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• Chemical composition, physicochemical 
properties and extraction of nano 
cellulose. 

• Need of pine needles valorisation and 
their utilisation in multidimensional 
fields. 

• Pine needles role as antibacterial, bio- 
catalyst, reinforcing and adsorbing 
agents. 

• Potential of Pine needles in comparison 
to other biomasses in multiple 
applications. 

• Current challenges in utilisation and 
future prospectus of Pine needles 
wastes.  
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A B S T R A C T   

Pine needles (PNs) are one of the largest bio-polymer produced worldwide. Its waste, i.e., fallen PNs, is mostly 
responsible for forest fires and is a major challenge. In present article, we have reviewed differenteffortsmadeto 
tackle this situation. PNs have been used in various fields such asin composite, water purification industries, 
electronic devices, etc. Gasification is one of the appealing processes for turning PNs into bio-energy; pyrolysis 
technique has been employed to create various carbon-based water purification materials; saccharification 
combined with fermentation produced good yields of bio-ethanol; Pd or Ni/PNs biocatalyst showed good cata-
lytic properties in variousreactionsand pyrolysis with or without catalyst is an alluring technique to prepare bio- 
fuel. Nano cellulose extracted from PNs showed appealing thermal and mechanical strength. The air quality of 
nearbyenvironment was examinedby studying the magnetic properties of PNs. Packing materials made of PNs 
showed exceptional ethylene scavenging abilities.   
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1. Introduction 

The circular bio-economy has provided a potential solution to world 
challenges like environmental and food security threats (Hoang et al., 
2022b; Usmani et al., 2020; Ates et al., 2020). In this context, assimi-
lating pine needles (PNs) through biotechnologies to produce valuable 
products and metabolites may significantly enhance the sustainable 
circular bio-economy. The transformation of biomass or PNs into bio-
materials and bio-energywill not only maintain the energy-environment 
network but will also replace petroleum products with alternate energy 
feedstock, leading to amuch healthier environment (Atabani et al., 
2021; Bhatia et al., 2021; Moscariello et al., 2022). Every year, forest 
fires, due to highly flammable waste PNs, all over the world, more 
specifically in the northwest Himalayas region, arecausing sig-
nificantharm to flora and fauna and arealso thebiggest source of climate 
change, as it destroys the forest land and emits the greenhouse gaseous 
in the atmosphere. As per the report submitted by Robert Scribbler 
(“Fires ravage forests in Himalayas, threatening health and biodiversity, 
” 2017), in 2018, approximately 21,000 wildfire incidents took place in 
the Himalayan region in India and caused the death of seven people and 
threatening abouta hundred villages. To tackle the situation Govern-
ment of India mobilised Mi-17 helicopter fire suspension craft and 9000 
fire-fighters in fire affected 21 districts of two Indian states (“Fires 
ravage forests in Himalayas, threatening health and biodiversity,” 2017; 
Indian Express, 2016). Global warming is today a global issue, and all 
these activities/local disastershave caused an increase in atmosphere 
temperature by about 0.6 ◦C since 1977 and ultimately declinedthe 
glaciers (“Fires ravage forests in Himalayas, threatening health and 
biodiversity,” 2017). In addition to it, PNs, whenfall to the ground 
during the summer season, develop a thick acidic carpet on the forest 
floor and causea reduction in the water absorbance behaviour of soil 
below the carpet, thus creates an unhealthy environment for other 
species to grow. Besides that, the highly flammable nature of needles 
also causes them to catch forest fire easily and thus may lead to soil 
erosion. 

As per the report from Uttarakhand Energy development agency 
(UREDA), India, 0.343 million hectares of land in Uttarakhand state is 
covered by pine forests and produces around 0.258 million tonnes of dry 
biomass every year (Uttarakhand Renewable Energy Development 
Agency, 2018; Bisht and Thakur, 2020; Uttarakhand Renewable Energy 
Development Agency, 2018). The pine straw yields reported in bales per 
acre per year in different parts of the USA include 650 to 725 in U.S. 
Southeast (Dickens et al., 2003), 300 in Texas (Taylor and Foster, 2004), 
500 in Florida (Duryea, 1989), 280 in the south and north Carolina 
(Blevins et al., 2005) and 260 coastal South Carolina (Gresham, 1982). 

Therefore, productive efforts will be needed in the near future to 
address pine needle trash. PNs may be a suitable solution to check the 
world’s energy crisis because they are biocompatible (Sengar et al., 
2020). However, as per the report submitted by Sengar et al. (2020) 
there are 5 major barriers, i.e., technological, economic, legal and reg-
ulatory barriers, human resources and market-related barriers restrict-
ing theutility of energy generationon a large scale. So, there is an urgent 
need to frame some policies to tackle these barriers. No doubt, the PNs 
are also used by local people for bedding animals, as a source of fire, as 
reinforcement materials in bricks, etc. (Sundseth, 2009). However, its 
consumption is on a small scale; thus, extra efforts are required to tackle 
overproduced pine wastes. Uttarakhand, a small state inIndia, produces 
around 2 million tons of PNs waste yearly (12); has established an 
electricity power generation plant of 100–150 KW utilisingPNs wastes 
(Khan, 2012). In addition, Uttrakhand state of India is also producing 
cooking charcoal from waste biomass to fulfil the needs of thousands of 
people (Khuller, 2019). No specific data on PNs contribution tototal bio- 
energy is available in the literature; it may be due to under utilization. 
But Globally, in year 2019, about 655 Terawatt hour (TWh) of bio-power 
was created from waste biomass, which includes all solid wastes, in-
dustrial and municipal wastes, bio-gas and liquid bio-fuels and shares 

about 68 %, 17 %, 13 % and 2 % of total bio-energy production, 
respectively (World BioenergyAssociation, 2020) (Fig. 1a). Further 
among different continents, Asia, shares about 39 % of all bio-power 
production from solid wastes, lies at top of the list followed by 
Europe, America and Africa (Fig. 1b). Electricity only (designed to 
produce electricity only) and combined heat and power plants (CHP) 
(produces both heat and electricity) were reported to generate about 
428 TWh and 280 TWh bio-power in same year, respectively. Electrical 
power industry nowadays is facing huge challenges such as distribution 
of electricity, data transmission, loss of electricity during distribution, 
power flow management, distribution circuit analysis, etc., which are 
imposing direct impacts on its operation as well as control of power 
stations. The technology related to computers and software engineering, 
telecommunications and microprocessors, offers wide opportunities to 
tackle these challenges. Further, information technology also helps in 
managing and sharing information between people within the power 
station (Ohri and Ohri, 2007). The importance of several catalysts, 
including zeolite, noble and non-noble metals, electrocatalytic mate-
rials, and metal–organic frameworks in biomass conversion into bio- 
fuels was thoroughly examined by Hoang et al. (2022a). They advo-
cated that the conversion of biomasses into fuels, specifically 2, 5- 
dimethyl furan, utilizing these catalysts, may solve the current envi-
ronmental and energy issues. The same group in another study 
demonstrated that 2-methyl furan isolated from waste biomass through 
catalytic valorization technique could become a promising alternative to 
fossil fuel because of similar properties (Hoang, 2021). From the existing 
literature, we can conclude that PNs wastes could be a game changer in 
bio-energy production and needs special attention from industrialists/ 
scientists. Recently, researchers have tried to use PNs waste as rein-
forcement in composites/concrete in plastic/concrete industries, or to 
develop packaging materials, as adsorbents for pollutants’ removal from 
waste water, for developing electronic devices, etc. Thus in the present 
review article, we have highlighted the PNs wastes as a sustainable bio- 
based circular economy that promotesa greener environment. Several 
case studies on the bio-processes utilizing PNs wastesbio refineryto 
produce bio-polymers, bio-adsorbents for water treatment, bio-catalysts, 
and radical scavenging packaging materials have been reviewed. Be-
sides that, the bioconversion of PNs into energy/bio-fuels/bio-chemicals 
and their role in bio-pollution monitoring and antibacterial/antimicro-
bial agents,has also been thoroughly examined. Chemical, physical and 
mechanical properties of PNs wastes and cellulose nano fibers or cellu-
lose nano crystals extracted from PNs have also been subject of matter in 
the present study, as these properties may impact their reinforcing or 
adsorbing nature. 

2. Pine tree and pine needles 

Pines are evergreen trees or conifers shrubs found in almost all parts 
of the world, most commonly in Asia, Europe, North America, Medi-
terranean Africa and different island countries (see supplementary ma-
terials). Pine belongs to the Pinus genus of plants, which includes >120 
species worldwide (Myers, 2022). Strobus and Pinus (both are American 
timbers) are the two subgenera of the Pinaceae family that make up the 
majority of pine species. Some of the other common species of PNs are 
Chir pine (Pinus roxburghii: occurs in the Himalayan Region of Asia), 
Turkish pine (Pinus brutia: occurs in Italy, Greece, Bulgaria, Turkey and 
Ukraine),Aleppo Pine (Pinus halepensis:occurs in the Mediterranean 
region), Austrian pine (PineusNigra: occurs in South Europe, North Af-
rica and Turkey), etc. (Myers, 2022). Pine forests cover a larger area 
(0.89 million hectares land) of land in the Himalayan regions and occur 
at an altitude of 450 to 2300 m (Bisht and Thakur, 2020; Uttarakhand 
Renewable Energy Development Agency, 2018). It primarily covers the 
Himachal Pradesh, Jammu Kashmir, Uttarakhand, Sikkim, Arunachal 
Pradesh and West Bengal states of India. 

A wide range of pines can endure harsh climates (deserts, rain-
forests), and it is unusual that you will encounter native pines south of 
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the equator. They may grow in these conditions, but most prefer a hilly 
environment with good soils and regular rainfall. There are 40 common 
species of PNs, and the average height of these trees varies from species 
to species but generally lies between 20 and 120 ft. Although they lose 
their oldest needles in the fall, pine trees keep some of their greenery 
throughout the year. Some pine species need fire to keep their popula-
tion growth stable. PNs have dark green-shaded leaves ranging from 3 to 
5 in. Depending on their production region, the width and length of the 
thin and long needles may vary significantly from species to species. PNs 
smell strongly of pine and have a bitter taste of resin. Compared to the 
Picea subgenera, which includes fir and spruce trees, the needles of the 
Strobus or Pinus subgenera are mostly thinner, longer and more flexible 
(Encyclopaedia Britannica, 2022). PNs have numerous medicinal 
properties and have traditionally been used to treat approximately 80 % 
of human diseases. When no other source of Vitamin C was available, 
PNs tea was used to eradicate scurvy. In addition, it can also be utilised 
to treat respiratory and congestion problems (“Pine Needles Informa-
tion, Recipes and Facts,” 2022). PNs powder is a rich source of vitamin 
A, essential oils and alkaloids, and its ethanol extract has antimutagenic 
solid, antitumor, antiproliferative and antioxidant properties (Ghosh 
and Ghosh, 2011; Kwak et al., 2006). A vastnumber of PNs species exist 
throughout the world, which can return nutrients to the forest, serve as 
mulching materials, or act as a source of nutrients when added to the 

soil. However, in the present report, our primaryfocus will be to review 
the possible applications of different valorised PNs products (see sup-
plementary materials) in multiple fields, including composites, bio- 
adsorbents in water purification, food packaging materials, etc. 

3. Pine needle’s chemical conversion into pure cellulose, 
cellulose nanocrystals and cellulose nano fibers and their 
relative physico-chemical properties 

With the advancement in nanotechnology, nanocellulose has become 
a focus of research because of its nano scale dimensions, exceptionally 
reactive nature and alluring physic-chemical properties such as light-
weight, high tensile strength, better aspect ratio, optical transmittance 
and minimal expansion on heating nature (Rana et al., 2022a, 
2022b,2021; Trache et al., 2022). Due to these remarkable properties, 
nano celluloses are finding their use in multiple fields, such as devel-
oping highly efficient adsorbents, air filters, automobile parts, etc 
(Beluns et al., 2021; Platnieks et al., 2021; Zielińska et al., 2021). 
Numerous researchers have also tried to convert PNs and other ligno-
cellulosic wastes into pure cellulose and then into nanocelluloses, such 
as cellulose nanofibers (CNFs) and nanocrystals (CNCs), in order to use 
them efficiently (Rana and Thakur, 2021) (Fig. 2). 

Fig. 1. Bio-power generation (a) globally and (b) in continents in year 2019. Figure copied from Ref. (World BioenergyAssociation, 2020).  
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3.1. Pure cellulose 

Alkaline treatment was followed by bleaching to isolate the pure 
cellulose (Fig. 2a) from PNs wastes. Alkaline treatment was carried out 
by repeatedly (three times) treating the milled samples with 4.5 wt% 
NaOH solution for 2 h at 80 ◦C under constant stirring. The resulting-
samples were then bleached five times with sodium chlorite (1.7 % w/v) 
for 4 h at pH: 4.8 and 80 ◦C under mechanical stirring (Moriana et al., 
2016). The yield of pure cellulose was noted to be 29.10 %. 

3.2. Cellulose nanocrystals 

CNCs were prepared from bleached cellulose through inorganic acid 
hydrolysis techniques (Moriana et al., 2016) (Fig. 2c&d). Many chemical 
techniques are available for the extraction of CNCs (21–24); however, 
inorganic acid treatment was chosen since it is a simple technique and 
can be completed quickly. Bleached fibers were treated with preheated 
65 % sulphuric acid at 40 ◦C for 40 min with constant magnetic stirring 
for conversion purposes. Afterwards, ice cubes were added to the reac-
tion mixture to stop the reaction and finally, the obtained suspension 
was washed with water by centrifugation at 25,000 g for 20 min at 
10 ◦C. Further, the suspension was ultra-sonicated for 10 min at 7125 
W/ml power density. CNC yields of CNCs were found to be 45 ± 2 % and 
13 % when calculated from dried, bleached fibers and PNs, respectively. 

3.3. Cellulose nanofibers 

For the purpose of synthesis of CNFs (Fig. 2b) from PNs, Xiao et al. 
(2015) initially isolated nanocellulose microfibrils from PNsby 
employing a series of chemical treatment processes, i.e., dewaxing with 
benzene/ethanol mixture (2:1), delignification with acidified sodium 
chlorite solution (4–5 times until product turns white) for 1 h at 75 ◦C, 
hemicelluloses removal process which includes the treatment with 5 % 
KOH for 2hr at 90 ◦C and finally neutralization of residues with 1 % HCl 
solution. The obtained microfibrilswere then ultrasonicated (60 kHz) for 
30 min to convert them into fibrils (100–200 nm), which were again 
sonicated for 1 h after dispersing 0.5 wt% of fibrils in 450 ml of distilled 
water to synthesize nanofibers (30–70 nm width). The fabricated 
nanofibers showed good crystallinity (66.19 %) as well as a good ther-
mal properties (degradation peak of 352 ◦C) over raw PNs (crystallinity: 
58.58 %; degradation peak: 342 ◦C), which demonstrated the promising 
application of synthesised nano cellulose in the field of thermoplastic 
composites. Tang et al. (2021) used a combined approach of cellulose 
and pectinase bioenzyme method for the synthesis of CNFs (having an 
average width of 31 nm) from PNs and reported 20 % cellulose content 
in PNs. 

Fig. 2. (a) Diameter distributions of chemically purified cellulose (inset: elemental composition), (b) diameter distributions of CNFs (inset: elemental composition) 
(Xiao et al., 2015) [Images a & b Reprinted with permission from Ref. (Xiao et al., 2015) Copyright 2015, Elsevier), (c) particle diameter and (d) particle length 
distributions of CNCs (Moriana et al., 2016) [Images c & d Reprinted with permission from Ref. (Moriana et al., 2016) Copyright 2016, Elsevier)]. 
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3.4. Comparative view of different properties of raw pine needles, pure 
cellulose, cellulose nanocrystals and cellulose nano fibers extracted from 
pine needles 

The comparative view of % crystallinity, chemical composition and 
thermal stability of raw PNs, pure cellulose, CNCs and CNFs extracted 
fromPNs have been given in Table 1 (Moriana et al., 2016; Xiao et al., 
2015). It has been observed from Table 1 that the % cellulosic contents 
increases after extraction of pure cellulose or CNCs from PNs wastes and 
was found to be maximum in the case of CNCs. However, its negative 
side is that we have to compromise on the thermal stability of fibers after 
theirconversion to CNCs or extraction of cellulose. The higher the 
cellulosic contents in PNs or theirextracted derivatives more will be 
percent crystallinity. Maximum % crystallinity was found for CNCs 
flowed by pure cellulose, CNFs and PNs fibers. In general, it will not be 
fair to compare the different properties of PNs and nano cellulose 
extracted from PNs, since these properties varyfrom species to species, 
time of collection, region of collection, techniques employed for their 
extraction by different researchers, etc.. However,we have still made a 
comparative view. Further, the proximate analysis result of PNs wastes 
clearly indicates the presence of 70.03 % volatile matter contents in it, 
which supports the highly flammable nature of PNs (Bisht et al., 2014). 
The mechanical strength of raw PNs has also been given in Table 1 
(Dong et al., 2014; Font et al., 2009; Xiao et al., 2015), which clearly 
indicates thatraw PNsare mechanically tougher and can be utilised as 
reinforcing material or as filler to provide strength to different polymer 
composites. 

4. Valorisation or recycling of pine needles in multidimensional 
fields 

Pine needles, due to their biodegradable, adsorbing, antioxidant 
properties and remarkable mechanical and thermal strength, have been 
utilised in multiple fieldssuch as bio-composite manufacturing, food 
packaging, water purification, air pollution monitoring and furniture 
and garments industries (Fig. 3). For valorisation of PNs wastes, 
numerous strategies such as pyrolysis, anhydrous pyrolysis, hydrother-
mal treatment, saccharification cum fermentation and gasification have 
been applied to derive the various valorised products such as bio-energy, 
bio-fuels, electricity and bio-chemicals (Fig. 3) (Fuentes, 2017; Mandal 
et al., 2019). Further, the by-products leftover after PNs valorisation 
such as bio-charor activated bio-chars as it is or after the chemical 
treatments or blending with nano particles were utilised for purification 
of waste water or as bio-catalyst to carry out numerous organic 
reactions. 

4.1. Recycling as reinforcing agents in polymer composites 

Due to their synergistic effects, the use of PNs fibres as reinforcing 
agents in the synthetic or biodegradable matrix could be a promising 
choice for recycling PNs fibres (Thakur et al., 2013; Thakur and Singha, 
2010). This would not only make the resulting polymer composites 
biodegradable but will also boost their mechanical strength (Thakur and 
Singha, 2010). However,the length of fibers and their amount in poly-
mer composites play a very significant role in imparting mechanical 
strength to composite materials. Singha and Thakur (2010, 2009, 2008a, 
b) and Thakur and Singha (2010) used PNsof different lengths, i.e., 
particle, short and long fibers, for reinforcing the matrix and reported 
that particle fibers reinforced composites are mechanically and ther-
mally tougher than short and long fibers reinforced ones (Table 2). Use 
of compatibilizer (Cogurcu, 2022; Sinha et al., 2018) or surface-treated 
PNs (Cogurcu, 2022; Long and Wang, 2021; Ma et al., 2014; Sinha et al., 
2018; Wang et al., 2022; Wang and Long, 2021) has also been preferred 
to enhance the interfacial adhesion between matrix and PNsand thus 
increase the mechanical strength of composite materials (Jové-Sandoval 
et al., 2018; Long and Wang, 2021; Ma et al., 2014; Singha and Thakur, 

2009, 2008b; Sinha et al., 2018; Thakur and Singha, 2010; Wang and 
Long, 2021) (Fig. 4). It has been noticed that surface functionalization or 
treatment of PNswith sodium hydroxide alone (Wang et al., 2022) or in 
combination with hydrogen peroxide (Sinha et al., 2018) significantly 
enhances the strength of polymer composites. Different types of matrices 
such as urea–formaldehyde (Singha and Thakur, 2009, 2008b; Thakur 
and Singha, 2010), phenol–formaldehyde (Singha and Thakur, 2010), 
resorcinol formaldehyde (Singha and Thakur, 2008a), polylactic acid 
(PLA) (Sinha et al., 2018), soil (Jové-Sandoval et al., 2018; Kandel et al., 
2020) as well as cement (Cogurcu, 2022; Khitab, 2020, 2020; Long and 
Wang, 2021; Wang et al., 2022; Wang and Long, 2021) were tested and 
explored for the fabrication of PNsreinforced composites. However, 
considering the easy availability and reinforcing ability of PNs, re-
searchers in the future should focus their attention on exploring some 
new surface treatment techniques, such as benzoylation, acetylation, 
binary mixture graft copolymerization, esterification, etherification, 
etc., to increase the compatibility between fiber and matrices. In addi-
tion, the potential of other thermoplastic (polypropylene, polystyrene, 
etc.)/thermosetting (epoxy, polyester, etc.)/biodegradable matrices 
(starch, polyurethane, etc.) or different compatibilizers or/and conver-
sion of PNsinto nano forms and their further utilization as reinforcing 
agents could also be a subject matter in the future. 

4.2. Valorisation into bio-adsorbents for water purification 

Numerous methods have been developed for the sustainable valori-
zation of PNs and other biomass wastes into effectivebio-adsorbents/ 
absorbent (bio-char/activated carbons/hydrogels) that can effectively 
remove water contaminants. PNs, magnetically modified PNsand/or 
their native biochars, either as is, or after activation with a strong acid 
(Pandey et al., 2022), weak acid (Pandey et al., 2022), oxidization 
(Anastopoulos et al., 2020; Philippou et al., 2020) and loading with 
magnetic (Avcı et al., 2022; Khan et al., 2015; Nicolaou et al., 2019; 
Philippou et al., 2019; Yaqub et al., 2022), cuprous oxide nanoparticles 
(Khan et al., 2015) and Au/Fe-metal organic framework (Liu et al., 
2021) have been successfully employed for the removal of various 
contaminants, including methylene blue dye (Pandey et al., 2022; Yaqub 
et al., 2022), reactive black-7 dye (Khan et al., 2015), malachite green 
dye (Hammud et al., 2015), Cr (VI) (Liu et al., 2020), Cu (II) (Nicolaou 
et al., 2019), Al(II) (Wu et al., 2019), Pb(II) and La (III) (Wu et al., 2019) 
heavy metals, thorium and uranium radioactive metals (Choudhary 
et al., 2020; Philippou et al., 2020, 2019), caffeine (Anastopoulos et al., 
2020), trichloroethylene (Ahmad et al., 2013), sulfadiazine (Avcı et al., 
2022) and tetracycline (Liu et al., 2021) from wastewater (see supple-
mentary data). It can be noted from the supplementary data that mag-
netic particles loaded PNs have remarkable potential for removal of 
pollutants from contaminated water, and their ability to adsorb the 
pollutants further increases after conversion into biochars and/or sub-
sequent activation or loading with nano particles. MoldedmassonPNs, 
activated carbons and magnetic particles loaded PNs followed the 
multilayer adsorption Freundlich model (Ahmad et al., 2013; Liu et al., 
2020; Yaqub et al., 2022), while PNsderived biochars, their activated 
forms and magnetically modified biochars samples followed the mono-
layer Langmuir adsorption model. Further, moldedmasson PNs and 
oxidized biochar utilized for adsorption Cr(VI) and thorium metals fol-
lowed pseudo first kinetics while all other samples showed pseudo 
second order adsorption kinetics (Liu et al., 2020; Philippou et al., 
2020). Parameters such as temperature, pH, time, adsorbate and 
adsorbent concentration impact significantly the adsorption rate and 
their adsorption efficiency. Two types of techniques, namely hydro-
thermal and pyrolysingtechniques have been used for the conversion of 
PNsinto biochars. The hydrothermal technique, which forms solid bio-
char called “hydrochar”, is the most advanced and suitable technique for 
conversion since, through this methodology, wet samples can be con-
verted into biochar at a comparatively lower temperature using water as 
a medium in a closed system. However, the pyrolysis technique needs 
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Table 1 
Chemical composition and different properties of raw PNs and pure cellulose, CNCs and CNFs extracted from PNs.  

Name of 
fibers 

Chemical Composition Ultimate analysis/proximate analysis results Thermal stability % 
Crystallinity 

Tensile 
Strength 
(MPa) 

References 
Cellulose 
(%) 

Lignin 
(%) 

Hemicelluloses/ 
pectin (%) 

Ash 
contents 
(%) 

Moisture 
(%) 

Raw PNs 23.5 ±
0.5 

– 23.5 ± 0.7 – – Ultimate analysis: Ash: 1.31 %; carbon:52.60 %; 
hydrogen: 07 %; oxygen: 40.10 %.Proximate 
analysis: Moisture content: 9.76 %; ash: 4.37 %; 
volatile matter: 70.03 % and carbon: 15.83 % 

Onset: 217.7 ± 0.6 ◦C; Tmax (DTG 
maximum peak temperature): 
358.0 ± 0.1 ◦C; % Residue: 30.5 
± 0.3 % 

32 ± 4 % – (Bisht et al., 2014; 
Moriana et al., 
2016)  

Raw PNs 
(Pinus 
pinaster) 

38.7 20.1 17.7 4.5 12  Decomposition takes place in 
between 223 ◦C (IDT) and 350 ◦C 
(FDT) 

58.58 % 33.40 ± 1.20 
(50 mm gauge 
length) 

(Dong et al., 2014; 
Font et al., 2009; 
Xiao et al., 2015) 

33.24 ± 1.54 
(75 mm) 
31.41 ± 1.08 
(100 mm 
gauge length)  

Pure 
cellulose 

75.7 ±
0.1 

– 18.5 ± 0.1 – –  Onset: 227.2 ± 0.5 ◦C; Tmax: 
335.9 ± 0.3 ◦C; Residue: 26.4 ±
0.2 % 

80 ± 2 % – (Moriana et al., 
2016)  

CNCs 90.0 ±
0.5 

0.8 ±
0.3 

8.1 ± 0.9 – –  Onset:211.0 ± 0.5 ◦C; Tmax: 277.0 
± 1.0 ◦C; Residue: 28.9 ± 0.1 % 

93 ± 2 % – (Moriana et al., 
2016)  

CNFs – – – – –  Tmax: 352 ◦C 66.19 % – (Xiao et al., 2015)  
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temperature higher than 450 ◦C and the product produced is called 
pyrochar. Further, in the hydrothermal technique, carbohydrates are 
decomposed mainly, whereas, in the case ofpyrolysis, all the constitu-
ents, such as lignin, pectin, celluloses and hemicelluloses get decom-
posed (Correa et al., 2019). 

4.3. Antioxidant potential of pine needles extract and its role in food 
packaging 

PNs extract (PNE) is widely known for its antioxidant properties. 
Thus it has been successfully used in various proportions (5–20 % v/w) 
to enrich and increase the antioxidant activities of chitosan (CH) film, 
attributed to the prevalence of antioxidant curcuminoid phenolic com-
pounds in PNE, and to develop active polymeric packaging materials for 
food applications (Kadam et al., 2021). The CH/PNE films showed a 
decrease in water vapour permeability from 2.18 ± 0.02 to 1.67 ± 0.11 
g mm/m2 h kPa and oxygen permeability from 0.259 ± 0.01 to 0.08 ±
0.01 cm3 mm/m2 day Pa, upon an increase in PNE amount from 5 to 20 
%. However, increasing the extract from 5 to 20 wt% also resulted in a 
modest increase in film thickness from 0.032 ± 0.003 to 0.041 ± 0.009 
mm. Further, to analyze the antioxidant properties, total phenolic 
compounds, 2,2-diphenyl-1-picrylhydrazyl (DPPH) and 2,2′-azino-bis 
(3-ethylbenzthiazoline-6-sulphonic acid (ABTS) scavenging activities of 
fabricated CH/PNE integrated film were analyzed and were noticed to 
be enhanced with an increase in the amount of PNE. A maximum of 40 
and 44 % ion scavenging activity was noted against DPPH and ABTS at 
20 wt% PNE, respectively. Kumar et al. (2021) developed PNs-based 
active paper and subsequently loaded it with different amounts of 
nano zeolite (5, 10, 20 and 30 v/w %) for ethylene scavenging and 
possible application in packaging. When the zeolite concentration was 

enhanced from 5 to 30 %, water permeability and ethylene scavenging 
characteristics were seen to be improved from 5.18 ± 0.34–3.88 ± 0.33 
g/cm2/day and 13 to 62 %, respectively, and thusopened up a new 
approach to using pine needle waste for food packaging. In another 
study, Kumar et al. (2022) incorporated microfibrilled cellulose and 
halloysite nanotube into PNs waste for developing ethylene scavenging 
nano composite paper. The synthesized PNs/microfibrilled cellulose/ 
halloysite nanotube 30 % nano-composite system displayed excellent 
ethylene scavenging tendency (>200 μL/L) on the 10th day of banana 
storage. In addition, the packaging system also slows down the senes-
cence and ripening processes. A chemical-free mechanical pulping 
process was developed and used by Gupta et al. to make sheets from PNs 
for internal use and to prevent the articles from damaging during 
transportation. Cotton linter pulp along with sizing agents such as 
starch, alum and bentonite in different proportions, were mixed with 
PNs pulp to enhance the quality of packaging materials (Gupta et al., 
2020). Maximum tensile strength of 107.4 N was noted when packaging 
material made up by mixing 80 % pine pulp with 20 % cotton, 3 % alum, 
1 % rosin and 1 % bentonite. People in distant areas may find it ad-
vantageous to develop a small enterprise for packaging materials from 
waste pine to completely utilise the dried PNs andcreate job opportu-
nities in the community. 

4.4. Antibacterial/medicinal importance 

The food industry has recently come under a lot of stress owing to the 
microbial contamination of foods. Such contamination might cause 
foods to degrade, which in turn may exacerbate human diseases and 
financial losses (Dorotíková et al., 2022; Su et al., 2022). The microbial 
contamination of food and drinking water may be responsible for a 

PNs waste

Coversion to 
long, short, 
particle and 
nano form

Bio-
composites/
bio-medical 
equipments

/ tissue 
engineering

, etc.

Extraction of 
shikimic 

&protocatechuic  
acid

Bio-
medicines

Grinded 
into 

powder

Compressed 
to briquettes

Fuel/utilised 
for cooking 

purpose

Gasifica
tion

Producer 
gas

Fischer 
Tropsch  (FT) 

synthesis

FT wax

Hydro-
coprocessing

Purge gas/high 
performance FT 

fuels

FT Fuels

IC engine and 
generator

Electricity

Bio-chemical 
treatment

Sacchar
ification

Fermen
tation

Bio-
ethanol

Grounded into fine 
powder

Hydrothermal / 
pyrolysis treatment

Syngas/ 
furfural/ 

furan, 
etc

Pyrolysis 
with or 
without 
catalyst

Bio-
oils/bio-

chemicals

Biochar

Chemically 
treated or 

blended with 
inorganic nano 

particles

Bio-
catalyst

s

Bio-
adsorbe

nts

Fig. 3. Scheme for valorization and recycling of PNs wastes (Fuentes, 2017; Mandal et al., 2019).  
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Table 2 
Mechanical strength and thermal stability of different, i.e., PNs reinforced soil, cement and plastic polymer composites.  

Type/Length of PNs 
reinforcement and its 
amount 

Matrix Type Binder or fiber surface 
modification technique 
employed 

Composites with 
optimum amount 

Optimized mechanical 
strength 

Thermal stability 
of optimized 
samples 

Ref. 

Length: 1–2 cm; 
Amount: 0–1 wt% 
of matrix 

Dry soil 0–7.5 % of the dry 
weight of soil 

0.5 wt% of PNs and 
2.5 wt% of lime 

Compressive Strength: 
Increased about 2.13 
times or approx 113 %, 
when compared to 
pure soil 

—— (Kandel 
et al., 2020)  

Length: 13, 25 and 
50 mm; Amount: 
1–5 wt% of cement 

Cement – 1 wt% of 13 mm of 
PNs reinforce 
cement 

Compressive Strength: 
60 MPa (approx.); 
Flexural Strength: 
12.75 MPa 

– (Khitab, 
2020) 

Type: Red PNs; 
Length: 30, 40, 50 
mm; Amount: 
0.25–1 % by 
volume of mixture 

Cement (kg/m3): 890; Water (kg/ 
m3): 160; Sand (kg/m3): 1050Silica 
Fume (kg/m3): 230 

Fibers Alkali treated 
with 5 % NaOH 
solutions prior to 
reinforcement and 
polycarboxylic ether 
(1.60–2.50 %) was 
utilized as plasticizer 
during composite 
fabrication 

0.50 % of 30 mm 
reinforce cement 
mixture 

Compressive Strength: 
132 MPa (approx.) 
Flexural Strength: 
22.46 MPa 

– (Cogurcu, 
2022) 

Length: 30 mm; 
Amount: 0.5–2.0 % 
by volume of block 

1.0: 0.49: 2.636: 1.615 (cement: 
water: stone: sand) 

1. Soaked in tab water 
2. Soaked in boiling 
water 
3. Treated with alkali 
water 

0.1 % by volume 
fortified cement 
mixture composites 

Composites fabricated 
with boiling water 
treated fibers showed 
maximum strength and 
resulted were 
computed through 
digital image 
correlation technique 

– (Wang et al., 
2022)  

Type: Masson pine 
needle fibre 
(MPNF); Length: 
30 mm; Amount: 
0.5–2.0 % by 
volume 

0.49:1:1.615:2.636 (water:cement: 
sand:stone) 

1. Masson Raw PNs 
2. Dilute alkali treated 
3. Treatment with 
boiling water4. Water 
soakedfibers  
(Fig. 4) 

1 % fibers contents 
reinforce cement 
mixture composites 

Mechanical strength 
order: Alkali treated 
fibers based composite 
(Compressive strength 
41.92 ± 0.09 MPa; 
Tensile strength: 2.85 
± 0.08 MPa) > Boiling 
water treated (37.47 
± 0.09 MPa; 2.71 ±
0.06) > soaking fibers 
(35.16 ± 0.12 MPa; 
2.46 ± 0.09 MPa)  

(Long and 
Wang, 
2021)  

Type: Masson pine 
needle fibre; 
Length: 30 mm; 
Amount: 0.5–2.0 % 
by concrete volume 

Portland Cement 1. 2 % alkali treatment 
2. Boiling water 
treatment 
3. Tab water treatment 

0.5 % loaded cement 
mixture composites 

Mechanical strength 
order: Alkali treated 
fibers reinforced (peak 
stress: 27.84 ± 0.04 
MPa; elastic modulus: 
22618 ± 109 MPa) >
boiling water treated 
(25.99 ± 0.07 MPa; 
23046 ± 101 MPa) >
tab water treated 
(23.36 ± 0.07 MPa; 
21719 ± 189 MPa)  

(Wang and 
Long, 2021)  

Types: Pinus 
halepensis (99 
mm), Pinus pinea 
(118 mm) and 
Pinus pinaster 
(127 mm); 
Amount: 25 % 
loading by volume 
with soil 

Soil (Adobe bricks) composing of 
9.28 % silt, 65.48 % sand and 
26.24 % clay 

– – Mechanical strength 
order:Pinus halepensis 
fortified soil bricks 
(Flexural strength: 
0.22 MPa; 
Compressive strength 
3.1 MPa > Pinus pinea 
(0.16 MPa; 3.3 MPa) >
Pinus pinaster (0.10 
MPa; 2.5 MPa) 

– (Jové- 
Sandoval 
et al., 2018) 

Length: 200 µm; 
Amount: 10–40 wt 
% 

Resorcinol-formaldehyde resin – 30 wt% fibers 
stacked RF 
composites 

Ultimate Tensile 
Strength: 16.50 N/ 
mm2; Ultimate 
Compressive strength: 
2370 N/mm2; Ultimate 

IDT: 252 ◦C; FDT: 
948 ◦C and Final 
Residue: 42.0 % 

(Singha and 
Thakur, 
2008a) 

(continued on next page) 
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significant percentage of diarrhea-related deaths worldwide. Chemical 
preservatives may undoubtedly efficiently inhibit the growth of micro-
organisms in food, but concerns about their safety and potential nega-
tive effects on health are mounting. Thus,researchers made efforts to 
utilise PNsextracts in the fields of pharmacology, microbiology, food 
preservation and medicine because of their alluring insecticidal, anti-
bacterial, and antifungal activities (Feng et al., 2010; Ka et al., 2005; 
Kwak et al., 2006). Zeng et al. (2012) evaluated the antibacterial ac-
tivities of water-soluble PNs-based plant extract on five food-borne 
bacteria, namely Staphylococcus aureus, Bacillus cereus, Proteus vul-
garis, Escherichia coli and Bacillus subtilis. In vitro antibacterial assay 
displayed that PNs-based extract possesses considerable antibacterial 
activity against five bacteria, with the minimum bactericidal and min-
imum inhibitory concentration values in the ranges of 1.56–25 mg/ml 
and 0.78–12.5 mg/ml, respectively. Additionally, pine needle extract 
showed an impressive capability to reduce the overall counts of live 
bacteria in freshly squeezed tomato juice. Shikimic acid, one of the main 
constituents of plant needle extracts was isolated and identified as the 
main antibacterial compound. It possesses a variety of therapeutic 
qualities, most of which are important pharmacologically (Xie et al., 
2012). In addition, it serves as an intermediary in synthesising numerous 
medications, with the antiviral agent oseltamivir being the most perti-
nent (Estevez and Estevez, 2012). Bai et al. (2015) also confirmed the 

antibacterial activities of shikimic acid extracted from PNsagainst 
Staphylococcus aureus. They reported that shikimic acid works by 
interactingwith lipids and protein constituents of the 
S. aureus bacterium membrane, leading to cell membrane impairment 
and microbial damage or even death. Two types of acid, i.e., shikimic 
and protocatechuic acid, isolated from fermented PNs, showed 
remarkable antithrombotic properties in vivo and in vitro (Park et al., 
2016). These acids demonstrated the ability to promote fibrinolysis and 
to suppress fibrin production, much like aspirin. All the above discussion 
showed that PNsof C. deodara might be a good option as natural anti-
bacterial/antithrombotic agents in pharmaceutical and food industries. 

4.5. Electricity generation 

Gasification is another pathway for the valorisation of PNs and waste 
biomass into electricity (Fig. 3). Avani Bio-energy Company developed a 
first pilot 9 KWH pine needle power station in the NGO’s campus at 
Pithoragarh, Uttarakhand in 2009 (Chakrabarty, 2016). The dried PNs 
are initially chopped/densified into small pieces/briquettes (Mandal 
et al., 2019) or pellets to increase their density (>400 kg/m3) and then 
fed into a gasifier plant, where these needles/pellets are burnt under a 
controlled supply of oxygen at a higher temperature to generate charred 
biomass (Clarke and Preto, 2011; Kala and Subbarao, 2017). The 

Table 2 (continued ) 

Type/Length of PNs 
reinforcement and its 
amount 

Matrix Type Binder or fiber surface 
modification technique 
employed 

Composites with 
optimum amount 

Optimized mechanical 
strength 

Thermal stability 
of optimized 
samples 

Ref. 

Flexural strength: 
307.84 N/mm2  

Length: 74 µm; 
Amount: varied 
from 4.59 to 22.39 
wt% with respect to 
matrix 

Different proportion of PLA/ 
ethylene vinyl acetate (EVA) 
(77.98–63.43:13.76–11.19 wt%) 

Compatibilizer Used: 
PLA-g-maleic anhydride 
(amount was varied 
from 3.67 to 2.99 wt%); 
Treatment: Fibers 
treated with 15 % 
alkaline solution (4 h at 
75 ◦C) followed by 2 % 
hydrogen peroxide (at 
45 ◦C for 8 h) 

Optimized strength 
was noted, when 
74.56 wt% of PLA 
was loaded with 
13.16 % EVA, 8.77 
% treated PNs, and 
3.51 % of Ma-g-PLA. 

Tensile strength: 
37.14 MPa; Flexural 
strength: 79.83 MPa 
and Impact strength: 
36.88 KJ/m2 

Major weight loss 
takes place in 
between 200 and 
394 ◦C, specimen 
with optimum 
strength showed 
only 8 % wt. loss in 
defined range 

(Sinha et al., 
2018)  

Raw PNs of different 
length i.e. 200 µm, 
3 mm length and 6 
mm length were 
used as 
reinforcement; 
Amount: varied 
from 10 to 40 wt% 

Urea formaldehyde matrix — 30 wt% fibers 
stacked urea 
formaldehyde 
composites 

Tensile strength: 
244.5, 200.5 N and 
191.5 N; compressive 
strength: 1895, 1775 
and 1685 N; and 
flexural strength: 107, 
80 and 60 N; when 
loaded with 30 % of 
particle, 3 mm and 6 
mm of pine needle, 
respectively. 

200 micronfiber 
reinforced matrix: 
IDT- 235 & FDT- 
805 ◦C; 3 mm fiber 
loaded matrix: 
IDT-226; FDT- 
805 ◦C 

(Singha and 
Thakur, 
2009, 
2008b; 
Thakur and 
Singha, 
2010)  

Length: 10 mm; 
Amount: 0–9 wt% 
of matrix 

Phenolic resin (Different 
ingredients such as compound 
mineral fiber, barium sulphate, 
petroleum coke, artificial graphite, 
alumina, antimony sulfide, carbon 
black, friction powder, vermiculite 
and porous iron powder were 
usedin different proportions) 

Initially dipped into a 
mixture of benzene and 
formaldehyde (1: 1) for 
24 h then steeped in 2 % 
NaOH for 2hr, washed 
with water and finally 
rinsed with 1 wt% 
sulphuric acid solution 

5 wt% of fibers 
stacked composites 

Impact strength: 0.496 
MPa; hardness: 106.8 
± 3.2 

– (Ma et al., 
2014)  

Length: 200 µm; 
Amount: 10–40 wt 
% 

Phenol-formaldehyde matrix – 30 wt% fibers 
stacked PF 
composites 

Ultimate Tensile 
Strength: 32.38 N/ 
mm2; Ultimate 
Compressive strength: 
101.74 N/mm2; 
Ultimate Flexural 
strength: 386.10 N/ 
mm2 

IDT: 332 ◦C; FDT: 
983 ◦C and Final 
Residue: 43.74 % 

(Singha and 
Thakur, 
2010)  
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obtained charred biomass is further segregated into producer gas, which 
after purification, is cooled and utilised to operate a generator to pro-
duce electricity. The residual charcoal left after the separation of the 
producer gas is used for other household needs. About 1.5 kg of 
PNsproduces around one kWH of electricity and 150 gm of charcoal. On 
the success of the first plant, Avani energy company in 2014 set up 
another plant of 120 kW and the electricity produced through this 
PNsgasification plant was sold to the Uttarakhand-State Power Corpo-
ration Limited (UPCL) for 20 years under a Power Purchase Agreement 
between UPCL and Avani (Vikaspedia, 2022). Further, the state gov-
ernment has targeted increasingelectricity productivity by about 150 
megawatts through PNsby 2030 (Hindustantimes, 2020). 

4.6. Pine needles as bio-indicators 

PNs are good bio-monitors of air pollutants because of their waxy 
surface, which can accumulate particulate matter and lipid-loving 
gaseous pollutants (Holoubek et al., 2000). Metals may enter into 
plants through root uptake from soil and/or precipitation, includinga 
dry and wet deposition. Thus, by analysing plant material, we can 
monitor air pollution, which largely depends upon the place and time of 
sample collection. Metals act as structural components of proteins and 
carbohydrates in plants and thus play an important role in their growth. 
For example, enzyme activators like phosphorous control the activity of 
ATP (Wang et al., 2013), potassium controls the normal metabolism and 
stress response of plants (Wang et al., 2013) and magnesium, a part of 
chlorophyll, is responsible for photosynthesis in plants (KO et al., 2010; 
Wang et al., 2013). In addition to it, other metals like Ca is essential for 
the growth of plants’ cell walls and membranes (Hepler, 2005), Fe for 

chlorophyll synthesis and photosynthesis regulation and Cu for root 
metabolism (Tsui, 1955). Zn is also essential and its deficiency causes 
smaller leaves and tunted growth (Hafeez et al., 2013). Similarly, Ni 
plays a very significant role in plant physiology, and its deficiency 
causes urea accumulation in plants, whereas its toxicity results in dis-
turbances in the Calvin cycle and chlorophyll biosynthesis, N concen-
tration in roots, overproduction of reactive oxygen species, and 
hindrance in the uptake of other heavy metals (Amjad et al., 2019). 
Further, some metals, like Pb and Cd, cause harmful impacts even in 
very low concentrations, whilst others show neither beneficial nor 
negative impacts. Despite the impact of soil composition and air or soil 
pollution (Serbula et al., 2013), the metal concentrations in PNsalso 
depend on tree age and climatic conditions (Varnagirytė-Kabašinskienė 
et al., 2014). Numerous researchers from Europe as well as from Asia 
have worked on finding the concentration of heavy metals in PNs, after 
collection from various species from different regions of the world 
(Dmuchowski et al., 2018; Lehndorff and Schwark, 2008; Pietrzykowski 
et al., 2014; Skonieczna and Małek, 2014; Sun et al., 2010; Tausz et al., 
2005). Surprised to note that their results vary over a large range, which 
may be due to the influence of different climatic conditions and soil 
compositions/backgrounds. Thus, to eradicate the influence of climatic 
conditions and soil history, Juranović Cindrić et al. (2019) collected the 
PNssamples from different pine tree species, namely Pinus densiflora 
Siebold et Zucc., Pinus nigra Arnold, Pinus sylvestris L., and Pinus thun-
bergiana, grown in same area under identical climatic conditions for 
assessment of 21 types of metal concentrations using inductively 
coupled plasma atomic emission spectrometry (ICP-AES)/mass spec-
trometry (ICP-MS). Their results indicated different levels of metals 
among different species, which are further linked to differences in metal 

Fig. 4. Compressive strength of different PNs treated fibers fortified concrete matrix based composites (Long and Wang, 2021). (Reprinted with permission from 
Ref. (Long and Wang, 2021) Copyright 2021, Elsevier). 

A.K. Rana et al.                                                                                                                                                                                                                                 



Bioresource Technology 367 (2023) 128255

11

accumulation tendencies in species of pine trees. The discussion 
mentioned above about the metal accumulation behaviours of PNs 
suggests that these materials could be utilised for treating polluted soils. 

4.7. Valorization into bio-fuels/bio-ethanol 

Valorisation of PNs wastes for bio-ethanol generationusing eco- 
friendly enzymatic technology is quite impressive and is mostly 
preferred over chemical methods. To turn PNs into bio-ethanol, re-
searchers often use saccharification followed by a fermentation pro-
cedure. Suri et al. (2022) created thexylanase-producing stable mutant 
BU-7 of Bacillus sp. XPB-11 utilizing low-cost chemical mutagen 5- 
Bromo-Uracil and subsequently utilized the synthesized mutant for 
saccharification of the microwave + 0.5 % sodium hydroxide pre- 
treated pine needle waste, releasing about 26.8 ± 2.17 mg/ml of 
xylose (C-5) sugar. Various reaction parameters such as time, tempera-
ture, pH/enzyme and substrate concentration were optimised to achieve 
the maximum activity of xylanase. Further, fermentation of the C-5 
sugar using Kluyveromycesmarxianus MTCC 1498 resulted in the gen-
eration of 5.34 g/l of bio-ethanol with a yield of 3.89 %. Chemical-based 
integrated technology has been developed by Kumar et al. (Kumar et al., 
2018) for extracting various bio-products such as organic acids, essential 
oils, bio-matrix, residual carbon and sugars from PNs, giving a yield of 
0.2 ± 0.5 ml/g, 0.03 ± 0.1 ml/g, 64.125 ± 0.2 mg/g, and 1 ± 0.3 g and 
302.20 ± 04 mg/g, respectively. Their detailed process includes 
extracting essential oil and organic acid in the first step through steam 
distillation, followed by separating resin in the next step by employing a 
hexane extraction technique. Then, residual cellulose is hydrolysed with 
sulphuric acid to give sugars and residual carbon. The collected sugar is 
then fermented with S. cerevisiae to bio-ethanol,yielding 18.2 g/l. Sla-
thia et al. (2020) used three different enzymes, namely pectinase, xyla-
nase and cellulase, separately or in combination, i.e., cellulase + xylanase, 
cellulase + pectinase and combination of all three enzymes, for sacchar-
ification of thermo-chemical pre-treated PNs. The pre-treatment process 
consists of treatingPNswith dilute hydrochloric acid (varied from 0.5 to 
2 wt% at a PNsloading from 5 to 15 wt%) followed by an autoclave 
treatment (at 125 ◦C for 1 h at 15 psi). 

Of the different enzymes or their combination used for saccharifi-
cation, cellulase and pectinase combination gives a higher yield 
(0.4–0.43 mg/g) of reducible sugars after 48 and 72 h. However, after 
24 h, a maximum yield of 0.4 mg/g of reducible sugars was obtained 
with cellulase and xylanase combination. Further, Saccharomyces cer-
evisiae (MTCC-36), either alone or in combination with the Pichia stipitis 
(NCIM-3498) yeast cultures, have been used for fermentation purposes, 
and maximum yield (0.2 g/g) was observable with the combined 
approach in comparison to Saccharomyces cerevisiae alone (0.144 g/g). 
To effectively remove lignin from pine needle wastes, Dwivedi et al. 
(Dwivedi et al., 2022) initially pre-treated PNswastes with 1 % sodium 
hydroxide + microwave (removing about 72.58 ± 0.46 % of lignin) and 
then carried out the saccharification of the resultant lignin-free cellu-
losic material with cellulase and xylanase enzymes from Bacillus sub-
tilis CPS-66 and Bacillus pumilus XRL5, respectively, which produces 
around 25.64 ± 2.36 mg/ml of fermentable sugars. Further, co- 
fermentation of sugars with Kluyveromycesmarxianus MTCC 1498 and 
Schizosaccharomyces sp. EF-3 produced approx. 17.65 g/l bio-ethanol 
with 87 % purity. It is evident from the foregoing considerations that 
pine needle waste might be a significant biomaterial for bio-ethanol 
synthesis, which would help save Chir-Pine forests from destructive 
forest fires as well as the ecology and biodiversity. 

4.8. Valorization into bio-oils/bio-chemicals 

Recently, various types of waste biomasses have been valorised into 
usefulbio-fuels/bio-oil (Dhyani and Bhaskar, 2018). Among different 
biomass wastes,PNs are harvested widely all over the world and are 
available in huge amounts. Two main techniques, i.e. pyrolysis and 

catalytic technology, have been utilised to valorise PNs or other bio-
massesinto bio-oils/bio-chemicals (Hoang et al., 2021). Varma and 
Mondal (2018) carried out pyrolysis of PNswastes in a semi-batch 
reactor and examined the impact of heating rate (10 and 50 ◦C/min), 
temperature (350–650 ◦C), nitrogen flow rate (50–200 cm3/min) and 
biomass particle size (0.25–1.7 mm) on bio-oil yield. A maximum of 
43.76 % bio-oil yield was found at 550 ◦C pyrolysis temperature, 50 ◦C/ 
minheating rate, 100 cm3/min nitrogen flow rate, and 0.6 < d p < 1 mm 
biomass particle size. The influence of various parameters such as 
heating rate, temperature and inert gas flow rate on the pyrolysis po-
tential of PNs,along with their modelling and optimization, was studied 
by a combined approach of artificial neural network (ANN) and response 
surface methodology (RSM) technique (Gupta et al., 2022). This com-
bined strategy was discovered to be more effective in modelling the pine 
needle pyrolysis process in comparison to the individual ones. The 
product yield was found to be significantly impacted by temperature, 
and the maximum bi-oil production was noted at a temperature of 
552.06 ◦C, an inert flow rate of 164.40 ml/min and a heating rate of 
50 ◦C/min, giving a maximum of 51.11 and 51.70 % bio-oil production 
from RSM and ANN modelling, respectively. Pyrolysis is an effective 
technique for converting the PNswastes into useful bio-oils/bio-fuels. 
However, their low pH, high oxygen contents and low heating value, 
compared to other biomasses, limit their actual application as a 
biochemical or feedstock biofuel. Therefore efforts were made to tackle 
this situation by using different catalysts (Kim et al., 2020; Park et al., 
2016, p. 202). Kim et al. (2020) carried out the thermal and catalytic 
pyrolysis of PNsover HBeta catalysts, having different SiO2/Al2O3 ra-
tions (300 and 25) or without catalyst, have been carried out using 
pyrolyzer-gas chromatography/mass spectrometry. It has been noticed 
that upon pyrolysing (at 500, 600 and 700 ◦C) the PNswithout the 
catalyst, the production of phenolics and other oxygenates dominates 
over aromatic hydrocarbons; however, with HBeta 25 and HBeta300 
catalysts, the generation of aromatic hydrocarbons, namely ethyl-
benzene, toluene, benzene and xylenes (BTEXs), mono aromatic hy-
drocarbons and other polycyclic aromatic hydrocarbons was enhanced, 
and maximum production of aromatic hydrocarbons was achieved when 
the heating rate was increased from 500 to 700 ◦C with the HBeta25 
catalyst. The higher production of aromatic hydrocarbons with HBeta 
z25 compared to HBeta300, has been related to the more acidic nature of 
the former. 

Gupta and Mondal (2021), during their pyrolysis experiment, found 
that the addition of catalysts (Ni/γ-Al2O3 or γ-Al2O3) improves the re-
action rate, quality and distribution of products. However, between Ni/ 
γ-Al2O3 and γ-Al2O3, the former one showed a remarkable tendency to 
enhance the production of phenols and hydrocarbons as well as to 
reduce the oxygen content in bio-oil (see supplementary materials), 
which has been attributed to the secondary pyrolysis reactions initiated 
by the combination of Ni and alumina. Further, the catalytic pyrolysis 
process requires less energy and generates better-quality bio-oil. 

4.9. Other applications of different valorized products 

Forest Research Institute, Dehradun, Uttarakhand State, India and 
Indian Institute of Technology, Roorkee, India are jointly working on a 
project to develop portable machines for making briquettes from PNs 
(Sharma, 2018). Bhoomi Thakkar and Abhinav Talwar have just foun-
ded a company, “VasshinAgro Composites” to make tableware and 
cutlery, including trays, plates, bowls, glasses, etc., from PNswastes for a 
sustainable future (Mathew, 2021). Mary Ward has identified sixteen 
ways for effective utilisation of PNswastes in gardening (Ward, 2021), 
which include acidifying soil, making compost, creating paths, con-
trolling erosion, etc. In their latest publication, Rea Downing et al. (105) 
just recommended that green PNs could be used as sensors to identify the 
pollution level in the surrounding area. They investigated the magnetic 
characteristics of green PNsas a particulate matter pollution indicator 
and found that needle magnetism rises as air pollution levels rise. 
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Additionally, pine needle magnetism showed a considerable degree of 
geographic heterogeneity during the testing of particulate matter 
pollution near Salt Lake City, Utah, with the biggest increases in 
magnetization near highways. The impact of the 2005 earthquake on the 
conditions of nearly 100 mud houses made up ofPNsreinforced soil 
composites have been studied Hayat et al. (2017). They concluded that 
the severity of the damage depends upon the maintenance and con-
struction quality and reported hairline cracks in 28 % of well-reserved 
houses. However, for above-average, below average and poor houses, 
minor, diagonal, zig-zag and major cracks have been noticed by them. 
Thus, using PNs to reinforce the mud bricks might be a good option for 
the impressive use of waste PNs. Orjola (2016) designed stools and 
carpets from PNswool, extracted by employing a series of steps: crush-
ing, steaming, binding and pressing. They further transformed the wool 
into composites, textiles and paper. Ghosh and Ghosh (2011) utilised the 
PNsdried powder as bed material during solid state fermentation of 
glucose/whey substituted glucose into lactic acid utilizing five different 
strains of Lactobacilli. Guo et al. (2022) reported improvement in the 
egg quality, serum and gut microbiome in laying henswhen supple-
mented with PNE. Kumari et al. (2022) synthesised sulfonated biochar 
catalyst from PNs wastes and subsequently utilised it to convert fructose 
to levulinic acid andethyl levulinate. They reported a yield of 37 % for 
levulinic acid and 97 % for ethyl levulinate. 

Ferlin et al. (2021) created a Pd/PNs heterogeneous catalyst to carry 
out the Sonogashira coupling reaction under basic conditions [1,4- 
diazabicyclo[2.2.2]octane (DABCO)] in an industrial waste derived 
cyclopentyl methyl ether (CPME) water azeotropic mixture using a 
continuous-flow technique (Fig. 5). For effective loading of Pd metals 
into PNs, needles were converted into active carbons by employing 
sulphuric acid treatment followed by sonication. The developed catalyst 
was found to have better stability and recoverability when repeatedly 
used multiple times. In addition, the recoverability of CPME from water 
via continuous liquid–liquid separation was also found to be better. 
Further, the flow reactor was operated continuously for a fortnight, and 
during that time, the synthesised catalyst showed constant efficiency 
and a minimal metal leaching tendency. The same group used the 
developed catalyst to perform Heck and Hiyama reactions in γ-valer-
olactone (GVL) solvent derived from biomass (Fig. 5). Better efficiency 
of the developed catalyst was reported by them when compared with the 
commercially available Pd/C catalyst (Valentini et al., 2021). Further, 
the capability of the catalyst was also extended to afford differently 
substituted (E)-1,2-diarylethenes from consecutive Hiyama–Heck re-
actions. Thus, depending on the above discussion, we can conclude that 
PNswool could serve as an alternative for all kinds of fibers. 

The likelihood of a summer forest fire could be changed in the near 
future by using PNs as a source of natural fibres. Additionally, it might 
offer rural residents an alternative to what was previously viewed as a 
wasteful source of income. By using PNs wastes on a large scale, check 
dams can be constructed to prevent soil erosion during flooding. Addi-
tionally, after combining with bamboo sticks or stuffing coir bags, PNs 
wastes can be used to treat landslide areas and prevent gullies from soil 
erosion, respectively. 

5. Future prospectus 

Since due to the growing population, there is an increased demand of 
bio-energy worldwide, which can easily be met by gasifying or pyro-
lysing this unutilized bulk fibre. Nowadays, there is a shortage of fresh 
water sources; therefore, by using cheap and highly adorable bio-char 
developed from PNs for water purification could serve the growing de-
mands of fresh water. Further, products manufactured from PN wastes 
could be used to replace plastic tableware and curtly, which pose major 
risks to both the environment and people. The rising need for natural 
sources-based antioxidant agents might be satisfied by PNs, which are a 
rich source of various antioxidants. Further, due to rich antioxidant 
properties the food packaging materials could be developed in large 
scale by utilizing PNs fibers. The PNs as it is or after extraction of fibers 
could be used to fabricate sustainable, recyclable and fire retardant bio- 
polymer composites and thus may serve as a good substitute for syn-
thetic fibers. Efforts in extraction of bio-chemicals or bio-fuels from PNs 
are very much limited and require action in large scale in the future to 
decrease the dependency on non-renewable fossil fuels chemicals. 

6. Research needs, future directionsand limitations 

Researchers have thoroughly studied the various techniques for the 
transformation of PNs into other energy sources, including electricity, 
bio-fuels, ethanol, and oil. Further, limited work has been done on the 
valorization of PNs wastes using catalytic technology. Research should 
be focused in the near future on the utilization of various catalysts such 
as noblesingle-phase metals (such as, Pt, Pd, Ir, Ru, Cu, Mo, and Ni) or 
bimetallic-system-based catalytic systems (for instance, Ru–Cu, Ni–Co, 
and Pt–Au), non-noble metals based catalyst (like Ni/C, ZnCl2/Ni, 
nickel–tungsten carbide, etc.) metal oxygen framework (MOF) based 
catalyst [like Cu–BTC (1,3,5-benzenetricarboxylic acid) MOFs, Pd 
loaded Cu–BTC, etc.] and photocatalysts [like CoPz/g-C3N4, WO3/g- 
C3N4, etc.] to valorizewastes PNs into bio-fuels (Hoang et al., 2022a). 
The conversion of PNs into small-sized briquettes through briquetting 

Fig. 5. Showing the role of Pd/pine needles blend as a biocatalyst in different reactions.  
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and further electricity production through gasification are both attrac-
tive technologies. However, ongoing actions to convert PNs into elec-
tricity are limited,so much larger-scale initiatives are needed to meet the 
growing world demand for electricity. The conversion of PNs into bio-
char, activated biochar, and modified biochar, and their utility for 
removing various contaminants from wastewater have all been exten-
sively studied. However, researchers should apply some additional 
surface modification techniques to biochar to increase its adsorbing 
ability. Converting PNs waste into nano cellulose is also an appealing 
methodology for fully utilising PNs wastes in various applications such 
as nano polymer composites, nano bio-adsorbents, anti-bacterial appli-
cations, and so on. The nano/micro cellulose-derived PNs may also be 
used for removing contaminants from wastewater, either as-is or after 
surface functionalization. Therefore full consideration should be given 
tofuture studies. PNs have been successfully used in the concrete and 
plastic industries to strengthen polymer, cement, or soil in various 
amounts and sizes, but still, further actions are required to enhance the 
composite thermal/mechanical properties by either chemically modi-
fying the PNs or extracting cellulose and their subsequent utilizationas 
reinforcement in polymer composites. Air pollution is a serious issue, 
and efforts have been made to monitor air pollution using PNs. But the 
endeavours are in the preliminary stage and need thorough inves-
tigationin the near future. The PNE showed good antimicrobial prop-
erties; researchers should concentrate their attention on studying the 
chemical composition of pine needle extract and other antimicrobial 
compounds in addition to the shikimic acidpresent in PNs. Further, ef-
forts for manufacturing of tableware and cutlery from PNs are required 
at a large scale level, and PNs wasteutilisation for gardening purposes 
should be fully considered for a sustainable future. 

No doubt, PNs wastes may play a crucial role incircular bio- 
economy; however, there are certain limitations which may affect/ 
limit its large/small-scale utilization (Sengar et al., 2020). These include 
transportation cost in rural areas, lack of expertise/small scale units in 
electricity/charcoal generation, lack of proper marketing, high fuel 
transportation cost, when fuel is generated in rural areas, storage and 
safety issues, seasonal availability, difficulty in serving the demand due 
to irregularities issues, cost in preparing the different PNs based de-
rivatives/valorized products such as bio-chars, activated carbons, 
functionalized PNs and bio-fuels/bio-oils, lack of expertise in function-
alization of PNs wastes/bio-chars and their utilization of as adsorbents, 
as reinforcement and development of bio-catalysts, etc. Also lack of 
funding from the government may be thebiggest challenge in the 
effective utilization of PNs. 

7. Cost analysis 

On comparing PNs cost/kg with traditional natural fibers, it has been 
noticed that PNs are the cheapest and most promising biomass available 
throughout worldwide, whose average cost per barrel lies between 0.25 
and 0.30 US$ (See supplementary file) (Dittenber and GangaRao, 2012). 
According to Dhaundiyal and Tewari (2015), PNs are substantially 
better than coal in terms of the economic benefits of bio-energy gener-
ation at different CO2 emission reduction and taxation from years 
2004–2014. They reported a yield of approx. 2.335 Mg hm− 2 yr with 
respect to power generation, which would make PNs competitive with 
coal at the carbon tax rate of about US$ 5.2/tonne of CO2. Further, a 
2.22 % increment in the yield (0.736 Mg hm− 2 yr) of PNs has been found 
to reduce carbon taxation by about 0.47 % or US$ 1.865/ton of CO2. To 
develop a power plant of 25 KW, approximately 3035 US$ (25 lakhs 
INR) are required (Hindustantimes, 2020). For collecting the PNs from 
local areas, companies in India generally payapprox. 0.024 US$/kg (2 
INR/kg) to local peoples (Khuller, 2019). As per the data by renewable 
watch (Khuller, 2019),an income of 11,267 US$ (930,000 INR) can be 
generated annually through selling energy (140,000 units of electricity) 
or charcoal (21 thousand kg) produced from dried PNs by using 25 KVA 
power plants. Indian institute of technology, Mandi (H.P.) India has also 

installed a unit of 6 lakhs, with a 150 kg/h capacity for converting PNs 
into briquettes (6442.58 kcal/kg) (Web page, 2022). Conversion of PNs 
needles/biomass into biochar is cheap technology which generally costs 
around $350–1200 per tonne, and thus biochar has been preferred over 
costly activated carbon powder (cost lies in the range $1100–1700 per 
tonne) without compromising their adsorbing nature (Thompson et al., 
2016). Conversion of PNs into nano forms i.e., cellulose nano crystals or 
cellulose nano fibers are generally costly compared to other biomass, 
because of low yield due to low cellulosic contents in dried PNs wastes. 
Since these PNs usually occur in hilly areas, transportation charges or 
cost of developing power units in that areas may be high. In addition, in 
hilly area it is very difficult to access the primary facilities, which in turn 
may hike the initial capital cost. 

8. Conclusion 

No doubt, PNs wastes are underutilized, but it has remarkable po-
tential to act as feedstock for generating bio-based products and bio- 
energy. Due to the interdependence of the waste and production sec-
tors within a prospective circular bio-economy, the bio refineries 
constitute a viable option for scaling the PNs waste management hier-
archy. Numerous endeavours were made to valorise PNs wastes, which 
include gasification, pyrolysing, development of bio-catalyst, food 
packaging materials preparation, as water purification materials, as 
reinforcing agents in polymers, etc. The potential for gasification or 
pyrolysis of PNs is excellent; however, there are significant practical 
hurdles to overcome. 
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Dorotíková, K., Kamenik, J., Bogdanovičová, K., Křepelová, S., Strejček, J., 
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