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Abstract

Pineapple peel is a food waste with environmental concerns. It can be valorized by extracting its bioactive com-
pound through conventional and emerging technologies such as ohmic heating. However, mycotoxins and 
heavy metals contaminations could be concerns of such a valorization process. This study assessed the effects 
of conventional and ohmic heating on selected aflatoxins and metal ions in pineapple peel extract using high- 
performance liquid chromatography (HPLC) and inductively coupled plasma mass spectrometry (ICP-MS). Also, 
energy consumption and environmental impacts of the ohmic process were analyzed. According to the results, the 
ohmic-based valorization system reduced energy consumption and greenhouse gas emissions by more than 83%, 
contributing to net-zero and sustainable development goals (SDGs). Aflatoxins B1, B2, G1, and G2 were below the 
detection limit (B1, G1: 0.2µg/kg; B2, G2: 0.1µg/kg). However, ohmic extracts contained higher concentrations of 
Cr, Pb, Ni, and Fe because of electrochemical reactions and electrode corrosion. Despite the capability of ohmic 
valorization systems, inspecting food waste and valorized products for hazardous chemicals and investing in 
durable electrodes (e.g., titanium) are among the considerations for ohmic systems’ industrial implementation.

Keywords: emerging technologies, energy consumption, food waste, hazardous chemicals, heavy metals, sustainability, 
valorization
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pineapple peel to provide farmers with an affordable 
waste reduction and valorization platform (Gavahian and 
Chu, 2022a). However, two major concerns could be 
associated with such a methodology: the presence of 
mycotoxins originated from mycotoxin-producing fungi 
in agricultural waste and potentially toxic elements (inor-
ganic contaminants, previously referred to as heavy  
metals) and contaminations that originated from ohmic 
electrodes corrosion/electrochemical reactions.

Mycotoxin-producing fungi could contaminate agricul-
tural products (e.g., pineapple) on the farm during har-
vest, transportation, storage, and processing. These could 
be more concerning when dealing with fruit wastes that 

Introduction

The pineapple processing industry generates a consider-
able volume of waste considering pineapple annual pro-
duction statistics (about 40 Mt) and discards of its 
unpalatable parts (e.g., core, crown, and peel), which is 
about 60% of the total weight (Gavahian and Chu, 2022b; 
Hussain et al., 2022; OECD/FAO, 2021). Dealing with 
such vast agricultural waste has been an environmental 
challenge (Hikal et al., 2021; Samota et al., 2023). In this 
sense, researchers and entrepreneurs proposed various 
methodologies for reducing, recycling, and valorization 
of this waste. For example, ohmic heating has been 
recently proposed to extract the bioactive compounds of 
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Also, researchers raised concerns about the presence of 
iron (Fe), nickel (Ni), and Cr in ohmic-treated whey sam-
ples at various conditions (Pataro et al., 2014). In addition 
to food safety concerns, such contamination can nega-
tively affect ohmic hygienic design, products’ antioxidant 
capacity, and product storage stability. Hence, the pres-
ence of such contaminants must be evaluated in ohmic- 
treated products.

Considering the severe concerns about mycotoxin and 
potentially toxic elements in value-added products 
obtained by emerging technologies from agricultural 
wastes and the lack of information on this topic in  
scientific literature, this study aims to analyze the con-
centration of selected metal ions (potentially toxic ele-
ments) and mycotoxins in pineapple peel extracted  
by ohmic heating compared to conventional extraction. 
It also aims to compare these two extraction systems 
regarding energy consumption and environmental 
impact.

Materials and Methods

Sample preparation

Fresh peels of Tainung-17 golden-diamond pineapple 
(Ananas comosus) were collected from a local pineapple 
processing station in Neipu market located in Pingtung 
County, Taiwan. The fresh samples were delivered to the 
emerging food processing technology laboratory of the 
National Pingtung University of Science and Technology 
and immediately subjected to extraction.

Extraction protocols

The extraction protocol based on the valorization 
method developed in a previous report (Gavahian and 
Chu, 2022b) was slightly modified.

Ohmic extractor configuration and conditions
A previously developed ohmic device was utilized in this 
study equipped with a SPA-1105B power supply (Satech 
Power, New Taipei City, Taiwan). The electrodes were 
two parallel 32 × 10−4 m2 stainless 304 located at the walls 
of a one-liter cylindrical-shaped glass chamber, deliver-
ing an electrode gap of 9.0 cm. The system was equipped 
with a temperature and electrical parameters recording 
system (JTT2012, Jianc, New Taipei City, Taiwan) along 
with thermocouples (K-type, K-2M, Jianc, New Taipei 
City, Taiwan) with recording intervals of one second 
(Figure 1). The extraction protocol includes preparing 
half a kilogram mixture of pineapple peel and distilled 
water with a ratio of 1:1 in the extraction chamber, run-
ning the system at a constant voltage of 110 V and  

usually have prolonged uncontrolled storage conditions, 
favoring mold growth. These include Alternaria, Aspergillus, 
Fusarium, and Penicillium (Heshmati et al., 2021), which 
may lead to contamination of the fruit, especially the 
peels, with mycotoxins such as aflatoxins (AFs). The pres-
ence of AFs in food is highly feared as the public is aware 
of its toxicity (Aranega and Oliveira, 2022; Mukhtar et al., 
2023; Onyeaka et al., 2022; Thakaew and Chaiklangmuang, 
2023). It has been proved that naturally occurring AFs 
(B1, B2, G1, and G2) are firmly carcinogens; therefore, 
“International Agency for Research on Cancer” categorized 
them into Group 1, i.e., carcinogenic to humans (Martínez 
et al., 2023; Thakaew and Chaiklangmuang, 2023). Apart 
from being carcinogenic, it has been reported that AFs 
could be teratogenic, mutagenic, immuno-suppressive, 
hepatotoxic, genotoxic, nephrotoxic, and cytotoxic (Pickova 
et al., 2021). Accordingly, the presence of mycotoxins in 
products developed from fruit waste, such as pineapple 
peel, must be verified. There is a need to understand  
if emerging technologies, such as ohmic heating, may 
increase the extraction of mycotoxins from food waste 
into extraction solvent compared with conventional heat-
ing (solvent extraction) methods. Also, it is necessary to 
verify if pineapple peel could be contaminated with con-
cerning levels of mycotoxin even if good agricultural, 
handling, and storage practices were considered. These 
could be the rationales for analyzing mycotoxins in pine-
apple waste treated with ohmic heating.

Potentially toxic elements, such as lead (Pb) and chro-
mium (Cr), are non-biodegradable hazardous substances 
derived from natural mineral sources or industrial dis-
charges (Cai et al., 2023; Qin et al., 2021) and have been 
identified in various agricultural products (Einolghozati 
et al., 2023) and could cause severe risks to human health 
including carcinogenesis, immune system imbalance, 
kidney dysfunction, and eventually death due to bioaccu-
mulation and biomagnification (Budi et al., 2022). 
Therefore, it is necessary to assess the presence of these 
contaminants in value-added products obtained from 
agricultural wastes. At the same time, ohmic technology 
that has been proposed for waste valorization (Gavahian 
and Chu, 2022a) relies on the direct passage of alternative 
current within the sample through metal electrodes 
(Suebsiri et al., 2019), which could cause electrochemical 
reactions, electrode corrosion, and consequently, con-
tamination of the product with components of metal 
electrodes (Gavahian et al., 2018). The type and concen-
tration of the metal contaminant depend on several 
parameters, including sample pH, temperature, electrode 
type, and applied voltage (V)/frequency (Gavahian et al., 
2018; Samaranayake and Sastry, 2005). For example, 
researchers reported that milk pasteurized with an ohmic 
heater equipped with stainless steel electrodes contained 
about 290 μg chromium per kilogram sample (Suebsiri  
et al., 2019), which could be a health risk to consumers. 
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Energy consumption and environmental impact

Total energy consumption (TEC) was based on the 
recorded data from the monitoring system, and total 
energy (kWh) was reported by a digital wattmeter (Class 1,  
Micropower monitor, Tekcoplus, Hong Kong). These 
data were then converted to the associated carbon diox-
ide (CO2) generated as an indicator for greenhouse gas-
ses (GHG) emissions, based on a previously reported 
methodology (Gavahian et al., 2012) by applying the 
updated electricity emission factor of 0.509 kg CO2e/
kWh (EPA, 2023).

Mycotoxin detection procedure

The concentration of AFs B1, B2, G1, and G2 was deter-
mined using a high-performance liquid chromatograph 
(HPLC) equipped with a fluorescence detector and a chro-
matography tube of Cosmosil 5C18-AR, 5 µm, inner diam-
eter 4.6 mm × 25 cm, Knitted Reactor Coils of 25–25. AFs 
B1, B2, G1, and G2 control standards with concentrations of 
1000, 300, 1000, and 300 ng/mL in methanol were used. 
The limit of quantitation of this test for AFs B1 and G1 was 
0.2 μg/kg, and for AFs B2 and G2 was 0.1 μg/kg. This test 
was carried out according to protocol MOHWT0001.04 
(Method of Test for Mycotoxins in Foods—Test of 
Aflatoxins) by SGS inspection and certification company, 
Taiwan. Method validation was conducted by SGS-Taiwan 
(Approved and Accredited Laboratories), under strict 
guidelines as accredited to ISO/IEC 17025 and ISO 
9001:2008, and in compliance with the “Notes for 
Guidance Validation of Analytical Procedures, Definitions 

a frequency of 60 Hz to reach a final extraction tempera-
ture of 100°C, followed by holding time of 20 min at the 
same temperate before discharging the extracts.

Conventional extractor configuration and conditions
The same system as the ohmic extractor, as described in 
section 2.2.1, without electrodes, was used as the conven-
tional system. Thermal energy was applied by flowing a 
heating medium (oil) prepared by an oil bath through the 
cylindrical-shaped chamber walls. The oil bath was insu-
lated to minimize energy waste and was operated at a 
voltage of 110 V and a frequency of 60 Hz, similar to the 
ohmic system. The same extraction temperature and 
time as the ohmic procedure were used for the conven-
tional method, and processing parameters, including 
temperature, were recorded by the same recording sys-
tem.

Electrical resistance and field strength

For the ohmic system, electrical resistance (R in Ω) was 
calculated according to Equation (1) by dividing applied 
voltage (V in volt) over the electrode current (I in 
ampere).

	 R=V/I	 (1)

Electrical field strength (EFS) was calculated according to 
Equation (2) by dividing V over the electrode distance 
(ED) (cm).

	 EFS=V/ED	 (2)

Figure 1.  The schematic illustration of conventional and ohmic systems designed and developed in the “Emerging Food Pro-
cessing Laboratory” of the National Pingtung University of Science and Technology. 1: Electrical power source. 2: Extraction 
chamber. 3: Electrode. 4: Thermocouple. 5: Monitoring system. 6: High-temperature oil bath.
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Results and Discussion

Electrical parameters in ohmic heating

During ohmic heating, the sample temperature increased 
over the processing time. This facilitates the passage of 
electrical current from the sample at the constant EFS of 
12.2 V/cm (Figure 3). The increase in electrical current con-
tinued until the sample reached the extraction temperature, 
the plateau status with a maximum value of 2.8 A.

The changes in the electrical current value were related 
to the sample electrical conductivity/resistance variation. 
According to Figure 4, the electrical resistance of the 
sample was changed during the processing time from 
276.9 Ω to 39.3 Ω, and then stabilized at this minimum 
value. This observation is because of the changes in sam-
ple temperature, as the electrical resistance depends on 
sample temperature. At the same time, as the sample’s 
total mass remained unchanged during the process, the 
minimum value of electrical resistance remained the 
same during the extraction at the highest temperature.

Energy consumption and environmental impact

Energy consumption and greenhouse gas emissions are 
crucial in designing environmentally friendly systems. 
Minimizing such impacts and carbon footprint can  
help achieve sustainable development goals and net zero 
CO2. According to Figure 5, the ohmic process reduced 
the TEC and GHG emissions by about 83.8%. This data 
indicated a significant contribution of this emerging tech-
nology to reducing the environmental impact of processes 
concerning energy consumption and greenhouse gas 
emissions, which can eventually contribute to global 
warming prevention after the industrial implementation of 
such energy-saving technologies. This observation is due 
to the volumetric nature of ohmic heating, generating heat 
in the volume of the materials by directly converting 
energy from electrical to thermal. As a result, the need for 
heat penetration is eliminated, and heat dissipation to the 
environment is expected to be less than that of the hot sur-
face heating method, such as the hot oil bath system used 
in the conventional process (Gavahian and Chu, 2022b).

Mycotoxin level in the extracts

According to the results, all the AFs B1, B2, G1, and G2 
concentrations were below the detection limits, that is, 
less than 0.2, 0.1, 0.2, and 0.1 µg/kg, respectively. This 
suggests that freshly produced and well-handled pineap-
ple waste could be free from concerning levels of AFs.  
It should be noted that the concentration of AFs is 
expected to be significantly higher in the case of  

and Terminology” as well as “Validation of Analytical 
Procedures Methodology by the ICH (Q2A, Q2B) and 
FDA guidelines.” Detailed information can be found 
through the center’s official database (SGS, 2023). Briefly, 
the quality control (QC)-related procedures for perform-
ing testing include preparation of at least five different 
concentrations of standard solutions to make calibration 
curves and calculation of the linear coefficient (correlation 
coefficient, r) ≧0.99, and calibration line verification (ini-
tial calibration verification, ICV). After the calibration line 
was produced, calibration line confirmation solutions were 
prepared using standards from different sources. The rela-
tive error of the analysis results was ±15%. Calibration line 
verification (continuing calibration verification, CCV) uti-
lized the same standard solution prepared as the calibra-
tion line solution to prepare the calibration line verification 
solution. The relative error of the analysis results was ±15% 
and the result obtained from the analysis of blank sample 
(BK) was ≦1/2 LOQ. To check the sample analysis/QC, 
the spike was added to the BK with an allowable range of 
recovery of 60–125%. For relative percent difference 
(RPD%), two repeated analyses were performed on the 
same sample with the same pre-treatment, and two indi-
vidual test values were calculated with RPD% ≦ 20%.

Metal concentrations

The concentrations of selected heavy metal ions, such as 
inorganic contaminants, and major components of stain-
less electrodes were detected by inductively coupled 
plasma mass spectrometry (ICP-MS). Sample prepara-
tion includes acidification with HNO3 and 100× dilution 
with 1% (v/v) high-purity HNO3. Briefly, 1000 ppm of 
element standard solution (high-purity standards) was 
used to prepare standard solutions with different concen-
trations of 1% HNO3 (v/v) according to the sample con-
centration. A Thermo Scientific ICP-MS (iCAP TQ, 
Germany) was used at a ratio frequency power of 1.550 
kW, reflected power of <4w, plasma gas flow rate of 14 L/
min, auxiliary flow rate of 0.80 L/min, and nebulizer flow 
rate of 0.9 L/min. Analysis QC (method validation) was 
performed according to the protocols established at the 
Instrumentation Center at National Tsing Hua University, 
Taiwan, as represented in Figure 2.

Statistical analysis

All the extraction and analysis were repeated three times, 
except for AFs concentrations, which were based on the 
official report of a certified cooperator. The data were 
reported as Mean±SD, and Duncan’s test at a level of 5% 
was used to detect the significance of differences through 
the ANOVA of SPSS software (IBM SPSS Statistics, 
USA).
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these. It should be mentioned that, in this study, the con-
centration of total AFs in all the extracts was below the 
recommended maximum limit values, i.e., 10–15 µg/kg 
(Codex, 2019).

The microbiological quality of food waste depends on 
several parameters, and careful handling can prevent 
mycotoxin production in food waste, such as pineapple 
processing by-products. Also, the latest toxicological 

improper sample handling and prolonged storage time 
before the extraction process from pineapple processing 
waste. This is the case for many agricultural products; for 
example, Jin and Schwarz (2020) explained how mishan-
dling and long storage at inappropriate conditions could 
increase the level of mycotoxin in barley. Such reports 
necessitate careful checks of these toxins in agricultural 
products subjected to storage (e.g., pineapple processing 
by-products) and value-added products developed from 

Figure 2.  Metal analysis quality control flow chart.
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required, especially in the case of raw materials with a 
considerable amount of contaminations.

There are limited reports on the prevalence of mycotox-
ins in pineapple peel extract. However, it has been 
reported that mycotoxin-producing fungi could be 
widely available in pineapples (Stępień et al., 2013). 
Besides, it was demonstrated that mycotoxin-producing 
fungi could easily contaminate pineapple juice and 
extracts by providing a favorable environment for 

guidelines and dietary recommendations should be  
considered at the time of industrial implementation. 
Therefore, the feasibility of such valorization platforms 
can still be explored.

Besides, the results showed that the extraction method 
(ohmic vs. conventional) did not alter the concentration 
of AFs in the extracts, suggesting that ohmic heating 
could not extract higher concentrations of AFs from  
the sample. However, further toxicological studies are 

Figure 3.  The electrical field strength (EFS) and current as affected by processing time in ohmic extraction.
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pH, as these could accelerate the metal ions’ migration 
from electrodes to the solution (Samaranayake and 
Sastry, 2005). The type and concentration of migrated 
metal ions also depends on the type of electrodes and 
processing parameters. The results of analyzing some 
metal ions that could be expected in samples treated by 
stainless steel electrodes ohmic heating systems are pre-
sented in Table 1. A relatively short process with newly 
installed electrodes significantly increased the concentra-
tions of concerning inorganic contaminants, including 
Cr, Pb, and Ni.

microbial growth and toxin formation (Gonçalves et al., 
2019). Also, it was documented that mycotoxins could 
be a concern in fruit juices (Welke, 2019).

Metal contamination

Noncontrolled and nonoptimized ohmic heating is 
known to suffer from electrode corrosion and electro-
chemical reactions. This could be more serious when 
handling samples with high salt concentration and low 

Table 1.  The concentration of metal ions in extracts from ohmic and conventional processes.

Metal concentration (µg/kg)

Cr Pb Ni Fe

CE 1.897b# ± 0.895 1.683b ± 0.203 63.306b ± 2.365 758.912b ± 28.198

OH 374.503a ± 1.885 3.458a ± 0.128 256.843a ± 8.139 1869.032a ± 31.185

DL 0.808 1.190 2.400 2.407 

ML* 0.3–2.0** 0.2–1.5*** 0.1**** ND****

*According to USDA (2016).
**According Codex (2019).
***According to Council of  Europe (2002).
ND: Not defined; Fe is considered a deficiency, not a toxicological problem.
****The range of  ML varies depending on various parameters (e.g., product type) and is provided here for the sole purpose of  comparison.
# Different letters in the same column indicate significant differences in the level of  0.05.

Figure 5.  Total energy consumption (TEC) and greenhouse gas (GHG) emission CO2 equivalent for one run of ohmic and  
conventional extraction process.
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