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Abstract
Post-mining land use for the production of industrial crops has the potential to mitigate environmental and
socio-economic impacts of mine closure and stimulate post-mining economic growth. Fibre-rich plants are of
particular interest due to their multi-product potential. In a South African context, where there are many
abandoned and end-of-life mines near human settlements, there is an opportunity to assess the feasibility of
transforming post-mining land into productive land and building resilient communities through the
development of multi-product value chains from fibre-rich plants such as kenaf, hemp or bamboo.
Biomass from fibre-rich plants, such as bamboo, kenaf and hemp, can be converted into various semifabricated and higher-end products (such as textiles, paper, furnishings, building materials, bio-plastics and
bio-composites) as well as energy. The selection and development of viable processes and products for the
downstream utilisation of plant biomass from post-mining land is complex and needs to be based on a
comprehensive understanding of the options available, while considering the environmental, socio-economic
and technical drivers, opportunities and constraints. This paper provides a review and assessment of the
various processing routes for recovering value from fibre plant biomass, such as kenaf, hemp and bamboo,
through the conversion into useful products, and potential integrated metal extraction, for the creation of
post-mining industrial development. Based on findings from a comprehensive review of the published
literature, as well as interviews with relevant experts within South Africa, it appears that bast fibre plants are
the best downstream option for producing “green” textiles and high-end niche products, whereas bamboo is
more suitable as a replacement for conventional timber. The desired products will, however, determine the
fibre plant and plant-product processing options, and will be dependent on various local socio-economy and
geography factors.
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Introduction

There are currently about 6000 abandoned mines in South Africa. Furthermore, several currently active
mining operations are expected to close or downsize in the next 10 years due to resource depletion,
economic conditions, volatile commodity prices, community pressure or environmental compliance issues,
or a combination of these factors. For the South African context, many mines are near settlements and
communities are often dependant on the mining activity for both livelihoods and services. Mine closures
often leave behind distressed communities to battle with the resultant job losses and the ensuing service
provision void. This is especially evident in regions where communities are reliant on mines for services and
infrastructure (Stacey et al., 2010; Digby, 2012; Ackerman et al., 2018; Vester et al., 2018; Siyongwana and
Shabalala, 2019).
Worldwide, and particularly in Southern Africa, current mine closure practices are not sufficiently developed
to transition mine land into environmentally and economically sustainable post‐mining landscapes, with
restoration and re‐vegetation of the landscape continuing to be the dominant focus. Restorative agriculture
provides an alternative option for post‐mining land‐use in developing countries, such as South Africa, due to
its potential to utilise similar resources (land, infrastructure and labour) and to promote economic
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diversification and economic growth beyond mining (Stacey et al., 2010; Limpitlaw and Briel, 2014; Vester et
al., 2018).
Fibre‐producing crops, such as hemp or kenaf, bamboo, cotton, sisal, coconut and hardwood, present a
unique opportunity due to their potential to create multi‐product value chains such as textiles, furniture and
plant oils and to absorb metals from soil (Linger et al., 2002; Kopittke et al., 2010; Vester et al., 2018). The
plants are versatile in that the different parts of the plant (stem, seeds, leaves, roots) are used to manufacture
products of varying levels of complexity, with products broadly classified into fibre, woody tissue, energy and
chemical extracts (Table 1).
Table 1

Multi-product potential of fibre plants (Pari and Alexopoulou 2013; Papadopoulou et al. 2015)

Products

Examples

Fibre‐based products

Textiles, chemical or mechanical pulp, specialty paper, fibre composites

Chemical extracts

Sugars, extractives (tall oi), oil (food and feed), seed oils

Woody tissue

Particle boards, construction composites, paper pulp

Energy products

Black liquor, biogas, bio‐char pellets, shive briquettes

Traditional applications of fibre‐producing plants include conventional textiles, construction materials and
paper production. However, over the past 10‐15 years, advances have led to the development of higher‐end
applications of fibre crops such as polymers and advanced composites for use in automotive and aerospace
industries (Pennells et al., 2019). Several studies have also demonstrated that fibre plants such as hemp,
kenaf, flax, sisal and bamboo have the ability to grow in metal‐contaminated soils (Angelova et al., 2004;
Meera and Agamuthu, 2012; Arbaoui et al., 2013, 2014). Fibre plants thus present an opportunity to explore
the feasibility of the duality of transforming post‐mining land and building resilient communities through the
development of multi‐product value chains while potentially remediating the soil.
In a review of fibre plants for post‐mining land use applications in South Africa, Harrison et al. (2019)
evaluated gold, coal and Platinum Group Metal mine areas in South Africa with the highest number of
abandoned sites and declining mining activities against the growth requirements and the phytoremediation
potential of commonly grown fibre crops. Bast fibre crops hemp, kenaf and flax, the leaf crop sisal and
bamboo, particularly non‐invasive Bambusa balcooa species, were found to be the most suited for potential
post‐mining land use based on rainfall/water requirements, temperature tolerance and their ability to grow
on metal contaminated land (Harrison et al., 2019). Of these, hemp, kenaf and bamboo (Bambusa balcooa)
were selected for further study, due to their relatively high fibre yields, growth potential and wide range of
commercial products.
In this paper, we review the downstream multi‐product options for recovering value from hemp, kenaf and
bamboo fibre plants, on the basis of the published literature, as well as interviews with relevant experts
within South Africa.

2

Downstream options for the recovery of value from fibre producing
plants – hemp, kenaf and bamboo

Fibre plants are typically classified by the part of plant which produces fibre, with hemp and kenaf being
classified as bast fibres i.e. fibre from the phloem, and bamboo as a grass fibre (Ramesh, D. et al., 2015; Sisti
et al., 2018). Table 2 provides a summary of the key properties of the fibre plants under review i.e., hemp,
kenaf and bamboo.

Mine Closure 2021

Beneficial land use of mine sites and ecosystem restoration

Table 2

Summary of the plant properties of hemp, kenaf and bamboo used in this case study (after
Harrison et al., 2019)

Hemp

Kenaf

Bamboo

Species

Cannabis sativa

Hibiscus cannabinus

Bambosa
balcooa

Harvest time

90 ‐ 170 days

100 ‐ 240 days

5‐6 years

Dry biomass productivity (tons/ha)

10 ‐ 20

15 ‐ 25

20 ‐ 40

Fibre yield per season (tons/ha)

2.2 – 8.1

5 ‐ 10

12 ‐ 18

Ni, Pb, Cd, Zn, Cu

Pb, Cd, Zn

Pb, Zn, Cr, Fe

Plant

1

Metal uptake

Apart from the potential to generate multiple products from the different parts of the plant (leaves, shoots
and stem), the ability of fibre‐based plants to take‐up metals from contaminated land also provides an
opportunity to use these plants for the recovery of metal value through phytomining. These potential value
streams are discussed in Sections 2.1 and 2.2 respectively.

2.1

Multi-product potential of fibre plants

Figure 1 shows a conceptual flowsheet for the simultaneous generation of plant biomass and multi‐products
from kenaf, hemp and bamboo, all of which the source of fibre is the stem. The major process stages are
harvesting, pre‐treatment of the stem, fibre recovery and conversion to end‐products.
Whilst all fibre plants are capable of generating multiple products from different parts of the plant, the
product profile range and the processing routes will vary according to the different class of plant.

Figure 1

1

A conceptual processing flow sheet for the production of multi-products from fibre crops

Metal uptake can be considered an indication of metal tolerance, as well as phytoremediation potential.
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Bast fibres; Hemp & Kenaf

Both hemp and kenaf are dicotyledons, which means their stems or stalks have an outer bast or fibre,
comprising about 25‐40% of the stem, and an inner woody core, also known as a hard or a core fibre,
comprising about 60‐75% of the stem (Chen and Liu, 2010; Papadopoulou et al., 2015). The whole plant can
be used for energy production, as well as animal fodder in the case of kenaf. However, a single bast fibre
plant can generate various multi‐products (see Figure 2). The long bast fibres, typically comprising 70‐90% of
the bast are used to manufacture higher‐value materials such as textiles and polymer composites. Long bast
fibres are increasingly being applied in the production of “green textiles” such as plant fibre reinforced
composites for use in the automotive industry due their biodegradability, light weight and low cost
(Papadopoulou et al., 2015). The short bast fibres, comprising about 10‐30% of the bast, are used to
manufacture medium‐value materials such as paper or cordage. Woody tissue or core fibres can be used to
manufacture various low‐end and/or bulk materials such as hempcrete, insulation boards, animal bedding
and paper, on the other hand high‐end products such as oil or medicinal extracts can be extracted from the
seeds and leaves (Chen and Liu, 2010; Salentijn et al., 2015; Ingrao et al., 2015; Sisti et al., 2018).

Figure 2

A typical multi-product profile of bast fibre plants such as hemp and kenaf

A simplified flow diagram of the main processing stages for the simultaneous generation of products from
bast fibre plants is given in Figure 3. The major stages are harvesting, pre‐treatment, fibre recovery and
conversion to end‐products (Sponner et al., 2005; Amaducci and Gusovius, 2010; Chen and Liu, 2010;
Papadopoulou et al., 2015).

Figure 3

The main stages for bast fibre separation and processing (Broadhurst et al., 2019)
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During harvesting, separation of the fibrous (the stem) and non‐fibrous parts (leaves, seeds and roots) occurs.
Thereafter the stem is pre‐treated to soften it through retting or degumming (usually mechanical, chemical,
microbial or high temperature and pressure processes) to promote the detachment of the epidermis from
the fibre bundles (Paridah et al., 2011; Sisti et al., 2018). The fibre is then recovered through a series of
processes (known as decortication) to produce intermediates: long fibres, short fibres and woody tissue. The
various intermediates can then be converted to end‐products i.e., fibre‐based products and other products
from the non‐fibrous parts and woody tissue. The relative production of these various product‐types (long
bast fibre, short bast fibre, woody tissue or seed oil) and their suitability for targeted end‐uses, however, will
be affected by the processing methods used, with different processing methods influencing fibre length,
colour, quality and strength (Paridah et al., 2011; Sisti et al., 2018).
Although hemp and kenaf have very similar product profiles and processing, the ratio of bast fibre in the
stem, fibre length and strength varies, as shown in Table 3, resulting in different product properties. For
example, the longer length of hemp fibres makes it more suitable for conventional textiles, while the higher
bast fibre content in kenaf results in a higher fibre yield.
Table 3

Relative fibre properties of hemp and kenaf plants

Properties

Hemp

Kenaf

Bast fibre (% in stalk/stem)
Fibre fineness (um)

25‐30
25 ‐ 40

35‐40
20 ‐ 35

Fibre length (mm) – long fibre

16 ‐ 40

8 ‐ 18

Cellulose (wt%)

70 – 74

45 ‐ 57

Hemicellulose (wt%)

18 ‐22

21‐ 23

Lignin (wt%)

4‐6

8‐13

Tensile Strength (MPa)
550‐1000
195‐700
Sponner et al., 2005; Amaducci and Gusovius, 2010; Chen and Liu, 2010; Dicker
et al, 2014; Pickering et al., 2016; Sisti et al., 2018.

2.1.2

Bamboo

In the case of the woody grass bamboo, products are mainly generated from the stem, also known as the
culm. The various products can be categorised as fibre‐based (including natural and “rayon” or regenerated
cellulose fibre products for textiles and polymer composites), wood‐based (such as natural wood and wood
products for construction, furnishings and sporting equipment) and bulk products, including energy and
paper (Figure 4).
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A typical multi-product profile for bamboo plants

Similar to bast fibre plants, the separation of the woody tissue, fibrous and non‐fibrous parts for bamboo
plants typically occurs in a number of stages, shown in Figure 5 (Khalil et al., 2012; Rocky and Thompson,
2018). The whole bamboo plant can be converted to energy products. Alternatively, the bamboo culm, twigs,
leaves and other parts can be converted into various products. The bamboo culm can be split into strips to
either recover fibre (using similar processes to bast fibre recovery), or produce lumber/board products, or
the culm can be used as whole “bamboo poles”.

Figure 5

The main stages for bamboo separation and processing (Broadhurst et al., 2019)

It is important to note that because the fibres are embedded within a matrix in the stem/culm between a
hard woody exodermis and endodermis, more intensive processing is required than in the case of bast fibre
to separate and recover the fibre and most industrial processes use chemical processes similar to that used
to manufacture rayon viscose. This also means that wood‐based and fibre‐based products cannot be
generated simultaneously from the same culm (Phong et al., 2011; Kaur et al., 2013; Zakikhani et al., 2014;
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Rocky and Thompson, 2018). Due to the woody nature of bamboo, it is well suited to produce a wide range
of high‐to‐low‐end wood‐based products, such as engineered wood composite products or flooring and
furniture (Sharma et al., 2015). Higher quality parts of the culm can be used to manufacture higher‐end
products (such as ply bamboo boards), while off‐cuts and re‐purposed processing wastes can be used for
lower‐end and bulk processing products, such as particle boards and paper pulp (Rocky and Thompson,
2018). Whilst most bamboo species have similar product profiles, not all bamboo species are suited for all
applications due to culm characteristics such as height, thickness and diameter (Benton, 2015). For example,
the common South African species Bambusa balcooa is more suitable for construction and furniture
applications, due to its height which can be up to about 25m and thick walls which range between 6 cm to
15 cm (Benton, 2015).

2.2

Potential integrated metal recovery

Many of the soils in mining regions in South Africa are characterised by elevated levels of metals, many of
which are taken up by fibre plants, such as hemp, kenaf and bamboo (see Table 2). In this way fibre plants
can facilitate the rehabilitation of the land through phytoremediation, which is described as the use of plants
to extract, sequester and detoxify environmental contaminants, such as metals, from the soil (Salt et al.,
1998; Ali et al., 2017). However, the selective extraction of metals from soils also offers the opportunity to
recover metal value through further processing of the plant biomass. This opportunity is explored further in
Sections 2.2.1‐2.2.2.
2.2.1

Metal recovery from plant biomass

Available literature indicates that metal recovery from plants (agro‐mining or phytomining) has not been
applied to fibrous plants to date, but rather made use of hyperaccumulator plants (Bhargava et al., 2012;
Hunt et al., 2014; Sheoran et al., 2009). Most of the literature appears to have been focused on nickel,
although phytomining of gold has also been proposed, and in principle As, Se, Cd, Mn, Tl and Zn all have
hyperaccumulator plants (Salt et al., 1998; Sheoran et al., 2009; van der Ent et al., 2015).
Conventional metal recovery processes commonly entail drying and ashing at temperatures of >500oC, to
produce a “bio‐ore”, followed by pyrometallurgical and/or hydrometallurgical processing to finally recover
the metals (Sheoran et al., 2009; Hunt et al., 2014; van der Ent et al., 2015). Some plant‐sequestered metals
can also be recovered as pure metallic nanoparticles within the biomass and an interesting alternative is the
in‐situ utilisation of metal nano‐particles (such as Au, Ni, Zn, PGMs) within the biomass as catalysts i.e., plant‐
synthesised nano‐particles (Hunt et al., 2014). A number of processes have been developed for the recovery
of nickel in particular, with the bio‐ore produced from ashing containing up to 20% Ni in the form of NiO, and
recovery of Ni in the form of a metal using reductive roasting, sintering or through acid leaching and
electrowinning (Houzelot et al., 2017; Sheoran et al., 2009; Zhang et al., 2016). An alternative nickel recovery
process that has also been explored is the production of Ammonium Nickel Sulphate Hexahydrate (Houzelot
et al., 2017; Sheoran et al., 2009; Zhang et al., 2016). Plant‐synthesised Zn and Ni nanoparticles have also
been produced, although the biomass was treated by ashing before being used as a catalyst (Hunt et al.,
2014).
2.2.2

Potential for integrated metal and plant-based product recovery from fibre plants

Conventional metal recovery processes, as described in Section 2.2.1, would be destructive to plant fibre,
thus limiting the ability to simultaneously recover and plant‐based products on a whole‐of‐plant basis.
However, in accordance with a review by Harrison et al. (2019) the accumulation of metals in fibre‐plants
occurs mainly in the non‐fibrous parts of the plant, with hemp and kenaf exhibiting most of the metal
accumulation in their roots, shoots, leaves and seed capsules, and bamboo in the roots and shoots.
Therefore, theoretically there is potential opportunity to incorporate metal recovery into fibre processing,
especially during harvesting and also potentially the retting pre‐treatment or fibre recovery stage, as shown
in Figure 6 (Broadhurst et. al., 2019). However, the literature also indicates that high concentrations of
contaminants may compromise plant growth (Shi et al., 2012), whilst the accumulation of metals in the fibre
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part of the plant may preclude certain end‐uses (Angelova et al., 2004). In such cases, a two‐stage approach
may be more beneficial whereby hyperaccumulators are used to remediate contaminated land prior to the
cultivation of fibre plants.

Figure 6

3

Potential processing flow sheet for simultaneous fibre-based product and metal recovery
(Broadhurst et al., 2019)

Conclusion

Fibre plants have the potential to create a fibre‐based post‐mining economy in mining‐intensive regions, such
as South Africa. Bambusa balcooa, hemp and kenaf in particular, appear to be the most promising candidates
due to their high biomass productivity, high fibre yield and owing to the fact that their fibres are already
produced on a commercial scale. Findings suggest that bast fibre plants offer more flexibility in terms of
processing and product options than bamboo, as multiple products can be made simultaneously from
different parts of a single bast plant. On the other hand, for bamboo, multi‐product opportunities emerge
through the processing of different parts of the culm – with the higher‐quality parts of the stem being used
for higher‐end products such as fibre‐based products and higher‐value wood composites – and by re‐
processing of waste and off‐cuts to produce lower‐end and bulk products. Findings, also suggest that bast
fibre plants are the more suitable option for “green” textiles and high‐end niche products such as fibre
reinforced composites (typically used in aeronautical and automotive industries), whereas bamboo is a better
option for the replacement of conventional timber in functional products such as wooden flooring and
construction materials and paper.
However, the extent of site contamination is likely to be a key factor in determining success of the use of
fibre plants for post‐mining land, since high concentrations of heavy metals in the soil may affect both plant
growth and fibre quality. Product selection should therefore take into account of desired products and by‐
products (and combinations thereof), as well as a comprehensive understanding of the inter‐related effect
of site‐specific factors and processing parameters on the quality of these products. In particular, further site‐
specific studies would be required to determine whether fibre crops can be used to simultaneously provide
high quality fibre and remediate metal‐contaminated soils in mining areas, or if a two‐stage approach using
both hyperaccumulator plants and fibre plants is necessary.
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