Alternative Methods to Retting of Straw | Encyclopedia.pub

Alternative Methods to Retting of Straw

Subjects: Materials Science, Biomaterials

Contributor: Morris Angulu , Hans-Jorg Gusovius

Bast fibers, such as flax and hemp, have been used by humanity for thousands of years. In the case of processes other than
dew or field retting, they can also follow field drying. In any case, the fiber plant straw is retted first in order to be able to carry
out the subsequent mechanical fiber recovery by decortication, cleaning and, if necessary, opening of the coarse fiber
bundles. This can be defined as primary processing of bast fiber straw. The retting process involves the controlled
decomposition of those substances that bind the fiber containing tissues to the other components of the stalk as well as the
fibers to each other (to form so called bundles). It is described as one of the most important steps in the whole supply chain of
fibers from bast fiber plants such as hemp and flax since it affects both the ease of performing the subsequent mechanical

processing steps as well as the quality of the resulting fibers.

bast fiber hemp flax retting degumming procedures technological aspects

| 1. Introduction

Bast fibers, such as flax and hemp, have been used by humanity for thousands of years LI[2EI4] Evidence of the use of bast
fibers especially hemp and flax/linen has been found in ancient society throughout human history including the cultivation and
use of flax/linen in Ancient Egypt & or presence of linen in Swiss dwellings B, In the recent past several Asian and
European communities cultivated and processed hemp for textiles 8. Due to a combination of reasons, the production of bast
fibers drastically reduced as more attention was given to other fiber sources. A significant reason was the mechanization of
the cotton spinning system and later the invention of the cotton gin in 1793, which made cotton an economically very
competitive fiber compared to hemp and linen. A far more extensive influence, however, is the development and introduction
of synthetic, petroleum-based fiber materials beginning from the first decades of the 20th century. The (thereafter following)
social ostracizing of hemp which was a major bast crop grown in Europe and the United States dealt a major blow to the
development of the processing technology for hemp and bast fibers in general. As a result, the processing technology for
hemp and other bast fibers has since lagged behind, hence higher production costs. For example according to Schmitz et al.
(as quoted by [, the production cost of hemp fibers in Germany was five to ten times compared to cotton or synthetic fibers.
However, recently there has been renewed interest in finding environmentally friendly alternatives to cotton and synthetic
fibers for both clothing and technical applications. Bast fibers have a great potential to provide this alternative due to their high
yield per unit area as compared to cotton, limited or no need for chemicals during growth and usually no need for irrigation
(201 |t is therefore important to develop an efficient and commercially viable system of extracting the bast fibers from the plant

stems to fully benefit from the opportunities provided by bast fibers.

Based on increasing research in this field, a large number of papers have been published in recent years (Figure 1) dealing
with various aspects of post-harvest treatment of bast fiber straw (stalks), the subsequent fiber extraction as well as
possibilities of further fiber modifications by means of biological, chemical, or other measures. A few selected ones are Akin et
al., 2004 11: Antonov et al., 2007 [12; Crénier et al., 2005 3]: Di Candillo et al., 2010 24l: Djemiel et al., 2017 12: Fernando et
al., 2019 [81: Foulk et al., 2008 17: George et al., 2015 [2&: Jankauskiene et al., 2006 19: Mazian et al., 2018 [2%: |ee et al.,
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2020 22 Lju et al., 2016 [22; Lyu et al., 2021 [23]: pakarinen et al., 2012 [24]: Réquilé et al., 2021 [25): Ribeiro et al., 2015 [28];
Parikh et al., 2011 [7; Tamburini et al., 2003 [28]; Thygesen et al., 2013 [2; valladares Juarez 2009 29,
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Figure 1. Number of published articles related to hemp and flax retting 2003—2023.

Nevertheless, this still shows a very diverse understanding of the metabolic processes in the post-harvest period, the
classification of the individual steps in the entire process chain and their definition. In order to be able to correctly elucidate
and evaluate the influence of different process factors, and in particular on the resulting properties of raw materials,

intermediate and final products, a clear understanding of the entire process chain is essential.

These considerations are initially based on the choice of location with corresponding weather conditions, crop type and
variety, as well as the corresponding arable and plant agronomic measures during the cultivation phase. This also results in
essential framework conditions for the harvest and the subsequent post-harvest period on field. At this specific point, the
retting process is defined, during which the fiber plant straw is subject to the natural weather conditions, together with the

necessary drying.

In the case of processes other than dew or field retting, they can also follow field drying. In any case, the fiber plant straw is
retted first in order to be able to carry out the subsequent mechanical fiber recovery by decortication, cleaning and, if
necessary, opening of the coarse fiber bundles. This can be defined as primary processing of bast fiber straw. Afterwards, the
resulting fibers can be further processed using biological, chemical, or even physical methods. Here, processes such as
cottonization or degumming are to be considered. Otherwise valuable publications, both as reviews or as research findings do
not make this fundamentally important distinction (221,

The retting process involves the controlled decomposition of those substances that bind the fiber containing tissues to the
other components of the stalk as well as the fibers to each other (to form so called bundles). It is described as one of the most
important steps in the whole supply chain of fibers from bast fiber plants such as hemp and flax since it affects both the ease
of performing the subsequent mechanical processing steps as well as the quality of the resulting fibers. However, despite its
long history, retting process of bast fiber straw is not yet fully developed to produce satisfactory fiber quality at a reasonable
cost. Some reasons are, for example, the unpredictability of the course of field/dew retting due to random weather conditions.
Furthermore, there is a lack of suitable and easy to apply methods for determining the optimal or final point of retting, which
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would contribute significantly to achieving uniformity and quality of the bast fibers. The other important question is the
rettability of the bast stem. This may be understood by examining the significance of the different matrix substances to the
process of retting. To what extent does the degradation of a given matrix substance (e.g., pectin, lignin and hemicellulose)
contribute to the ease of separation of the fibers from other stem tissues (i.e., rettability). At the moment, a larger proportion of
bast fibers are used in areas where certain variations in physical and mechanical quality parameters are tolerable. For
example, for heat insulation and reinforcement in composites for less-demanding structures. For applications where high
uniformity of quality parameters are paramount, for example in high performance load bearing composites materials, fibers for
spinning and blending with cotton, bast fiber use is limited by the wide variance of its properties. These variations depend on
a number of factors including; plant varieties or its inherent variability, weather during the growing and retting period and the
method of retting among others. A better insight of the retting process will lead to the production of better quality fibers with
more uniform distribution of mechanical and physical properties. More understanding of the retting process should also lead to
an optimized setting of the operational parameters of the subsequent straw processing and thus, better predictability of the

fiber properties based on given raw material properties.

Further processing (or secondary processing) of the bast fibers after straw retting and their separation from the woody parts of
the stalks provides opportunity for further modification and improvement in fiber quality 2. This can be a chemical or
biological treatment or the so-called cottonization process which aims to produce cotton-like fibers from bast fibers. The
methods used at the moment are however still very expensive and thus, in many scenarios economically less competitive to

cotton and synthetic fibers.

| 2. Retting Methods and Attempts at Improvement

Very extensive research on the topic of retting—both field/dew or water-based—was carried out in the decades when cotton
and synthetic fibers had not yet been introduced and bast fibers (along with wool) dominated the production and use of this
class of materials. With the renaissance of traditional bast fibers in particular in Europe from the mid-80s in the last century,
research also experienced a further upswing and corresponding publications appeared. Despite more recent research, the
essential principles of such works are certainly still valid today, but due to the diverse origins of such works in the important
cultivation countries of that era (e.g., France, ltaly, Ireland, Russia or Germany), a detailed analysis is not possible here.
However, due to frequent citations, e.g., Tanner 1922 [3l: Ruschmann 1923 4l Dujardin 1948 33; Turner 1954 [28l: or

Sharma and van Summere 1992 7 shall be named.

Traditionally the retting process is carried out either through water or dew retting 271,

| 3. Alternative Methods to Retting of Straw

Due to the shortcomings of the traditional retting methods such as high dependence on the weather conditions in dew retting,
difficulty to determine the end point of retting and other factors which make the traditional methods less controllable, more
efforts to produce better fibers with more uniform properties are needed. Several alternative methods and attempts at
improving the traditional methods with the aim of developing processes with more controllable parameters to achieve
uniformity in the physical properties of the fibers have been explored. These alternatives include inoculation with bacterial or
fungal cultures, enzymatic treatment, chemical treatment, direct ensiling and mechanical decortication. Sometimes the
different methods are used in combination to achieve better retting and better fiber qualities. For example chemical chelators
and enzymes 28 physical and chemical processes in steam explosion technique 2, mechanical agitation and heating with
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caustic formulation #9. Occasionally, it is also indicated that the efficacy of such or similar methods can be improved by
mechanically stressing the stems to break its outer tissue layers (i.e., cuticle and epidermis) 28141l This can be achieved, for
example, by turning the swath for uniform field drying and retting, which must be carried out in the postharvest period anyway.

However, a clear distinction should be made between those approaches that aim to improve the subsequent processability of
the stalks (i.e., retting) and those that aim to minimize the non-cellulosic components of fiber bundles after their extraction
from stem biomass (most frequently referred to as degumming). A very recent review 42 provides a very comprehensive
insight into, among other things, the systematic activity of microorganisms and relevant enzymes during retting and
degumming. However, without detailed knowledge of the primary sources, as well here it is difficult to distinguish between the
reference level “stalk” on the one hand and “fiber bundle/fiber” on the other and thus it is hard to make a targeted

classification in the process chain.

3.1. Inoculation

The idea of isolating microbes with known enzymatic activity towards the degradation of major materials that form part of the
matrix substance in the stems of bast plants (such as pectin) is not new. Thus, it has been found in literature as early as 1984
(Hunter and Brown, as cited by Sharma et al. #3)) and has also been suggested by more recent scholars 28, Early attempts
involved the use of bacterial isolates Bacillius subtilis, which produces mainly pectin-lyase and xylanase, and Erwinia
carotovora, which produces only pectin-lyase, on dessicated flax, where the retting of desiccated flax straw was found to be
enhanced by the spraying cell suspension of B. subtilis ¥4, More potential benefits of the use of bacterial and fungal cultures
are apparent where up to nine bacterial species (including Rhizomucor pusillus and Fusarium lateritium, Trichoderma virens,
Alternaria alternata, Fusarium oxysporum, and Fusarium equiseti) were successfully isolated and used for retting of flax straw,
but resulting in fibers with varying qualities #2!. A potential advantage is that bacteria or fungi that are efficient in retting may
be introduced to the straws even if they do not form the native colony of the soil. For example, the fungi R. pusillus isolated
from South Carolina flax which had not been isolated anywhere before showed a high retting efficiency in the tests, and could
be used to enhance retting in environments where it does not naturally occur. Thygesen et al. 22 used a laboratory-based
setup to demonstrate the effects of inoculation of hemp stalk sections with the mutated white rot fungus Phlebia radiata Cel 26
on a selective degradation of the epidermis as well as the lignified middle lamella. When this white rot fungus was applied
direct to bast fibers, it showed higher selectivity in depectinisation compared to Ceriporiopsis subvermispora and compared to
a classical water retting. A later study by € showed that stronger fibers with more homogeneous properties can be produced
for composite applications by using the dependence of the depectinisation selectivity on the stem section. Inoculation of
manual peeled fibers (which indeed is probably better to refer to as bast or bark) with selected fungi resulted in less reduction
in the strength of fibers from the lower section than those from the upper stem section. When considering the whole hemp
stalk independent of the origin of the fibrous tissue, fungal retting with P. radiata Cel 26 showed better mechanical properties

in contrast to C. subvermispora.

Inoculation with bacterial/fungal suspensions may also allow the influencing of the time of the start of colonization of the stem
tissue. For example, through inoculation A. alternate may also be used as a primary colonizer although it has been reported to
be active in latter retting process 42, This method may also be useful for targeting fiber properties by using certain types of
fungi (white rot fungi), here on green hemp fiber material sealed in bags 4. This has produced desirable properties of cross-
linked fibers known for a particular application or industry (for example, improving strength and interfacial bonding in

composites).
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The use of inoculum from microbial isolates has not only been used in dew retting but also in water retting. The addition of
anaerobic Clostridium sp. and aerobic Bacillus sp. in retting liquor accelerated the retting process of hemp and significantly
increased the fiber quality 141, This further opens possibilities of developing a more controllable retting process for stem
material by varying the dose and time of adding the inoculum. While the aerobic bacteria does not show significant activity in
degrading pectin, the use of aerobic inoculum in addition to the anaerobic inoculum increases the speed of retting. This
speeds up the retting process since the addition of aerobic bacteria inoculum most likely rapidly generates the anoxic
environment needed by anaerobic bacteria to grow 48],

3.2. Enzymatic Treatment

Another attempt at developing an alternative retting process is the direct application of enzymes to ret fiber crop straw. In
distinction to this, however, enzymatic processes are also used to degum subsequently mechanically extracted bast fiber
structures. Enzyme retting appears to have a better commercial prospect as compared to chemical treatment in terms of costs
49501 |n addition, effluents from enzyme treatments tend to be more environmentally friendly B by, for example, reuse 52
which increases economic success in the increasingly environmentally conscious society since the products may be marketed
as ecofriendly. The enzymes may be obtained from pectinase producing fungi or bacteria by methods such as solid state
fermentation and submerged fermentation 8l53134] or from commercial producers. The degradation of pectin is a major factor
that correlates to the degree of retting 22, therefore pectinase can be considered the most important enzyme for retting. Due
to the specific action of enzymes, a consortium/mixture of enzymes may be necessary to target the different substances that
make up the stem matrix for a more efficient retting 28. For example, the commercial retting enzyme flaxzyme, which contains
pectinases, hemicellulases and cellulases, was used for the retting of flax leading to a considerable reduction of the retting
time from several days to within 24 h BAB8IBA Fyrther commercial Enzymes such as Bioprep 300L, Flaxzyme, Lyvelin,
Texazyme BFE or Viscozyme have been used in different formulations to achieve the required fiber characteristics at different
levels (1213811421601 However, enzymes that contain cellulases tend to lead to reduced fiber strength 7.

Protective structures of fiber crop stems such as the epidermis may prevent the pectinase enzyme from reaching the pectin
compounds and would therefore need to be degraded by other means (usually mechanical) to give access to the inner stem
structures. The use of surfactants that reduce surface tension of the water, therefore facilitating better access to the inner
stem tissues, have proved useful in improving retting 16 The enzyme formulations are commonly used together with a
chelator (mostly ethylenediaminetetraacetic acid EDTA) [62. According to Akin et al. 21 the regions between the fibers, the
cambium and the middle lamellae are susceptible to degradation by enzymes but the epidermis was only effectively degraded
with addition of chelator to the enzyme formulation. In addition, the mature plant tissue, the middle lamella is often converted
to calcium pectate thereby cementing the cells firmly €3 and hence the need for chelators. Chelators remove Ca++ and
destabilize pectin molecules and therefore contribute to the removal of matrix compounds holding fibers within the stem and
have been shown to improve retting as well as subsequent mechanical fiber extraction when used with enzyme formulations

(28] The addition of chelators help to reduce the amount of enzymes used in retting by up to 50-fold (1],

The ability to make different formulations with different enzymes and concentrations 62 makes enzyme retting process a good
and versatile alternative method for achieving particular fiber characteristics as far as process control is concerned. To
prevent the deterioration of the of fiber strength due to continued enzymatic activity, thorough rinsing is required or denaturing
treatment should be carried out at the end of the process 11

Enzymatic treatments are mentioned to be also very suitable for the modification of fiber properties after fiber separation in a

process and are often referred to as cottonization 4l as well. However, this term should rather be used when (pre-)prepared
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fiber elements such as bundles are refined or shortened by mechanical processes.

3.3. Retting Enhancement by Additional Chemical Treatment

The exclusive use of chemical substances for retting bast fiber stalks has been scientifically investigated, but is essentially not
practiced. Such processes are mainly used for the degumming of fibers following mechanical fiber extraction from the straw.
Detailed information on this can be found in a subsequent chapter of the manuscript. Evidence for the use of chemicals in the
retting of plant stems can only be found in the literature almost exclusively in connection with other processes, such as stand
retting with the aid of herbicides. Sharma [63! refers to older literature 2! with research results on the effects of, for example,
acids or bases. However, these led to poor yields and low fiber qualities. The additional statement about high costs
nevertheless remains valid and must be supplemented by the fact that the use of chemicals in the production of sustainable

materials is not appropriate and (at least) potentially harmful to the environment (621,

Where chemical retting of straw is mentioned in literature, it refers mainly to the use of chelators commonly in combination
with other procedures as well. This technique appears to be more popular for flax and hemp and it uses compounds such as
ethylenediaminetetraacetic acid (EDTA), cyclohexanediamintetetraacetic (CDTA), sodium tripolyphosphate (NasP30,;), oxalic
acid (C,H,0,) 158 The most common chelators used show high binding capabilities with calcium ions at high pH (above 4).
Chemical retting with EDTA and oxalic acid involves the formation of complex compounds referred to as chelates. The acids
act as chelators to bind with the calcium in the calcium pectate to form complex compounds making it easier to separate them
separate them from the fibers (63l Since chelators have optimal metal binding capacities at high pH, NaOH is added to the
formulation to neutralize the acids produced during incubation therefore keeping the pH of the liquor high 8. By chelating
metal ions from pectin complex, non-cellulosic plant materials (pectin and hemicellulose) can be extracted using alkaline
solutions of chelating agents (83, The use of chelators at high pH appear to be the most successful/optimal way of chemical
retting that is less aggressive (compared to mineral acids or boiling in alkali) judging from the fine fibers that are produced €
and since the process does not require additional energy in terms of heating and mechanical agitation. Other chelating agents
include trisodium phosphate, sodium gluconate [ diethylenetetraacetic acid, tetrasodium salt (Trilon TB),

diethylenediaminepentaacetic acid, and Penta sodium salt (DTPA) [63],

Detergents have also been tested for retting and usually in combination with acids or chelating agents. The use of such
surfactants is shown to improve the retting of flax probably due to their ability to solubilize proteins and the reduction of the
surface tension of water to allow easier access to the matrix material by the chelator, therefore enhancing its action B2, Other
methods using chemicals have been developed and used in the context of plant breeding in order to enable effective and
complete fiber extraction (768l

3.4. Physical Treatment

Methods that involve the physical disruption of the integrity of the plant structure through various means have also been

applied to loosen the fibers from the woody core.

Steam explosion treatment is a method for breaking down biomass that is used in the processing of fibrous source materials
as well. However, if one follows the relevant literature on this topic, a sometimes-incorrect interpretation of the underlying
research results of the referenced primary sources becomes apparent. For example, experiments mentioned in all three
sources in (Manian et al.) Bl do not deal with the processing of stems, but of fiber bast or fiber bundles [EJZA71],
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Considering relevant literature in the area of other lignocellulose biomasses, it would have to be assumed that the entire stem
biomass is dissolved and that it may not be possible to distinguish between the desired yield of fiber elements from the bast

and those from other tissue parts of the stem (essentially the xylem or woody inner core).

Literature references on the use of steam explosion treatment of bast fiber stalks could not be found. However, in one
research project, unpressurized steam treatment in a flow reactor was used for retting in order to investigate the release of
certain elements or compounds from different hemp samples Z2. The treatment of hemp stalks resulted in an easier

detachment of the bast layer from the xylem, but was not investigated in more detail.

Another physical effect, caused by radio frequency, has been investigated over a time period by a group of researchers to
improve the retting of bast fiber stalks. The intention was to enhance the efficiency of water retting [l or to assist enzymatic
retting 4! of flax stem samples. Pre-soaking, adapted power levels and application duration in combination with the control of

the water temperature can lead to an optimization of the process control and the resulting material properties.

Microwaves, as well part of the electromagnetic spectrum, have also been investigated to support retting processes. A good
overview of the relationship between biological principles and the possibilities and effects of electromagnetic energy on the
processing of flax can be found in Nair et al. 2. In-depth investigations have shown the positive influence of already known
process parameters such as pre-soaking, microwave power, temperature and process time on the structural decomposition of
non-cellulosic, fiber cementing polysaccharides 8. The positive results of the assisted treatment of flax stalks could also be
transferred to hemp stalks on an experimental basis 7,

A comparison between the use of radio frequency and microwave assistance of enzyme retting has shown that the latter has

a more significant effect under comparable process conditions with slightly lower mechanical properties of the resulting fibers
[z8)

Ultrasound as another physical effect has also been investigated and applied to assist the separation of fiber and non-fiber
components. In contrast to the aforementioned methods, this is a mechanical wave and not electromagnetic radiation.
Konczewicz et al. 2 have investigated osmotic effects in aqueous environment, where water is continuously passed through
the biomass of the straw. The fibers, the woody core and the pectin absorb the water and swell thereby exerting considerable
physical pressure on the cuticle, which causes it to break. The exposed pectin as well as other soluble substances are diluted
and carried away in the circulating water. Thus, the separation of the fibers from each other is enhanced and resulting in
reasonable fiber quality. The whole process was combined with ultrasound treatment to make it more effective.

3.5. Ensiling

In the search for alternative raw materials for the pulp industry, supply procedures based on wet preservation (“silage”) of flax
(891 and hemp B biomass were investigated for the first time in the mid-90s of the last century. From there, further scientific
work dealt with the anaerobic storage of freshly harvested hemp and its use in fiber-reinforced plastics 2183l |n the same
period, a series of in-depth studies began, in particular on harvesting and storage variants, the use of additional preservatives
and the resulting fiber properties after thermo-mechanical processing of the whole plant material [4185][86]

In contrast to dew retting, ensiling offers the significant advantage of being completely independent of unpredictable weather
conditions. This also means that the fields are cleared immediately after harvesting, so that the value of hemp as preceding
crop can be utilized in the subsequent crop. The ensiling process is a well-established agricultural practice and the effects of
the anaerobic storage processes on the properties of the bast part of the plant material are comparable to the results of
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common retting procedures. Based on a patent specification of Clarke et al. BZ, a publication reports on a so-called bag

retting process. It is shown as well that the enzymatic activity of mainly anaerobic bacteria removes non-cellulosic

components of the hemp fibers in silage stock 42,

References

1.

10.

11.

12.

13.

14.

Clarke, R.C. Botany of the Genus Cannabis. In Advances in Hemp Research; Ranalli, P., Ed.; CRC Press:
Boca Raton, FL, USA, 1999; pp. 1-19.

. Tourangeau, W. Re-Defining Environmental Harms: Green Criminology and the State of Canada’s Hemp

Industry. Can. J. Criminol. Crim. Justice 2015, 57, 528-554.

. Fu, Y.-B. Genetic Evidence for Early Flax Domestication with Capsular Dehiscence. Genet. Resour. Crop

Evol. 2011, 58, 1119-1128.

. Kvavadze, E.; Bar-Yosef, O.; Belfer-Cohen, A.; Boaretto, E.; Jakeli, N.; Matskevich, Z.; Meshveliani, T.

30,000-Year-Old Wild Flax Fibers. Science 2009, 325, 1359.

. Melelli, A.; Shah, D.U.; Hapsari, G.; Cortopassi, R.; Durand, S.; Arnould, O.; Placet, V.; Benazeth, D.;

Beaugrand, J.; Jamme, F.; et al. Lessons on Textile History and Fibre Durability from a 4000-Year-Old
Egyptian Flax Yarn. Nat. Plants 2021, 7, 1200-1206.

. Akin, D.E. Linen Most Useful: Perspectives on Structure, Chemistry, and Enzymes for Retting Flax. ISRN

Biotechnol. 2013, 186534.

. Allegret, S. The History of Hemp. In Hemp: Industrial Production and Uses; CAB International: Bar sur

Aube, France, 2013; pp. 4-25. ISBN 978-1-84593-792-8.

. Clarke, R.C. Traditional Fiber Hemp (Cannabis) Production, Processing, Yarn Making, and Weaving

Strategies—Functional Constraints and Regional Responses. Part 2. J. Nat. Fibers 2010, 7, 229-250.

. Carus, M.; Gahle, C.; Pendarovski, C.; Vogt, D.; Ortmann, S.; Grotenhermen, F.; Breuer, T.; Schmidt, C.

Studie Zur Markt- Und Konkurrenz—Situation Bei Naturfasern Und Naturfaser- Werkstoffen (Deutschland
Und EU). Available online: http://nova-institut.de/pdf/08-01-Flachs-Hanf Buch_Carus_et_al.pdf (accessed
on 15 July 2019).

Smith-Heisters, S. Environmental Costs of Hemp Prohibition in the United States. J. Ind. Hemp 2008, 13,
157-170.

Akin, D.; Henriksson, G.; Evans, J.D.; Adamsen, A.P.S.; Foulk, J.A.; Dodd, R.B. Progress in Enzyme-
Retting of Flax. J. Nat. Fibers 2004, 1, 21-47.

Antonov, V.; Marek, J.; Bjelkova, M.; Smirous, P.; Fischer, H. Easily Available Enzymes as Natural Retting
Agents. Biotechnol. J. 2007, 2, 342—-346.

Cronier, D.; Monties, B.; Chabbert, B. Structure and Chemical Composition of Bast Fibers Isolated from
Developing Hemp Stem. J. Agric. Food Chem. 2005, 53, 8279-8289.

Di Candilo, M.; Bonatti, P.M.; Guidetti, C.; Focher, B.; Grippo, C.; Tamburini, E.; Mastromei, G. Effects of
Selected Pectinolytic Bacterial Strains on Water-Retting of Hemp and Fibre Properties. J. Appl. Microbiol.

https://encyclopedia.pub/entry/56506

8/13



Alternative Methods to Retting of Straw | Encyclopedia.pub

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

2010, 108, 194-203.

Djemiel, C.; Grec, S.; Hawkins, S. Characterization of Bacterial and Fungal Community Dynamics by High-
Throughput Sequencing (HTS) Metabarcoding during Flax Dew-Retting. Front. Microbiol. 2017, 8, 2052.

Fernando, D.; Thygesen, A.; Meyer, A.S.; Daniel, G. Elucidating Field Retting Mechanisms of Hemp Fibres
for Biocomposites: Effects of Microbial Actions and Interactions on the Cellular Micro-Morphology and
Ultrastructure of Hemp Stems and Bast Fibres. BioResources 2019, 14, 4047-4084.

Foulk, J.A.; Akin, D.E.; Dodd, R.B. Influence of Pectinolytic Enzymes on Retting Effectiveness and
Resultant Fiber Properties. BioResources 2008, 3, 155-169.

George, M.; Mussone, P.G.; Bressler, D.C. Improving the Accessibility of Hemp Fibres Using Caustic to
Swell the Macrostructure for Enzymatic Enhancement. Ind. Crops Prod. 2015, 67, 74-80.

Jankauskiené, Z.; Bacelis, K.; Vitkauskas, A. Evaluation of Water-Retted Flax Fibre for Quality Parameters.
Mater. Sci. 2006, 12, 171-174.

Mazian, B.; Bergeret, A.; Benezet, J.-C.; Malhautier, L. Influence of Field Retting Duration on the
Biochemical, Microstructural, Thermal and Mechanical Properties of Hemp Fibres Harvested at the
Beginning of Flowering. Ind. Crops Prod. 2018, 116, 170-181.

Lee, C.H.; Khalina, A.; Lee, S.H.; Liu, M. A Comprehensive Review on Bast Fibre Retting Process for
Optimal Performance in Fibre-Reinforced Polymer Composites. Adv. Mater. Sci. Eng. 2020, 2020,
€6074063.

Liu, M.; Silva, D.A.S.; Fernando, D.; Meyer, A.S.; Madsen, B.; Daniel, G.; Thygesen, A. Controlled Retting
of Hemp Fibres: Effect of Hydrothermal Pre-Treatment and Enzymatic Retting on the Mechanical
Properties of Unidirectional Hemp/Epoxy Composites. Compos. Part A Appl. Sci. Manuf. 2016, 88, 253—
262.

Lyu, P.; Zhang, Y.; Wang, X.; Hurren, C. Degumming Methods for Bast Fibers—A Mini Review. Ind. Crops
Prod. 2021, 174, 114158.

Pakarinen, A.; Zhang, J.; Brock, T.; Maijala, P.; Viikari, L. Enzymatic Accessibility of Fiber Hemp Is
Enhanced by Enzymatic or Chemical Removal of Pectin. Bioresour. Technol. 2012, 107, 275-281.

Réquilé, S.; Mazian, B.; Grégoire, M.; Musio, S.; Gautreau, M.; Nuez, L.; Day, A.; Thiébeau, P.; Philippe, F.;
Chabbert, B.; et al. Exploring the Dew Retting Feasibility of Hemp in Very Contrasting European
Environments: Influence on the Tensile Mechanical Properties of Fibres and Composites. Ind. Crops Prod.
2021, 164, 113337.

Ribeiro, A.; Pochart, P.; Day, A.; Mennuni, S.; Bono, P.; Baret, J.-L.; Spadoni, J.-L.; Mangin, I. Microbial
Diversity Observed during Hemp Retting. Appl. Microbiol. Biotechnol. 2015, 99, 4471-4484.

Tahir, P.M.; Ahmed, A.B.; SaifulAzry, S.; Ahmed, Z. Retting Process of Some Bast Plant Fibres and Its
Effect on Fibre Quality: A Review. BioResources 2011, 6, 5260-5281.

Tamburini, E.; Ledn, A.G.; Perito, B.; Mastromei, G. Characterization of Bacterial Pectinolytic Strains
Involved in the Water Retting Process. Environ. Microbiol. 2003, 5, 730-736.

https://encyclopedia.pub/entry/56506 9/13



Alternative Methods to Retting of Straw | Encyclopedia.pub

29.

30.

31.

32.

33.

34.

35.
36.
37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

Thygesen, A.; Liu, M.; Meyer, A.S.; Daniel, G. Hemp Fibres: Enzymatic Effect of Microbial Processing on
Fibre Bundle Structure. In Proceedings of the Risoe International Symposium on Materials, Risoe,
Denmark, 2-5 September 2013; Volume 34, pp. 373—-380.

Valladares Juarez, A.G.; Dreyer, J.; Gopel, P.K.; Koschke, N.; Frank, D.; Markl, H.; Mdller, R.
Characterisation of a New Thermoalkaliphilic Bacterium for the Production of High-Quality Hemp Fibres,
Geobacillus Thermoglucosidasius Strain PB94A. Appl. Microbiol. Biotechnol. 2009, 83, 521-527.

Manian, A.P.; Cordin, M.; Pham, T. Extraction of Cellulose Fibers from Flax and Hemp: A Review. Cellulose
2021, 28, 8275-8294.

Thapliyal, D.; Verma, S.; Sen, P.; Kumar, R.; Thakur, A.; Tiwari, A.K.; Singh, D.; Verros, G.D.; Arya, R.K.
Natural Fibers Composites: Origin, Importance, Consumption Pattern, and Challenges. J. Compos. Sci.
2023, 7, 506.

Tanner, FEW. Microbiology of Flax Retting. Bot. Gaz. 1922, 74, 174-185.

Ruschmann, G. Grundlagen der Réste: Eine Wissenschaftlich-Technische Einflihrung flr Bakteriologen,
Landwirte, Roster, Spinner und Fachschuler; S. Hirzel: Zurich, Switzerland, 1923.

Dujardin, A. The Retting of Flax; Carswell & Son Ltd.: Belfast, UK, 1948.
Turner, A.J. Quality in Flax; Linen Industry Research Association: Lambeg, UK, 1954,
Sharma, H.S.S. The Biology and Processing of Flax; M Publications: Belfast, UK, 1992.

Akin, D.E.; Himmelsbach, D.S.; Morrison, W.H. Biobased Fiber Production: Enzyme Retting for Flax/Linen
Fibers. J. Polym. Environ. 2000, 8, 103-109.

Sauvageon, T.; Lavoie, J.-M.; Segovia, C.; Brosse, N. Toward the Cottonization of Hemp Fibers by Steam
Explosion—Part 1: Defibration and Morphological Characterization. Text. Res. J. 2018, 88, 1047-1055.

Parikh, D.V.; Calamari, T.A.; Sawhney, A.P.S.; Blanchard, E.J.; Screen, F.J.; Warnock, M.; Muller, D.H.;
Stryjewski, D.D. Improved Chemical Retting of Kenaf Fibers. Text. Res. J. 2002, 72, 618-624.

Akin, D.E.; Dodd, R.B.; Perkins, W.; Henriksson, G.; Eriksson, K.-E.L. Spray Enzymatic Retting: A New
Method for Processing Flax Fibers. Text. Res. J. 2000, 70, 486—494.

Summerscales, J. A Review of Bast Fibres and Their Composites: Part 4~Organisms and Enzyme
Processes. Compos. Part A Appl. Sci. Manuf. 2021, 140, 106149.

Sharma, H.S.S.; Mercer, P.C.; Brown, A.E. A Review of Recent Research on the Retting of Flax in Northern
Ireland. Int. Biodeterior. 1989, 25, 327-342.

Sharma, H.S.S. The Role of Bacteria in Retting of Desiccated Flax during Damp Weather. Appl. Microbiol.
Biotechnol. 1986, 24, 463—-467.

Henriksson, G.; Akin, D.E.; Hanlin, R.T.; Rodriguez, C.; Archibald, D.D.; Rigsby, L.L.; Eriksson, K.L.
Identification and Retting Efficiencies of Fungi Isolated from Dew-Retted Flax in the United States and
Europe. Appl. Environ. Microbiol. 1997, 63, 3950—3956.

Liu, M.; Fernando, D.; Daniel, G.; Madsen, B.; Meyer, A.S.; Ale, M.T.; Thygesen, A. Effect of Harvest Time
and Field Retting Duration on the Chemical Composition, Morphology and Mechanical Properties of Hemp

https://encyclopedia.pub/entry/56506 10/13



Alternative Methods to Retting of Straw | Encyclopedia.pub

Fibers. Ind. Crops Prod. 2015, 69, 29-39.

47. Li, Y.; Pickering, K.L.; Farrell, R.L. Analysis of Green Hemp Fibre Reinforced Composites Using Bag
Retting and White Rot Fungal Treatments. Ind. Crops Prod. 2009, 29, 420-426.

48. Tamburini, E.; Lebn, A.G.; Perito, B.; Di Candilo, M.; Mastromei, G. Exploitation of Bacterial Pectinolytic
Strains for Improvement of Hemp Water Retting. Euphytica 2004, 140, 47-54.

49. Fan, P.; He, F; Yang, Y.; Ao, M.; Ouyang, J.; Liu, Y.; Yu, L. In-Situ Microbial Degumming Technology with

Bacillus Sp. HG-28 for Industrial Production of Ramie Fibers. Biochem. Eng. J. 2015, 97, 50-58.

50. Horne, M.R.L. 5B—Bast Fibres: Hemp Cultivation and Production. In Handbook of Natural Fibres, 2nd ed.;

Koztowski, R.M., Mackiewicz-Talarczyk, M., Eds.; Woodhead Publishing Series in Textiles; Woodhead
Publishing: Sawston, MA, USA, 2020; pp. 163—-196. ISBN 978-0-12-818398-4.

51. Subash, M.C.; Muthiah, P. Eco-Friendly Degumming of Natural Fibers for Textile Applications: A
Comprehensive Review. Clean. Eng. Technol. 2021, 5, 100304.

52. Moawad, H.; Abd EI-Rahim, W.M.; Hashem, M.M.; Gebreil, G.M.; Sabbor, A.; Sedik, M.Z. Retting and

Degumming of Flax Using Biotechnology Eco-Friendly Approach. Egypt. J. Chem. 2019, 62, 2033—-2045.

53. Chiliveri, S.R.; Koti, S.; Linga, V.R. Retting and Degumming of Natural Fibers by Pectinolytic Enzymes
Produced from Bacillus Tequilensis SV11-UV37 Using Solid State Fermentation. SpringerPlus 2016, 5,
559.

54. Henriksson, G.; Akin, D.E.; Slomczynski, D.; Eriksson, K.-E.L. Production of Highly Efficient Enzymes for

Flax Retting by Rhizomucor Pusillus. J. Biotechnol. 1999, 68, 115-123.

55. Meijer, W.J.M.; Vertregt, N.; Rutgers, B.; van de Waart, M. The Pectin Content as a Measure of the Retting

and Rettability of Flax. Ind. Crops Prod. 1995, 4, 273—-284.

56. Evans, J.D.; Akin, D.E.; Foulk, J.A. Flax-Retting by Polygalacturonase-Containing Enzyme Mixtures and

Effects on Fiber Properties. J. Biotechnol. 2002, 97, 223-231.

57. Akin, D.E.; Morrison, W.H.; Gamble, G.R.; Rigsby, L.L.; Henriksson, G.; Eriksson, K.-E.L. Effect of Retting

Enzymes on the Structure and Composition of Flax Cell Walls. Text. Res. J. 1997, 67, 279-287.

58. De Prez, J.; Van Vuure, A.W.,; lvens, J.; Aerts, G.; Van de Voorde, |. Enzymatic Treatment of Flax for Us
Composites. Biotechnol. Rep. 2018, 20, e00294.

59. Van Sumere, C.F.; Sharma, H.S.S. (PDF) Analyses of Fine Flax Fibre Produced by Enzymatic Retting.
Available online:

https://lwww.researchgate.net/publication/281414439 Analyses_of fine_flax_fibre_produced_by enzymatic_rettins

(accessed on 9 September 2019).

60. Fischer, H.; Mussig, J.; Bluhm, C. Enzymatic Modification of Hemp Fibres for Sustainable Production of
High Quality Materials. J. Nat. Fibers 2006, 3, 39-53.

61. Henriksson, G.; Eriksson, K.-E.L.; Kimmel, L.; Akin, D.E. Chemical/Physical Retting of Flax Using
Detergent and Oxalic Acid at High pH. Text. Res. J. 1998, 68, 942—-947.

62. Akin, D.E.; Foulk, J.A.; Dodd, R.B.; McAlister, D.D. Enzyme-Retting of Flax and Characterization of
Processed Fibers. J. Biotechnol. 2001, 89, 193-203.

ein

https://encyclopedia.pub/entry/56506

11/13



Alternative Methods to Retting of Straw | Encyclopedia.pub

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Sharma, H.S.S. Chemical Retting of Flax Using Chelating Compounds. Ann. Appl. Biol. 1988, 113, 159—
165.

Marek, J.; Antonov, V.; Bjelkova, M.; Smirous, P.; Fischer, H.; Janosik, S. Enzymatic Bioprocessing—New
Tool of Extensive Natural Fibre Source Utilization. In Proceedings of the International Conference on Flax
and Other Bast Plants, Saskatoon, SK, Canada, 20—-23 July 2008; pp. 21-23.

Zimniewska, M. Hemp Fibre Properties and Processing Target Textile: A Review. Materials 2022, 15, 1901.

Adamsen, A.P.S.; Akin, D.E.; Rigsby, L.L. Chemical Retting of Flax Straw Under Alkaline Conditions. Text.
Res. J. 2002, 72, 789-794.

van den Oever, M.J.A.; Bas, N.; van Soest, L.J.M.; Melis, C.; van Dam, J.E.G. Improved Method for Fibre
Content and Quality Analysis and Their Application to Flax Genetic Diversity Investigations. Ind. Crops
Prod. 2003, 18, 231-243.

Bredemann, G. Die Bestimmung des Fasergehaltes Bei Massenuntersuchungen von Hanf, Flachs.
Fasernesseln Und Anderen Bastfaserpflanzen. Faserforschung 1942, 16, 14-39.

Garcia-Jaldon, C.; Dupeyre, D.; Vignon, M.R. Fibres from Semi-Retted Hemp Bundles by Steam Explosion
Treatment. Biomass Bioenergy 1998, 14, 251-260.

Kessler, R.W.; Becker, U.; Kohler, R.; Goth, B. Steam Explosion of Flax—A Superior Technique for
Upgrading Fibre Value. Biomass Bioenergy 1998, 14, 237-249.

Vignon, M.R.; Dupeyre, D.; Garcia-Jaldon, C. Morphological Characterization of Steam-Exploded Hemp
Fibers and Their Utilization in Polypropylene-Based Composites. Bioresour. Technol. 1996, 58, 203-215.

Vaisanen, T.; Kilpelainen, P.; Kitunen, V.; Lappalainen, R.; Tomppo, L. Effect of Steam Treatment on the
Chemical Composition of Hemp (Cannabis sativa L.) and Identification of the Extracted Carbohydrates and
Other Compounds. Ind. Crops Prod. 2019, 131, 224-233.

Ruan, P.; Du, J.; Gariepy, Y.; Raghavan, V. Characterization of Radio Frequency Assisted Water Retting
and Flax Fibers Obtained. Ind. Crops Prod. 2015, 69, 228-237.

Ruan, P.; Raghavan, V.; Du, J.; Gariepy, Y.; Lyew, D.; Yang, H. Effect of Radio Frequency Pretreatment on
Enzymatic Retting of Flax Stems and Resulting Fibers Properties. Ind. Crops Prod. 2020, 146, 112204.

Nair, G.R.; Rho, D.; Raghavan, G.S.V. Application of Electro-Technologies in Processing of Flax Fiber.
Fibers 2013, 1, 21-35.

Nair, G.R.; Kurian, J.; Yaylayan, V.; Rho, D.; Lyew, D.; Raghavan, G.S.V. Microwave-Assisted Retting and
Optimization of the Process through Chemical Composition Analysis of the Matrix. Ind. Crops Prod. 2014,
52, 85-94.

Nair, G.R.; Lyew, D.; Yaylayan, V.; Raghavan, V. Application of Microwave Energy in Degumming of Hemp
Stems for the Processing of Fibres. Biosyst. Eng. 2015, 131, 23-31.

Ruan, P.; Du, J.; Raghavan, V.; Lyew, D.; Gariepy, Y.; Yang, H. Microwave Pretreated Enzymatic Retting of
Flax Stems and Comparison with the Effect of Radio Frequency Pretreatment. Ind. Crops Prod. 2020, 151,
112312.

https://encyclopedia.pub/entry/56506 12/13



Alternative Methods to Retting of Straw | Encyclopedia.pub

79.

80.

81.

82.

83.

84.

85.

86.

87.

Konczewicz, W.; Kryszak, N.; Nowaczkiewicz, E.; Kozlowski, R.; Wojtysiak, J.; Podsiedlik, W. Osmosis
Phenomena Based Degumming of Bast Fibrous Plants as a Promising Method in Primary Processing. Mol.
Cryst. Lig. Cryst. 2013, 571, 116-131.

Easson, D.L.; Anderson, R.; Sharma, H.S.S. The Sealed Storage of Moist Flax with and without the Use of
Chemical Preservatives. Ann. Appl. Biol. 1994, 125, 567-579.

Maeyer, E.A.A.D.; Huisman, W. New Technology for Harvesting and Storage of Fibre Hemp for Paper Pulp.
J. Int. Hemp Assoc. 1994, 1, 2-41.

von Buttlar, H.-B.; Mussig, J.; Theis, M. Products from Hemp Silage. In Proceedings of the Second
International Symposium ‘Biorohstoff Hanf’, Frankfurt am Main, Germany, 27 February—2 March 1997;
Nova-Institut: KéIn/Hurth, Germany, 1997.

Einsiedel, R.; Bayer, R.; Buttlar, H.B.V.; Scheffer, K. Fibres and Composites from Hemp Silage. In
Proceedings of the 10th International Conference ‘Biomass for Energy and Industry’, Wirzburg, Germany,
8-11 June 1998; Kopetz, H., Weber, T., Palz, W., Chartier, P., Ferrero, G.L., Eds.; Carmen Publ.: Wirzburg,
Germany, 1998; pp. 509-510.

Gusovius, H.-J.; LUhr, C.; Hoffmann, T.; Pecenka, R.; Idler, C. An Alternative to Field Retting: Fibrous
Materials Based on Wet Preserved Hemp for the Manufacture of Composites. Agriculture 2019, 9, 140.

Idler, C.; Pecenka, R.; Furll, C.; Gusovius, H.-J. Wet Processing of Hemp: An Overview. J. Nat. Fibers
2011, 8, 59-80.

Pecenka, R.; Idler, C.; Grundmann, P.; Fuerll, C.; Gusovius, H.-J. Tube Ensiling of Hemp—Initial Practical
Experience. Wiss. Z. Agrartech. Forschungseinrichtungen 2007, 13, 15-26.

Clarke, A.; Dennis, H.; Wang, X.; Hurren, C. Degumming of Bast Fibres 2004. U.S. Patent
US20040191888A1, 30 September 2004.

Retrieved from https://encyclopedia.pub/entry/history/show/127216

https://encyclopedia.pub/entry/56506 13/13



