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This study is aimed to provide a protocol for sampling and analysis of metal elements migrating from carbon
steel cylinders, used for gas storage and distribution, to food gases, i.e. those gases, such as CO,, N, and O,,
employed by food and beverage industries. The concentrations of 23 selected elements, analysed by
inductively coupled plasma mass spectrometry, in the three food gases collected from steel cylinders after a
storage period of 50 days, were re-calculated considering (a) the initial concentrations (i.e. the concentrations
of these elements in food gases before being packaged in carbon steel cylinders) and (b) a migration process
of 5 years that proceeds in time following a linear trend.

Computed data were compared with the limit concentrations for mineral waters (CEE/CEEA/CE no. 83,
03-11-1998; D.Lgs no. 3, 2001; D.M. 29-12-2003), considering that the quantity of CO, commonly added
to 1 L of mineral water is 5 g. Although no reference values indicating the concentration limits of metal
contaminants in food gases are currently promulgated, the results of this comparison have evidenced that
the highest concentrations of the most abundant elements among those selected for the test, i.e. Al, Cd,
Cr, Cu, Fe, Mn, Ni and Pb, are up to 4 orders of magnitude lower that the previously cited limits. This
suggests that the effects of migration of contaminants from carbon steel cylinders do not have a significant
influence on the quality of food gases, independently on the type of food gas and carbon steel composition.
Copyright © 2014 John Wiley & Sons, Ltd.
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INTRODUCTION

Recent European regulations (E.C. no. 1935/2004 and E.C. no. 2023/2006) impose controls of
possible effects related to migration processes of contaminants from packages, including carbon steel
cylinders, to food gases, which can be defined as those gases that are utilized by food and beverage
industries for different applications, such as food preservation, ripening, spoilage prevention, freezing,
chilling and carbonation. These regulations states that all materials and products in contact with food
should be manufactured in compliance with the general and specific rules on guidelines for developing
good manufacturing practices and standard operating procedures (http://www.haccpalliance.org/sub/
food-safety/guifinal2.pdf). However, no laboratory tests have been provided to accomplish these
requests in any stage of production, processing and distribution of food gases. A number of predictive
mathematical models''® and analytical strategies''™'* were proposed to evaluate and quantify
migrants from different types of polymeric packages to solid and liquid food, although much work
is expected to be carried out for a correct estimation of the risk for human health related to the potential
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exposure of the consumer to contaminating substances.'”™'” On the contrary, migration of metallic
elements as a result of the contact of liquid and solid food with carbon steel has received scarce
attention,'®' whereas, to the best of our knowledge, studies concerning migration processes between
carbon steel packages and food gases are not available.

This study is aimed to (a) define a protocol for sampling and analysis of elements released in food gases
(CO,, N, and O,) through migration processes from carbon steel cylinders and (b) use these analytical
data to provide a preliminary evaluation of the impact of migration processes on food gas quality.

MATERIALS AND METHODS

Sampling and analytical protocol

The migration test was carried out for 36 carbon steel cylinders (12 cylinders for each food gas, i.e.
CO,, N, and O,) of different inner volume (V: 5, 14 and 50 L) that were constructed by three different
industries (IN1, IN2 and IN3), as listed in Table 1. Food gases were transferred from storage containers
of five different production/distribution factories (FA1, FA2, FA3, FA4 and FAS5; Table 1) to carbon
steel cylinders by using tubing connectors commonly adopted for filling cylinders addressed to
commercial use. Gas pressure (P) in N, and O, cylinders was ~200 bar, while that in CO, cylinders
was ~50 bar. At each factory, an aliquot (40 L) of those gases sampled in cylinders was also collected
in a plastic bag (a total of nine plastic bags; Table 1).

Once filled with gas, the cylinders were stored at ambient temperature for 50 days.

At the end of the storage period, the cylinder outlet valve was connected to a liguid trap through a
transferring line constituted by a two-stage pressure regulator and a silicon tube (Figure 1). The liquid
trap consisted of a 250-mL plastic dewar equipped with a gas bubble diffuser (Figure 1) and filled with
100mL of a 1% HNOj; solution in MilliQ water. The gas flux was set at 300 mL/min, in order to
produce fine bubbles that interacted with the liquid phase where metal and metalloid elements of the
gas phase were efficiently trapped. Gas flushing lasted for 10 h; thus, the total volume of gas flushed
into the acidified solution from each cylinder was 180000 cc. Gases stored in the nine plastic bags
were flushed through the trapping solution immediately after sampling with the same equipment used
for the gases extracted from the cylinders.

Once the transferring phase was completed, the acidified solution was stored into polyethylene
bottles, ready to be analysed by inductively coupled plasma atomic emission spectroscopy (ICP-AES;
Agilent 720ES) for P, S and Ti and inductively coupled plasma mass spectrometry (ICP-MS; Agilent
7500CE) for Al, As, B, Ba, Cd, Co, Cr, Cu, Fe, Hg, Li, Mn, Ni, Pb, Rb, Sb, Tl, Zn and Zr, without further
treatments, according to the procedures described by the US Environmental Protection Agency (EPA):
EPA 200.7 and EPA 6020A, respectively. ICP-AES and ICP-MS analyses were performed at the Gruppo

Table 1. General features (production industry, IN, distribution factory, FA, and food gas), volume (V, in litres)
and pressure (P, in bars) of steel cylinders used for the test.

Factory Gas v P No. of cylinders Industry Bag
FA1 0O, 50 200 3 IN1 X
FA1 0, 14 200 3 IN1

FA1l CO, 50 50 3 IN1 X
FA1l CO, 14 50 3 IN1

FA2 N 50 200 3 IN1 X
FA2 N, 14 200 3 IN1

FA3 CO, 5 50 3 IN2 X
FA4 0, 50 200 3 IN2 X
FA4 N, 50 200 3 IN2 X
FAS CO, 50 50 3 IN3 X
FAS 0O, 50 200 3 IN3 X
FAS5 N, 50 200 3 IN3 X

Gas samples collected in bags are also reported.
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Figure 1. Schematic draft of the sampling apparatus used to collect metal and metalloid elements from
food gases stored in steel cylinders.

CSA Ltd. Laboratories in Rimini (Italy), which is accredited by ACCREDIA, the latter being the Italian
National Accreditation Body appointed by the state to perform accreditation activity, i.e. certifying the
quality of both the methods used and the data obtained. The ICP analytical technique presents several

Table 2. Operating conditions for ICP-AES (wavelength) and the isotopes (ICP-MS) along with the number
of replicates, relative standard deviation (RSD %), RF power, coolant gas flow, He flow, H, flow and
detection limits.

ICP-AES Wavelength (nm) Replicates RSD% Detection limit (pg/l)
Phosphorous 214.914 3 53 10
Sulfur 182.03 20
Titanium 334.941 3 5.5 10
ICP-MS Isotope Replicates RSD% Detection limit (ng/l)
Aluminum (Al) 2TAl 3 11 0.1
Arsenic (As) BAs 0.1
Boron (B) B 3 5 0.1
Barium (Ba) 13584 3 45 0.1
Cadmium (Cd) 4cq 3 4.5 0.1
Chromium (Cr) 2Cr 3 13 0.1
Cobalt (Co) ¥Co 3 8.2 0.1
Copper (Cu) Scu 3 6.2 0.1
Tron (Fe) 3Fe 3 11 5
Mercury (Hg) 200Hg 3 6 0.1
Lithium (Li) Li 3 5 0.1
Manganese (Mn) 3Mn 3 8.8 0.1
Nickel (Ni) SONj 3 6.2 0.1
Lead (Pb) 208py, 3 11 0.1
Rubidium (Rb) 85Rb 3 7 0.1
Antimony (Sb) 123gp 3 5 0.1
Thallium (TI) 205y 0.1
Zinc (Zn) %7n 3 6.8 0.1
Zirconium (Zr) D7z 3 0.1

RF power (watt) Coolant gas flow (I/min)  He flow (L/min) H, flow (I/min)
ICP-AES 1200 15 3 3.4
ICP-MS 1550 15
Copyright © 2014 John Wiley & Sons, Ltd. Packag. Technol. Sci. 2014; 27: 787-797
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Table 3. Concentrations of the 23 selected elements (in pug/L) in gases from the 36 cylinders and nine bags
used for the test.

02 bag 02 02 02 02 02 02 C02 bag C02 C02 C02 C02
Factory FAl FA1 FAl1l FAl FAl FAl FAl FA1 FA1 FA1 FAl FAl
\Y% 50.00 50.00 50.00 14.00 14.00 14.00 50.00 50.00 50.00 14.00
Al 220 276 212 196 279 265 2.65 2.70 3.34 350 371 3.30
As
B
Ba 0.09 007 0.06 005 013 0.10 0.11 0.12 0.16 0.15 0.11 0.14
Cd 0.03 0.05 0.04 005 002 002 0.02 0.04 0.09 0.04 0.04 0.01
Co 0.02 0.02 0.02 0.02 0.01
Cr 006 0.14 0.13 008 014 0.11 0.06 0.06 0.07 0.08 0.08 0.04
Cu 1.02 031 037 040 1.04 088 0.98 0.55 0.48 043 048 0.33
Fe 280 297 354 295 3.02 354 296 4.10 6.38 570 595 538
Hg
Li
Mn 0.17 0.16 021 016 024 019 0.18 0.08 0.08 0.10 0.08 0.08
Ni 1.00 1.65 130 128 097 060 0.58 0.10 0.14 0.13 0.16 0.16
P
Pb 002 004 0.02 002 003 002 0.02 0.02 0.04 0.03 0.02 0.02
Rb
S
Sb 0.03 0.01 0.01 0.02 0.01 0.01 0.01
Se
Ti
Tl
Zn 290 401 393 389 327 296 3.13 2.50 3.24 351 387 295
Zr

02 bag 02 02 02 Nz bag N2 N2 N2 C02 bag C02 C02 C02
Factory  FA4 FA4 FA4 FA4 FA4 FA4 FA4 FA4 FAS FAS FAS5 FAS
v 50.00 50.00 50.00 50.00 50.00  50.00 50.00 50.00 50.00
Al 2.50 270 290 280 270 3.10 2.50 3.00 2.30 260 2.80 250
As
B
Ba 0.11 0.14  0.15 0.11 0.10 0.13 0.15 0.11 0.11 0.13 0.14 0.16
Cd 0.03 0.06 0.08 0.09 002 003 0.04 0.02 0.04 0.05 0.06 0.04
Co 0.01 0.01 0.01
Cr 0.05 0.11  0.08 0.09 0.05 0.06 0.08 0.09 0.08 0.08 0.07 0.10
Cu 067 077 081 074 069 076 0.81 0.73 1.10 120 0.90 0.08
Fe 350 410 470 430 3.10 3.80 3.50 4.10 3.30 440 4.60 390
Hg
Li
Mn 037 039 043 044 036 045 039 0.41 0.19 021 0.18 022
Ni 0.90 120 130 1.00 0.80 1.30  1.20 1.50 1.20 1.60 150 1.80
P
Pb 004 005 0.03 002 006 005 0.07 0.08 0.05 0.06 0.05 0.07
Rb 0.01 0.02 0.01 0.01
S
Sb
Se
Ti
Tl
Zn 310 330 350 320 290 340 320 3.30 2.50 350 340 3.60
Zr

Element concentrations in the trapping solution (blank) are also reported. Acronyms are as in Table 1.

advantages with respect to other methods, such as atomic absorption spectrometry and inductively
coupled plasma optical emission spectrometry that are commonly used for the analysis of metal and
metalloid elements. ICP-AES and ICP-MS indeed have (a) a high sensitivity (up to 0.01 pg/L); (2) a
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Table 3. Continued

C02 N2 bag N2 N2 N2 N2 N2 N2 C02 C02 C02
FAl FA2 FA2 FA2 FA2 FA2 FA2 FA2 FA3 FA3 FA3
14.00 50.00 50.00 50.00 14.00 14.00 14.00 5.00 5.00 5.00
2.57 3.10 3.76 3.34 3.22 3.68 2.61 3.74 2.10 2.40 2.50
0.16 0.09 0.10 0.06 0.10 0.26 0.24 0.26 0.15 0.11 0.13
0.04 0.03 0.05 0.02 0.05 0.04 0.07 0.06 0.03 0.04 0.02
0.02 0.02
0.06 0.07 0.11 0.11 0.08 0.08 0.08 0.08 0.12 0.11 0.09
0.38 0.71 1.06 1.06 1.02 0.99 0.95 0.93 0.46 0.51 0.53
532 3.90 491 4.54 5.09 4.07 4.71 4.05 3.40 2.90 3.10
0.02 0.01 0.02
0.10 0.11 0.10 0.12 0.14 0.10 0.10 0.12 0.23 0.26 0.21
0.15 1.90 2.34 2.20 2.40 2.24 1.89 1.61 1.10 1.20 1.50
0.03 0.03 0.06 0.04 0.06 0.07 0.05 0.05 0.04 0.06 0.04
0.01 0.01 0.03
0.01 0.01 0.01 0.01 0.01 0.01
2.60 2.50 3.39 2.74 3.60 3.88 3.43 4.11 2.70 2.30 2.90
N2 N2 N2 02 bag 02 02 02 Blank
FAS FAS FAS FAS FAS FAS FAS
50.00 50.00 50.00 50.00 50.00 50.00
2.60 2.70 2.40 2.10 2.20 2.50 2.40 0.15
0.13 0.12 0.09 0.06 0.07 0.06 0.05
0.08 0.06 0.04 0.03 0.05 0.05 0.04
0.08 0.09 0.07 0.15 0.23 0.19 0.21 0.02
0.62 0.60 0.52 0.24 0.33 0.26 0.28 0.02
5.30 5.10 4.70 2.60 3.10 2.90 3.30 0.24
0.11 0.13 0.10 0.15 0.19 0.21 0.18 0.01
1.10 0.90 0.90 1.80 2.10 2.30 2.40 0.05
0.07 0.06 0.04 0.06 0.08 0.08 0.07
3.50 3.60 3.00 2.90 3.60 3.50 3.80 0.09

relatively low analytical error (5%); and (c¢) an analysis run able to determine a high number of elements in
the same aliquot.

The operating conditions for ICP-AES (wavelength) and the isotopes (ICP-MS) along with the number
of replicates, relative standard deviation (RSD %) (determined when the analysed element was present),
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RF power, coolant gas flow, He flow, H, flow and detection limits are listed in Table 2. Appropriate
internal standards, e.g. Li, ¥Sc, #Y and "’In, were used to set up the ICP-MS instruments.

RESULTS AND DISCUSSION

Analytical data (in pg/L) of 23 selected elements (Al, As, B, Ba, Cd, Co, Cr, Cu, Fe, Hg, Li, Mn, Ni, P,
Pb, Rb, S, Sb, Ti, Tl, Zn and Zr), determined in samples collected from the 36 cylinders and the nine
plastic bags according to the procedure described in the previous section, are reported in Table 3.
These data were computed by multiplying the analytical ICP-MS concentrations by the ratio between
(a) the amount of gas flushed from the cylinders (353, 128 and 112 g for CO,, O, and N, respectively)
or the bags (80, 29 and 26 g for CO,, O, and N,, respectively) and (b) the weight of the trapping
solution (100 g). From these values, the concentrations measured in the blank trapping solution were
then subtracted.

The concentrations of nine elements were below the instrumental detection limits (As, B, S, Se, Ti,
Tland Zr: 0.1 pg/L; Hg: 0.05 pg/L, P: 0.01 pg/L), whereas Al, Ba, Cd, Cr, Cu, Fe, Mn, Ni, Pb and Zn
were detected in all the samples, their concentrations ranging from 0.02 to 6.38 pg/L. Eventually,
Co, Li, Rb and Sb were only detected in few samples and their concentrations ranged from 0.01 to
0.03 pg/L.

In order to distinguish the contributions of food gas contaminants related to migration from carbon
steel cylinders, which is the main goal of the present study, and those from other sources, the element
concentrations measured in samples from the plastic bags were subtracted from those obtained from
cylinders filled with the corresponding gas. The concentrations resulting from this computation
(Table 4) are significantly lower with respect to those reported in Table 3, indicating that the measured
metal and metalloid elements were mostly present in the filling gases before being stored in the
cylinders. It is worth noting that some elements (Ba, Cd, Li, Rb and Sb) listed in Table 4 are not
present in carbon steel even in trace amounts; thus, in principle, their presence in food gases should
not be ascribed to migration processes. However, the concentrations of these elements were extremely
low, suggesting that their occurrence is mostly dependent on the uncertainties of the analysis of
samples from both the cylinders and the plastic bags. Iron, Zn, Ni and Al, showing concentrations
up to 2 orders of magnitude higher than those of the other elements, seem to be the most prone to
migrate from steel to food gases. As shown in Figure 2, the average concentrations of the contaminants
in cylinders filled with O,, CO, and N, are quite similar and do not show any specific trend, suggesting
that the migration process does not significantly depend on the type of food gas. The comparable
average concentrations measured in O, (Figure 3a) and, separately, N, (Figure 3b) and CO, (Figure 3c)
from cylinders having a different volume (Table 1) demonstrate that migration is not dependent on the

0.1

ng/L

0.01

L L T T T
Al Ba Cd Co Cr Cu Fe Li Mn Ni Pb Rb Sb Zn

Figure 2. Column diagram of average concentrations (in ug/L) of Al, Ba, Cd, Co, Cr, Cu, Fe, Li, Mn,
Ni, Pb, Rb, Sb and Zn in samples from cylinders containing O, and, separately, CO, and N.
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Figure 3. a—c. Column diagrams of average concentrations (in pg/L) of Al, Ba, Cd, Co, Cr, Cu, Fe, Li,
Mn, Ni, Pb, Rb, Sb and Zn in samples from cylinders with different volumes containing (a) O,, (b) N,
and (c) CO,.

cylinder dimensions. Similarly, different types of carbon steel (IN1, IN2 and IN3) seem to produce
comparable amounts of migrating contaminants (Figure 4a—c).

Although the European regulations (EC no. 1935/2004 and EC no. 2023/2006) do not indicate limit
concentrations to assess the quality of food gases, which should be defined through appropriate
laboratory and medical tests,”*> an evaluation of the effects of migration processes from carbon steel
cylinders was tentatively carried out referring to the maximum admissible concentrations of Al, Cd,
Cr, Cu, Fe, Mn, Ni and Pb in mineral waters in Italy (Table 5) reported by D.L. no. 31/2001 that

received indication from the World Health Olrganization.z*g’24 These limit concentrations (LC) were

14 a

0.1
0.01
INERAE |
- -
?Q 0.01 1 I I I

163 {1 | |

0.01 I D I i I

| : ||

Al Ba Cd Co Cr Cu Fe Li  Mn Ni Pb Rb Sb 2zn

Figure 4. a—c. Column diagrams of average concentrations (in ng/L) of Al, Ba, Cd, Co, Cr, Cu, Fe, Li,
Mn, Ni, Pb, Rb, Sb and Zn in samples from cylinders contructed by different industries (IN1, IN2 and IN3)
containing (a) O,, (b) N, and (c) CO..
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Table 5. Limit concentrations (LCs; in pg/L) of Al, Cd, Cr,
Cu, Fe, Mn, Ni and Pb in mineral waters (D.L. no. 31/2001).

LC
Al 200
Cd 3
Cr 50
Cu 1000
Fe 200
Mn 2000
Ni 20
Pb 100

795

compared with those measured in samples from CO,-filled cylinders, considering that the maximum
CO, concentrations in gasified mineral waters is 5g/L. Analytical data of samples from N-filled
and O,-filled cylinders were not considered in these calculations because it is difficult to assess how
and in which amount these gases, used for different applications by the food industry, are in contact
with the consumer, making any comparison with the existing concentration limits, valid for various
types of food, not reliable. To extend the validity of the test to the maximum shelf-life period of food
gases in carbon steel cylinders (5 years), data of samples from CO,-filled cylinders (Table 4) were
multiplied by 36.5, i.e. the ratio between the days in 5 years (1825) and the days of test duration (50).
Therefore, adopting this approach, the migration process was assumed to proceed in time following a
linear trend, which is the worst case among those predicted by theoretical models based on the Fick’s
law.”> As shown in Figure 5, re-calculated element concentrations are 2—4 orders of magnitude lower
than the LCs, demonstrating that food gas contamination related to metallic element migration from
carbon steel cylinders is not significant, even when the worst scenario is considered.
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Figure 5. a-h. Concentrations (in pg/L) of (a) Al, (b), Cd, (c) Cr, (d) Cu, (e) Fe, (f) Mn, (g) Ni and (h)
Pb in samples from CO,-filled cylinders. To be compared with limit concentrations for mineral waters
(LC), concentrations were recalculated considering (a) a storage period of 5 years and (b) a CO,
concentration of 5 g/L.
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CONCLUSIONS

This study presents an efficient and simple sampling and analytical procedure, based on the use of an
acidified trapping solution coupled with ICP-MS analysis, which is able to provide data that can be
used for evaluating the impact on the food gas quality of migration of metallic elements from carbon
steel cylinders. The definition of a methodological protocol is to be considered of fundamental
importance because the European regulations impose a strict control on the quality of food in contact
with packages of different material, including carbon steel, but they do not provide any guideline to
indicate how to carry out these controls on food gases. Our tests showed that migration processes from
carbon steel cylinders are able to transfer relatively low quantities of metallic elements (especially Al,
Fe, Ni and Zn) in CO,, N, and O,, even if considering a long storage period (5 years). The amounts of
these contaminants seem to be independent on the type of carbon steel and food gas. A preliminary
evaluation of these results was carried out by comparing the element concentrations measured in
CO,-filled cylinders with the LCs for mineral waters. Although a correct estimation of the influence
of migration processes on food gases should be based on reference values produced by specific
toxicological studies on this particular type of packaging material and food, these tests have shown that
CO, contamination related to migration from carbon steel cylinders is not significant.
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