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ABSTRACT

sustainability and a circular economy.

The objective of this study was to determine the most effective bulk packaging materials for cumin seeds, ensuring the preservation of quality during export
processes. Preserving the quality of spices is of paramount importance, particularly with regard to utilizing effective oxygen and gas barriers to maintain
aroma. To address these concerns, multiwall paper bags were tested for their efficacy in prolonging the shelf life of cumin seeds. A selection of four packaging
materials, chosen based on sustainability criteria, was exposed to accelerated aging conditions set at 38+1°C and 90+2% relative humidity over a period
of six months, and shelf life was evaluated. Export packaging specifications were developed using paper-based sustainable packaging materials to ensure
compliance with transport requirements. The results demonstrated that multiwall paper bags lined with aluminium foil successfully inhibited moisture and
oxygen ingress, thereby preserving the quality of the product and extending its shelf life. Although fossil-based packaging is better suited for long-distance
transport, multilayer paper bags offer unique advantages. They meet essential requirements and are inherently sustainable, allowing producers to support
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Introduction

Packaging is essential in preserving the safety and quality of food
items as they traverse the supply chain. It serves to protect food
from harmful external factors, including mechanical impacts,
light exposure, and moisture, thereby ensuring the integrity and
longevity of the products. The selection of packaging materi-
als, design, and strategies can vary significantly, influencing not
only the effectiveness of the packaging but also its environmen-
tal impact. Sustainable packaging is increasingly recognized as
a critical component of food packaging strategies. It is character-
ized by its effectiveness, efficiency, and safety for both human
health and ecological systems [1-3]. As the global population
continues to grow and supply chains become more complex, the
demand for packaging is consistently rising [4]. According to
Smithers Pira’s report (2024) “The Future of Global Packaging
to 2028,” the global packaging market is projected to expand
significantly, from $1.17 trillion in 2023 to $1.42 trillion by
2028 [5]. This growth is driven by increasing consumer demand,
a rising global population, and the booming e-commerce sector.
However, a major concern arises from post-consumer packag-
ing waste, particularly with single-use and multilayer materials
that contribute to environmental challenges. In the food industry,
common packaging materials include petroleum-based, non-bi-
odegradable polymers such as polyethylene and polypropylene,
which are widely used for single-use plastic bags, wraps, and
inserts [6,7]. While synthetic plastic packaging offers several
advantages—such as affordability, lightweight design, flexibil-
ity, transparency, and impermeability—it also poses significant
environmental risks if not managed properly. Thus, there is an

urgent need for innovative approaches to sustainable packaging
that can mitigate these risks while still meeting the demands of
a growing market.

Cumin (Cuminum cyminum L.), known as “Jeera” in India, is
a significant seed spice derived from an annual herb cultivated
globally. It belongs to the Apiaceae family and originated in the
Levant, Upper Egypt, and the Mediterranean region. Cumin has
been utilized as a spice since ancient times and is a key ingre-
dient in various mixed spices, chutneys, and curry powders. In
the Middle East, it is commonly used to enhance the flavour of
meats and vegetables, while in Europe, it enjoys similar popular-
ity. India stands as the largest producer and consumer of cumin
worldwide. Cumin seeds hold significant culinary and industrial
importance. They are utilized in traditional culinary practices,
where they are added to dishes such as rice, bread, biscuits, and
beverages like lassi. Furthermore, cumin is fried or incorporated
into various recipes to enhance flavour. In addition to its culinary
uses, the volatile oil and oleoresin extracted from cumin serve
crucial roles in both the food flavouring industry and the cosmet-
ics and perfumery sectors. Specifically, cumin seeds and cumin
oil are employed to impart flavour to soups, meats, cheese, pick-
les, and bread products. The volatile oil from cumin is also em-
ployed as a fragrant component in the formulation of ointments,
lotions, creams, and perfumes. Moreover, it is used in the food
flavour processing industry to regulate the volatile oil content of
oleoresins. Cumin is also noted for its medicinal applications,
being used in the treatment of various ailments. Importantly,
cumin seeds are recognized as an excellent source of iron [8-10].
In the 2023-24 season, India continues to be the largest producer,
consumer, and exporter of cumin. The country accounts for ap-
proximately 70% of global cumin production, with Gujarat and
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Rajasthan being the primary cultivation states, contributing over
95% of India’s total output. This year, the area under cumin cul-
tivation has significantly increased to about 12.5 lakh hectares,
up from 7.14 lakh hectares in the previous year, resulting in an
estimated production of 7.6 lakh tonnes, compared to 4.63 lakh
tonnes in 2022-23. Gujarat is expected to produce a record 4.08
lakh tonnes, nearly double its output from last year [11,12].

Plastic waste in oceans is a critical global environmental issue,
primarily due to packaging materials. In 2023, global plastic
production reached 413.8 million metric tons, with packaging
contributing to 40% of this waste. A large portion of plastic
waste ends up in the ocean, with plastics making up at least 85%
of marine litter, threatening ecosystems and wildlife. Sustain-
able packaging is now a key focus, guided by the “3Rs”—Re-
duce, Reuse, and Recycle. Paper-based packaging, particularly
multiwall paper bags with metallization, aluminium foil, and
wax coatings, offers an environmentally friendly alternative to
plastics. These bags are made from renewable resources, are
biodegradable, and provide enhanced protection from moisture,
oxygen, and light. Multiwall paper bags not only extend product
shelf life but also support sustainability efforts by reducing envi-
ronmental impact. By adopting these innovative packaging solu-
tions, businesses can protect their products while contributing
to a circular economy and addressing the growing plastic waste
crisis. Cumin seeds, being hygroscopic, necessitate packaging
materials with excellent barrier properties to prevent moisture
absorption and maintain quality. Currently, Indian cumin seed
exporters primarily utilize bulk packaging without standard-
ized technical specifications, which presents challenges in en-
suring consistent quality and accurately assessing shelf life. To
protect the quality of spices, it is essential to use high-barrier
packaging materials that guard against oxidation and preserve
freshness. The packaging industry in India is experiencing a
significant shift towards sustainability, influenced by regulatory
requirements, consumer preferences, and innovative practices.
By adopting sustainable packaging designs, spice and packaging
companies can minimize their environmental impact while en-
hancing their competitiveness in the global market. In response
to the critical issues confronting the spice sector, the Indian Insti-
tute of Packaging (IIP) in Mumbai undertook an extensive inves-
tigation with the objective of devising efficient bulk packaging
strategies. Funded by the Spices Board India under the Ministry
of Commerce and Industry, this study aimed to generate effec-
tive packaging solutions for cumin seed through rigorous testing
of sustainable packaging materials and evaluating their influence
on shelf life, particularly for the export market.

Materials and Methods

The cumin seed was sourced from M/s Jabs International Pri-
vate Limited, Navi Mumbai, while the multiwall paper (MWP)
as specified by IIP were manufactured and obtained from M/s
Paper Bag Mfg. Co., Mumbai. The packaging of the samples
was carried out at the Research and Development Department
laboratory of the Indian Institute of Packaging in Mumbai. A
selection of multiwall paper bags was employed and the specific
characteristics of these materials are as detailed below:

MWP1: Multiwall Paper Bag without coating/ lamination —
Control

MWP2: Multiwall Paper Bag laminated with MET PET (Metal-
lized PET)

MWP3: Multiwall Paper Bag laminated with Aluminium foil
MWP4: Multiwall Paper Bag with wax coating

Mechanical and Barrier Properties Testing

The packaging materials were evaluated for their physical, me-
chanical, and physico-chemical properties. Mechanical proper-
ties of PP woven bags, paper woven bags, and liners, including
breaking load, elongation, seam strength, tensile strength, and
strain, were tested using a universal testing machine (UTM) as
per ASTM D882-18 standards [13]. The water vapor and oxygen
transmission rates of the liners were measured following ASTM
F1249 standards. Migration testing of the liners was conducted
according to IS 9845-1998 guidelines [14].

Accelerated Shelf Life Study

To assess the shelf life of cumin, 200-gram samples were pack-
aged in ten materials and exposed to accelerated aging condi-
tions (38 + 5°C, 90 + 2% RH) in a Newtronic Walk-In Humidity
Chamber. This simulated extreme conditions, allowing for faster
evaluation of packaging durability. Samples were analyzed reg-
ularly, with testing every 15 days for the first 90 days and then
at 7-day intervals until 190 days or spoilage occurred. Each test
was performed in triplicate throughout the six-month period.

Moisture Content

The initial moisture content (IMC) of cumin seeds was measured
and compared to the critical moisture content (CMC) as per FS-
SAl regulations (Figure 1). Moisture content was determined us-
ing the Ohaus MB27 moisture balance, following AOAC (2003)
standards [15].

CoMC J 10

IMC 12
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MOISTURE CONTENT (%)

Figure 1: Initial Moisture Content (IMC) and Critical Moisture
Content (CMC) of Cumin Seed

Water Activity

Water activity was measured using an Aqualab 4TEV Water Ac-
tivity Meter. The sample was placed in a sealed disposable cup
to achieve vapor equilibrium, and an infrared beam measured
the dew point temperature, which was then used to calculate the
water activity.

Visual Observations

Colour, aroma, appearance, and microbial growth were moni-
tored throughout the exposure period. Packaging materials were
checked for physical changes like colour shifts, cracks, or de-
lamination. Samples showing signs of microbial spoilage were
excluded from further analysis.

Transport Worthiness Test

Drop and vibration tests assessed packaging durability. Each
sack was dropped three times from 1.2 meters onto different sur-
faces, and vibration tests were conducted for one hour at 120
cycles per minute with a 2.54 cm amplitude, following IS 7028-
4 (1987) and IS 7028-2 (2002) standards [16,17].

Statistical Analysis
All physico-chemical parameters were measured in triplicate,
with significance determined at a 5% level (p<0.05).
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Results and Discussion

Mechanical Properties of Multiwall Paper Bags

The data presented in Figure 2 shows the total GSM and bursting
strength (in kg/cm?) of various multiwall paper bags. Multiwall
paper bags laminated with aluminium foil and MET PET exhibit
the highest GSM, indicating they are the most durable options.
In contrast, laminated and non-coated bags are lighter and less
sturdy. The MWP3 (Multiwall Paper Bag laminated with Alu-
minium foil) has the highest bursting strength at 19.45 kg/cm?,
demonstrating that the aluminium foil layer enhances the bag’s
structural integrity and burst resistance. MWP2 (Multiwall Pa-
per Bag laminated with MET PET) follows with a slightly lower
bursting strength of 17.13 kg/cm?, showing good durability.
MWP4 (multiwall paper bag with wax coating) has a significant
decrease in bursting strength to 15.45 kg/cm?, providing moder-
ate protection, but not as much as aluminium foil or MET PET.
MWP1 (multiwall paper bag without coating/lamination) shows
the lowest bursting strength at 14.2 kg/cm?, likely due to the
absence of additional protective layers. Overall, MWP3 stands
out as the most robust option, making it the best choice for pack-
aging cumin seeds. Choosing the right materials can enhance
product safety and shelf life, benefiting both manufacturers and
consumers.

Figure 2 also displays the tensile strength (in kgf/15 mm width)
of multiwall paper bags in both the machine direction (D1) and
cross direction (D2) for various bag types (aluminium foil, MET
PET, wax coating, and no coating/lamination). In all bag types,
the inner ply consistently shows the highest tensile strength in
both directions. MWP3 has the highest tensile strength overall.
Typically, tensile strength is higher in the machine direction
(D1) than in the cross direction (D2), as paper fibers in multiwall
bags are aligned more in the machine direction, offering better
resistance to tensile forces. In the cross direction, tensile stress
causes fiber separation, resulting in lower tensile strength.
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[MWP1: Multiwall Paper Bag without coating/ lamination —
Control; MWP2: Multiwall Paper Bag laminated with MET
PET; MWP3: Multiwall Paper Bag laminated with Aluminium
foil; MWP4: Multiwall Paper Bag with wax coating]

Figure 2: Mechanical Properties of Multiwall Paper Bags

Barrier Properties of Multiwall Paper Bags

The data in Figures 3 and 4 compare the oxygen transmission
rates (OTR) of various multiwall paper bags, highlighting signif-
icant differences in their ability to block oxygen. MWP3 (Mul-
tiwall Paper Bag laminated with Aluminium foil) exhibited the
lowest OTR at 31.02 cc/m? over 24 hours, offering the best oxy-
gen barrier, ideal for preserving oxygen-sensitive products like
cumin seeds. MWP2 (Multiwall Paper Bag laminated with MET
PET) showed a moderate OTR of 62.32 cc/m?, while MWP4
(multiwall paper bag with wax coating) had a much higher
OTR of 779.42 cc/m?>. MWP1 (uncoated/laminated) displayed
the highest OTR at 813.77 cc/m?, providing the weakest protec-
tion against oxygen. This highlights the superior oxygen barrier
properties of MWP3, followed by MWP2, MWP4, and MWP1
in decreasing order of effectiveness.

MWP3 also showed the lowest water vapor transmission rate
(WVTR) of 0.908 g/m? over 24 hours, indicating it provides
the strongest barrier against moisture. MWP2 had a WVTR of
3.486 g/m?, still offering strong moisture resistance. In contrast,
MWP4’s WVTR was 10.40 g/m?, and MWP1 had the highest at
10.50 g/m?, indicating the weakest moisture barriers. These find-
ings underscore the importance of selecting the right packaging
material to preserve the quality and shelf life of cumin seeds.

Oxygen Transmission Rate (cc/m? for 24 hours)
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[MWP1: Multiwall Paper Bag without coating/ lamination —
Control; MWP2: Multiwall Paper Bag laminated with MET
PET; MWP3: Multiwall Paper Bag laminated with Aluminium
foil; MWP4: Multiwall Paper Bag with wax coating]

Note: The data for multiwall paper bags (MPB) without lami-
nation and with wax coating are 813.77 and 779.42, respec-
tively. However, for graphical representation, these values are
expressed as 81.37 x 10" and 77.94 x 10".

Figure 3: Oxygen Transmission Rate of Multiwall Paper Bags

Water Vapour Transmission Rate (g/m? for 24 hours)
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[MWP1: Multiwall Paper Bag without coating/ lamination —
Control; MWP2: Multiwall Paper Bag laminated with MET
PET; MWP3: Multiwall Paper Bag laminated with Aluminium
foil; MWP4: Multiwall Paper Bag with wax coating]

Figure 4: Water Vapour Transmission Rate of Multiwall Paper
Bags
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Moisture Content

The analysis of the moisture content in fennel seeds (Table 1) dur-
ing storage across four different packaging materials (MWP1: Mul-
tiwall Paper Bag without coating/ lamination — Control; MWP2:
Multiwall Paper Bag laminated with MET PET; MWP3: Multi-
wall Paper Bag laminated with Aluminium foil; MWP4: Multiwall
Paper Bag with wax coating) reveals significant on the effect of
packaging for the moisture gain and the overall quality of the seed
spice. The moisture content in cumin seeds stored in MWP1 began
at 7.20% and steadily increased throughout the storage period. By
day 30, it increased to 10.50%. Beyond day 139, the testing was
discontinued due to microbial growth (indicated as “D” from day
139 to 190 as presented in Table 1). In MWP2 by day 60, the mois-
ture content reached 10.20%, and by day 190, it had increased to
18.20%. In MWP3 by day 118, it reached 10.77%, slightly above
the 10% threshold. The moisture content in MWP4 reached 9.99%
on 45 days. Caking or clumping of spices is a prevalent challenge
in the industry, occurring during both processing and storage. This
phenomenon refers to the formation of persistent clumps due to the
stickiness of spice particles, which can lead to reduced functionality
and quality [18,19]. These findings indicate that moisture gain is
influenced by several factors: the hygroscopic nature of dried prod-
ucts, environmental conditions such as temperature and relative
humidity, and the properties of the packaging materials used [13].

Table 1: Moisture Content of Cumin Seed During Storage in
Different Packaging Materials

Moisture Content (%)
Days in Storage

P.M MWP1 MWP27 MWP3 MWP4
0 7.20 7.20 7.20 7.20
15 7.74 7.31 7.36 7.78
30 10.50 7.88 8.09 8.94
45 10.88 8.00 8.36 9.99
60 11.22 10.20 8.50 10.50
75 11.24 10.43 9.58 11.02
90 14.37 11.13 8.91 11.11
97 14.72 11.41 9.27 11.12
104 15.11 11.83 9.62 11.68
111 15.53 12.52 9.90 12.30
118 15.68 12.71 10.77 12.87
125 16.20 13.17 10.88 13.78
132 16.32 13.22 11.13 15.51
139 D 13.28 11.72 15.53
146 D 13.65 12.24 D
153 D 13.74 12.25 D
160 D 14.11 12.50 D
167 D 14.17 12.97 D
174 D 14.87 13.40 D
181 D 15.35 15.37 D
190 D 18.20 17.67 D

P.M- Packaging Materials

[MWP1: Multiwall Paper Bag without coating/ lamination —
Control; MWP2: Multiwall Paper Bag laminated with MET
PET; MWP3: Multiwall Paper Bag laminated with Aluminium
foil; MWP4: Multiwall Paper Bag with wax coating]

D: Discontinued due to microbial growth

Water Activity

The water activity of cumin seeds (Table-2) stored in MWP1 (Mul-
tiwall Paper Bag without coating/lamination) started at 0.4418 on
day 0 and gradually increased over time. By day 132, the water
activity reached 0.6654, and measurements beyond this point were
discontinued due to microbial growth (denoted as “D”). The water
activity of cumin seeds stored in MWP2 (Multiwall Paper Bag lam-
inated with MET PET) also increased gradually, reaching 0.6178
by day 190. Similarly, the water activity of cumin seeds stored in
MWP3 (Multiwall Paper Bag laminated with Aluminium foil) in-
creased to 0.6004 by day 190. The water activity of cumin seeds
stored in MWP4 (multiwall paper bag with wax coating) increased
as well, reaching 0.6500 by day 139, with further measurements
discontinued due to microbial growth. MWP1 (Multiwall Paper
Bag without coating/lamination) was the least effective in maintain-
ing stable water activity. High water activity levels can significantly
reduce the shelf life of food products, while lower values tend to
extend it. Hygroscopic materials, such as cumin seeds, have the
capacity to absorb water molecules from their environment. When
relative humidity levels are high enough, these materials will take in
moisture to equilibrate with the surrounding humidity, resulting in
an increase in their overall water content [20]. The rise in water ac-
tivity during storage correlates with an increase in moisture content,
which escalated from an initial 7.20% to 16.32%. Similar observa-
tions were made by [21,22].

Table 2: Water Activity of Cumin Seed During Storage in
Different Packaging Materials

Water Activity
Days in Storage
P.M MWP1 MWP27 MWP3 MWP4
0 0.4418 0.4418 0.4418 0.4418
15 0.4578 0.4512 0.4493 0.4497
30 0.4773 0.4597 0.4521 0.4536
45 0.5143 0.4628 0.4589 0.4653
60 0.5366 0.4753 0.4603 0.4795
75 0.5638 0.4825 0.4651 0.5049
90 0.6033 0.4931 0.4761 0.5347
97 0.6221 0.4982 0.4835 0.5561
104 0.6213 0.5013 0.4911 0.5872
111 0.6364 0.5073 0.4978 0.6164
118 0.6401 0.5155 0.5037 0.6276
125 0.6523 0.5249 0.5163 0.6351
132 0.6654 0.5365 0.5246 0.6427
139 D 0.5478 0.5368 0.6500
146 D 0.5527 0.5423 D
153 D 0.5645 0.5571 D
160 D 0.5766 0.5648 D
167 D 0.5862 0.5768 D
174 D 0.5947 0.5836 D
181 D 0.6053 0.5957 D
190 D 0.6178 0.6004 D

P.M- Packaging Materials

[MWP1: Multiwall Paper Bag without coating/ lamination —
Control; MWP2: Multiwall Paper Bag laminated with MET
PET; MWP3: Multiwall Paper Bag laminated with Aluminium
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foil; MWP4: Multiwall Paper Bag with wax coating]
D: Discontinued due to microbial growth

Colour, Aroma Changes and Microbial Growth

The results in Table 3 show the colour changes of cumin seeds across different packaging materials during the storage period. In
MWP1 (Multiwall Paper Bag without coating/lamination), no colour change (NC) was observed up to 132 days, after which whitish
discoloration (WD) began and continued throughout the storage. In MWP2 (Multiwall Paper Bag laminated with MET PET) and
MWP3 (Multiwall Paper Bag laminated with Aluminium foil), no colour change (NC) was observed during the entire storage period.
In MWP4 (multiwall paper bag with wax coating), no colour change was noted until day 139, after which whitish discoloration
(WD) began. The discoloration in cumin seeds stored in various packaging materials reflects the interaction between moisture, light,
and the packaging’s effectiveness in protecting the seeds. The lack of discoloration in MWP2 and MWP3 indicates these materials
effectively preserve the seeds’ visual quality, with aluminium foil in multiwall paper bag particularly preventing colour degradation
due to its superior barrier properties.

Table 3: Colour Changes in Cumin Seed During Storage in Different Packaging Materials

P.M Colour changes

Days in Storage
15 | 30 | 45 | 60 | 75 | 90 | 97 | 104 | 111 | 118 | 125 | 132 | 139 | 146 | 153 | 160 | 167 | 174 | 181 | 190
MWP1 | NC | NC | NC INC| NC | NC [NC| NC | NC | NC | NC | NC | WD | WD | WD | WD | WD |WD| WD | WD
MWP2 | NC | NC | NC |NC | NC | NC INC| NC | NC | NC | NC | NC | NC | NC | NC | NC | NC | NC | NC | NC
MWP3 | NC | NC | NC INC| NC | NC [NC| NC | NC | NC | NC | NC | NC | NC | NC | NC | NC | NC | NC | NC
MWP4 | NC | NC | NC INC| NC | NC [NC| NC | NC | NC | NC | NC | NC | WD | WD | WD | WD | WD | WD | WD

P.M- Packaging Materials

[MWP1: Multiwall Paper Bag without coating/ lamination — Control; MWP2: Multiwall Paper Bag laminated with MET PET;
MWP3: Multiwall Paper Bag laminated with Aluminium foil; MWP4: Multiwall Paper Bag with wax coating] NC- No change
WD- Whitish discoloration

Aroma Changes in Cumin Seeds

The aroma changes in cumin seeds are summarized in Table 4. In MWP1 (Multiwall Paper Bag without coating/lamination), no aro-
ma change (NC) was observed up to 132 days, after which a mushy odour (MO) developed and became more pronounced through-
out the storage period. In MWP2 (Multiwall Paper Bag laminated with MET PET) and MWP3 (Multiwall Paper Bag laminated with
Aluminium foil), no aroma change (NC) was observed during the entire storage period. In MWP4 (Multiwall Paper Bag with wax
coating), no aroma change was noted until day 139, after which a mushy odour developed and intensified by the end of storage. The
development of off-odours suggests microbial growth, likely due to moisture absorption. Paper bags without coating/lamination are
more susceptible to moisture, leading to higher microbial contamination risk. The aluminium foil and MET PET provide barriers to
moisture, light, and oxygen, which helped preserve the aroma and quality of the cumin seeds.

Table 4: Aroma Changes in Cumin Seed During Storage in Different Packaging Materials

P.M Aroma changes

Days in Storage
15 | 30 | 45 | 60 | 75 | 90 | 97 | 104 | 111 | 118 | 125 | 132 | 139 | 146 | 153 | 160 | 167 | 174 | 181 | 190
MWP1 | NC | NC | NC | NC | NC | NC | NC | NC |[NC | NC | NC |NC | BO | BO | BO | BO | BO | BO | BO | BO
MWP2 | NC | NC | NC | NC | NC | NC | NC | NC INC| NC |[NC|NC|NC | NC|NC|NC|NC|NC|NC| NC
MWP3 | NC | NC | NC | NC | NC | NC | NC | NC INC | NC |[NC|NC|NC | NC|NC | NC|NC|NC|NC|NC
MWP4 | NC | NC | NC | NC | NC | NC | NC | NC |NC | NC | NC |NC | NC | MO | MO | MO | MO | BO | BO | BO

P.M- Packaging Materials

[MWP1: Multiwall Paper Bag without coating/ lamination — Control; MWP2: Multiwall Paper Bag laminated with MET PET;
MWP3: Multiwall Paper Bag laminated with Aluminium foil; MWP4: Multiwall Paper Bag with wax coating], NC- No change,
MO- Mushy odour, BO- Bad odour

Microbial Growth in Cumin Seeds

The microbial growth results are summarized in Table 5. In MWP1 (Multiwall Paper Bag without coating/lamination), no microbial
growth (NG) was observed on cumin seeds up to day 132, after which fungal growth (FG) was detected and continued throughout
the storage period (Figure 5). In MWP2 (Multiwall Paper Bag laminated with MET PET) and MWP3 (Multiwall Paper Bag lami-
nated with Aluminium foil), no microbial growth was observed during the entire storage period. In MWP4 (Multiwall Paper Bag
with wax coating), no microbial growth was observed until day 139, but fungal growth (FG) was detected starting from day 146
and persisted through the rest of the storage. Microbial growth, particularly fungal contamination, is driven by moisture and oxygen
availability, and the packaging material plays a critical role in limiting it. The lack of a moisture barrier in MWP1 allowed moisture
buildup, promoting fungal growth. MET PET and aluminium foil offer effective barriers to moisture and oxygen, preventing fungal
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contamination. Although lamination enhances moisture resistance, it was insufficient in MWP4 to fully prevent moisture ingress,
leading to fungal growth. The presence of fungi or moulds in spices is often attributed to insufficient drying, inadequate barrier prop-
erties of packaging materials, and improper storage conditions in warechouses. Elevated humidity levels can foster fungal growth,
leading to spoilage and potential public health risks. In many cases, microbial populations found in spices are likely commensal or-
ganisms that survive the drying and storage processes. Soil and air serve as primary sources of contamination for crude spices in the
field, with fungi being identified as the most predominant contaminants [23,24]. However, cumin seeds received were thoroughly
dried with adequate initial moisture content, which was further studied at constant storage conditions so that the impact of packaging
materials on the shelf life could be evaluated.

Table 5: Microbial Growth in Cumin Seed During Storage in Different Packaging Materials

P.M Microbial Growth
Days in Storage
15 30 | 45 | 60 75 90 | 97 | 104 | 111 | 118 | 125 | 132 | 139 | 146 | 153 | 160 | 167 | 174 | 181 | 190
MWP1 | NG | NG [ NG| NG | NG | NG |[NG | NG | NG | NG | NG |[NG | FG | FG | FG | FG | FG | FG | FG | FG
MWP2 | NG | NG [ NG| NG | NG | NG |NG | NG | NG | NG | NG | NG | NG | NG | NG | NG NG| NG | NG | NG
MWP3 | NG | NG [ NG| NG | NG | NG |NG | NG | NG | NG | NG | NG | NG | NG | NG | NG NG| NG | NG | NG
MWP4 | NG | NG [ NG| NG | NG | NG | NG | NG | NG | NG | NG | NG | NG | FG | FG | FG | FG | FG | FG | FG

P.M- Packaging Materials

[MWP1: Multiwall Paper Bag without coating/ lamination — Control; MWP2: Multiwall Paper Bag laminated with MET PET;
MWP3: Multiwall Paper Bag laminated with Aluminium foil; MWP4: Multiwall Paper Bag with wax coating]

NG- No growth

FG- Fungus growth

Shelf Life of Cumin Seeds

The shelf life of cumin seeds stored in different packaging mate-
rials is shown in Figure 6. MWP1 (Multiwall Paper Bag without
coating/lamination) had a shelf life of 84 days. MWP2 (Multi-
wall Paper Bag laminated with MET PET) lasted 174 days, sig-
nificantly longer than the control. MWP3 (Multiwall Paper Bag
laminated with Aluminium foil) offered the longest shelf life of
335 days, while MWP4 (multiwall paper bag with wax coating)
lasted 135 days. The shorter shelf life in MWP1 is due to its
limited ability to protect cumin seeds from moisture and oxy-
gen, leading to microbial growth and spoilage. MET PET and
aluminium foil provide strong barriers against moisture, oxygen,
and light, extending shelf life and preserving seed quality. Alu-

A, 5t Microbial growth was observed
.| | on Multiwall paper bag without
coating/ lamination

Figure 6: Microbial Growth During Storage

minium foil, in particular, effectively prevents moisture and oxy-
gen from affecting the cumin seeds. The wax coating in MWP4
offers some moisture resistance but is less effective than MWP2
and MWP3. Despite these improvements, multiwall paper bags
laminated with MET PET and aluminium foil performed below
expectations, likely due to the inability to create an airtight seal.
The presence of valves and folds allows gases to pass through,
reducing the barrier effectiveness. Improving the airtightness of
these bags could significantly extend shelf life.

Shelf Life of Cumin Seeds

400
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200
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335
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OS5helf Life in Days at 38+ 1°"C & 90+ 2 % RL H.
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o
=
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o
,_‘
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0
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[MWP1: Multiwall Paper Bag without coating/ lamination
Control; MWP2: Multiwall Paper Bag laminated with MET
PET; MWP3: Multiwall Paper Bag laminated with Aluminium
foil; MWP4: Multiwall Paper Bag with wax coating]

Figure S: Shelf life of Cumin Seeds

Evaluation of Bulk Pack of Cumin seed for Transport Wor-
thiness Trials

To assess the transport worthiness of four selected packaging
materials, drop tests and vibration tests were conducted. None of
the packages showed any rupture or seepage of the cumin seeds,
indicating their effectiveness in protecting the contents. Packag-
ing is essential for safeguarding products against various trans-
portation challenges, and transport worthiness testing is crucial
for predicting the stability and integrity of packaging during
transit. The results of the vibration and drop tests performed on
the nine packaging options are summarized in Table 6. These
tests simulate real-world conditions, ensuring that packaging
can withstand physical-mechanical hazards such as shocks,
drops, and compression forces commonly encountered in distri-
bution cycles. Effective packaging is not only about aesthetics; it
must also protect products from potential transportation hazards.
The successful performance of these nine sustainable packaging
materials in rigorous testing underscores their reliability and ef-
fectiveness in maintaining product integrity throughout the ship-
ping process.
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Table 6: Evaluation of Bulk Pack of Cumin seeds for Transport Worthiness Trials

Packaging Materials Vibration test Drop test

External Internal External Internal
MWP1 No damage No damage No damage No damage
MWP2 No damage No damage No damage No damage
MWP3 No damage No damage No damage No damage
MWP4 No damage No damage No damage No damage

[MWP1: Multiwall Paper Bag without coating/ lamination — Control; MWP2: Multiwall Paper Bag laminated with MET PET;
MWP3: Multiwall Paper Bag laminated with Aluminium foil; MWP4: Multiwall Paper Bag with wax coating]

Conclusion

A comprehensive evaluation of various packaging materials,
including transport worthiness tests and shelf life assessments,
was conducted across four sustainable packaging options. The
results showed that the multiwall paper bag, designed with spe-
cific specifications, meets both mechanical and transport criteria.
Enhancements like metallization and aluminium foil layers ad-
dressed its limitations, extending the shelf life of cumin seeds
to 335 days while maintaining a biodegradable and sustainable
packaging solution. This balance of functionality and environ-
mental responsibility makes the multiwall paper bag an ideal
choice for sustainable food packaging in the export market, en-
suring product integrity and supporting environmental sustain-
ability.
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