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Single-use plastics emanating from the food and beverage industry are polluting the environment, and there 
is increasing public pressure to find ‘green’ solutions to plastic pollution. The introduction of more bio-based 
and biodegradable plastics (possibly manufactured by disruptive technologies), increased plastic recycling, 
and enhanced degradation of plastics (micro, meso, and macro) in the environment can holistically 
contribute to solving the problem for future generations. In order to inform future research, it is imperative 
that robust background data and information are available. This review provides details about the volumes 
and categories of food and beverage packaging manufactured and recycled, and available data (qualitative 
and quantitative) on environmental plastic pollution in South Africa, and to a lesser extent, in Europe and 
globally. In addition, current and future trends and technologies for recycling, enhanced degradation, and 
manufacturing of plastics are discussed, with an emphasis on the manufacture of bioplastics. 

Significance:
Plastic pollution needs to be tackled through a holistic combination of reduced use, enhanced recycling efforts, 
public education about littering, replacement of selected conventional plastics by degradable alternatives, and 
enhanced degradation of plastics in the environment.

Introduction
Plastic pollution of aquatic (marine and freshwater) and land environments has reached alarming levels over the 
last two decades. In addition, conventional plastics are manufactured from fossil fuels, thus exacerbating the 
environmental burden.1 It is therefore imperative that alternatives to recalcitrant single-use petroleum-based plastics 
are introduced. This paper presents the results of a critical survey conducted by a group of researchers from 
South African academic institutions forming part of the Technological Higher Education Network of South Africa 
(THENSA) sub-group on waste management and the circular economy, as well as this sub-groups’ Irish research 
partners. This review is aimed at academics, the private sector, and investors engaged in research, manufacturing 
and use of plastic food and beverage (F&B) packaging, with an emphasis on bioplastics. It provides information 
on the status quo of plastic use by the F&B industry in South Africa and identify gaps in the knowledge required 
to successfully reduce the impact of plastics on the environment. In some cases (for example, plastic production 
data, recycling data), the situation in South Africa is compared with that in the European Union as an example of the 
current situations in developing versus developed countries. The way forward in terms of plastics manufacturing is 
discussed in detail in the context of the Fourth Industrial Revolution (4IR).

The information was obtained from literature, as well as from the opinions of contributing experts from academic 
institutions, business and industry. A bottom-up approach was adopted to synthesise the most relevant details 
from the abundance of information available on this topical issue: 

1. The volumes and categories of plastic F&B packaging manufactured in South Africa were obtained.

2. Qualitative and quantitative data from articles detailing plastic pollution of land and aquatic (freshwater and 
marine) environments in South Africa were collated. 

3. The categories of bioplastics (Groups I, II, III, IV) and mechanisms (recycling vs enhanced degradation) that 
could be harnessed to lessen the environmental burden of the most widely used, as well as the most widely 
polluting F&B industry plastics, were critically assessed, and gaps in knowledge were identified.

4. Furthermore, innovations that have taken place in the manufacture of the identified F&B packaging over the 
last decade, as well as sector readiness for the 4IR, are highlighted. 

Due to the considerable scope of the topic, an in-depth discussion on the synthesis and types of plastic polymers 
and biopolymers is not included in this review.

Classification of plastics/bioplastics
The terminology and classification of ‘bioplastics’ is rather complex (Figure 1) and covers an array of plastic 
polymers that are either biodegradable (and/or compostable), and/or manufactured from bio-based feedstocks.2 
To lessen confusion, differentiation of bioplastics into ‘bio-based’, ‘compostable’ and/or ‘biodegradable’ plastics 
is gaining traction. Plastics such as polyethylene (PE) and polyethylene terephthalate (PET) are recalcitrant to 
degradation and, unlike biodegradable and/or compostable plastics, are well-suited to recycling. They are classed 
as conventional (Group I) plastics when manufactured from fossil fuel feedstocks.2 However, when manufactured 
from biological feedstocks (agricultural biomass, microbial biomass or microbial products), the term ‘bio-based’ 
(bio)plastic applies (Group II). The Group III polymers such as polylactic acid (PLA) and polyhydroxyalkanoate 
(PHA) are manufactured from bio-based feedstocks and are compostable. Group IV polymers such as 
polycaprolactone (PCL) and polybutylene adipate (PBAT) are manufactured from fossil fuels, but are still typically 
viewed as bioplastics because they are biodegradable and compostable.2
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Figure 1: Basic classification of plastics and bioplastics (adapted from 
Jariyasakoolroj et al.2).

Plastics in the food and beverage industry
Food and beverage packaging assists in containing, preserving and 
protecting the contents during storage and transport.3 Desirable qualities 
for F&B plastics include lightweight, durability, chemical resistance, cost-
effectiveness, and manufacturing simplicity.3 Historically, plastics were 
selected by the F&B industry chiefly on a ‘fit-for-purpose’ basis using 
these criteria.1 However, with the alarming increase in environmental 
pollution over the past decades, the recyclability and/or biodegradability 
of single-use plastics has also become a critical consideration1, and 
plastic selection should involve a cradle-to-grave approach4.

Data on the quantities, types, and uses of plastics that are manufactured 
in South Africa were provided by industry (Plastix 911 2020, written 
communication, 28 July) (Figure 2, Table 1) and compared with data from 
Europe. Almost 40% of the 62.8 million tons of plastics manufactured in 
Europe in 2018 was used in general packaging.5 In contrast, only around 
1.5 million tons of polymer were converted into plastic products in 
South Africa in 2019, with almost half being used as packaging material, 
either rigid (60%) or flexible (40%) in nature (Figure 2). Approximately 
70% (over 0.5 million tons) of the South African packaging was used by 
the F&B industry, but in order to arrive at the total annual sum, it was 
estimated that imported packaged F&B could add ≥50% to these figures 
(Plastix 911). 

The most popular plastics used by the European F&B industry were 
polypropylene (PP), low-density polyethylene and linear low-density 
polyethylene (LDPE and LLDPE), and PET at 19.3%, 17.5% and 7.4%, 
respectively.5 This differs somewhat from the landscape in South Africa, 
where estimated amounts were 35% PET, 33% LDPE/LLDPE, 12% high-
density polyethylene (HDPE) and 11% PP in 2019 (Plastix 911). 

Only 4 of the 13 main polymers that are manufactured in South Africa 
do not have current applications in the F&B industry (Plastix 911). These 
are rigid acrylonitrile butadiene styrene (ABS), styrene acrylonitrile resin 
(SAN), and the flexible polyester and thermoplastic polyurethanes (PUR 
and TPU). Many of the conventional plastic polymers are manufactured 

in both flexible and rigid forms (Figure 2), while others are only flexible 
[nylon, polyester polyurethane (PUR), thermoplastic polyurethane 
(TPU)] or rigid [ABS, SAN, PET, polystyrene (PS)]. 

There are a multitude of uses for plastics in the F&B industry (Table 1). 
As recycling rates of plastics such as PET are already high and set to 
increase (refer to the section on recycling for details), it is recommended 
that greater research efforts are directed into low value biodegradable 
and/or compostable alternatives for plastics that do not lend themselves 
to recycling and are more likely to litter the environment. For example, 
clingfilm that is capable of rapid and complete degradation in a variety of 
environments (including landfill sites) to replace the almost 10 000 tons 
of polyvinyl chloride (PVC)-based film used annually by the South African 
F&B industry (Table 1).

Plastic pollution
Quantification in the environment
In Europe, close to 60% of plastic waste is in the form of packaging, 
and the demand for plastic for F&B packaging was estimated to be 
8.2 million MT in 2017.3 Because oceans are downstream of land 
areas, they are the final sinks of much of the plastic waste generated 
on land.6 A comprehensive study conducted in 2017 estimated that 
80% of ocean plastic emanates directly from land-based sources.6 Up 
to 77% of denser polymers such as PET and acrylics migrate to the 
sea floor in deep waters, while lower density polymers like PS foam, 
PE and PP generally float on the sea surface.7 

Over the decades, plastics in macro (>25 mm), meso (5–25 mm) 
and micro (<5 mm) forms have accumulated ubiquitously and caused 
ecosystem stresses in marine, freshwater, and land environments.8,9 

The current usage of plastic in South Africa is between 30 kg and 50 kg·per 
person·per year, which is significantly lower when compared to Europe 
(139 kg/person/year).10 In total, 22 studies have been conducted since 
2015 to determine the extent of plastic pollution in South Africa. Of these 
studies, 14 focused on abiotic environments (Table 2), and the rest 
focused on determining biotic accumulation (not included in this review). 
Only one land-based inland study was conducted11, whereby macroplastic 
litter distribution in the shoreline around the Nandoni reservoir in Limpopo 
was quantified. Most of the litter consisted of F&B packaging, such as 
wrappers, bottle caps and beverage bottles, as well as plastic bags. 
In terms of item numbers, PP, PVC, PET and HDPE were the most abundant 
polymers, with PP constituting >45% by the number of items counted, but 
PET or HDPE accounted for most of the polymer by weight. 

Weideman and co-workers12 counted floating forms of macroplastic 
litter by visual observation from bridges spanning major rivers, and 
definitively identified 20% to be F&B packaging, 6% bottles or bottle tops, 
and 21% bags or packets. The origin of some of the other items could 
not be established (24% miscellaneous, 13% PS pieces), but it may also 
have been the F&B industry. The same authors12,13 also determined that 
>98% of the items >0.025 mm filtered from bulk river and dam waters 
from the Orange–Vaal systems were microfibres. They established that 

Data source: Plastix 911 (personal communication, 28 July 2020)

ABS, acrylonitrile butadiene styrene; SAN, styrene acrylonitrile resin; HDPE, high density polyethylene L/LDPE, linear low-density and low-density polyethylene; PET, polyethylene terephtha-
late; PUR, polyester polyurethane; TPU, thermoplastic polyurethane; PP, polypropylene; PS, polystyrene; PVC, polyvinyl chloride; Other, proprietary SurlynTM and E/VALTM

Figure 2: Quantities of plastics manufactured in South Africa in 2019 (all figures in metric tons per annum). 
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larger plastic items and microplastics composed of denser polymers 
were less likely to be washed out to sea, and more likely to become 
entrained in dams and riverbanks than the lighter and/or smaller items, 
particularly microfibres. It has been established that marine microfibres 
do not typically emanate from F&B packaging, but are composed of 
plastic from washing synthetic clothing, disintegration of maritime ropes 
and nets, and degradation of cellulose acetate in cigarette butts.14,15 

The accumulation of microplastics in sediments is influenced by 
a number of factors, including the composition, size and shape of 
the microplastic, the type of sediment, the amount of organic matter 
in the sediment, the water depth, the flow rate, and the presence of 
barriers such as weirs or dams.13,14,16 Chitaka and Blottniz17 surveyed 
litter accumulation on five Cape Town beaches and found that of the 
2961 litter items per·day per 100, 94.5–98.9% were composed of 
plastic, and 40–60% of these were F&B packaging, most being snack 
packets and single sweet wrappers. 

Microplastics have been quantified in African beach sediments15,18, surf-
zone water, and open coastlines18. Similarly, seafloor macroplastic litter19 
and marine microplastic accumulation20,21 have been quantified. None of 
these studies provided insight into specific land-based human littering 
behaviour, but other studies22,23 have found that microplastic pollution in 
more densely populated areas such as harbours and/or urban estuaries 

was due to land-based litter inputs. In terms of composition, Vilakati 
and co-workers24 established that microplastic fragments found on 
seashores around Cape Town were composed of PE, PET, PVC, PS, 
polyamide, polyacrylic acid, and ethyl vinyl acetate, with PE>PET>PVC 
being the most prevalent (Table 1). It is clear that most South African 
studies (Table 1) have been conducted on microplastic contamination of 
coastal aquatic and marine environments. In order to inform the type of 
F&B packing that should be earmarked for research, studies are required 
to obtain more land-based and inland aquatic litter data.

Reducing the environmental impact of plastics through 
legislation and innovation

Plastic recycling 
It is estimated that 4900 Mt of the global 6300 Mt of plastics ever 
produced up until 2017 was discarded, with only 567 Mt (9%) being 
recycled.25 The global mechanical recycling rate of plastic waste was 
estimated to be between 14% and 18% in 2017.26 South Africa has a 
relatively well-developed and growing plastic recycling industry, with a 
higher input recycling rate (46.3%) than Europe (31.1%).5,27 

The success of plastic recycling in any country or region depends on 
strong government policies that are well implemented, the availability 
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Table 1: Quantities, products and applications of plastics used by the food and beverage (F&B) industry in South Africa in 2019 

Polymer
Total (tons per 
annum, TPA)

F&B 
(%TPA)

Products, and %TPA and applications for each product

RIGID PLASTICS

HDPE 101 800 55
Bottles and closures for dairy products, fruit juices, powdered goods such as hot chocolate, custard (32%); crates for bread, 
milk, soft drinks, beer, fresh produce **(14%); drums >5 L for edible oils and vinegar **(9%) 

L/LDPE 9300 10 Caps and closures, peel-off lids

PET 205 100 87
Beverage bottles for carbonated soft drinks, still and sparkling water, energy drinks etc. (75%); bottles and jars for honey, 
peanut butter, mayonnaise etc. **(7%); sheeting for thermoformed packaging for fresh produce, meat and dairy products, 
sandwiches, chocolates, prepared meals etc. **(5%) 

PP 80 500 40
Closures for beverage and water bottles (4%); buckets for yoghurt, nuts, chocolates, edible oils, shea butter, bulk ice-cream 
(5%); tubs and jars for yoghurt, margarine, dairy products, prepared spreads, spices, ice-cream (27%); drinking straws, coffee 
stirrers, cutlery, take-away food containers, re-usable cake domes (4%)

PS 32 802 92
Vending cups (6%); sheeting for thermoformed products – portion packs for yoghurts and condiments (16%); extrusion 
gassed sheeting for thermoformed packaging for take-away food containers, flat sheeting under cakes, pizzas etc., fresh 
produce trays e.g. mushrooms, trays for in-store packed meat and chicken, trays/containers for prepared meals etc. (70%)

PVC 1900 20 Sheeting for thermoformed products and die-cut display packaging (20%)

Other 200 90 Polycarbonates in water-fountain refillable bottles, epoxy lining in steel packaging (90%)

FLEXIBLE PLASTICS

HDPE 10 000 60** Thin barrier bags for fresh produce and cereal inner bags (60%)**

L/LDPE 241 500 70
Bags for frozen vegetables, milk, dry foods (rice, lentils etc.); co-extrusion laminates in barrier packaging for meat and dairy; 
laminates on paper and board for wettability and sealing 

Nylon 5100 80 Co-extrusion layer in barrier films for meat, protein, and dairy products

PP 31 000 76
Biaxially oriented PP for confectionary, sweets, crisps, and chocolate wrappers, laminates for barrier films for food applications 
(36%); cast film and extrusion blown films for fresh produce such as tomatoes and bananas; laminates on paper and board for 
improved barrier properties and wettability (40%) 

PVC 10 104 90 Industrial cling-wrap for in-store packing of meat, fresh produce, take-away meals etc. (90%)

Other 6000 90
Surlyn co-extrusion layer in form-fill and seal packaging for sweets, cereal and chocolates; E/VAL in co-extrusion layer in 
barrier films for spices, coffee/cappuccino sachets; E/VAL in packs for ready-to-eat sauces, soups etc.; E/VAL co-extrusion 
layer in refill pouches for custard, baking powder, beverage concentrates etc.

HDPE, high density polyethylene; L/LDPE, linear low-density and low-density polyethylene; PET, polyethylene terephthalate; PP, polypropylene; PS, polystyrene; PVC, polyvinyl 
chloride; Other, proprietary SurlynTM and E/VALTM

**Estimate of HDPE for bags, crates, and drums and PET for bottles, jars, and thermoformed packaging (estimated % split between F&B and other industries).
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of infrastructure, and, most importantly, industry and community 
participation. Globally, governments are constantly considering new 
policy interventions to cut down plastic production, and to reuse 
and recycle non-degradable plastics. A number of international and 
South African agreements, policies, and strategies are collectively 
geared towards reducing plastic pollution by increasing the demand 
for recycled plastics and improving waste management to reduce or 
eliminate plastic waste at source. 

South Africa’s Waste Act of 200828 stipulates that waste should be 
separated at household level, and the respective municipal waste collection 
services should support the waste collection practices. The South African 
target for recycling is 70%, with the average plastic content of all plastic 
goods targeted at 30%.10,27 Specific 5-year targets for reuse, collection and 
recycling of different forms of F&B plastic packaging have been set in the 
South African extended producer responsibility regulations. For example, 
recycling of PET has been set as 54% in year 1 with a stipulated increase 
to 65% by year 5. In the European Union, the strategy for plastics in the 
circular economy was adopted in 2018 and ambitious targets are set with 
a 55% recycling target for plastic packaging by 2030.5,29 

The key steps in recycling plastic waste into secondary raw materials 
include collection, sorting, pre-treatment, decontamination and 
reprocessing.30 The type of polymer, the ultimate application, the 
presence of other materials and additives (e.g. caps, coatings, adhesives 
and inks), the presence of impurities (e.g. dirt/soil/dust and organic 
residues), and the degree of service-life degradation are all factors that 
can impact on the suitability of plastic waste for recycling.31 

The collection and sorting processes for plastic waste vary amongst 
regions, countries and cultures.32 A formal collection system and 
advanced waste management infrastructure exists in the Global North, 
while in many developing countries like South Africa, waste recycling 
is less controlled.33 Nearly 34% of the South African population did not 
have access to regular waste removal in 2016, and most of the recycling 
took place within metropoles, with only 3% taking place in rural areas.34 
Collection of plastic waste by the informal sector (waste ‘pickers’) in 
South Africa is an important conduit for waste recycling, but is selective in 
nature because it depends on trade prices and fluctuations in the demand 
for specific plastic types (mostly higher weight PET, HDPE and PP items).
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Table 2: Selected data from studies conducted to determine plastic pollution in South Africa and the surrounding marine environment 

Location
Environmental 
(abiotic) site 

Size and/or type of polymer Quantification Reference

Nandoni Dam, 
Limpopo

Populated shorelines 
Macroplastic / PP > PVC, PS, 
PET, HDPE

~10 to 45 plastic items/25 m2, ~40–700 gdwt plastic/25 m2 (n=4 sites) 11

Orange–Vaal  
River system

Surface river water
Microplastic (>0.3 mm), 
Macroplastics (see text)

Wet season: 0.38±1.06 items/m2 (n=18 sites)

Dry season: 0.27±0.69 items/m2 (n=9 sites)
12

Orange–Vaal  
River system 

Dam river water
Microplastic / hard (85%), 
flexible (9%) PS (3%)

0.046±0.166 items/m2 (n=5 dams) 13

Eastern Cape River sediments Microplastic / ND 6.3±4.3 (summer), 160±140 (winter) particles/kg (n=21 sites) 14

South African coast Beach sediments Microfibres (< 1mm) 33–127 microfibres/dm3 (n=175 sites) 15

Braamfontein Spruit
Stream water, 
sediments 

Microplastic / ND
Stream water: 705 particles/kg dwt 

Sediments: 167 particles/kg dwt
16

Cape Town Beaches
Litter (94.5–98.9% 
macroplastic) / ND

134 (Muizenberg) to 4421 (Paarden Island) g/day/100 m (n=5 sites) 17

SE coast 
Beach sediments, 
surf-zone water

Microplastic / ND 

Beach sediments: 689±348 to 3308±1449 particles/m2

Water column: 257.9±53.36 to 1215±276.7 particles/m3 (n=21 sites)

Harbour water columns: 413±78 to 1200±133 particles/m3 

18,22

Sub-Saharan Africa
Seafloor of 
continental shelf 

Macroplastic Seafloor litter: 0.2 to 2.1 items/km2 19

KwaZulu-Natal
Sea-surface of 
coastal shelf 

Microplastics / PS, other 
polymers ND

3.0±2.9 (summer), 5.5±3.3 (winter) particles/100 m2 20

Atlantic Ocean Sub-surface water
Microplastic / PE, PA,  
acrylic–PA blends 

1.15±1.45 particles/m3, PE (49%), PA & acrylic–PA blends (43%) 21

KwaZulu-Natal 
Beach and estuarine 
sediments, surface 
water

Microplastic / PS, other 
polymers ND

Sediments: 3.7±5.6 to 160±271 (estuarine), 20±10 to 745±130 
(beach) particles/500 mL

Surface water: 10±11 to 70±119 particles/103 L 

23

Cape Town Seashore
Microplastics / PE, PET, PVC, 
PS, PA, PAA, EVA

PE prevalence: 87.5% (n=6 of 7 locations)

PET prevalence: 71.4% (n=5 of 7 locations)

PVC prevalence: 57.1% (n=4 of 7 locations)

24

ND, not determined; dwt, dry weight; PP, polypropylene; PVC, polyvinyl chloride; PS, polystyrene; PET, polyethylene terephthalate; HDPE, high density polyethylene; PE, 
polyethylene; PA, polyamide; PAA, polyacrylic acid; EVA, ethyl vinyl acetate

https://doi.org/10.17159/sajs.2022/9748
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Sorting of plastic waste is a key factor in recycling as it ultimately 
controls the quality of the material that will be transported (in bales) to 
reprocessing sites. Depending on the context (developed vs developing 
countries) and the origin of the waste, sorting takes place in material 
recovery facilities, plastic recovery facilities, sorting centres and/
or reprocessing facilities.33 In most countries, including developing 
countries like South Africa, sorting is manual. However, in some 
parts of Europe, near-infrared technology is employed, which is more 
technologically advanced but suffers from some limitations. Near-
infrared sensors ‘read’ only what they can detect, and so false readings 
may occur, resulting in incorrect sorting when a product is composed 
of more than one type of plastic, or mixed with non-polymer material/s. 
The sensors are also blind to ‘carbon black’ and cannot detect material 
such as black PET, eliminating it from the recycling lot.33 

To guarantee high purity levels of sorted plastic, especially for high value 
polymers such as clear PET and HDPE, near-infrared technology is often 
paired with other physical sorting processes (e.g sink-float, hydro-
cyclone)35, or, in some cases, with manual sorting. In less advanced 
facilities, 13–18% of target plastic may be rejected during sorting, with 
another 12–15% lost due to non-target plastics being discarded.35 

The recycling lot can be composed of multilayered plastics, flexible 
plastics (films and bags), black plastics and bio-based plastics, 
each of which has an associated sorting challenge.36 It is generally 
not economically viable to segregate multilayer plastic components, 
nor plastic film. The latter can account for 40–50% of plastic waste 
in developed countries, but their low bulk density leads to technical 
difficulties during sorting and mechanical reprocessing.31 Bio-based 
plastics which are identical to their petrochemical-based counterparts, 
such as bio-PE and bio-PET, can be used as ‘drop-in’ materials, and 
therefore can be easily integrated into existing sorting systems. However, 
contamination of segregated polymer streams with compostable and/or 
oxo-degradable plastics can compromise the quality of the recyclates31,33, 
requiring adaptation of sorting equipment. 

Enhanced degradation of plastics
Photodegradation, thermo-oxidative degradation, hydrolytic degradation, 
chemical degradation and biodegradation are the main mechanisms 
by which plastics degrade in the environment. Composting is a form 
of enhanced biodegradation. Some compostable plastics can be 
home composted, while others require more extreme conditions only 
achievable in industrial plastic composting facilities.4 Under natural 
conditions, depending on the type of plastics, the degradation process 
can be extremely slow. Plastic degradation, by which polymers are 
fragmented into smaller molecules or elements through hydrolysis or 
photo/thermo-degradation can be enhanced, for example, by altering 
reaction conditions or including additives in the polymer mix.37 These 
degradation processes and rates are largely incumbent on the type of 
polymer. For example, studies have demonstrated that: (1) the rate of 
hydrolysis of PLA and poly(3-hydroxybutyrate) (PHB) can be expedited 
at higher temperatures and/or pH38,39, (2) the degradation of PP, HDPE, 
and LDPE can be promoted by pre-treatment at 80 °C40, (3) clay 
additives promote diffusion of water into PLA/clay nanocomposites, 
thereby enhancing PLA degradation rates41, (4) addition of 50% ethanol 
can accelerate PLA hydrolysis42, (5) nanomaterials such as zinc oxide 
(ZnO) can be used as natural catalysts to enhance the degradation of 
polymers43, and (6) photosensitive polymer additives such as titanium 
dioxide (TiO2) and ZnO can accelerate photolytic activity associated 
with light wavelengths from 200 nm to 700 nm [e.g. the photolysis of 
polybutylene succinate (PBS) by addition of TiO2 nanoparticles)44. 

Some plasticised polymers such as PLA can be biodegraded into 
intermediate products and may be further degraded (mineralised) 
into water, carbon dioxide (CO2), methane (CH4) and other inorganic 
compounds by the action of microorganisms. Key to this biotechnological 
approach is microbial secretion of extracellular depolymerising enzymes 
that ‘break’ the polymers into small enough particles so that they can be 
internalised into microbial cells where they can be mineralised via microbial 
metabolic pathways.37,45 Several microbes capable of degrading different 
types of polymers have been identified, including PLA biodegradation 

by Fusarium verticillioides, Penicillium roquefort, Amycolatopsis sp., 
Bacillus brevis, and Rhizopus delemar37, and PHA degradation by a 
lipase produced by Bacillus subtilis46. Application of functional microbial 
consortia (i.e. a mixture of microbial strains with different metabolic 
capabilities) may result in higher degradation rates when compared to the 
use of single strains, as demonstrated by Pattanasuttichonlakul and co-
workers47 who used a consortium of Actinomadura and Pseudomonas 
geniculate to degrade PLA beverage cups.

The biodegradable characteristics of polymers can be manipulated 
by blending them with other biodegradable materials. For example, 
Masmoudi and co-workers45 demonstrated that the biodegradation rate 
of starch reinforced with cellulose was faster than that of PLA/cellulose 
fibres. Depending on the longevity required for a particular application, 
different polymer composites can be used: for example, a starch–polymer 
composite with a relatively slow degradation rate would be appropriate 
for single-use F&B packaging. It is thought that the complete lack of 
functional groups on the extensive inert C-C backbones of conventional 
plastic polymers renders them recalcitrant to biodegradation. However, 
some studies have suggested that PE and PVC may be biodegradable, 
but the authors did not elucidate the enzymatic pathways.48 

Much remains to be discovered about enhanced plastic biodegradation. 
Techniques such as protein engineering of enzymes, strain engineering, 
metagenomics and genome mining are currently being explored. 
Examples include (1) enhanced degradation of polyurethane by engineered 
cutinase and polyurethane enzymes49, (2) the use of genetic engineering 
to enhance the activity of an enzyme derived from Bacillus subtilis for 
the degradation of PET50, and (3) the use of metagenomic gene mining 
to discover plastic depolymerisation enzymes in marine and terrestrial 
microbial communities51, and biofilms causing plastic fouling52, including 
the discovery of a cutinase and a lipase from two strains of Pseudomonas 
that have been shown to be effective in polyester degradation53. 

Combined physical and/or chemical and biological approaches are also 
promising. Awasthi and co-workers54 increased the rate of biodegradation 
of HDPE by Klebsiella pneumoniae by heating the polymer at 70°C for 
10 days beforehand. Similarly, Tian and co-workers55 increased the rate 
of biodegradation of PS by Penicillium variabile using ozonation as a 
form of pre-treatment. The challenge is now to apply the laboratory 
findings to the ‘real world’ in order to remediate our environment through 
enhanced plastic degradation.

Manufacturing of (bio)plastics for food and 
beverage packaging
Bioplastic manufacturing is an emerging and innovative industrial 
sector that involves the production and processing of biopolymers 
into biodegradable plastic products. The bio-based polymers can 
be extracted from biomass, synthesised through intermediaries, or 
produced by microorganisms. These processes have been well reviewed 
in the literature and are therefore not discussed in detail here. 

Bio-based feedstocks
To reduce the volume of plastics made from fossil fuels, biological 
materials may be used to synthesise Group II or Group IV (bio-based) 
bioplastics.2 Agri-industrial wastes are available in large quantities, 
making them ideal feedstocks for valorisation. The South African 
agri-industry generates thousands of tons of residues suitable for 
downstream bio-economic applications from the processing of millions 
of tons of sugar cane, grain crops, and fruit each year.56,57 Feedstocks 
such as starch can be used to generate plastic polymers by direct 
chemical processes, while a number of organic feedstocks can be 
used as substrates for indirect microbial polymer production.2,58 Some 
examples of food products and ancillary wastes containing oil, protein, 
cellulose, starch, hemicelluloses and lignin that can be used to make 
plastic polymers, either directly or indirectly, are provided in Table 3. 

It is challenging to manufacture bio-based plastics with properties 
comparable with those of conventional plastics. For example, typical 
starch-based bioplastics have (undesirably) high water affinities and 
poor mechanical performance when compared to their conventional 
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counterparts.59 Examples of successful F&B bioplastics include 
renewable packaging materials from PLA or other bio-polyesters, and 
cellulose-based polymers sourced from de-lignified wood pulp or cotton 
linters for coated cellulose films for bread, fruit, meat, and dried product 
packaging.60,61 Some cellulose-based polymers are transparent, have 
high tensile strength, and serve as alternatives to LDPE, HDPE, PS and 
PET for F&B packaging.60-62 

Table 3: Examples of food wastes and agri-industrial wastes used to 
produce biopolymers (adapted from Sharmila et al.58) 

Substrate Sources

Celluloses Mango seeds, peanut husks, citrus peels, rice, and wheat straw

Lignin
Peanut husks, wheat straw, leaves and stalks of corn, sugar 
cane bagasse, and peels of citrus fruits

Fats and oils
Mango seeds, potato waste, peanut seeds, citrus peels, pulse 
processing waste, coconut waste, waste cooking oil, animal fats

Protein
Soybeans, sunflowers and peanuts; cereal by-products e.g. 
gluten from wheat and maize zein; animal tissues such as 
collagen, keratin, and gelatin

Conventional plastic manufacturing processes

Extrusion and blow moulding
Extrusion is the continuous plastifying, conveying and pushing out 
of thermoplastic material through specifically shaped dies to make 
continuous products such as piping, engineering profiles, films, or plates. 
The semi-finished products can be processed further by thermoforming, 
and foam extrudates can be produced by adding foaming agents. A way 
of improving the tensile strength and rigidity of extruded film is by in-line 
stretching after extrusion, as with biaxially oriented PLA film (BOPLA).63 
In addition, blow moulding can be combined with extrusion. 

The most common types of blow moulding are extrusion blow moulding and 
stretch blow moulding. Beverage bottles have been made from bio-PE by 
blow moulding, and the Group IV bioplastic PLA is ideal for this process.64 

Injection moulding
Injection moulding is the most frequently used form of plastic processing. 
Components with a variety of shapes and sizes can be inexpensively 
moulded in large quantities for direct usage. The plastic is melted and 
injected under high pressure into the mould in an injection moulding 
machine. Examples of injection-moulded plastics used by the F&B 
industry include disposable cutlery and beverage cases.64 

Bio-based polymers can be used for injection moulding provided they 
have similar characteristics to conventional petroleum-based plastics. 
It is also common to blend bio- and fossil-based plastics (e.g. PLA with 
PBAT). Multi-component injection moulding is gaining in popularity with 
technical advancements in plastic moulding, with a recent study showing 
that it may be optimised for processing different recycled polymers in 
micro- and nano-layers.65

Thermoforming
Thermoforming as a manufacturing process uses a semi-finished flat 
plastic material to produce three-dimensional parts under hot, high-
pressure air and vacuum. Typical F&B applications are yoghurt or 
margarine tubs and drinking cups, and the manufacture of bio-based 
containers for the packaging of ready-to-eat foods.66 

Plastics and bioplastic manufacturing and recycling  
and 4IR
The 4IR is incumbent on a society that adheres to circular economy 
principles of creating resources instead of generating waste. 
The plastic industry is set to enter the 4IR using advanced technologies, 
including additive manufacturing, robots, drones, driverless vehicles, 

advanced Internet connections (the Internet of Things) and sensors, 
and decentralised forms of energy, while new technologies such as 
advanced robotic sorting and driverless collection vehicles may change 
the landscape of plastic waste management and recycling.67 

Additive manufacturing 
Additive manufacturing, commonly referred to as 3D printing, is a rapidly 
developing manufacturing technology that builds objects by sequentially 
depositing fine layers of material, including plastics, according to digital 
3D-model data. It has been referred to as a disruptive technology that 
has the potential to fundamentally influence many processes. In addition 
to the potential of additive manufacturing to replace many conventional 
manufacturing processes, it has prospective impacts on the economy 
and society by promoting innovative business models, products and 
supply chains.68-70 

Ribeiro and co-workers71 recently reviewed data from life-cycle 
assessments and proposed a new framework for environmental, 
economic and social sustainability of additive manufacturing that takes 
into account different life-cycle phases, methods, technologies and 
materials. A study by Gebler and co workers72 suggested that increased 
use of additive manufacturing could lead to a global energy saving of 
up to 5% by the manufacturing industry by 2025, but other researchers 
have contested the energy saving potential of additive manufacturing.71,73 

In comparison to traditional plastics manufacturing methods, additive 
manufacturing can be used to fabricate more complex shapes in a 
more sustainable manner as little to no waste is generated; in addition, 
the technology lends itself to the use of biopolymers (particularly 
PLA) and bio-based feedstocks, furthering the 4IR ethos.67 Additive 
manufacturing consists of three main phases: modelling, printing, and 
finishing. Five common techniques are applied for polymeric materials: 
material extrusion, material jetting, binder jetting, powder bed fusion 
and sheet lamination.68 Technological challenges include difficulties with 
simultaneously printing different materials (e.g. metals with polymers), 
the lack of low-cost printable materials, and slow print times. Despite the 
perceived benefits of 3D printing, with the exception of the aerospace and 
biomedical (parts) industries, the technology has not yet been embraced 
for large-scale manufacturing, due to a number of limitations including lack 
of reliability and standardisation, issues with intellectual property, generally 
slow cycle times and the trade-off between scale and quality.67,68,71,74 
However, it has been widely adopted in the research arena because it is 
highly customisable and capable of printing complex geometries.67,68,74 

Beyond 3D printing
Recent advancements in additive manufacturing have resulted in the 
creation of a new dimension in four-dimensional (4D) printing and 
5-axis 3D printing to generate metamaterial structures with different 
superimposed structural responses initiated by changes in their 
operational environments. The applicable 4D printing methods include 
fused deposition modelling and stereolithography.75 A major challenge 
faced by 4D printing is that the mechanical properties of 4D-printed 
structures may be restricted by the preferred shape and/or functionality 
of the product. For example, the polymer ratios are critical to sequential 
folding of the locker structures. The introduction of ‘smart’ printable 
materials and a deeper understanding of scale on the structure and 
function of (bio)plastic products are crucial to overcoming these 
challenges and advancing 4D printing.75,76 

The impact of the 4IR on plastic recycling
New materials, advanced sensors, the Internet of Things, and robots are 
expected to revolutionise waste sorting and recycling of plastic materials. 
Albeit with low impact, robots and driverless cars are already being 
used by the waste industry.77 Social media and mobile applications are 
expected to have a significant impact on connectivity amongst formal and 
informal recyclers. To fast track the new developments in plastic recycling 
and support the circular economy, innovations on fully robotic sorting 
and recycling plants, and reuse and redesign of products are considered 
to be the impacts with the greatest importance. The top six investment 
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priorities to support and enable these are mobile apps, new sensors, 
social media, big data, new materials and digital utilities platforms.78 

Conclusions
Pollution of the environment by single-use F&B packaging made from 
fossil fuels is of global concern. To mitigate environmental plastic pollution 
while promoting the principles of circular economies, packaging made 
from selected plastic polymers that are not readily degradable needs to be 
recycled, and bio-based and/or compostable/biodegradable plastics need 
to be introduced on a ‘fit-for-purpose’ basis. A robust plastics recycling 
industry exists in South Africa, with non-recyclables being the major 
contributor to environmental litter. Therefore, as a starting point, research 
and mitigation measures need to be directed at those plastics that do not 
form part of the recycling value chain in South Africa. Extended producer 
responsibility regulations have recently been promulgated and published in 
South Africa.79 This legislation should theoretically translate into reduced 
use of plastics and increased recycling of plastics in South Africa. 

From a cradle-to-grave perspective, waste minimisation and energy 
conservation extend to the manufacturing of plastics. Conventional 
plastics utilise fossil fuels as feedstocks, thereby contributing to the 
generation of greenhouse gases. Unfortunately, in most instances, 
plastics from renewable feedstocks are not comparable with their 
conventional counterparts in terms of mechanical properties and/or 
cost and/or recyclability. In the future, additive manufacturing, which has 
arguably been touted as generating less waste while using less energy, 
may ‘disrupt’ traditional plastics manufacturing processes. Together with 
constant improvements in plastics made from renewable resources, the 
plastic industry is set to enter the 4IR. 

Acknowledgements
P.M. and C.C. acknowledge financial support from the European 
Union’s Horizon 2020 Research and Innovation Programme under grant 
agreement no. 870292 (BioICEP). 

Competing interests
We have no competing interests to declare.

Authors’ contributions
P.J.W.: Project management; conceptualisation; writing – initial draft. 
L.Z.L.: Conceptualisation; writing – initial draft. P.M., S.K., G.D.A., A.R., 
C.C. and B.F.B.: Writing – initial draft.

References
1. Kedzierski M, Frère D, Le Maguer G, Bruzaud, S. Why is there plastic packaging 

in the natural environment? Understanding the roots of our individual plastic 
waste management behaviours. Sci Total Environ. 2020;740, Art. #139985. 
https://doi.org/10.1016/j.scitotenv.2020.139985

2. Jariyasakoolroj P, Leelaphiwat P, Harnkarnsujarit N. Advances in research 
and development of bioplastic for food packaging. J Sci Food Agric. 
2019;14:5032–5045 https://doi.org/10.1002/jsfa.9497

3. Geijer T. Plastic packaging in the food sector: Six ways to tackle the plastic 
puzzle [webpage on the Internet]. c2019 [cited 2022 May 21]. Available 
from: https://think.ing.com/reports/plastic-packaging-in-the-food-sector-six-
ways-to-tackle-the-plastic-puzzle/

4. Changwichan K, Silalertruksa T, Gheewala SH. Eco-efficiency assessment 
of bioplastics production systems and end-of-life options. Sustainability. 
2018;10:952. https://doi.org/10.3390/su10040952 

5. PlasticsEurope Deutschland e. V. and Messe Düsseldorf. Plastics – the facts. 
An analysis of European plastics production demand and waste data in Europe 
[webpage on the Internet]. c2019 [cited 2022 May 21]. Available from: https://
issuu.com/plasticseuropeebook/docs/final_web_version_plastics_the_
facts2019_14102019

6. Lebreton LCM, Van Der Zwet J, Damsteeg JW, Slat B, Andrady A, Reisser 
J. River plastic emissions to the world’s oceans. Nat Commun. 2017;7, 
Art. #15611. https://doi.org/10.1038/ncomms15611 

7. Erni-Cassola G, Zadjelovic V, Gibson MI, Christie-Oleza JA. Distribution of 
plastic polymer types in the marine environment; A meta-analysis. J Hazard 
Mater. 2019;5:691–698. https://doi.org/10.1016/j.jhazmat.2019.02.067

8. Haselera M, Wedera C, Buschbecka L, Wesnigka S, Schernewskia G. 
Cost-effective monitoring of large micro- and meso-litter in tidal and flood 
accumulation zones at south-western Baltic Sea beaches. Mar Pollut Bull. 
2019;149, Art. #110544. https://doi.org/10.106/j.marpolbul.2019.11054

9. Verster C, Bouwman H. Land-based sources and pathways of marine plastics 
in a South African context. S Afr J Sci. 2020;116(5/6), Art. #7700. https://
doi.org/10.17159/sajs.2020/7700

10. Plastics: Facts and futures. Moving beyond pollution management towards a 
circular plastics economy in South Africa. WWF South Africa; 2020.

11. Dalu T, Malesa B, Cuthbert RN. Assessing factors driving the distribution 
and characteristics of shoreline macroplastics in a subtropical reservoir. 
Sci Total Environ. 2019;696, Art. #133992.  https://doi.org/10.1016/j.
scitotenv.2019.133992

12. Weideman EA, Perold V, Ryan PG. Limited long-distance transport of plastic 
pollution by the Orange-Vaal River system, South Africa. Sci Total Environ. 
2020;727, Art. #138653. https://doi.org/10.1016/j.scitotenv.2020.138653

13. Weideman EA, Perold V, Ryan PG. Little evidence that dams in the Orange–
Vaal River system trap floating microplastics or microfibres. Mar Pollut Bull. 
2019;149:110664 https://doi.org/10.1016/j.marpolbul.2019.110664

14. Nel HA, Dalu T, Wasserman RJ. Assessing microplastic abundance in 
river sediment and deposit feeders in an Austral temperate urban river 
system. Sci Total Environ. 2018;612:950–956. https://doi.org/10.1016/j.
scitotenv.2017.08.298

15. De Villiers S. Quantification of microfibre levels in South Africa’s beach 
sediments, and evaluation of spatial and temporal variability from 2016 
to 2017. Mar Pollut Bull. 2018;138:481–489. https://doi.org/10.1016/j.
marpolbul.2018.07.058

16. Dahms HTJ, Van Rensburg GJ, Greenfield R. The microplastic profile of an 
urban African stream. Sci Total Environ. 2020;731, Art. #138893. https://doi.
org/10.1016/j.scitotenv.2020.138893

17. Chitaka TY, Von Blottnitz H. Accumulation and characteristics of plastic debris 
along five beaches in Cape Town. Mar Pollut Bull. 2019;138:451–457. https://
doi.org/10.1016/j.marpolbul.2018.11.065

18. Nel HA, Froneman PW. A quantitative analysis of microplastic pollution along 
the south-eastern coastline of South Africa. Mar Pollut Bull. 2015;101:274–
279. https://doi.org/10.1016/j.marpolbul.2015.09.043

19. Ryan PG, Weideman EA Perold V, Durholtz D, Fairweather TP. A trawl survey 
of seafloor macrolitter on the South African continental shelf. Mar Pollut Bull. 
2020;150, Art. #110741 https://doi.org/10.1016/j.marpolbul.2019.110741

20. Naidoo T, Glassom D. Sea-surface microplastic concentrations along the 
coastal shelf of KwaZulu–Natal, South Africa. Mar Pollut Bull. 2019;149, 
Art. #110514. https://doi.org/10.1016/j.marpolbul.2019.110514

21. Kanhai LDK, Officer R, Lyashevska O, Thompson RC, O’Connor I. 
Microplastic abundance, distribution and composition along a latitudinal 
gradient in the Atlantic Ocean. Mar Pollut Bull. 2017;115:317–314. https://
doi.org/10.1016/j.marpolbul.2016.12.025

22. Nel HA, Hean JW, Noundou XS, Froneman PW. Do microplastic loads reflect 
the population demographics along the southern African coastline? Mar Pollut 
Bull. 2017;115:115–119. https://dpo.org/j.marpolbul.2016.11.056

23. Naidoo T, Glassom D, Smit AJ. Plastic pollution in five urban estuaries of 
KwaZulu-Natal, South Africa. Mar Pollut Bull. 2015;101:473–480. https://doi.
org/10.1016/j.marpolbul.2015.09.044

24. Vilakati B, Sivasankar V, Mamba BB, Omine K, Msagati TAM. Characterization 
of plastic micro particles in the Atlantic Ocean seashore of Cape Town, South 
Africa and mass spectrometry analysis of pyrolyzate products. Environ Pollut. 
2020 ;265, Art. #11114859. https://doi.org/10.1016/j.envpol.2020.114859

25. Geyer R, Jambeck JR, Law KL. Production, use, and fate of all plastics ever 
made. Sci Adv. 2017;3, e1700782. https://doi.org/10.1126/sciadv.1700782

26. OECD. Improving plastics management: Trends, policy responses, and the 
role of international co-operation and trade [document on the Internet]. c2018 
[cited 2021 Jan 21]. Available from: https://www.oecd.org/environment/
waste/policy-highlights-improving-plastics-management.pdf 

27. Plastics SA. South African National Plastics Recycling Survey 2018 – 
Executive summary [document on the Internet]. c2019 [cited 2020 Jul 24]. 
Available from: https://www.plasticsinfo.co.za/wp-content/uploads/2019/12/
Plastics-Recycling-in-SA-July-2018-Executive-Summary-final.pdf  

 Bioplastic food and beverage packaging in the 4IR
 Page 7 of 9

https://doi.org/10.17159/sajs.2022/9748
https://doi.org/10.1016/j.scitotenv.2020.139985
https://doi.org/10.1002/jsfa.9497
https://think.ing.com/reports/plastic-packaging-in-the-food-sector-six-ways-to-tackle-the-plastic-puzzle/
https://think.ing.com/reports/plastic-packaging-in-the-food-sector-six-ways-to-tackle-the-plastic-puzzle/
https://doi.org/10.3390/su10040952
https://issuu.com/plasticseuropeebook/docs/final_web_version_plastics_the_facts2019_14102019
https://issuu.com/plasticseuropeebook/docs/final_web_version_plastics_the_facts2019_14102019
https://issuu.com/plasticseuropeebook/docs/final_web_version_plastics_the_facts2019_14102019
https://doi.org/10.1038/ncomms15611
https://doi.org/10.1016/j.jhazmat.2019.02.067
https://doi.org/10.106/j.marpolbul.2019.11054
https://doi.org/10.17159/sajs.2020/7700
https://doi.org/10.17159/sajs.2020/7700
https://doi.org/10.1016/j.scitotenv.2019.133992
https://doi.org/10.1016/j.scitotenv.2019.133992
https://doi.org/10.1016/j.scitotenv.2020.138653
https://doi.org/10.1016/j.marpolbul.2019.110664
https://doi.org/10.1016/j.scitotenv.2017.08.298
https://doi.org/10.1016/j.scitotenv.2017.08.298
https://doi.org/10.1016/j.marpolbul.2018.07.058
https://doi.org/10.1016/j.marpolbul.2018.07.058
https://doi.org/10.1016/j.scitotenv.2020.138893
https://doi.org/10.1016/j.scitotenv.2020.138893
https://doi.org/10.1016/j.marpolbul.2018.11.065
https://doi.org/10.1016/j.marpolbul.2018.11.065
https://doi.org/10.1016/j.marpolbul.2015.09.043
https://doi.org/10.1016/j.marpolbul.2019.110741
https://doi.org/10.1016/j.marpolbul.2019.110514
https://doi.org/10.1016/j.marpolbul.2016.12.025
https://doi.org/10.1016/j.marpolbul.2016.12.025
https://dpo.org/j.marpolbul.2016.11.056
https://doi.org/10.1016/j.marpolbul.2015.09.044
https://doi.org/10.1016/j.marpolbul.2015.09.044
https://doi.org/10.1016/j.envpol.2020.114859
https://doi.org/10.1126/sciadv.1700782
https://www.oecd.org/environment/waste/policy-highlights-improving-plastics-management.pdf
https://www.oecd.org/environment/waste/policy-highlights-improving-plastics-management.pdf
https://www.plasticsinfo.co.za/wp-content/uploads/2019/12/Plastics-Recycling-in-SA-July-2018-Executive-Summary-final.pdf
https://www.plasticsinfo.co.za/wp-content/uploads/2019/12/Plastics-Recycling-in-SA-July-2018-Executive-Summary-final.pdf


8 Volume 118| Number 7/8 
July/August 2022

Review Article
https://doi.org/10.17159/sajs.2022/9748

28. Republic of South Africa. National Environmental Management: Waste Act, 
2008 (Act No. 59 of 2008). National domestic waste collection standards.

29. European Commission. A European strategy for plastics in a circular economy 
[document on the Internet]. c2018 [cited 2020 Jul 24]. Available from: http://
ec.europa.eu/environment/circular-economy/pdf/plastics-strategy-brochure.pdf

30. Al-Salem SM, Lettieri P, Baeyens J. Recycling and recovery routes of plastic 
solid waste (PSW): A review. Waste Manage. 2009;29:2625–2643. https://
doi.org/10.1016/j.wasman.2009.06.004

31. Hahladakis JN, Iacovidou E. Closing the loop on plastic packaging materials: 
What is quality and how does it affect their circularity? Sci Total Environ. 
2018;630:1394–1400. https://doi.org/10.1016/j.scitotenv.2018.02.330

32. Rahimifard S, Coates G, Staikos T, Edwards C, Abu-Bakar M. Barriers, drivers 
and challenges for sustainable product recovery and recycling. Int J Sustain 
Energy. 2009;2:80–90. https://doi.org/10.1080/19397030903019766

33. Hahladakis JN, Iacovidou E. An overview of the challenges and trade-offs in 
closing the loop of post-consumer plastic waste (PCPW): Focus on recycling. 
J Hazard Mater. 2019;380, Art. #120887. https://doi.org/10.1016/j.
jhazmat.2019.120887

34. Statistics South Africa (Stats SA). The state of basic service delivery in 
South Africa: In-depth analysis of the Community Survey 2016 data. Pretoria: 
Stats SA; 2016.

35. Gundupalli SP, Hait S, Thakur A. A review on automated sorting of 
source-separated municipal solid waste for recycling. Waste Manage. 
2017;60:56–74. https://doi.org/10.1016/j.wasman.2016.09.015

36. Ragaert K, Delva L, Van Geem K. Mechanical and chemical recycling of solid 
plastic waste. Waste Manage. 2017;69:24–58. https://doi.org/10.1016/j.
wasman.2017.07.044

37. Kabir E, Kaur R, Lee J, Kim K-H, Kwon EE. Prospects of biopolymer technology 
as an alternative option for non-degradable plastics and sustainable 
management of plastic wastes. J Clean Prod. 2020;258, Art. #120536. 
https://doi.org/10.1016/j.jclepro.2020.120536

38. Li X, Chu C, Wei Y, Qi C, Bai J, Guo C, et al. In vitro degradation kinetics 
of pure PLA and Mg/PLA composite: Effects of immersion temperature 
and compression stress. Acta Biomater. 2017;48:468–478. https://doi.
org/10.1016/j.actbio.2016.11.001

39. Polyák P, Szemerszki D, Vörös G, Pukánszky B. Mechanism and kinetics of the 
hydrolytic degradation of amorphous poly(3-hydroxybutyrate). Polym Degrad 
Stab. 2017;140:1–8. https://doi.org/10.1016/j.polymdegradstab.2017.03.021

40. Arkatkar A, Arutchelvi J, Sudhakar M, Bhaduri S, Uppara PV, Doble M. 
Approaches to enhance the biodegradation of polyolefins. Open Environ Eng 
J. 2009;2:68–80. https://doi.org/10.2174/1874829500902010068

41. Di Y, Iannace S, Di Maio E, Nicolais L. Poly(lactic acid)/organoclay 
nanocomposites: Thermal, rheological properties and foam processing. J 
Polym Sci Part B: Polym Phys. 2005;43:689–698. https://doi.org/10.1002/
polb.20366

42. Iñiguez-Franco F, Auras R, Burgess G, Holmes D, Fang X, Rubino M, et al. 
Concurrent solvent induced crystallization and hydrolytic degradation of 
PLA by water-ethanol solutions. Polymer. 2016;99:315–323. https://doi.
org/10.1016/j.polymer.2016.07.018

43. Lizundia E, Ruiz-Rubio L, Vilas JL, León LM. Towards the development of eco-
friendly disposable polymers: ZnO-initiated thermal and hydrolytic degradation 
in poly(l-lactide)/ZnO nanocomposites. RSC Adv. 2016;19:15660–15669. 
https://doi.org/10.1039/C5RA24604K

44. Heitmann AP, Patrício PSO, Coura IR, Pedroso EF, Souza PP, Mansur HS, et al. 
Nanostructured niobium oxyhydroxide dispersed Poly (3-hydroxybutyrate) 
(PHB) films: Highly efficient photocatalysts for degradation methylene 
blue dye. Appl Catal B. 2016;189:141–150. https://doi.org/10.1016/j.
apcatb.2016.02.031

45. Masmoudi F, Bessadok A, Dammak M, Jaziri M, Ammar E. Biodegradable 
packaging materials conception based on starch and polylactic acid (PLA) 
reinforced with cellulose. Environ Sci Pollut Res. 2016;23:20904–20914. 
https://doi.org/10.1007/s11356-016-7276-y

46. Kanmani P, Kumaresan K, Aravind J, Karthikeyan S, Balan R. Enzymatic 
degradation of polyhydroxyalkanoate using lipase from Bacillus subtilis. Int J 
Environ Sci Technol. 2016;13:1541–1552. https://doi.org/10.1007/s13762-
016-0992-5

47. Pattanasuttichonlakul W, Sombatsompop N, Prapagdee B. Accelerating 
biodegradation of PLA using microbial consortium from dairy wastewater 
sludge combined with PLA-degrading bacterium. Int Biodeterior Biodegradation. 
2018;132:74–83. https://doi.org/10.1016/j.ibiod.2018.05.014

48. Danso D, Chow J, Streit WR. Plastics: Environmental and biotechnological 
perspectives on microbial degradation. Appl Environ Microbiol. 2019;85(19), 
e01095-19. https://doi.org/10.1128/AEM.01095-19

49. Islam S, Apitius L, Jakob F, Schwaneberg U. Targeting microplastic particles 
in the void of diluted suspensions. Environ Int. 2019;123:428–435. https://
doi.org/10.1016/j.envint.2018.12.029

50. Huang X, Cao L, Qin Z, Li S, Kong W, Liu Y. Tat-Independent secretion of 
polyethylene terephthalate hydrolase PETase in Bacillus subtilis 168 mediated 
by its native signal peptide. J Agric Food Chem. 2018;66:13217–13227. 
https://doi.org/10.1021/acs.jafc.8b05038

51. Ganesh Kumar A, Anjana K, Hinduja M, Sujitha M, Dharani G. Review on 
plastic wastes in marine environment – Biodegradation and biotechnological 
solutions. Mar Pollut Bull. 2020;150, Art. #110733. https://doi.org/10.1016/j.
marpolbul.2019.110733

52. Pinnell LJ, Turner JW. Shotgun metagenomics reveals the benthic 
microbial community response to plastic and bioplastic in a coastal 
marine environment. Front Microbiol. 2019;1252, Art. #1252. https://doi.
org/10.3389/fmicb.2019.01252

53. Haernvall K, Zitzenbacher S, Wallig K, Yamamoto M, Schick MB, Ribitsch 
D, et al. Hydrolysis of ionic phthalic acid based polyesters by wastewater 
microorganisms and their enzymes. Environ Sci Technol. 2017;8:4596–
4605. https://doi.org/10.1021/acs.est.7b00062

54. Awasthi S, Srivastava P, Singh P, Tiwary D, Mishra PK. Biodegradation of 
thermally treated high-density polyethylene (HDPE) by Klebsiella pneumoniae 
CH001. 3 Biotech. 2017;7, Art. #332. https://doi.org/10.1007/s13205-017-
0959-3

55. Tian L, Kolvenbach B, Corvini N, Wang S, Tavanaie N, Wang L, et al. 
Mineralisation of 14C-labelled polystyrene plastics by Penicillium variabile 
after ozonation pre-treatment. New Biotechnol. 2017;38:101–105. https://
doi.org/10.1016/j.nbt.2016.07.008

56. Khan N, Le Roes-Hill M, Welz PJ, Grandin KA, Kudanga T, Van Dyk S, et al. 
Fruit waste streams in South Africa and their potential role in developing a 
bio-economy. S Afr J Sci. 2015;111(5/6), Art. #2014-0189. https://doi.
org/10.17159/sajs.2015/20140189

57. Welz PJ. Edible seed oil waste: Status quo and future perspectives. Water Sci 
Technol. 2019;80:2107–2116. https://doi.org/10.2166/wst.2020.043

58. Sharmila G, Muthukumaran C, Kumar NM, Sivakumar VM, Thirumarimurugan 
M. Food waste valorization for biopolymer production. In: Varjani S, Pandey 
A, Gnansounou E, Kumar Khanal S, Raveendran S, editors. Current 
developments in biotechnology and bioengineering. Amsterdam: Elsevier; 
2020. p. 233–249. https://doi.org/10.1016/B978-0-444-64321-6.00012-4 

59. López OV, Castillo LA, Garcia MA, Villar MA, Barbosa SE. Food packaging bags 
based on thermoplastic corn starch reinforced with talc nanoparticles. Food 
Hydrocolloids. 2015;43:18–24. https://doi.org/10.1016/j.foodhyd.2014.04.021

60. Jamshidian M, Tehrany EA, Imran M, Jacquot M. Poly-lactic acid: Production, 
applications, nanocomposites, and release studies. Comp Rev Food 
Sci Food Safety. 2010;26(9):552–571. https://doi.org/10.1111/j.1541-
4337.2010.00126.x

61. Melchor-Martinez EM, Macias-Garbett R, Alvarado-Raminez L, Araujo 
RG, Sosa-Hernandez JE, Ramirez-Gamboa D et al. Towards a circular 
economy for plastics: An evaluation of the systematic transition to a new 
generation of bioplastics. Polymers. 2022;14:1203. https://doi.org/10.3390/
polym14061203

62. Geueke B. Dossier – Bioplastics as food contact materials. Food Packaging 
Forum Dossier. Zenodo. 2015. https://doi.org/10.5281/zenodo.33517

63. Tsai CC, Wu R-J, Cheng H-Y, Li S-C, Siao Y-Y. Crystallinity and dimensional 
stability of biaxial oriented poly(lactic acid) films. Polymer Degrad Stab. 
2010;95:1292–1298. https://doi:10.1016/j.polymdegradstab.2010.02.032

64. Quiles-Carrillo L, Montanes N, Jorda-Vilaplana A, Balart R, Torres-Giner S. 
A comparative study on the effect of different reactive compatibilizers on 
injection-molded pieces of bio-based high-density polyethylene/polylactide 
blends. J Appl Polymer Sci. 2019;47396:1–13. https://doi.org/10.1002/
APP.47396

 Bioplastic food and beverage packaging in the 4IR
 Page 8 of 9

https://doi.org/10.17159/sajs.2022/9748
http://ec.europa.eu/environment/circular-economy/pdf/plastics-strategy-brochure.pdf
http://ec.europa.eu/environment/circular-economy/pdf/plastics-strategy-brochure.pdf
https://doi.org/10.1016/j.wasman.2009.06.004
https://doi.org/10.1016/j.wasman.2009.06.004
https://doi.org/10.1016/j.scitotenv.2018.02.330
https://doi.org/10.1080/19397030903019766
https://doi.org/10.1016/j.jhazmat.2019.120887
https://doi.org/10.1016/j.jhazmat.2019.120887
https://doi.org/10.1016/j.wasman.2016.09.015
https://doi.org/10.1016/j.wasman.2017.07.044
https://doi.org/10.1016/j.wasman.2017.07.044
https://doi.org/10.1016/j.jclepro.2020.120536
https://doi.org/10.1016/j.actbio.2016.11.001
https://doi.org/10.1016/j.actbio.2016.11.001
https://doi.org/10.1016/j.polymdegradstab.2017.03.021
https://doi.org/10.2174/1874829500902010068
https://doi.org/10.1002/polb.20366
https://doi.org/10.1002/polb.20366
https://doi.org/10.1016/j.polymer.2016.07.018
https://doi.org/10.1016/j.polymer.2016.07.018
https://doi.org/10.1039/C5RA24604K
https://doi.org/10.1016/j.apcatb.2016.02.031
https://doi.org/10.1016/j.apcatb.2016.02.031
https://doi.org/10.1007/s11356-016-7276-y
https://doi.org/10.1007/s13762-016-0992-5
https://doi.org/10.1007/s13762-016-0992-5
https://doi.org/10.1016/j.ibiod.2018.05.014
https://doi.org/10.1128/AEM.01095-19
https://doi.org/10.1016/j.envint.2018.12.029
https://doi.org/10.1016/j.envint.2018.12.029
https://doi.org/10.1021/acs.jafc.8b05038
https://doi.org/10.1016/j.marpolbul.2019.110733
https://doi.org/10.1016/j.marpolbul.2019.110733
https://doi.org/10.3389/fmicb.2019.01252
https://doi.org/10.3389/fmicb.2019.01252
https://doi.org/10.1021/acs.est.7b00062
https://doi.org/10.1007/s13205-017-0959-3
https://doi.org/10.1007/s13205-017-0959-3
https://doi.org/10.1016/j.nbt.2016.07.008
https://doi.org/10.1016/j.nbt.2016.07.008
https://doi.org/10.17159/sajs.2015/20140189
https://doi.org/10.17159/sajs.2015/20140189
https://doi.org/10.2166/wst.2020.043
https://doi.org/10.1016/B978-0-444-64321-6.00012-4
https://doi.org/10.1016/j.foodhyd.2014.04.021
https://doi.org/10.1111/j.1541-4337.2010.00126.x
https://doi.org/10.1111/j.1541-4337.2010.00126.x
https://doi.org/10.3390/polym14061203
https://doi.org/10.3390/polym14061203
https://doi.org/10.5281/zenodo.33517
https://doi:10.1016/j.polymdegradstab.2010.02.032
https://doi.org/10.1002/APP.47396
https://doi.org/10.1002/APP.47396


9 Volume 118| Number 7/8 
July/August 2022

Review Article
https://doi.org/10.17159/sajs.2022/9748

65. Cabrera G, Touil I, Masghouni E, Maazouz A, Lamnawar K. Multi-micro/nanolayer 
films based on polyolefins: New approaches from eco-design to recycling. 
Polymers. 2021;13(413):1–21. https://doi.org/10.3390/polym13030413

66. Cooper TA. Developments in bioplastic materials for packaging food, 
beverages and other fast-moving consumer goods. In: Farmer N, editor. 
Trends in packaging of food, beverages and other fast-moving consumer 
goods (FMCG). Cambridge, UK: Woodhead Publishing Limited; 2013. 
p. 108–152. https://doi.org/10.1533/9780857098979.108

67. Voet VSD, Guit J, Loos K. Photopolymers in 3D printing: A review on biobased, 
biodegradable, and recyclable alternatives. Macromol Rapid Commun. 
2021;42(2000175):1–11. https://doi.org/10.1002/marc.202000475

68. Tamez MBA, Taha I. A review of additive manufacturing technologies 
and markets for thermosetting resins and their potential for carbon fiber 
integration. Addit Manuf. 2021;37, Art. #101748. https://doi.org/10.1016/j.
addma.2020.101748

69. Bogers M, Hadar R, Bilberg A. Additive manufacturing for consumer-centric 
business models: Implications for supply chains in consumer goods 
manufacturing. Technol Forecast Soc Change. 2016;102:225–239. https://
doi.org/10.1016/j.techfore.2015.07.024

70. Jiang R, Kleer R, Piller FT. Predicting the future of additive manufacturing: 
A Delphi study on economic and societal implications of 3D printing for 2030. 
Technol Forecast Soc Change. 2017;117:84–97. http://dx.doi.org/10.1016/j.
techfore.2017.01.006

71. Ribeiro I, Matos F, Jacinto C, Salman H, Cardeal G, Carvalho H, et al. 
Framework for life cycle sustainability assessment of additive manufacturing. 
Sustainability. 2020;12(3):929 https://doi.org/10.3390/su12030929

72. Gebler M, Schoot Uiterkamp AJ, Visser C. A global sustainability perspective 
on 3D printing technologies. Energy Policy. 2014;74:158–167. https://doi.
org/10.1016/j.enpol.2014.08.033

73. Ford S, Despeisse M. Additive manufacturing and sustainability: An exploratory 
study of the advantages and challenges. J Clean Prod. 2016;137:1573–1587. 
https://doi.org/10.1016/j.jclepro.2016.04.150

74. Gao W, Zhang Y, Ramanujan D, Ramani K, Chen Y, Williams CB, et al. The status, 
challenges, and future of additive manufacturing in engineering. CAD Comput 
Aided Des. 2015;69:65–89. https://doi.org/10.1016/j.cad.2015.04.001

75. Carlson M, Li Y. Development and kinetic evaluation of a low-cost temperature-
sensitive shape memory polymer for 4-dimensional printing. Int J Adv Manuf 
Technol. 2020;106:4263–4279. https://doi/10.1007/s00170-020-04927-5

76. Kuang X, Chen K, Dunn CK, Wu J, Li VCF, Qi HJ. 3D printing of highly 
stretchable, shape-memory, and self-healing elastomer toward novel 
4D printing. ACS Appl Mater Interf. 2018;10(8):7381–7388. https://doi.
org/10.1021/acsami.7b17082

77. Duong LN, Al-Fadhli M, Jagtap S, Bader F, Martindale W, Swainson M, et al. 
A review of robotics and autonomous systems in the food industry: From 
the supply chains perspective. Trends Food Sci Technol. 2020;106:355-364. 
https://doi.org/10.1016/j.tifs.2020.10.028

78. Gundupalli SP, Hait S, Thakur A. A review on automated sorting of source-
separated municipal solid waste for recycling. Waste Manag. 2017;60:56–74. 
https://doi.org/10.1016/j.wasman.2016.09.015

79. Amendments to the Regulations and Notices regarding Extended Producer 
Responsibility. National Environmental Management: Waste Act, 2008 (Act 
no 59). Government Gazette 44539, 5 May 2021.

 Bioplastic food and beverage packaging in the 4IR
 Page 9 of 9

https://doi.org/10.17159/sajs.2022/9748
https://doi.org/10.3390/polym13030413
https://doi.org/10.1533/9780857098979.108
https://doi.org/10.1002/marc.202000475
https://doi.org/10.1016/j.addma.2020.101748
https://doi.org/10.1016/j.addma.2020.101748
https://doi.org/10.1016/j.techfore.2015.07.024
https://doi.org/10.1016/j.techfore.2015.07.024
http://dx.doi.org/10.1016/j.techfore.2017.01.006
http://dx.doi.org/10.1016/j.techfore.2017.01.006
https://doi.org/10.3390/su12030929
https://doi.org/10.1016/j.enpol.2014.08.033
https://doi.org/10.1016/j.enpol.2014.08.033
https://doi.org/10.1016/j.jclepro.2016.04.150
https://doi.org/10.1016/j.cad.2015.04.001
https://doi/10.1007/s00170-020-04927-5
https://doi.org/10.1021/acsami.7b17082
https://doi.org/10.1021/acsami.7b17082
https://doi.org/10.1016/j.tifs.2020.10.028
https://doi.org/10.1016/j.wasman.2016.09.015

	_Hlk104968346
	_Hlk105440030
	_Hlk11152902
	_Hlk86061867
	_Hlk86062118
	_Hlk86062692
	_Hlk86063734
	_Hlk86064594
	_Hlk86065516
	_Hlk86067868
	_Hlk86068044
	_Hlk86068178
	_Hlk86069221
	_Hlk48815927
	_Hlk86056611
	_Hlk86069526
	_Hlk46414361
	_Hlk64434819
	_Hlk62024281
	_Hlk62024436
	_Hlk86070228
	_Hlk106959892
	_Hlk44969585

