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Aluminum leaching from Al cookware in different vegetable extract solutions is studied. Four kinds of
Al cookware from different countries were chosen from the local market: China(C), India(I), Saudi
Arabia(S) and Syria(Y). The determination of alloying elements was carried out by ICP-MS
(Inductively coupled plasma using Mass Spectrometer). Extracts of six vegetables were prepared
(tomato, onion, potato, green been, carrots and zucchini) to make 10-50% (w/v) concentrations.
Gravimetric method and Atomic absorption method were used. The surface study was done using
SEM. It was found that Al leaching from Al cookware into vegetable extract solutions depends upon
Al composition, kind of vegetable extracts, water quality, table salt (NaCl), temperature, and
immersion time. The estimated Al intake in 30% vegetable extract ranged from 4.56-5.85 mg/hr for
potato extract to the highest value of 7.44-16.44 mg/hr for tomato extract. Comparing the present
results with the Provisional Tolerable Weekly Intake of Al approved by the FDA/WHO of 1mg/kg
body weight per week showed that Al leaching from Al cook wares in some vegetable extracts may
add large doses of Al into the diet. Thus monitoring of Al intake for the elderly, children, and those
with renal problems is recommended.
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1. INTRODUCTION
Aluminum (Al) is widely used in the industry; it is commonly used in transport, household
utensils and packaging materials. Sources of Al entering human body are food, water, beverages,
cosmetics, medicines, food additives and leaching from Al cook wares. Aluminum was associated with
serious diseases, bone disorders (ostemalaicia) and neurological failures [1-4]. Al was considered inert
until reports of its toxicity to humans were proven. It was regarded a neurotoxin agent since 1980 [5].
Thus public interest of the effects of Al on human health had increased in recent years. The Joint
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Committee on Food Additives established in 2007 a Provisional Tolerable Weekly Intake (PTWI) for
Al of 1 mg/kg body weight per week for an adult; this value applies to all aluminum compounds in
food, including additives [6]. Moreover the daily intake of Al may increase by the inappropriate
choices of food, method of preparation and medicines [7]. Al may leach into the diet through the use of
Al cook wares and Al foils used in cooking or packing. Many studies have been conducted on Al
leaching into food or drinks and the quantitative risk assessment of Al [8-14]. In these studies, the
extent of Al leaching was strongly related to several factors such as pH of the food or drink, cooking
medium, composition of food, duration of contact/cooking and presence of fluoride. However, there is
not an agreement about the safety of Al leaching from Al cook wares.
It is well known that Al exhibits a passive behavior in aqueous solutions due to the protective
compact Al2O3 film on its surface. However the solubility of this protective film increases in acidic
and alkaline medium.
Al cook wares and Al foil are used in cooking in different countries including Saudi Arabia
despite its association with serious health problems. The first part of this study was about Al leaching
in aqueous solutions of meat extract and milk [15].
The aim of this work is to study Al leaching of four kinds of Al cook wares in aqueous
solutions containing six different vegetable extracts (carrots, onion, green been, potato, tomato and
zucchini). The amount of Al leaching into food due to the effect of vegetable constituents and the
important factors which influence Al dissolution will be investigated in the present study.

2. EXPERIMENTAL PROCEDURE
2.1 Materials
1.
Four kinds of Al cook wares were chosen from the local market from four different
countries: China (C), India (I), Saudi Arabia(S) and Syria(Y). The four different Al cook wares were
cut into rectangular specimens of dimensions 2 x 2.5 cm and 2 mm thickness. The average exposed
area was 11.80 cm2 ± 0.20.
2.
The analytical determination of elements was carried out by ICP-MS (Inductively
coupled plasma using Mass Spectrometer) from Perkin Elmer Sciex Instruments ,Canada, ELAN 9000.
The operating conditions are: RF power=1250W; Neubulizer gas flow 0.92 L/min.; Pulse Stage
Voltage=1050V; Dwell time=40 ms. The number of replicate was 3.
3.
The percentage of the alloying elements of the Al alloys is shown in Table 1.
4.
All experiments were made in a clean lab where the amount of dust was kept to a
minimum.
5.
Six kinds of vegetables (carrot, onion, green been, potato, tomato and zucchini) were
washed and cut into small pieces. Potato and onion only were peeled. Five hundred grams of each kind
were weighed in a sensitive balance (0.0001g, Metler Toledo). Then each kind was boiled separately in
a beaker with 500 mL distilled water at 90ºC for 1 hour to get the vegetable extract (VE). Each VE
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solution was filtered into a 1L volumetric flask to obtain the stock solution of 50% w/v which was
used immediately but kept in the fridge before use.

Table 1. Percentage of Aluminum alloying elements
Alloy
%Al
%Element
s
Cr
Cu
Fe
Ga
Mn
Mo
Mg
Sn
Pb
Si
Se
Ti
Zn

China
803879

India
98.335

Saudi
893.9.

Syria
893.89

737.7
737.8
73.99
73709
73..0
73909
730.9
73870
737.7
737.9
--737.7
730.0

73790
73..9
7397.
73708
73797
73078
73.99
7390.
737.0
73788
73709
73787
73087

73780
73.97
7307.
73709
73087
7309.
73000
73099
73707
73780
73707
--737.9

737.0
73080
7399.
7370.
0. 230
73009
73.97
739.7
0.015
0.182
--73709
73700

2.2 Gravimetric method (Weight Loss)
In the present work weight loss method (WL) at 90ºC was used to study Al leaching due to VE
solutions. The mean of two to three replicate experiments was reported. The proposed method to
determine Al leaching from Al cookware is described elsewhere [15]. An experiment using the pieces
of carrot and the VE of carrot showed no difference in terms of Al leaching. Thus the VE was used
instead of the whole vegetable. The Al leaching was calculated from Corrosion rate (CR) using the
following equation:

Where ∆w is the weight loss of Al alloy calculated from subtracting the sample original weight
minus the sample weight after immersion (mg); A is the surface area of Al sample (cm 2) and t is the
immersion time (hour).

2.3 Atomic Absorption Method (AA)
The concentration of Al in distilled water used to prepare the test solutions was below the
detection limit of AA (1ppb). Thus the Al concentration detected was mainly from Al leaching from
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the Al alloys due to VE. The remaining VE solutions after WL experiments were analyzed to
determine the amount of dissolved Al+3 using AA method (Shimadzu 6701F). One mL of the
remaining VE solutions was diluted to 10 mL by standard KCl solution. The calibration curve was
prepared using standard Al solution in the concentration range 5-25 ppm. All standard Al solutions
were diluted with KCl solution. The mean of two to three experiments were reported.

2.4 Surface study
The surface morphology of Al samples was studied using Scanning Electron Microscope
(SEM) from (Joel-JSM-6380).

3. RESULTS AND DISCUSSION
3.1. Gravimetric Measurements
Corrosion rate of Al in 10-50% VE solutions is listed in Table 2. It is shown from this table
that the amount of Al leaching generally increased with increasing concentration of the VE solutions.
For each VE there is a difference in CR among the four Al alloys with alloy I having the highest
leaching and alloy S having the lowest leaching which clearly reflects the effect of alloying elements.
Some alloying elements may impair leaching rather than induce it as seen for alloy S where it leached
less than the other alloys. The chemical analysis using ICP-MS showed that the percentage of Al
ranges from 385.89- 97.902% with different alloying elements as shown from Table 1.
It is clear from Table 2 that there is a difference in Al leaching depending upon the
composition of VE solutions. For example the order of Al leaching in 30 % VE solutions is:

Tomato > zucchini > onion > green beans > carrot > potato
It was established that cooking of acidic foods in Al utensils causes high leaching of Al into
food [9, 16, 17]. It is known that tomato contains a high percentage of citric acid which explains the
low pH of tomato extract (pH 4.5). From a previous study it was found that for 0.10 M citric acid the
amount of Al leaching increased twice when the pH was changed from 6.5 to 4.5 [18]. The pH of the
present study was almost neutral for the rest of VE solutions (pH 5.4-6.5), thus it is expected that Al
leaching in vegetable will be increased when the pH becomes low as in real cooking. The present
finding is in agreement with Ščančar et al.[19] that cooking some vegetables as sauerkraut (low pH) in
Al cookware leach more Al into the solution where the concentration of Al reached 313 mg /kg.
However it was difficult to compare the Al leaching of each vegetable type of the present study with
the excellent study done by Ščančar et al. [19] because of the difference in methodology. Some of the
vegetables were peeled in the present study and only the extract was used which exclude all non
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soluble Al compounds in the organic matter whereas in Ščančar et al study the vegetable samples were
subjected to microwave digestion with HNO3 to dissolve all Al compounds [19].
From this study VE solutions leach more Al than lamb or chicken [15]. This proves that the
composition of food determine the amount of Al leaching which is in agreement with Takeda et al.
who found that Al migration from Al foils depend on type of solvent, pH and temperature [20].
Table 2. Mean CR of Al from WL after immersion for 1 hour at 90°C in different concentrations of
VE solutions
Mean CR*102 (mg/cm2.hr)±Sd
VE

alloy

10% w/v

30% w/v

50% w/v

Carrot

China

2.72±0.12

3.26±0.23

India
Saudi

1.80±0.24
pH6.6
2.33±0.22
1.06±0.19

3.47±0.29
1.53±0.13

7.65±0.28
2.07±0.15

Syria

1.04±0.10

1.87±0.15

3.00±0.23

China
India

1.70±0.17
3.87±0.18

2.17±0.23
4.65±0.27

2.87±0.14
5.83±0.23

Saudi

1.17±0.21

1.83±0.17

2.35±0.17

Syria
China
India

1.41±0.16
1.78±0.12
4.29±0.14

2.37±0.14
2.04±0.18
4.56±0.29

2.92±0.18
2.43±0.10
5.29±0.25

Saudi

1.27±0.25

2.42±0.18

3.68±0.22

Syria
China
India

1.10±0.13
3.89±0.37
3.12±0.18

1.71±0.14
4.08±0.21
5.48±0.24

2.46±0.19
5.18±0.26
8.28±0.34

Saudi

1.70±0.13

2.48±0.16

3.23±0.14

Syria

2.55±0.24

3.10±0. 23

3.60±0.25

China
India

1.07±0.11
1.29±0.15

1.52±0.16
1.82±0.14

2.32±0.21
4.15±0.28

Saudi

1.50±0.13

1.65±0.13

2.92±0.20

Syria
China
India

1.48±0.12
1.67±0.15
2.93±0.16

1.95±0.21
2.36±0.22
5.26±0.29

1.99±0.16
2.63±0.18
6.08±0.27

Saudi

1.23±0.12

1.95±0.11

1.43±0.12

Syria

1.12±0.13

1.74±0.15

2.10±0.17

Onion

G. Beans

Tomato

Potato

Zucchini
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3.2. Atomic absorption
Analysis of dissolved Al3+ ions in the VE solutions from WL experiments by AA are calculated
in ppm (mg/L). To compare the AA results with WL data, the results from AA were multiplied by the
appropriate dilution factor then divided by the area of Al sample used. As an example 30% solutions of
VE solutions were analyzed by AA for alloy S only. The results of WL and AA are shown in Fig.1. A
good consistency was observed between the data from WL and AA with WL being lower in all
solutions which is logical since the extent of detection of AA is in the ppm range. Taking AA results as
the standard method, the difference between the two methods was found to range between 5.4-9.8%.
Using AA for analysis after WL was shown in previous studies to give comparable results [15, 18, 21].

Figure 1. Comparison of Al leaching (E2 mg/cm2.hr) from AA and WL for 30% VE solutions and
alloy S.

3.2.1. Effect of table Salt Addition
To study the effect of adding table salt on Al leaching, 0.5 g of table salt was added to 100 mL
solutions of 30% VE solutions for alloy S only. The results are shown in Fig. 2 with the results of the
original VE solutions for comparison. It was found that addition of table salt indiscriminately increased
the amount of Al leaching in all solutions which reflects the role of chloride ions in stimulating
dissolution of Al oxide layer. In real life during cooking people add table salt, lemon juice and other
spices, which were proved by many researchers to leach more Al when using Al utensils [17, 22]. In a
previous work of corrosion of Al in amino acids with sodium chloride, the current density values
which is directly proportional to Al corrosion rate (or Al leaching) increased 3-4 times in presence of
sodium chloride [21].
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Figure 2. Comparison of Al leaching (ppm) from AA with/without table salt for 30% VE solutions and
alloy S.

3.2.2. Effect of Tap water
To imitate real Al leaching, tap water was used instead of distilled water for 30% VE solutions
and alloy S only. Comparison of Al leaching (ppm) from AA for 30% VE solutions are shown in Fig.3.
It is found that Al leaching increased slightly in general in tap water. Al leaching from Al utensil using
tap water leached more Al as found by our previous study when using Al alloy in 0.10M Citric acid
with tap water and distilled water [21]. The accumulative effect of the anions including chloride in tap
water may explain these findings.

Figure 3. Comparison of Al leaching (ppm) from AA in distilled and tap water for 30% VE solutions
and alloy S.
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Boiling water only in Al utensils resulted in leaching Al into the medium which was explained
by the presence of fluoride ions [16]. However another study conducted by Kharbouj and Nrtier found
that boiling water in Al cookware before cooking actually decreased Al leaching by forming a
protective layer of α-AlOOH [23]. These controversial conclusions need further elucidations.

3.2.3. Effect of temperature and time
o measure the amount of Al leaching at low temperatures like refrigerator samples of alloy S
were immersed in 30 tomato extract for different time intervals (6 18 24 36 hr) in the refrigerator at
4 C. The amount of Al leaching was calculated using AA method. The results are shown in Table 3. It
was found that after 6 hours of immersion the Al concentration was below the detection limit.
owever it took 36 hours at 4 C to produce Al leaching which is close to the amount of Al leaching in
one hour at 90 C. These results indicate that cooking temperature is more important in Al leaching
than cooking time which is in agreement with another study about Al leaching at high temperature
[10]. It was also reported that the Al concentrations in black currant juice and stewed rhubarb prepared
in Al cookware increased with cooking time at the same temperature [8]. To my knowledge the extent
of Al leaching at low temperatures was not reported before.
Table 3. Al leaching (ppm) from AA for 30% tomato extracts in the Saudi alloy at 4 C and different
time intervals.
Time(hr)

AA
Mean Al leaching ±SD (ppm)

6
18
24
36

Below detection limit
0.930±08
1.21 ±0.11
2.26 ±0.15

3.2.4. Effect of Aluminum alloying elements:
It is pertinent to mention that there might be different Al cook wares from the same country. It
was noticed that the total percentage of Aluminum in the cook ware had no influence on the amount
that leach in the VE as the % of Al for the China alloy was the lowest (97.902%) whereas the values of
Al leaching were in the middle in all VE. The percentage of Al in the Indian alloy (98.335%) is close
to that of the Syrian alloy (98.348%); yet the amount that leaches from the Indian alloy was the highest
in all VE except potato extract as shown from Tables 3 and 4. Moreover there was no obvious relation
of the alloying elements to the amount of Al leaching. Trying to relate the percentage of alloying
elements in each alloy to Al leaching was difficult. For example it is known that chromium, copper and
titanium may lower the Al leaching. The percentage of Cr in the Indian alloy is 0.021% which is the
lowest in all the Al alloys, yet the percentage of Cr in the Saudi alloy is 0.041% which is less than its
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amount in the Syrian alloy (0.061%). The percentage of Cu in the Indian alloy is 0.352% which is
close to its percentage in the Saudi alloy (0.380%) and less than its amount in the Syrian alloy
(0.061%). There is no detectable titanium in the Saudi alloy whereas its concentration in the Indian
alloy is 0.040 % which is close to its percentage in the China alloy (0.050%). The collective effect of
these alloying elements is manifested here as the addition of an element during casting may form the
intermetallic XAly compound in the solid solution. In the previous studies about Al leaching from Al
cook wares, the effect of the alloying elements was not discussed in detail because it is beyond the
scope of these studies.

3.3 Surface study
To show the effect of Al leaching from Al utensil the Al sample was immersed in 30% tomato
extract with /without table salt for 3 hours at 90 C. Then the Al sample was dried and scanned with a
SEM at 1000 magnification as shown in Fig. 4. The micrograph in presence of tomato extract only
(Fig.4 A) shows that the smooth Al surface (not shown) was replaced by a surface with itching marks
due to the leaching of Al. The presence of chloride ion (Fig.4 B) increased Al leaching which is shown
as holes in the middle of the micrograph. This clearly shows that chloride ion induced pitting corrosion
of Al and increased Al leaching into the tomato extract. This result is in agreement with the results
obtained from AA analysis in Fig. 2.

Figure 4. SEM of Al alloy S in 30% tomato extract (A) and 30% tomato extract plus table salt (B)
both after 3 hours of immersion at 90 C.

3.4 Comparison with PTWI
Most of the previous studies have reported Al leaching in ppm or in mg/kg but these units does
not relate the Al leaching to the Provisional Weekly Tolerance Intake (PTWI) of 7mg of Al /Kg body
weight of adult [6]. To make use of our data and to be able to compare them with PTWI, some
assumption were made. It is assumed that a family of four persons is using an Al utensil of medium
size with the following dimensions: diameter 20.0 cm, height 15.0 cm. The internal area of the Al
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utensil exposed to leaching will be about 1200.0 cm2. As an example the concentration of 30% tomato
VE and alloy S from Table 1 will be used. For a family of 4 persons it may be assumed that the
average Al intake per hour will be:
2.48x10-2 mg cm-2 hr-1x 1200.0 cm2 = 29.76 mg hr-1 for the family = 29.76 mg hr-1/4 persons
= 7.4 mg hr-1 per person
The estimated values of Al intake per person from WL in 30% of vegetable extracts using the
different Al alloys are listed in Table 4. These values refer to the estimated Al leaching for 30% VE in
mg hr-1 per person which is almost equivalent to mg/day consumption. Using NaCl will definitely
increase Al leaching as shown in Fig. 2.

Table 4. Estimated range of Al intake per person from WL in 30% VE solutions of all alloys
30% VE

pH

Al
alloy

Mean
CR*102 ± Sd
(mg/cm2.hr)

Carrot

5.9

China
India
Saudi
Syria
China
India
Saudi
Syria
China
India
Saudi
Syria
China
India
Saudi
Syria
China
India
Saudi
Syria
China
India
Saudi
Syria

2.72±0.12
3.47±0.29
1.53±0.13
1.87±0.15
2.17±0.23
4.65±0.27
1.83±0.17
2.37±0.14
2.04±0.18
4.56±0.29
2.42±0.18
1.71±0.14
4.08±0.21
5.48±0.24
2.48±0.16
3.10±0. 23
1.52±0.16
1.82±0.14
1.65±0.13
1.95±0.21
2.36±0.22
5.26±0.29
1.95±0.11
1.74±0.15

5.4
Onion

6.5
Green
Beans
Tomato

4.5

Potato

6.1

Zucchini

6.6

Estimated Al
intake per
person
(mg/hr)
8.16
10.41
4.59
5.61
6.51
13.95
5.49
7.11
6.12
13.68
7.26
5.13
12.24
16.44
7.44
9.3
4.56
5.46
4.95
5.85
7.08
15.78
5.85
5.22

Estimated range of Al
intake per person of all
alloys for 30% w/v
(mg/hr)
4.59-10.41

5.49-13.95

5.13-13.68

7.44-16.44

4.56-5.85

5.22-15.78

Int. J. Electrochem. Sci., Vol. 7, 2012

7293

From Table 4., the highest amount of leaching in 83% of the VE (5 out of 6) was from alloy I
(India) and alloy Y(Syria) has the highest leaching in potato extract only. The lowest amount of
leaching in 66.6 % of the VE (4 out of 6) was from alloy S(Saudi Arabia) and 33.7 % (2 out of 6) of
the VE extract was from alloy Y(Syria). The Al leaching from alloy C (China) seemed to be in the
middle range in all VE used.
There is no agreement about using Al utensils for cooking and the leaching of Al into the diet.
Some studies regard using Al utensil and Al foil safe for cooking [17, 22, 24] other studies regard them
hazardous and do not advice using them especially in acidic foods [8, 15, 19].
There are no reports of dietary Al toxicity to healthy individuals in the literature; even high
doses of Al from antacids had not been associated with neurotoxicity [24].
Nevertheless, there is a continuing interest of Al content in food and its possible relation to Al
toxicity especially to the elderly and to people with kidney failure [4, 10]. The Joint Committee on
Food Additives established a Provisional Tolerable Weekly Intake (PTWI) for Al was recommended
as 7mg/kg body weight per week for an adult in 1989 but was replaced with the PTWI of 1 mg/kg
body weight per week for an adult; this value applies to all aluminum compounds in food, including
food additives [6]. In the same report by FAO/WHO in 2007 the total estimated range of Al exposure
to the adult population from different dietary sources (including additives) was 14-280 mg/week [6].
These represent the total Al exposure from different countries not taking into account using Al utensils
or medicines. The safety of Al depends on whether it is absorbed or not but there is also conflicting
reports about its bioavailability. According to Prescot 75-95% of Al we eat or drink is egested, the rest
is absorbed and may accumulate in the different organs of the body [25]. Al accumulation in people
with impaired renal functions was proved to cause encephalopathy, ostemalaicia and anemia [2, 3, 5].
From the present study and a previous study [15] we believe that using Al cookware will add
extra amounts of Al into the diet and will increase the Al exposure to the population in general and to
the elderly and children in particular. Therefore continuous monitoring of the Al level in the daily diet,
water, medicines and food additives is highly recommended.

4. CONCLUSION
Al leaching depends on constituents and pH of VE solution, presence of sodium chloride,
immersion time, water composition and alloying elements. Using Al cookware may leach significant
amounts of Al into the diet, which raise the amounts of Al to high levels. This may reach the limits of
PTWI and may lead to high exposure to the population in general and to the elderly and children in
particular.
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