near where they grow, such as in Southeast Asia and the Pacific Islands. Fruit juice is derived from the tree and
has been widely used in traditional medicine for over 40 ailments in tropical zones owing to its antibacterial,
antitumor, anthelminthic, analgesic, anti-inflammatory, and immunostimulant properties [20-31]. It has
increasingly become popular in many countries owing to its health benefits. Natural fermentation is the most
popular traditional method of producing the fruit juice. The juice is as follows [20-31]:

i. Rich in antioxidants, which help protect cells from free radical damage.

ii. Helps to modulate the immune system.
iii.  Used traditionally to manage pain associated with conditions such as arthritis.

iv. Can alleviate constipation, diarrhea, and irritable bowel syndrome symptoms.

v. Supports heart health, particularly for smokers.
vi. Curative effects on blood sugar levels, blood pressure, and cancer
The composition of noni fruit juice is chemically complex, as reported by several researchers using various
analytical techniques [20-31]. However, no individual technique of chemical analysis has been found perfect or
ideal for such analytical situations. Techniques may be used to complement one another for better results in
chemical analyses of materials than using one technique [32-34]. X-ray diffraction (XRD), X-ray fluorescence
(XRF), and Fourier transform infrared spectroscopy (FTIR) are modern, versatile, and frequently used techniques
of vast importance in chemical analysis of materials [32-34]. This study aims to investigate the inhibitory worth
of pure noni fruit juice produced with noni fruits from noni plants grown at various locations in Nigeria as a plant
juice with numerous benefits on corrosion of cookware aluminum through the analysis of chemical components
found in the juice using X-ray diffraction (XRD), X-ray fluorescence (XRF), and Fourier transform infrared
(FTIR) techniques.

2.0 ALITERATURE REVIEW ON CHEMICAL COMPOSITION OF NONI FRUIT JUICE
Several different studies by researchers, such as Meng et al. [20], Youn and Chang [21], Kim et al. [22], Lujan et

al. [23], Samarasinghe et al. [24], Zhou and Huang [25], Ndiaye et al. [26], Wei et al. [27] , Ali et al. [28],
Samoylenko et al. [29], Su et al. [ 30], and Shettima et al. [31] using various methods of chemical analysis such
as atomic absorption spectrophotometry coupled with CCD detection, chromatographic techniques like High-
Performance Liquid Chromatography (HPLC) and Gas Chromatography (GC), coupled with Mass Spectrometry
(MS), etc. have reported that the noni plant is rich in various bioactive compounds, including polysaccharides,
xeronin, scopoletin, B-D-glycopyranose pentacetate, vitamins, minerals, and other phytochemicals like
anthraquinones, flavonoids, and phenolic compounds. Specific components in fruit juice include glucuronic acid,
galactose, arabinose, rhamnose, glycosides, phenylpropanoids, terpenoids, trisaccharides, fatty acids, and their
esters. The juice also contains xeronine, terpenes, essential oils, and resins. Polysaccharides include glucuronic
acid, galactose, arabinose, rhamnose, glycosides, and a trisaccharide fatty acid ester. Scopoletin is a coumarin
derivative with potential health benefits. Several minerals and vitamins, including magnesium, iron, manganese,
potassium, phosphorus, selenium, sodium, nickel, lead, mercury, arsenic, cadmium, calcium, chromium, zinc,
copper, sulfur, and vitamin C, have reportedly been found in the fruit juice. Other phytochemicals present in the
fruit juice include phenolic compounds, alkaloids, steroids, resins of B-sitosterols, rubichloric acid, chrysophanol,
and ursolic acid. Terpenes include asperuloside, aucubin, and asperuloside tetraacetate. Essential oils, various
types and quantities of fatty and amino acids, and organic acids, such as citric acid, malic acid, and ascorbic acid,
are also found in the fruit juice. The antioxidant properties of the juice are attributed to scopoletin, rutin, and other
phenolic compounds. However, variations in the results of the chemical analysis of the noni juice by the
researchers can be attributed to differences in the ripeness or maturity stage of the fruit used, the location where
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the fruits are harvested, the part of the noni tree used for the juice extraction, the chemical analysis technique
used, and the juice extraction techniques, such as fermentation, pasteurization, hydro-methanolic, and hot and
cold extraction techniques [20-30].

3.0 METHODOLOGY

3.1 Materials

The study used fresh noni fruits of different ripening stages harvested from 15 different parts of Nigeria and
purchased from the sellers at Kaduna Central Market in Kaduna City, Nigeria. Plate | shows a view of the noni
fruits purchased for the study.

Plate 1: View of the purchased noni fruits

3.2 Extraction of Noni Fruit Juice from Purchased Fruits

The acquired noni fruits were thoroughly rinsed under clean running tap water to remove any dirt or debris on
them. The cleaned fruits were chopped into small pieces with a clean stainless-steel knife, and placed in a clean
blender and blended until a smooth pulp was formed. The pulp was then slowly poured onto a strainer with a
mesh size of 200 that was properly secured in place over a sterile, clean plastic bowl. The pulp was filtered into
fine particles of approximately 74 microns, and approximately two liters of the filtered juice were collected and
kept in a clean glass container before chemical analysis of the juice.

3.3 Chemical Analysis of the Extracted Noni Juice

3.3.1 XRD technique

The chemical analysis of the pure noni fruit juice extract by X-ray diffraction (XRD) was conducted at room
temperature at the Nigerian Institute for Chemical Research Technology (NARICT) Zaria using a Japanese-made
Shimadzu 1200 model diffractometer with counter monochromatic Cu-Ka radiation from a Cu tube of wavelength
0.1406 nm in accordance with the facility’s manual, sample positioning, and calibration. The voltage and current
settings were set to 40 kV and 30 mA, respectively. The produced noni fruit juice was placed in a suitable quantity
in the specimen-holding container of the diffractometer according to the manufacturer’s instructions. The noni
juice sample was examined in a continuous mode across the goniometer angle range of 2-theta (2) = 0°-60°. The
scanning speed, sampling pitch, and preset time were 2-70/min, 0.02°, and 0.17 s, respectively. The diffractogram,
reference peak intensities, reference high- and low-intensity peaks, performed search, match, and accept
information, and analysed chemical compositions of the noni fruit juice were produced using the integral
computer accessory of the diffractometer. This was repeated three times, and the consistent results at least twice
were taken as the XRD-analyzed chemical composition of the noni fruit juice. Plate Il shows a glass container
sample of the extracted noni fruit juice used for the analysis.
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Plate Il shows the noni fruit juice extracted in a glass container.

3.3.2 XRF technique

The chemical analysis of the extracted noni juice using the X-ray fluorescence (XRF) technique was also
conducted at the NARICT but with an XRF spectrometer made by Skyray Instruments USA Inc. The spectrometer
was used to generate and focus high-energy X-rays from the spectrometer onto the noni juice sample contained
in a holder in the X-ray tube of the spectrometer. This ionized the different chemical species in the noni fruit
sample and caused each of them to emit secondary X-rays of distinct wavelengths and energy characteristics. The
integral computer of the spectrometer automatically processed the distinct wavelength characteristics using its
library of information on such wavelength and energy characteristics as stored in its memory for various chemical
elements and groups. The various identified chemical groups present in the juice sample were automatically
outputted, and their percentage compositions were printed. The analysis was repeated three times with different
noni juice samples to account for any source of error in the analysis. Sample results that deviated from most of
the rest were discarded.

3.3.3 FTIR technique

The chemical analysis of the pure noni juice extract by FTIR was conducted at the INARICT using the Shimadzu
8400-FTIR spectrometer in accordance with the facility’s manual, sample positioning, and calibration
requirements. When the diffractometer was properly set and operated, infrared radiation of about 10,000 to 100
cm™! wave numbers was sent through the noni fruit juice sample, with some of the radiation absorbed and some
passing through the sample. The absorbed radiation was set into rotational and vibrational energies by the sample
molecules. The resulting energy signal at the detector is manifested as a spectrum of wave numbers, representing
a sample’s molecular fingerprint. Each molecule or chemical structure in noni juice produced a unique spectral
fingerprint. The information was outputted and printed along with the computer’s library of information on
various chemical groups and their wavelengths. The printouts were used to identify the chemical compounds in
the noni juice extract.

4.0 RESULTS AND DISCUSSION

4.1 Results

Table 1 and Fig. 1 show the chemical analysis results of the noni fruit juice using the XRD techniques. Tables 2
and 3 show the analysis results using the XRF technique, while the printout information from the FTIR technique
is depicted in Fig. 2 and Table 4.

Table 1: Chemical components found in noni juice using XRD

S/No. Phase name Chemical formula Intensity (%)
1 Bischofite MgCl,.6H>0 37.7(19)

2 Urea CH4N20 19.9(13)

3 Chaoite C 25(2)

4 Hanksite NaKCI (CO3)2 (SO4)9 9.2(4

5 Marialite (Na.21 Ca0.68K0.11) 1.97(8)

6 Silicon oxide Si0; 6.6(6
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I Chaoite : 25(2)%

I Hanksite : 9.2{(4)%
B Marialite : 1.97(8)%

I Silicon Oxide : 6.6(6)3%

Fig. 1: Chemical analysis results of the test noni fruit juice using the XRD technique

Table 2: Elements found in noni fruit juice using the XRF technique

S/no Element Ratio Intensity(c/s) Error(c/s) Intensity Conc.
1 0] None 0.000 0.000 Gaussian 43.445
2 Mg None 1.156 3.4846 Gaussian 9.783
3 Al None 6.579 6.2025 Gaussian 5.970
4 Si None 140.123 12.7110 Gaussian 24.769
5 P None 2.894 6.9998 Gaussian 0.222
6 S None 8.116 5.4301 Gaussian 0.321
7 Cl None 159.442 14.4533 Gaussian 4.867
8 K None 331.641 21.3993 Gaussian 7.376
9 Ca None 73.641 11.7344 Gaussian 1.268
10 Ti None 27.271 8.9994 Gaussian 0.213
11 A None 0.660 8.8648 Gaussian 0.004
12 Cr None 3.144 10.0348 Gaussian 0.014
13 Mn None 24.789 11.7335 Gaussian 0.085
14 Fe None 258.618 19.4650 Gaussian 0.724
15 Co None 3.463 13.5715 Gaussian 0.008
16 Ni None 1.866 13.7385 Gaussian 0.004
17 Cu None 125.933 18.2859 Gaussian 0.225
18 Zn None 51.568 17.7940 Gaussian 0.082
19 Rb None 42.682 23.5532 Gaussian 0.058
20 Sr None 10.419 22.3340 Gaussian 0.016
21 Zr None 12.344 224281 Gaussian 0.023
22 Nb None 60.960 23.0249 Gaussian 0.126
23 Mo None 22.121 21.6437 Gaussian 0.047
24 Ag None 8.827 15.6898 Gaussian 0.197
25 Sn None 1.260 20.3043 Gaussian 0.088
26 Ba None 0.000 8.3857 Gaussian 0.000
27 Ta None 6.605 19.1354 Gaussian 0.043
28 W None 3.440 20.0044 Gaussian 0.021
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Table 3: Chemical species found in noni fruit juice using XRF techniques

S/no Chemical specie Concentration Error Mole (%)  Error Unit
1 Si02 52.989 4.807 52.084 4.725 wt. %
2 V205 0.007 0.090 0.002 0.029 wt. %
3 Cr20s 0.020 0.064 0.008 0.025 wt. %
4 MnO 0.109 0.052 0.091 0.043 wt. %
5 Fe2O3 1.035 0.078 0.383 0.029 wt. %
6 C0304 0.011 0.043 0.003 0.011 wt. %
7 NiO 0.005 0.036 0.004 0.029 wt. %
8 CuO 0.281 0.041 0.209 0.030 wt. %
9 Nb203 0.159 0.060 0.040 0.015 wt. %
10 MoO:3 0.071 0.069 0.029 0.028 wt. %
11 WO; 0.026 0.154 0.007 0.039 wt. %
12 P203 0.510 1.233 0.212 0.513 wt. %
13 SO3 0.802 0.537 0.592 0.396 wt. %
14 CaO 1.774 0.283 1.869 0.298 wt. %
15 MgO 16..221 48.888 23.769 71.635 wt. %
16 K0 8.885 0.573 5.571 0.359 wt. %
17 BaO 0.000 0.000 0.000 0.000 wt. %
18 ALO; 11.280 10.635 6.534 6.160 wt. %
19 TaxOs 0.052 0.151 0.007 0.020 wt. %
20 TiO; 0.355 0.117 0.263 0.087 wt. %
21 ZnO 0.102 0.035 0.074 0.026 wt. %
22 Ag0 0.211 0.376 0.054 0.096 wt. %
23 Cl 4.867 0.441 8.107 0.735 wt. %
FTIR ANALYSIS RESULT (&l SHIMADZU
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technique

pg.14



Advanced International Journal of Material Science and Engineering (AIJMSE) Vol. 10 (3)

Table 4: Interpretative results for the FTIR technique wavelength pattern of the noni fruit juice
CHARACTERISTIC INFRARED ABSORPTION BANDS OF FUNCTIONAL GROUPS

Class of Compounds  Absorption, cm™ Intensity  Assignment Class of Compounds  Absorption, cin” Intensity  Assignment

Alkanes and 2850-3000 s C-H stretch Carboxylic Acids 2500-3500 s, broad O-H stretch
Alkyls 1450-1470 s C-H bend R-C(O)-OH 1710-1718 s.broad C=O stretch

1370-1390 m CH; C-H bend C=C-C(0O)»OH or 1680-1710 s C=0 stretch
1365 + 1395 m ~CH(CH3); or Ar-C(O)-OH
(two bands) -(CH3); bend
715-728 w ~(CH,), bend Esters aliphatic 1160-1210 s-vs O=C-O-C
acctates ~1240 stretch
aromatic 1250-1310
Alkenes 3020-3140 wem =C-H stretch R-C(0)-O-R 1735-1750 s C=0 stretch
16401670 VWi C=C stretch C=C-C(O)-O-R or 1715-1730 5 C=0 stretch
RCH~CH: 910 + 990 m+s =C-H bend Ar-C(O)»0O-R
(two bands) R-C(O)-O-Ar 1760-1790 s C=0O stretch
RR'C=CH, 885-80% s =C-H bend
cis*RCH=CHR" 665-730 m-s, broad =C-H bend Acyl Chlorides
mans-RCH-CHR”® 960-980 s =C-H bend R-C(O)-C1 1785-1815 B C=0O stretch
RCH=<CR'R" 790-840 s ~C-H bend Ar-C(O)-C1 1770-1800 s C=O stretch
Alkynes Anhydrides
R-C=C-H 3265-3335% s. sharp  =C-H stretch R-C{O)-O-C(O)-R  ~1750~+ ~1815 55 C=0 symmet
2100-2140 m C=C stretch Ar-C(0)-0O-C{(O)}Ar ~1720+~1775 5.5 & asym. stret
610-700 s, broad «C-H bend (both two bands)
R-C=C-R’ 2190-2260 VW-w C=C stretch Nitriles
R-CwN 2240-2260 m-4 Cw=N stretch
Alky] halides C=C-C=N or 2220-2240 s C=N stretch
Ar-C=N
R-F 1000-1350 vs C-F stretch
R-C1 750-850 s C~C1 stretch Amines
R-Br 500-680 s C-Br stretch R-NH: ~3400 + ~3500 w N-H symunet
R-1 200-500 s C-I stretch (two bands) & asym. stret
1580-1650 w-m N-H bend
Alcohols 3300-3400 s, broad O-H stretch RR'N-H 3310-33350 w N-H stretch
C=C-CH,-OH 1035-1050 m-s C-0O stretch
R-CH-OH (1°) or 1050-1085 m-s C-O stretch Amides
C=C-CH(R)-OH R-C(O)-NH; 3200-3400 and wen N-H symuet
RR'CH-OH (2°) or 1085-1125 m-5 C-0 stretch 3400-3500 & asym. stret
C=«C-CRR'-OH (two bands)
RR'R"C-OH (3°) 1125-1208 m-s C-O stretch 16501690 s.broad C=0O stretch
Ar-O-H 1180-1260 -5 C-0 stretch 1590-1655 s N-H bend
R-C(O)-NH-R 3400-3500 w-in N-H stretch

Ethers 1640-1690 s.broad C=O stretch
R-O-R' 1085-1150 s C-O-C stretch 15101360 m-s N-H bend
Ar-O-R 1020-1075 and m-s =C-0-C syim. R-C{O)-NR'R" 1630-1680 m-s C=0 stretch

1200-1275 & asym. stretch
(two band) Nitro Compounds
R-NO, ~1550 and s N-O symmet

Aldehydes 2700-2725 m H-C=~O stretch ~1370 - & asym. stret
R-CH=0O 17201740 s C=0 stretch C=C-NO; or ~152% and s N-O symmet
C=C-CH=0 or 1685-1710 s C=0 stretch Ar-NO» ~13358 s & asyni stret

Ar-CH=0O (both two bals)

Ketones Aromatic Compounds 3010-3100 m Ar C-H stretc
RR'C=0 1710-1720 s C=0 stretch 1450-1600 m-s ring C=C stre
C=C-C(O)yR 1665-1685 s C=0 stretch (two to four bands) sharp
Ar-C(O)-R 1675-1695 3 C=O stretch monosubstituted F30-770 and s C-H bend
four member 1770-1780 5 C=0 stretch 690-710 s C-H bend

cyclic (two bands)
five member 1740-1755 3 C=0 stretch o-disubstituted 735-770 s C-H bend
cyclic m-disubstimted 750-810 and s C-H bend
six member 1710-1720 s C=0 stretch 690-710 s C-H bend
cyclic p-disubstituted 810-840 s C-H bend

Intensity abbreviations: viv = very weak, w = weak. m = medium. s = strong. vs = very strong

4.2 Discussions

4.2.1 XRD results shown in Table 1 and Fig.1

Table 1 and Fig. 1 show that the noni fruit juice produced in this study contains bischofite, urea, chaoite, hanksite,
marialite, and silicon oxide with intensities of 37.6%, 19.9%, 25%, 9.9%, 1.97%, and 6.6%, respectively, as
obtained by XRD.
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Bischofite (MgCl..6H-0) can offer corrosion protection when used with some additives. For example, a 24%
MgCl. bischofite solution with 0.1% KI-1M corrosion inhibitor provides 99.6% corrosion protection to industrial
gas pipelines. The chemical formula of urea is CO (NH2)2, and it can also be written as CH4N2O. It is an organic
compound also known as carbamide and is the main nitrogenous end product of protein metabolism in many
animals.

H,N_  NH,

Urea contains nitrogen and oxygen, which common elements are found in very effective organic corrosion
inhibitors for aluminum and most other metals, making it potentially suitable for this purpose [35]. Urea can act
as a corrosion inhibitor for aluminum under certain conditions, but its effectiveness is limited and depends on the
specific environment and concentrations. Urea alone inhibits aluminum corrosion, but it is often more effective
when combined with other substances, such as zinc ions [36].

Chaoite, also known as white carbon, is a disputed allotrope of carbon, and its existence has not been confirmed
definitively. It is believed to have a carbyne structure, which is a linear, chain-like structure of carbon atoms, but
its chemical formula is not definitively established. According to some sources, it is C, while others propose a
more complex formula related to its formation environment (shock-fused graphite gneiss). It is not typically
known for its corrosion-inhibiting properties on aluminum.

Hanksite is a rare mineral. Its chemical formula is Na.2K(SO4) o(CO3) 2Cl. It has a hexagonal crystal structure and
contains sodium (Na) and potassium (K). It also contains sulfate (SO4), carbonate (COs), and chloride (Cl)
ions. There is no scientific literature or research on the corrosion inhibition of aluminum by hanksite [38].
Marialite is a scapolite mineral group member with the chemical formula Na:Al3S16024Cl as a pure endmember,
or Nas (AlSi:0s)3(Cl2,C0O3,S04) with increasing meionite (Ca-rich scapolite) content. It is a tectosilicate with a
framework structure composed of interconnected [SiO4] and [AlOa4] tetrahedra, with the spaces occupied by the
framework occupied by sodium and chloride ions. Marialite is not typically associated with aluminum corrosion
inhibition [39].

Silicon dioxide has the chemical formula of SiO.. It is the major constituent of sand in many parts of the world
and is commonly found as quartz in nature. It enhances the corrosion resistance of aluminum by forming a
protective layer similar to that of naturally occurring aluminum oxide and acts as a barrier against corrosive agents
in the environment. Therefore, the presence of silicon, either as a component of the aluminum alloy or as an
environmental component, can promote the formation of a more robust and stable oxide layer on an aluminum
metal surface, thereby improving its corrosion resistance [40].

4.2.2 XRF results shown in Tables 2 and 3

Table 2 shows that the noni fruit contains 28 chemical elements of various quantities, 27 of which, except oxygen,
are minerals. Mineral elements, particularly in their ion forms, have been shown to have a substantial impact on
the corrosion of aluminum metal by either promoting or assisting its inhibition, depending on their kinds,
quantities, and particular conditions. Chromium, molybdenum, and tungsten, for instance, are known for
effectively limiting the corrosion of aluminum metals in various environments [41-45]. Iron and magnesium aid
in increasing the corrosion resistance of aluminum metal. The corrosion resistance of aluminum metal is improved
by potassium in the form of a majority of compounds, such as potassium permanganate (KMnQO.) and potassium
sorbate, but it is reduced when potassium is present in the form of hydroxides and chlorides. Copper generally
decreases the corrosion resistance of aluminum and makes it susceptible to intergranular corrosion under certain
conditions. Zinc increases the corrosion resistance of aluminum metal, but it sometimes leads to less corrosion
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resistance of the metal due to the formation of zinc-rich phases, which are more corrosion-prone sites. In general,
vanadium increases the corrosion resistance of aluminum alloys by refining their grains and improving their
passive films. Titanium enhances the corrosion inhibition of aluminum alloys by increasing their anodic stability
in certain electrolytes. Molybdenum can act as a corrosion inhibitor of aluminum alloys in corrosive media with
different pH levels. Silicon can improve the corrosion resistance of aluminum by promoting continuous
passivation. By encouraging constant passivation, silicon can increase the corrosion resistance of aluminum
alloys. Tin inhibits the corrosion of aluminum alloys by reducing the number of precipitate-free zones and refining
the grain boundaries on the alloys. It can also form tin-accumulated layers between passive films and aluminum
alloys, which inhibit cathodic reactions on the alloys. Nickel inhibits the general corrosion of certain aluminum
alloys by improving the microstructure and even distribution of intermetallic particles, promoting the
development of protective corrosion layers, and slowing down the corrosion reaction rates. In some aluminum
alloys, sulfur is commonly linked to the formation of toxic phases, such as sulfides, which may increase the alloys’
corrosion susceptibility. Sulfur is also frequently associated with the development of harmful phases, such as
sulfides, which may increase the corrosion proneness of certain aluminum alloys. Phosphorus functions as an
impurity in most metals and can reduce the resistance of an aluminum alloy to corrosion [41-45]. It is evident
from the foregoing discussion that the majority of minerals in noni fruit juice can greatly contribute to its impact
as a corrosion inhibitor of cookware aluminum under most conditions.

Table 3 shows that the noni fruit juice contains 23 oxides, most of which are oxides of different mineral contents.
Although aluminum metal can naturally form a protective aluminum oxide (Al=Os) film, the presence of certain
mineral oxides and related compounds can further enhance or modify its protection, particularly under aggressive
environmental conditions where the natural oxide layer may be compromised. Some of the oxides in the noni fruit
juice are components of chromate, molybdate, phosphates, tungstate, etc., which are well known for their high
inhibitory effect on the corrosion of aluminum metal by forming protective oxide films on the metal surface or
influencing the stability of any protective oxide film on the metal. Some of the oxides can also be part of more
complex chemical components that are composed of nitrogen, sulfur, oxygen, and their heteroatoms, as well as
aromatic hydrocarbons, which have corrosion-inhibiting properties on aluminum in alkaline or acidic media by
effectively adsorbing onto its surface to create or maintain protective

Barriers [46]. A more detailed analysis of the oxides in noni fruit juice from relevant literature shows that

Cr20s contributes to the formation of a protective, passive chromium oxide layer on the aluminum surface that
acts as a barrier against corrosive substances, such as water and oxygen, to slow down the corrosion process [46,
47].

Titanium dioxide (TiO:) can inhibit aluminum corrosion primarily by forming a protective layer on the metal’s
surface and modifying the surface properties. This protective layer, often an oxide film, can prevent corrosive
agents from reaching the aluminum and initiating corrosion [46, 48].

Vanadium pentoxide (V:0s) can inhibit aluminum corrosion by forming a protective film on the metal’s surface,
especially in acidic environments. This film, which is composed of vanadium-containing compounds, inhibits
both the anodic dissolution of aluminum and the cathodic reactions involved in corrosion [46-49].

Silver oxide (Ag20) can have an inhibitory effect on aluminum corrosion through the formation of a protective
layer on the metal surface that is composed of silver oxide and acts as a barrier that prevents the ingress of
corrosive substances from reaching the aluminum to corrode it further [47-50].
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Zinc oxide (ZnO) can be an effective corrosion inhibitor of aluminum, particularly in alkaline and acidic
environments, by depositing a protective layer on the aluminum surface that inhibits the corrosion process [47-
51].

Cobalt oxide (C030s) can act as a corrosion inhibitor for aluminum, thereby protecting aluminum from corrosion.
This protection is achieved by forming a protective layer on the aluminum surface, which can reduce the corrosion
rate [48-52].

While aluminum is known for its natural corrosion resistance due to the protective aluminum oxide film, iron
oxide (Fe20:s) is not typically used as a corrosion inhibitor for aluminum and can even accelerate corrosion under
certain conditions. Iron ions (Fe*") can promote aluminum corrosion [47-51].

Phosphorus trioxide (P20s) is not a known corrosion inhibitor of aluminum. It can be corrosive to aluminum under
certain conditions, particularly in the presence of moisture.

Chloride ions (CI") can accelerate aluminum corrosion by penetrating and dissolving the protective oxide layer
on its surface, leading to pitting and other forms of corrosion. Corrosion inhibitors, which are often organic
compounds with specific functional groups, can be used to mitigate this effect by adsorbing onto the aluminum
surface and hindering the access of chloride ions to the metal [1-3].

Sulfur trioxide (SOs) is generally not a corrosion inhibitor of aluminum. It can even cause aluminum corrosion,
particularly in humid environments, by reacting with water to form sulfuric acid, which is corrosive to aluminum
and can disrupt its protective layer [47-52].

Manganese oxide (MnQ) acts as a corrosion inhibitor for aluminum, particularly in alkaline environments, by
forming a protective layer on the aluminum surface. This protective layer, often an oxide, can hinder the corrosive
attack of aluminum [48-53].

NiO (nickel oxide) acts as a corrosion inhibitor for aluminum, primarily by forming a protective oxide layer on
the aluminum surface and by adsorbing onto the aluminum surface, hindering corrosive attack. This protective
layer can significantly reduce the corrosion rate of aluminum in various environments [48-53].

Copper oxide (CuO) can act as a corrosion inhibitor for aluminum and its alloys, with its effectiveness depending
on factors such as concentration, dispersibility, and the specific corrosive environment [48-53].

Niobium oxide (Nb20Os) can prevent the corrosion of aluminum by creating a natural protective layer on the metal
when it is exposed to air or certain harmful substances or by forming a layer on the metal surface through the
adsorption of Nb.Os or its compounds [48-53].

Molybdenum trioxide (MoOs) can inhibit aluminum corrosion, particularly when incorporated into coatings or
used as a conversion coating. It is usable in various forms, such as a pigment in coatings, a component in
pretreatments, or as a conversion coating [49-54].

WO:s (tungsten trioxide) can inhibit aluminum corrosion by forming a WOs protective surface layer on the metal
surface, which hinders the corrosive effects of some environments.

Calcium oxide (CaO) can inhibit aluminum corrosion, particularly in alkaline solutions, by forming a protective
layer on the aluminum surface, which reduces the corrosion rate by limiting the access of corrosive agents to the
aluminum surface [50-55].

+-MgO can aid in the corrosion inhibition of aluminum metal by improving the metal’s resistance to corrosion in
certain environments by aiding the formation of a protective layer, often a composite with aluminum oxide that
reduces the interaction between the aluminum and the corrosive medium [48-53].

Potassium oxide (K20) can help in the corrosion protection of aluminum, especially in alkaline conditions, by
encouraging the development of a protective oxide layer that prevents additional corrosion on the aluminum
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surface. However, by making the solution more alkaline, which dissolves the protective coating of aluminum
oxide, K20 can actually speed up corrosion in acidic conditions [50-55].

Barium oxides, particularly barium metaborate, can act as corrosion inhibitors for aluminum and its alloys,
enhancing their corrosion resistance in various media. They form a protective barrier on the metal surface or
influence the formation of a protective oxide layer [53-55].

Aluminum oxide (Al20s), naturally formed on aluminum surfaces, acts as a corrosion inhibitor by creating a
protective barrier against further oxidation. This passive layer prevents water and oxygen from reaching the
underlying aluminum, thereby hindering corrosion. [1-3, 6-8]

Tantalum pentoxide (Ta20Os) can act as a corrosion inhibitor for aluminum, enhancing its degradation.

4.2.3 FTIR results shown in Fig. 2

The print results of the chemical analysis of the noni fruit juice using the FTIR technique are depicted in Fig. 2
with various vibration frequency values of the critical chemical components or functional groups encountered in
the noni fruit juice, alongside Table 4 for use in interpreting the printed results to know the particular chemical
components or functional groups of the fruit juice. It can be observed from Fig. 2 and Table 4 that the vibration
frequency of 3416.05 cm™ represents an alkyl (O-H) stretch, indicating the presence of the hydroxyl (OH) group
from various chemical groups such as alcohol or phenol. The presence of hydroxyl (OH) groups is known to
either promote or inhibit aluminum corrosion, depending on the specific environmental conditions in which the
OH group is part. of. In some cases, it can contribute to forming a protective layer, while in others, it can contribute
to dissolving the aluminum surface [56]. The 2920.32 cm™ vibration frequency indicates alkane (C-H) stretch
and the presence of saturated hydrocarbons such as methylene (-CH:) or methyl (-CHs) groups. Alkanes,
methylene (-CH2-), and methyl (-CH3) groups are known to be influential in the corrosion inhibition of aluminum
by facilitating adsorption onto the aluminum surface that forms protective layers against corrosive species,
depending on their concentrations, positions, and the presence of other functional groups within their molecules
[56, 57]. The 2850.88 cm™! vibration frequency is that of alkane (C-H) stretch, further indicating the presence of
saturated hydrocarbons. These hydrocarbons are known to assist in the corrosion inhibition of Al by creating a
barrier that resists the ingress of corrosive agents [56-58]. The 2260.95 cm™! vibration frequency is that of alkyl
(C-N) stretch, indicating cyano (-CN) or isocyanide (-NC) groups. Cyano (-CN) and isocyanide (-NC) groups can
also inhibit the corrosion of aluminum by adsorbing or forming a protective barrier against corrosion on the metal
surface [57-59]. The vibration frequency of 1641.48 cm™ is that of the alkene (C=C) stretch, indicating the
presence of unsaturated hydrocarbons, such as alkenes or alkynes. These hydrocarbons can adsorb on the metal
surface and create a barrier that reduces the contact between the aluminum surface and the corrosive environment
[57-60]. The vibration frequency of 1469.16 cm™ is that of the amide (C-N) stretch, indicating the presence of
amide (C-CONHz) or amine (-NH:) groups. Both amides and amines assist in the corrosion inhibition of
aluminum by forming a protective film or adsorbent, respectively, on the metal surface with their nitrogen atoms.
[58-60] The vibration frequency of 1408.98 cm™ is that of fluoride (C-F) stretch, indicating the presence of
fluorine-containing compounds. Fluorine-containing compounds can aid in forming a protective layer of
aluminum fluoride compound on the metal surface that prevents the ingress of various corrosive agents, such as
salt water and acidic solutions [49-55]. The vibration frequency of 1332.98 cm™ is that of the amine (C-N) stretch,
indicating amine groups. The vibration frequency of 1153.47 cm™! is that of the carboxylic acid (C-O) stretch,
indicating the presence of carboxyl (-COOH) groups. Carboxylic acid groups (-COOH) are known to inhibit
aluminum corrosion in alkaline and other environmental conditions by binding and forming a protective layer on
the aluminum surface that prevents or reduces corrosion. The vibration frequency of 1035.81 cm™ is that of the
sulfonyl chloride (S-O) stretch, indicating sulfonyl chloride (-SO2Cl) groups. Sulfonyl chloride (-SO2Cl) groups
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are not typically corrosion inhibitors for aluminum; however, they can act as corrosion inhibitors by adsorbing
onto the aluminum surface when they are part of larger molecules that form a protective film that blocks corrosive
agents [50, 51]. The vibration frequency of 679.11 cm™ is that of chloride (C-Cl) stretch, indicating the presence
of chlorine-containing compounds. Chlorine-containing compounds can aggravate aluminum corrosion because
chloride ions can greatly attack the metal surface, especially pits, including its protective oxide layer [1-3, 6-8].
The vibration frequency of 596.02 cm™ is that of the bromide (C-Br) stretch, indicating the presence of bromine-
containing compounds. Bromine-containing compounds inhibit aluminum corrosion in acidic environments by
adsorbing onto the aluminum surface to form protective barriers that reduce the corrosion rate, depending on the
concentration, temperature, and specific bromine compounds present [51, 60, 61].
5.0 CONCLUSION
The inhibitory worth of noni fruit juice produced with noni fruits from plants grown at various locations in Nigeria
on the corrosion of cookware aluminum has been rudimentarily investigated by chemical analysis and assessment
of chemical components found in the juice using X-ray diffraction (XRD), X-ray fluorescence (XRF) and Fourier
transform infrared (FTIR) as supplementary techniques for better results and information. The results show that
the noni fruit juice is chemically complex, consisting of almost all known elements, especially minerals and their
various oxides, as well as organic compounds such as urea and inorganic compounds that include bischofite,
hanksite, marialite, and silicon oxide. A detailed analysis of the corrosion inhibitory capabilities of the chemical
species indicates that fruit juice has a very high inhibitory effect on the corrosion of aluminum cookware. Most
of the element contents and their various oxides, as well as chemical compounds present in the juice, have the
potential to inhibit the corrosion of cookware aluminum. Most of its chemical compounds, such as bischofite,
urea, chaoite, hanksite, and marialite, contain nitrogen, oxygen, sulfur, and their heteroatoms, as well as aromatic
hydrocarbons that can effectively inhibit the corrosion of cookware aluminum by adsorbing onto the metal surface
in various aqueous media. Most of the oxides in fruit juice are components of chromate, molybdate, phosphates,
tungstate, and other chemical groups, which are well known for having a high inhibitory effect on the corrosion
of aluminum metal by forming protective oxide films on the metal surface or influencing the stability of any
protective oxide film on the metal. The nitrogen, oxygen, and sulfur contents of the noni fruit juice were also
found to be appreciable, indicating the presence of nitrogen-containing compounds, such as amines and azoles;
oxygen-containing compounds, such as carboxylic acids, such as maleic, malic, and citric acids; and sulphur-
containing compounds, such as mercapto compounds, which exhibit good corrosion-inhibiting properties for
aluminum in acidic or alkaline media.
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