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EXECUTIVE SUMMARY 

Organic wastes from agricultural fields and processes are available in abundance but 

currently have very low economic value, and their disposal is a cause of environmental concerns. 

However, the organic 

wastes’ chemical 

composition renders 

them suitable feedstock 

for the production of 

high- value products in 

integrated biorefineries. 

Identifying optimal 

process conditions and 

novel methods for 

diversifying the 

functional properties of 

both the organic wastes and the bioproducts derived from them, would advance the development of 

sustainable integrated biorefineries with multiple economic and environmental gains to the 

agricultural industry and beyond (Figure I provides an integrated approach for obtaining high-value 

bioproducts from the agricultural residues including nanocelluloses, with new functionalities).  

The project aim was to add value to organic wastes in the form of residues from mango 

processing (peels, kernel and husks) and cereal field and processing (wheat straw and wheat bran). 

The residues were characterised for their physical characteristics and chemical compositions, which 

formed the basis for the development of suitable fractionation routes for the co-extraction of high-

value bioproducts in a biorefinery set up. The specific objectives included the development and 

optimization of process conditions for the fractionation routes that could maximize the number and 

yields of high-value bioproducts from the wheat residues (Fig. II) and mango wastes (Fig III). The 

objectives were achieved through two research projects “Comparative analysis of methods for 

producing nanocellulose from wheat straw and bran, with co-extraction of valuable products” 

and “Development of a process route for co-extracting nanocellulose and high-value-added 

products from mango waste”. In both projects, the residues were valorised into hemicelluloses, 

lignin, polyphenols, and cellulose (which was further fractionated to produce nanocellulose), in 

multiple stages that were each optimized to increase yields and improve the functional properties.
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Figure I: Valorisation of agricultural residues to produce high-value co-products with 

advanced functionalities  
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Figure II: Fractionation routes for valorization of wheat residues into high-value products. Note: CCD = Central composite designed experiment for optimization 

of process conditions 
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Figure III: Fractionation routes for mango waste valorization to produce high-value products. Each step in purple was optimized 
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The optimal conditions for the mild alkaline treatment (50 and 60 ⁰C and NaOH between 2.0 

and 3.0 wt. %) of wheat residues (Fig II) targeted the removal of hemicelluloses and phenolic 

compounds, in particular, the p-coumaric acid, whereas, the optimal conditions of the wheat bran 

(~ 70 ⁰C with NaOH between 2 and 3 wt. %), targeted the removal of hemicelluloses and the phenolic 

compounds (ferulic acid). In both cases, the integrity of the cellulose-rich residues was preserved for 

lignin and nanocellulose production. The lignin-cellulose-rich residues were further subjected to the 

second stage, severe alkaline delignification process (Fig II) at the optimal conditions of ~10 wt. % 

NaOH for the wheat bran and ~12 wt. % NaOH for the wheat straw, both were performed for ~1.5 h 

at 121⁰C. The delignification stage targeted the removal of lignin although the co-extraction of the 

residual hemicelluloses was unavoidable, while preserving the cellulose-rich residue for 

nanocellulose production,  

The total yields for the hemicelluloses and lignin after the two-stage alkaline treatment, from 

the wheat straw ranged between 65- 80% and p-coumaric acid yield >40%, with an antioxidant 

activity > 80%. The process yielded >90% cellulose-rich residues from the wheat straw with a 

cellulose content >70%. The cellulose crystallinity >50% rendered the cellulose-rich residues suitable 

for nanocellulose production. On the other hand, the wheat bran residues were rich in hemicellulose 

(> 50%) and lignin (>90%) with a ferulic acid yield >60%. The cellulosic rich residues recovery from 

the wheat bran was > 80% but contained < 50% cellulose with > 30% and 5% residual hemicellulose 

and lignin, respectively. Therefore, the wheat bran cellulosic residues were suited for specialty 

nanocellulose production using the methods specified in Figure II. 

The nanocellulose production from the wheat residues was by either hydrochloric acid (HCl) 

or enzymatic treatments that were chosen based on their potential positive attributes on the 

environment and the morphology and functional properties attained by the produced nanocellulose. 

The optimal conditions for the two methods were 4 M HCl, ~7.0 h and between 110 and 115⁰C for 

the HCl-based method, and 4.64 h, FibreCare of 75 ECU/g and Viscozyme of 10.8 FBG/g for the 

enzymatic method at 50 oC (Ceaser & Chimphango, 2021). The yields from the two methods were 

comparable (~20%) but less than the yield (34%) obtained using sulphuric acid treatment (Fig II). 

However, the nanocellulose obtained had a maximum thermal decomposition temperature > 40 °C 

higher than the sulphuric acid nanocellulose (SCN). The surface charge and the morphology of the 

nanocelluloses from the hydrochloric acid (HCN) and enzymatic treatments (ECN) were similar 

except for the particle size distribution defined by the polydispersity index. Notably, the enzymatic 

method was 1.5 times faster to produce the same yield of nanocellulose than the HCl method. The 

nanocellulose produced were classified as cellulose nanofibers (CNFs) that were relatively stable 

colloids (based on the Zeta potential~– 16 mV) (Ceaser & Chimphango, 2021). However, due to the 

differences in the morphology, the end-use industrial applications could be different (Ceaser & 

Chimphango, 2021).  
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In mango waste valorization, an alkaline treatment was developed for the fractionation of the 

mango seed husk into hemicelluloses of varying compositions to tailor-make their end-use in the 

formulation of biocomposites for food packaging applications. The optimal validated extraction 

conditions were identified to be 1.92 M NaOH, 86 °C, and 3.84 h, which gave hemicellulose yield 

and purity ~ 50 and >60, respectively, having a xyloglucan (XGN) / xylan (XLN) ratio of 0.13, with 

12% uronic acids and ~17% associated lignin. The hemicelluloses would suit the formulation of 

thermally stable (290 °C) biocomposites films (Bello & Chimphango (unpublished)). However, the 

hemicellulose fractions with varied xyloglucan (XGN) and xylan (XLN) ratios (0.13-0.47) could be 

obtained by varying the extraction conditions, which could lead to diversified applications. 

The mango seed kernels were rich in polyphenols, hemicellulose, and starch but had limited 

cellulose and lignin contents (both < 5.0%), thus, were not suitable for nanocellulose production. The 

optimal conditions for polyphenol extractions (44% v/v ethanol and 54 °C) gave a polyphenol extract 

yield of 20.83% with a total polyphenolic and scavenging activity of 4296.70 mg GAE/100 g and 

82.69%, respectively. The solid residue was rich in hemicellulose and starch (20.11% and 43.67% 

respectively). At the optimal alkaline conditions (1.5 M NaOH, 44 oC, and 3 h), for the extraction of 

hemicellulose extraction from the destarched polyphenol-extracted residue, the hemicellulose yield, 

total polyphenolic content, antioxidant activity, lignin, and 

uronic acid contents were ≥57%, 2150 mg GAE/100g, 56%, 

~5.5%, and 14%, respectively. 

The husk’s cellulose content of ~50% rendered the 

husks a suitable feedstock for nanocellulose production. The 

husks, pretreated in an alkaline were subjected to an organosolv 

process (Fig. III) before being subjected to various acid 

treatments for nanocellulose production, which was classified 

as nanocrystals (CNC). A comparative analysis of three acids 

(sulphuric acid, acetic acid and formic acid) (Fig III) showed 

that the nanocellulose yields for formic acid (> 60%) and acetic 

acid when assisted with homogenization (>70%), were higher 

than those obtained using sulphuric acid (~38%). The 

nanocellulose from sulphuric acid (SCNC) and formic acid 

(FCNC) had similar particle sizes (< 30 nm), whereas, the sizes 

for the acetic acid nanocelluloses (ACNC) were relatively 

higher (~ 40 nm). Notably, the FCNC and ACNC were spherical 

and more thermal stable (> 350 °C) than SCNC (<300 °C). 

However, there was no difference in crystallinity (> 60 %) 

among the CNCs.  

Figure IV. Biocomposite films from (a) 

xyloglucan, (b) xylan, (c) combination of 

xyloglucan and xylan (without 

plasticizer), (d), combination of 

xyloglucan and xylan (with plasticizer), 

(e) mango seed husk hemicellulose 

(without plasticizer) and (f) mango seed 

husk hemicellulose (with plasticizer) (g) 

mango seed husk hemicellulose with. 10% 

and (h) 40% formic acid generated 

nanocellulose products. 

b a 

c 

f e 

d 
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Films were produced from the hemicelluloses obtained from the alkaline pretreatment 

process (Fig IV). The films formed with acetylated hemicelluloses before being combined with 

nanocellulose produced self-supporting and relatively hydrophobic (water contact angle >80o) 

biocomposites (Fig. IV). The mechanical properties of the biocomposite compared well with those 

of the commercial low-density polyethylene (LDPE) that are used in food applications. The tensile 

strength, Young’s Modulus and contact angles were approximately 11 MPa, 240 MPa and >80o, 

respectively. The mechanical properties of the biocomposite improved with the addition of a 

plasticizer. 

The two projects demonstrated the potential of two stepwise fractionation routes, which, with 

optimization of each step, could potentially produce seven functional high-value co-bioproducts 

(cellulose, hemicellulose, lignin, pectin, polyphenols, proteins, and starch) from wheat residues and 

mango processing waste in high yields but only five bioproducts (lignin, polyphenols, hemicelluloses, 

cellulose and nanocellulose) were targeted in this project. Further work is needed to explore more 

applications of the bioproducts and assess the economic viability and overall sustainability of the 

fractionation routes. 
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1 Introduction 

Organic wastes obtained from agricultural fields and agro-processes are available in 

abundance but currently have very low economic value. Furthermore, the disposal of the organic 

waste is a cause of environmental concerns such as greenhouse gas emissions (Xu et al., 2018; 

Joglekar, Pathak & Mandavgane, 2019). The organic wastes’ chemical composition consists of 

various compounds, which if selectively extracted, can create additional high-value chains. Most of 

the available biomass fractionation methods are not optimized for non-woody materials and often 

consider limited products (Durán et al., 2018). Therefore, identifying the optimal process conditions 

specific for fractionation of the agricultural-based organic wastes would advance the development of 

sustainable integrated biorefineries with multiple economic and environmental gains to the industry 

(Moniz et al., 2015; Cebreiros, Guigou & Cabrera, 2017). 

Lignocellulosic materials are fractionated by various methods including, alkaline, 

organosolv, ionic liquids, hydrothermal, and super critical methods (Agbor et al., 2011) that target 

mainly the isolation of components such as cellulose, hemicellulose and lignin without considering 

other by-products and co-products as reflected in the chemical compositions (Table 1 for wheat 

residues). Noteworthy, the field and processing residues from fruits and cereals are rich in a variety 

of structural and functional compounds that could create additional high-value chains 

(Tunchaiyaphum, Eshtiaghi & Yoswathana, 2013). However, the total utilization of the organic 

wastes is a challenge because most of the functional compounds degrade under the processing 

conditions that are optimized specifically for isolating structural compounds such as celluloses, 

hemicelluloses and lignin. Therefore, a strategic configuration of the process steps and optimization 

of the conditions are required to enable co- extraction of compounds with different optimal 

conditions, which would increase the number of functional bioproducts and leading closer to total 

organic waste utilization.  

An integrated approach to organic waste valorization (Figure 1) provides the basis for 

increasing the value that can be obtained from the agricultural residues. The key features in the 

approach include the selective extraction of high-value products including nanocelluloses, and the 

modification of the products to introduce new functionalities. 

The functional compounds (Table 1), including the hydroxycinnamic acids (ferulic acid and 

p-Coumaric) make up a small percentage of the total biomass composition but both have much higher 

commercial value than the traditional fractionation products. Ferulic acid and p- Coumaric acid have 

been of interest due to their antioxidant properties, which are in high demand in the pharmaceutical, 

food industry and cosmetic industries, among others. In the pharmaceutical industry, ferulic acid is 

used as an additive for reducing liver cholesterol and coronary diseases (Ou et al., 2007). Whereas, 

p-Coumaric acid is used as an additive to reduce the risk of stomach cancer (Max et al., 2009). In 

addition, ferulic acid is a precursor for high-value products such as vanillin (Tapin et al., 2006) and, 

p-Coumaric acid a precursor for p-hydroxybenzoic acid (Jiang et al., 2016b).  
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Figure 1. Valorization of agricultural residues to produce high-value co-products with advanced 

functionalities 

 

In comparison with the composition of other related materials (Table 2), cotton has the 

highest cellulose content (>80%) (Sun & Cheng, 2002), while the cellulose content of the agricultural 
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Table 1 Chemical composition of wheat straw and bran on dry matter (dm) basis. 

Components Wheat Straw (% dm) 
Wheat Bran (% 

dm) 
Reference 

Cellulose 38.5 – 45.7 10.7 – 20.8 

(Kaushik & Singh, 2011; 

Barman et al., 2012; Merali et 

al., 2013; Cripwell et al., 

2015) 

Hemicelluloses 24.0 – 38.2 33.5 – 58.2 

(Lee et al., 2007; Favaro, 

Basaglia & Casella, 2012; 

Janker-Obermeier et al., 2012; 

Merali et al., 2013) 

Lignin 7.9 - 27.2 2.7 – 12.1 

(Favaro, Basaglia & Casella, 

2012; Tutt, Kikas & Olt, 2012; 

Jaisamut et al., 2013; Merali et 

al., 2013) 

Starch 2.7 11.0 – 38.9 

(Barman et al., 2012; Cripwell 

et al., 2015; Onipe, Jideani & 

Beswa, 2015) 

Protein 1.9 – 5.7 9.6 - 18.6 

(Lee et al., 2007; Khan & 

Mubeen, 2012; Onipe, Jideani 

and Beswa, 2015) 

Extractives 9.4 N/A 
(Barman et al. 2012; Merali et 

al. 2013) 

Ash 3.57 – 9.9 3.2 – 11.6 

(Tahir et al., 2002; Saleem 

Khan & Mubeen, 2012; Tutt, 

Kikas & Olt, 2012; Sánchez-

Bastardo, Cocero & Alonso, 

2013) 

Ferulic Acid 0.11-0.25 0.40-1.5 

(Sun, Lawther & Banks, 1995; 

Buranov & Mazza, 2009; 

Sipponen et al., 2014; Boz, 

2015) 

p-Coumaric Acid 0.20-0.42 0.02-0.26 

(Buranov & Mazza, 2009; Ou 

et al., 2012; Merali et al., 

2013; Sipponen et al., 2014) 

N/A represents not available 
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Table 2 Compositions of lignocellulose quantified in different agricultural residues 

Biomass source  Cellulose 

(%)  

Hemicellulose 

(%)  

Lignin 

(%)  

Pectin 

(%)  

Polyphenol

s (mg/g)  

Reference  

Barley straw  34.8  27.9  14.6  –  –  (Sun, 2010)  

Coastal Bermuda 

grass  

25.0  35.7  6.4  –  –  (Sun & Cheng, 2002)  

Corn cobs  
43.2 – 

45.0  
31.8 – 35.0  

14.6 – 

15.0  
–  –  (Sun & Cheng, 2002; Sun, 2010 ) 

Corn stover  29.7  25.0  12.3  –  –  (Liu-Xuan, 2016 ) 

Cotton seed hairs  80.0 – 

95.0  

5.0 – 20.0  0  –  –  (Sun & Cheng, 2002)  

Esparto  35.8  28.7  17.8  –  –  (Sun, 2010) 

Grasses  25.0 – 

40.0  

35.0 – 50.0  10.0 – 

30.0  

–  –  (Sun & Cheng, 2002)  

Leaves  15.0 – 

20.0  

80.0 – 85.0  0  –  –  (Sun & Cheng, 2002)  

Maize stems  38.5  28.0  15.0  –  –  (Sun, 2010)  

Mango husk  
50.0 – 

55.0  
20.6 – 21.2  

9.0 – 

25.5  
–  –  

(Henrique et al., 2013; Cordeiro et al.., 

2014, Andrade et al., 2016)  

Mango kernel  25.2  34.1  15.0  0.8  –  (Kaur et al., 2004; Nwadiogb et al., 

2015)   

Mango peel  38.3  13.9  27.9  20.0 – 

35.0  

55 – 110  (Ajila et al., 2007a Yingkamhaeng & 

Sukyai, 2014 ; Banerjee et al., 2016)   

Nutshell  25.0 – 

30.0  

25.0 – 30.0  30.0 – 

40.0  

–  –  (Sun & Cheng, 2002)  

Oil palm fiber  40.2  32.1  18.7  –  –  (Sun, 2010)  

Pear pomace  32.4  20.2  25.9  –  –  Rabetafika et al., 2014  

Rape straw  37.6  31.4  21.3  –  –  (Sun, 2010)  

Sugar beet pulp  18.4  14.8  5.9  27.1  –  (Sun, 2010)  

Sugar cane bagasse  39.2 – 

43.6  

27.7 – 28.7  19.4 – 

27.7  

–  –  (Sun, 2010; Teixeira et al., 2011)   

Switch grass  45.0  31.4  12.0  –  –  (Sun & Cheng, 2002)  

Wheat straw  
30.0 – 

38.6  
21.0 – 50.0  

11.0 – 

22.9  
–  –  

(Sun & Cheng, 2002; Sun, 2010; Khan 

& Umarah Mubeen, 2012)  
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1.1 Objectives 

The specific objectives for the included: 

1. Identifying optimal fractionation and recovery processes from literature for isolation of cell 

wall components into the most economical product portfolio comprising of celluloses, 

hemicelluloses, lignin with pectin, organic acids, and polyphenols as by-products and co-

products from grain and sub-tropical fruit process wastes.  

2. Experimental validation of the identified process route(s) by determining appropriate 

conditions for fractionation of the products and characterization of the physical and 

functional properties of the fractions. 

3. Based on documented methods, develop innovative methods (including the use of a 

combination of physical, chemical and biological methods) for the selective production of 

nanocellulose from the cellulosic component of the waste.  

4. Technical evaluation of the methods for functionalisation of nanocelluloses for the food 

packaging industry  

1.2 Research Questions 

The research questions addressed in the project included: 

 What are the process routes for the fractionation of the organic waste to obtain the most 

economic product profile? 

 What major quality attributes should be used for evaluating the fractionation products, co-

products, and by-products from the grain milling and sub-tropical fruit process residues for 

purposes of integrating them in nanocellulosic composites? 

 What methods or method combinations are suitable for selective isolation of nanocellulosic 

materials from the milling grain and sub-tropical fruit process residues? 

 What methods or method combinations should be used to produce novel cellulose 

nanocomposites targeting food packaging? 

1.3 Project tasks, deliverables, and milestones 

The main tasks for the project (Table 3) included comprehensive literature review on 

fractionation and modification methods, which informed the selection of the methods for 

fractionating the different waste fractions from the two sources into high-value products. The 

outcomes of the literature review were compiled into two project proposals for the development and 

optimization of the fractionation routes for the wheat and mango wastes. Comprehensive 

characterization of the materials was performed to inform the potential products that can be extracted 

and the suitable fractionation methods. Statistically designed experiments, in particular, the central 

composite design (CCD) experiments (Statistica®) were implemented for optimizing fractionation 

conditions. The optimal conditions were found through desirability analysis. The fractionation 

conditions were validated to ascertain the repeatability and reliability of conditions. The products 
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generated were characterized for their structural features such as morphology and functionality as 

related to the presence of functional groups, thermal stability, hydrophobicity, and suitability for the 

formation of biocomposites that would suit food packaging. 
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Table 3 Main tasks and associated deliverables and milestones for the project 

Tasks Deliverables Milestones 

Literature review on 

fractionation and 

modification methods 

Report on literature review and 

identification of research gaps  
Research proposal 

Experimental design and 

waste characterization  

Chemical composition of the waste 

Compilation of potential product 

portfolios from the waste 

Waste product profile 

Development of biorefinery 

routes for organic waste. 

Bio-refinery scenario simulations. 

Technical efficiency, socioeconomic 

impacts and sustainability 

Business Model for waste 

biorefineries 

Experimental validation of 

promising biorefinery routes. 

 

Sourcing of organic waste samples 

Selection of process conditions 

Fractionation of samples using 

selected process conditions for the 

selected process/product combination 

Optimization of process conditions for 

fractionation of the products 

Optimized conditions for 

fractionation 

Production of nanocelluloses  

Identification of methods or their 

combinations for producing nano- 

celluloses 

Production of nanocelluloses 

Characterization of nano-celluloses 

Nano-cellulose methods are 

identified 

Defined yields, quality and 

functional properties  

Production of 

nanocomposites  

Production of nano-composites: 

Selection of optimal production 

conditions 

Quality assessments 

 

Conditions for nano-

composites production e.g. 

solid loading, temperature and 

time 

Testing of the functionality of 

the nanocomposites in food 

packaging 

Applicability of the nano-composites 

in food packaging is tested  

Conditions for applying nano-

composites to improve surface 

characteristics and functional 

properties 
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2 Research Approach and Experiments 

The research questions were addressed through comparative analysis of the conventional 

routes and the developed fractionation routes for the raw materials to co-produce the high-value 

products from wheat and mango wastes that were tested in the two separate projects. The two projects 

are described in detail in the subsequent sections:  

 

2.1 Project 1: Comparative analysis of methods for producing nanocellulose from wheat 

straw and bran, with co-extraction of valuable product 

2.1.1 Background:  

Wheat straw and wheat bran are mostly used in low economic activities such as feed for 

animals or are dumped in landfills. Both types of organic wastes have gained attention as feedstocks 

for integrated biorefineries due to their diverse chemical compositions (Table 1). These organic waste 

are potential sources for special compounds such as hemicellulose and hydroxycinnamic acids such 

as p coumaric acid and ferulic acid acid (Bataillon et al., 1998; Pan et al., 1998; Peng & Wu, 2010; 

Vijayalaxmi, Jayalakshmi & Sreeramulu, 2014). . The wheat straw composition renders the feedstock 

more suited for the extraction of lignin and cellulose for nanocellulose production (Sun et al., 2005; 

Liu, 2017) than the wheat bran. However, the cellulose obtained from the wheat bran has potential 

for the production of specialty nanocellulose (Alemdar & Sain, 2008; Claes Nilsson, 2017) but with 

limitations in terms of yields.  

The extraction of hemicelluloses, lignin and hydroxycinnamic acids from agricultural 

residues is made possible through mild alkaline treatments (Hosseinian and Mazza, 2009; Egüés et 

al., 2012; Jiang et al., 2016a)). Through the treatment, cellulose-rich residues containing some lignin 

are obtained in high yields and with improved crystallinity if the alkaline conditions are properly 

controlled (Karp et al., 2014). Therefore, optimizing of the mild alkaline process presents favourable 

conditions for co-producing hemicellulose, hydroxycinnamic acid, lignin and cellulose-rich residues 

(which can further be used for nanocellulose production).  

Nanocellulose sources have included bleached cellulosic fibers or commercial cellulose 

fibers whereas, the use of other chemically produced cellulose fibers have received little attention. 

(Alemdar & Sain, 2008; Espinosa et al., 2017). The nanocellulose production methods have mainly 

been sulphuric acid-based, which often, are associated with higher nanocellulose yields compared to 

alternative methods but with reduced thermal stability due to the presence of the sulphur groups 

(Cheng et al., 2017). Therefore, alternative methods such as hydrochloric acid (HCl) and enzymatic 

treatments have recently received much attention (Shibuya & Hayashi, 2008; Cheng et al., 2017). A 

comparative analysis of the alternative methods with the conventional methods could provide a better 

understanding of the nanocellulose production mechanisms and functionality. In this project, an 
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alkaline-based fractionation process was developed, optimized and validated for the isolation of 

cellulose-rich residue hemicellulose, lignin, ferulic and p-coumaric acids. The fractionated products 

were characterised at each stage of the process (Fig. 2) to ascertain their functional properties. The 

lignin and cellulose-rich fractions were subjected to either hydrochloric acid or enzymatic hydrolysis 

to produce nanocellulose. The effectiveness of the two methods was compared with that of the 

conventional sulphuric acid method. 

2.1.2 Production of hemicelluloses, lignin, and phenolic compounds 

 Materials and Methods 

The wheat straw (WS) was obtained from NK Feeds in Paarl, whereas, the wheat bran (WB) 

was obtained from Eureka Mills, South Africa. The valorization of the organic wastes involved three 

stages, mild alkaline, severe alkaline, and mild acid or enzymatic treatments (Fig. 2). The mild 

alkaline treatment conditions were based on NaOH with concentrations ranging from 1.5 - 2.5 M 

NaOH with lower and upper extreme mild conditions of ~ 1.2 and 2.7 M NaOH (Table 4), 

respectively. The optimal conditions for the mild alkaline conditions (Fig 2) targeted the removal of 

hemicelluloses and phenolic compounds, in particular, the p-coumaric acid from wheat straw and 

ferulic acid from wheat bran (Fig. 2). The cellulose-rich residues recovered from the mild alkaline 

step were subsequently, subjected to the second stage, a severe alkaline delignification process, which 

targeted mainly the removal of lignin although hemicellulose co-extraction occurred. The treatments 

were performed at temperatures between 20 and 60 °C with ~12 °C and 70 °C as the extreme low 

and high mild alkaline conditions, respectively (Table 4).  

Table 4 Process conditions for mild and severe alkaline treatments of wheat residues  

Mild Alkaline Treatment Severe Alkaline Treatment 

Temperature, °C NaOH Concentration, wt.% Time, min NaOH Conc., wt% 

40.000 1.293 30 8 

40.000 2.707 30 12 

40.000 2.000 90 8 

40.000 2.000 90 12 

40.000 2.000 60 10 

40.000 2.000 60 10 

40.000 2.000 60 10 

60.000 1.500 60 7.17 

60.000 2.500 60 12.83 

20.000 1.500 17.57 10 

20.000 2.500 102.43 10 

68.280 2.000   

11.720 2.000   
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Figure 2: Fractionation routes for valorization of wheat waste into high-value products
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2.1.3 Production of nanocellulose from pretreated wheat residues 

 Materials and methods 

The cellulose-rich residues from the two-stage alkaline treatment (described in section 2.1.2, 

were treated with either hydrochloric acid (4 M HCl ) at a fiber to acid ratio of 1:20 and varied time 

between 4 and 8 h and temperatures between 80 and 121 °C or with enzymes, Viscozyme and 

FiberCare at dosages that were varied at three levels 50, 75 & 100 endo-1,4-β-glucanase unit (4500 

ECU)/g biomass for dosages and 10, 15 & 20 fungal β-glucanase units (100 FBG)/g biomass 

(Novozyme), respectively to produce nanocellulose, which were termed HCN and ECN, respectively.  

The nanocelluloses extraction optimal conditions in these two processes were identified using 

the response surface methodology (RSM) and desirability approach in Statistica software® and were 

validated experimentally. The CNF production conditions were optimized in central composite 

design (CCD) experiments (Table 4) for yield, particle size, polydispersity index, and surface charge 

(Zeta Potential (ZP)) of the recovered CNF (Ceaser & Chimphango, 2021). A comparative analysis 

of the CNF physical (particle size, polydispersity index (pdI)), and the functional properties (ZP, 

thermal stability, crystallinity, and presence of functional groups) of CNF produced by the two 

methods was performed to ascertain their end-use applications. The commercial CNC and CNF 

obtained from the University of Maine were used as controls. 

 

2.2 Project 2: Development of a process route for co-extracting nanocellulose and high 

value-added products from mango seed 

2.2.1 Background 

Mango (Mangifera Indica L.) is the fifth fruit in the world ranking of tropical fruits. In South 

Africa, about 38,300 tons of mangoes were produced in the year 2015/2016 (Ntshangase et al., 2016) 

and the production is likely to increase with time. ‘Tommy Atkins’, ‘Kent’, ‘Keitt’, ‘Zill’ and ‘Heidi’, 

are some common varieties grown in South Africa with Limpopo and Mpumalanga provinces as the 

major producers (DAFF, 2011). The mango fruit comprises the seed, the mesocarp and peels. The 

peel constitutes 30.0 – 45.0% of the mango fruit (Da et al, 2010). The seed makes up 10.0 – 25.0% 

of the whole fruit and contains 45.0 – 85.0% kernel (Kittiphoom, 2012; Leon, 2016). The mesocarp 

of mango is usually processed into different products including dried fruit pulp, frozen mango pulp 

and canned mango pulp (Kittiphoom, 2012; León, 2016). The mango peel and seeds are considered 

by-products that are discarded during mango processing (Ajila et al., 2007a). These by-products 

account for 35.0 – 60.0% of the total weight of mango fruit (Dorta et al. 2012; León, 2016). The 

mango waste constitutes 45.0% of the global waste produced during agricultural fruit processing 

(Menon, Dutta, Majumdar & Ravi, 2014). Yet, these wastes contain considerable amounts of valuable 

products that could be explored and used in different applications (Kittiphoom, 2012).  
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Polyphenols and phytochemicals extracted from the mango fruit wastes have been used as 

antioxidants in many applications, both the food and non-food industries (Ajila et al., 2007b). During 

the mango fruit processing, apart from the pulp, the residues containing seeds and peels accounting 

for 35 – 55% of the whole fruit, depending on the variety of the are disposed of as waste (Ajila et al. 

2007a, Kittiphoom, 2016). The mango seed consists of an outer layer (husk) and an inner stone 

(kernel). The seed contains appreciable amounts of polyphenols, cellulose and other cell wall 

components, and hence, could be explored further for valorization to specialty foods and biomaterials 

with environmental benefits (Chinga-Carrasco, 2011; Menon et al., 2014). The cellulose component 

is a potential resource for nanocellulose production (Eichhorn et al., 2010) that can be used for 

different applications including gas barrier films, biomedical, and bioimaging (Lee et al., 2014a,b; 

Ayrilmis et al., 2016). An estimated volume of nanocellulose applications identified on recent market 

size in the USA ranges from 3.6 to 9.3 million metric tons and 0.48 million metric tons/year for 

applications that require high volumes and low volumes respectively (Shatkin et al., 2014).  

The complete valorization of the mango wastes requiring co-extraction of all the components 

in high yields and quality has the potential to increase the value of the waste. However, the current 

focus has been limited to the extraction of individual components from either the seed kernel or husk 

(Cordeiro et al., 2014; Kittiphoom, 2016; Ajila et al., 2007b; Tunchaiyaphum et al., 2013; Masibo & 

Qian, 2008) and the mango peel (Arora et al., 2018). Thus, there is an opportunity to develop new 

processing methods with optimized conditions for complete valorization, using an integrated 

biorefinery approach (Fig 3).  

The production of nanocellulose is easy to attain with feedstocks containing pure cellulose 

such as cotton (Table 2). The lignocellulosic materials would require the removal of the amorphous 

components (hemicellulose, lignin and polyphenols). However, the extraction conditions for have to 

be optimized for the yield and quality of the cellulose as well as the amorphous components as 

additional high-value products. A comprehensive fractionation process for mango waste into multiple 

product streams depicted in Figure 3 is the basis for an innovative integrated biorefinery, which has 

not yet been described in the literature and is explored in this project. 

. 
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Figure 3: Fractionation routes for mango waste valorization to produce high-value products 
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2.2.2 Production of hemicelluloses, lignin, phenolic compounds 

 Materials and methods 

Fresh ripened mango fruits (Mangifera indica L.) of the Kent variety were obtained from the 

Cape Town market in South Africa. Tommy Atkins mango seeds were obtained from Hoedspruit fruit 

processors (South Africa). Commercial tamarind seed xyloglucan (CXGN), beechwood xylan 

(CXLN), and analytical grade sugars including D-glucuronic and D-galacturonic acids were 

purchased from Megazyme International, Ireland. Carbazole, D-glucose, D-xylose, L-arabinose, and 

D-galactose were purchased from Sigma-Aldrich. All chemicals were of analytical grade. Ethanol 

(95%) was purchased from KIMIX, South Africa, NaOH and acetic acid (98%) were purchased from 

Science world, South Africa, sulphuric acid (72%), Formic acid (88 wt%), and sulphuric acid (64 

wt%) were purchased from Sigma Aldrich, South Africa, dimethyl sulphoxide, dimethylacetamide, 

and dimethylformamide was purchased from KIMIX, South Africa. All chemicals used were of 

analytical grade. 

Individual components from the mango waste were fractionated in a stepwise fashion. Two 

pretreatment/fractionation methods, thus, the mild alkaline- and organosolv-based methods (Fig 3) 

were applied to fractionate the mango waste in a biorefinery set-up prior to nanocellulose production. 

To ensure high yields and high quality of the co-products are obtained, the labile fractions such as 

the polyphenols from the kernel were extracted first using organosolv treatment, prior to 

hemicellulose extraction (Fig. 3). The mild alkaline treatment was optimized for polymeric 

hemicellulose extraction based on the central composite designed experiments (Table 5) while the 

homogenized-assisted organosolv process (Table 6) was optimized for the extraction of lignin and 

cellulose-rich residues from the mango husks, which constituted the raw material for nanocellulose 

production (Bello & Chimphango, 2021).  

The effects of homogenization time on lignin dissolution from the mango seed husks were 

assessed at a constant temperature and ethanol concentration (150 ℃ and 60%v/v ethanol with 0.2% 

NaOH). The homogenization (22000 rpm) was performed with pre-soaked alkaline treated mango 

seed husk samples for 5, 10, 15, 20, and 30 min (Table 6) before performing optimization 

experiments. 
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Table 5 Central composite experimental design for alkaline extraction of hemicelluloses from mango- 

seed husks 

NaOH Concentration [M]  Temperature [ °C]  Time [h]  

1.00 40.00 2.00 

1.00 40.00 4.00 

1.00 90.00 2.00 

1.00 90.00 4.00 

2.00 40.00 2.00 

2.00 40.00 4.00 

2.00 90.00 2.00 

2.00 90.00 4.00 

0.66 65.00 3.00 

2.34 65.00 3.00 

1.50 23.00 3.00 

1.50 107.00 3.00 

1.50 65.00 1.32 

1.50 65.00 4.68 

1.50 65.00 3.00 

1.50 65.00 3.00 

1.50 65.00 3.00 

1.50 65.00 3.00 

1.50 65.00 3.00 

1.50 65.00 3.00 

 

The resulting cellulose-rich residues were subjected to various acids treatments (sulphuric, acetic, 

and formic acids) as shown in Figure 3 to produce cellulose nanocrystals (CNCs) known as SCNC, 

ACNC, and FCNC, respectively, that were optimized in a central composite design (CCD) 

experiment as shown for formic acid treatment (Table 7). 
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Table 6: Central composite experimental design for organosolv extraction of lignin from alkaline 

treated mango seed husks 

Ethanol concentration [%] Temperature [ °C] Homogenizing time [h]) 

50.00 130.00 10.00 

50.00 130.00 20.00 

50.00 150.00 10.00 

50.00 150.00 20.00 

70.00 130.00 10.00 

70.00 130.00 20.00 

70.00 150.00 10.00 

70.00 150.00 20.00 

43.18 140.00 15.00 

76.82 140.00 15.00 

60.00 123.18 15.00 

60.00 156.82 15.00 

60.00 140.00 6.59 

60.00 140.00 23.41 

60.00 140.00 15.00 

60.00 140.00 15.00 

Note: Homogenization speed was 22000 rpm 

 

2.2.3 Production of nanocelluloses from mango seed husk 

Nanocellulose in the form of nanocrystals (CNCs) were produced following a modified 

method of Du et al. (2017)  using formic acid hydrolysis. The experimental design is presented in 

Table 7. The formic acid was recovered by distillation at 100 ºC. The solids were subsequently 

washed several times with distilled water until pH 6 was reached. The CNCs were dialyzed using a 

cellulose membrane dialysis tubing with a molecular cut-off of 14000 Da (Sigma-Aldrich, USA) for 

3 days against distilled water to remove the salts before freeze-drying. Acetic acid nanocelluloses 

(ACNC) were produced using 99.9% v/v acetic acid at varied solid-to-acid ratios (1:20 to 1:40 g/mL) 

for durations of 6 – 12 h in 250 mL three-neck flasks equipped with a condenser at 110 °C. The 

hydrolysates were centrifuged (8000 rpm) to separate the liquid and the solid fractions. The ACNCs 

were washed several times with distilled water until a pH 6 was reached before dialyzing using a 

cellulose membrane dialysis tubing (molecular cut-off of 14000 D, Sigma-Aldrich, USA) in distilled 

water for 3 days. The prepared nanocelluloses were freeze dried. 
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Table 7: Central composite experimental design for production of nanocelluloses using formic acid 

Sample Acid-to-pulp ratio mL/g Reaction time [h] 

 20 6 

2 20 10 

3 40 6 

4 40 10 

5 15.9 8 

6 44.1 8 

7 30 5.17 

8 30 10.83 

9 30 8 

10 30 8 

 

The reference CNCs were produced using unbleached and bleached mango seed husks 

following the sulphuric acid method (64 wt% sulphuric acids for 60 min at 60 °C) at an acid-to-pulp 

ratio of 30:1 mL/g. Thereafter, the SCNCs were dialyzed and dried at 40 °C overnight (Silva et al., 

2019).  

 

2.2.4 Production of hemicelluloses and phenolic compounds from mango seed kernel 

Mango seed kernels were subjected to organosolv pretreatment involving ethanol 

concentrations ranging from 40 - 80%v/v, and temperatures 20 - 60 °C, for polyphenol extraction. 

Hemicelluloses extraction from the polyphenol extracted seed kernel residue was with 1 -.2 M NaOH 

at 40 - 90oC for 2 - 4h. The polyphenol extracted solid residue was destarched using thermostable α-

amylase (Termamyl®SC) and amyloglucosidase (Saczyme®Plus) enzymes (from Novozymes) before 

extracting hemicelluloses using an alkaline method. 
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2.3 Characterization and quantification of raw materials and products: 

The raw materials were sampled by a coning and quartering method before being milled 

using a Retch ZM200 equipped with a 2mm circular blade to mill to a sample size of about 

250- 425µm. The milled samples were further screened in a Retch AS200 shaker to obtain samples 

within the specified size range for compositional analysis.  

The prepared raw materials were conditioned at 25 °C for 48 h before compositional analysis, 

which involved the determination of sugars, polyphenols, lignin, ash, proteins and structural and 

physical features in terms of functional groups, crystallinity, and thermal stability. Similarly, the 

products were characterized at each step of the fractionation.  

The sugars and phenolic compounds were characterized and quantified using high-

performance liquid chromatography (HPLC). The acid sugars such as the uronic acids in the untreated 

biomass, and the hemicellulose extracts were measured using the carbazole-sulphuric acid method 

previously described by other authors (Brienzo, Siqueira, & Milagres, 2009; Chimphango et al., 

2012), whereas, the chemical and functional groups were identified using the Fourier Transfer 

Infrared Spectroscopy (FTIR) and Nuclear Magnetic Resonance Spectroscopy with cross- 

polarization and magic-angle spinning, CP/MAS NMR was used to obtain hemicellulose spectra on 

a solid-state NMR spectrometer (Varian VNMRS 500) operating at a frequency of 125 MHz, with a 

6 mm T3 probe at room temperature. The morphology and particle size distributions were determined 

using Scanning Electron Microscopy (SEM) imaging in conjunction with image J software. Thermal 

stability and surface charge were determined using Thermogravimetric Analysis (TGA) and Zetasizer 

(Nano-ZS90 size analyzer, Malvern Instruments), respectively. Crystallinity was determined using 

x-ray diffraction (XRD).  

2.3.1 Compositional Analysis 

The compositions of raw materials and treated materials were determined by employing the 

National Renewable Energy Laboratory (NREL) Laboratory Analytical Procedure (LAP) methods 

for biomass (Sluiter et al., 2012). The NREL methods were used to determine the moisture, 

extractives, ash, hemicellulose, lignin, and cellulose content of the biomass. The analyses were 

performed in triplicates.  

 

The moisture and ash contents were quantified using Equations 1 and 2, respectively. 

 

% 𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 =
𝑀𝑊−𝑀𝐷

𝑀𝐷
× 100      (1) 

Where: MW and MD are the initial and oven-dried mass of the sample, respectively. 

 

% 𝐴𝑠ℎ 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 =
𝑀𝐴𝐶−𝑀𝑐

𝑀𝑤
× 100     (2) 
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Where: MAC, MC and MW are mass of ash and crucible, mass of crucible and mass of sample, 

respectively. 

 

The water and ethanol extractives were determined separately but both were accounted for 

using Equation 3  

 

% 𝐸𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑣𝑒 (𝑋) =
𝑀𝐹𝐸(𝑋)−𝑀𝐹

𝑀𝑊
× 100     (3) 

Where: (X), MFE, MF, MW represents water or ethanol, mass of oven-dried flask with extractives, 

mass of flask and mass of sample, respectively. 

 

The lignin was determined after performing a two-step acid hydrolysis on the extractive free 

samples (Sluiter et al., 2012) 

The total lignin content was the sum of the acid-insoluble (AIL) e and acid-soluble lignin (ASL).  

𝐴𝐼𝐿 =
(𝑀𝐶𝑅−𝑀𝐶)−(𝑀𝐶𝐴−𝑀𝐶)−𝑀𝑃

𝑀𝐷
      (4) 

Where: AIL, MCR, MC, MCA, MP, and MD are acid insoluble lignin, mass of crucible and oven dried 

hydrolysis residue, mass of crucible, mass of crucible and ash, mass of protein in sample and mass 

of oven-dried sample, respectively. 

𝐴𝑆𝐿 =
𝑈𝑉𝑤𝑎𝑣×𝑉𝑓×𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛

𝜀×𝑀𝐷
× 100      (5) 

Where: ASL, UVwav, Vf, Dilution, ԑ and MD are acid-soluble lignin, sample absorbance at 240 nm, 

volume of filtrate, biomass absorptivity (25 L/gcm) and mass of oven dried sample, respectively 

The hemicelluloses and cellulose contents were determined and characterized using HPLC, 

which had an Aminex HPX-87H ion exclusion column with a 65 °C column temperature and a 

flowrate of 0.6 mL/min. The HPLC system also had Shodex R 101 refractive index which was 

operated at 45⁰C. The HPLC showed the presence of xylose, arabinose, cellulose, furfural and 5-

hydroxymethylfurfural (HMF)). The hemicelluloses were a combination of the xylose and arabinose 

content (Equation 6), whereas the cellulose (glucan) was determined based on glucose content 

(Equation 7) of the samples.  

 

𝐻𝑒𝑚𝑖𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 = 0.88 × (𝑎𝑟𝑎𝑏𝑖𝑛𝑜𝑠𝑒 + 𝑥𝑦𝑙𝑜𝑠𝑒)    (6) 

 

𝐶𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 = 0.9 × (𝑔𝑙𝑢𝑐𝑜𝑠𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡)     (7) 

 

The mango seed husks composition was determined based on the acid detergent fibre (ADF), neutral 

detergent fibre (NDF), and acid detergent lignin (ADL) to account for the content of cellulose, 

hemicellulose, lignin, and other components according to the Van Soest method using Fibertech® 
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system (Velp Scientifica 419278, FIWE, raw fibre extractor). Equations 8, 9, and10 accounted for 

the percentage of hemicelluloses, cellulose, and lignin in the material, respectively. 

𝐻𝑒𝑚𝑖𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 (%) =
𝑚𝑁𝐷𝐹 − 𝑚𝐴𝐷𝐹

𝑚𝑠𝑎𝑚𝑝𝑙𝑒
× 100                                                                          (8)    

𝐶𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 (%) =  
𝑚𝐴𝐷𝐹  − 𝑚𝐴𝐷𝐿

𝑚𝑠𝑎𝑚𝑝𝑙𝑒
 × 100                                                                                  (9) 

𝐿𝑖𝑔𝑛𝑖𝑛 (%) =  
𝑚𝐴𝐷𝐿 − 𝑚𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒

𝑚𝑠𝑎𝑚𝑝𝑙𝑒
 × 100                                                                   (10) 

 

The presence of xyloglucan was determined through glycosidic linkage analysis using a method of 

Ciacanu & Kerek (1984) that is based on methylation of polysaccharides in addition to FTIR and 

NMR. The acetylated derivatives were extracted with 2 mL of dichloromethane and analyzed by gas 

chromatography (Agilent, 6890 N, Palo Alto, CA), coupled with an Agilent mass spectrometer 

detector (Agilent 5975 MS, Palo Alto, CA). The GC-MS system was equipped with a non-polar 

guardian (30 m; 0.25 mm; 0.25 µm film thickness) ZB 7HG-G027-11 GC capillary column. Helium 

was used as carrier gas with a flow of 1 mL/min. The injector temperature was maintained at 250 ºC 

and the oven temperature was as follows: 80ºC for 1 min; and finally ramped up to 300 ºC at 7 ºC 

min-1 and held for 2 min. The MSD was operated in full scan mode and the source and quad were 

maintained at 240 ºC and 150 ºC, respectively. The scan rate was between 40-600 m/z. 

The crude protein and starch contents of the samples were estimated from the Kjeldahl 

method using a nitrogen factor of 6.25 (Hames et al., 2008) and by use of a starch assay kit (KSTA 

09/14) from Megazyme. The protein content was determined by the equation 11: 

 

𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 =
(𝑉𝑡𝑠−𝑉𝑏)×1.4007×0.2×6.25

𝑀𝐷
      (11) 

Where: Vts, Vb and MD are volume of titrated sample, volume of titrated blank, and oven dried mass 

of sample (1.0 g), respectively. 

  

2.3.2 Bioproduct yield and functional properties 

The polyphenols the from mango seed kernel were determined based on the total polyphenols 

following the Folin-Ciocalteau method (Dorta, Lobo & Gonzalez, 2012) and antioxidant activity by 

DPPH free radical scavenging activity. The DPPH free radical scavenging activity of ferulic acid 

(from wheat bran) and p-Coumaric acid (from wheat straw) was determined by using the method 

described by Phongthai et al. (2016). A 0.25 mL aliquot of the sample (ferulic or p-coumaric acid) 

was mixed with 1 mL of 0.1 mM DPPH in 95% ethanol. The absorbance of the various mixtures was 

determined by using a spectrophotometer (Cecil CE 2021, 2000 Series, (Lasec SA (Pty Ltd)) at 517 
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nm against the blank. The scavenging activity for DPPH (S) was determined by using the equation 

(12) 

 

%𝑆 =
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒𝑏𝑙𝑎𝑛𝑘−𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒𝑠𝑎𝑚𝑝𝑙𝑒

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒𝑏𝑙𝑎𝑛𝑘
× 100    (12) 

 

The yields of all CNCs prepared were determined gravimetrically according to Equation 13. 

𝑌𝑖𝑒𝑙𝑑 (%) =
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑓𝑟𝑒𝑒𝑧𝑒−𝑑𝑟𝑖𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒 (𝑔)

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑠𝑡𝑎𝑟𝑡𝑖𝑛𝑔 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 (𝑔)
× 100%                                     (13) 

 

2.3.3 Structural and physical properties 

The structural and physical properties of the raw materials and the products were analyzed by FTIR, 

TGA, SEM, Zetasizer, and XRD.  

 Fourier Transfer Infrared Spectroscopy (FTIR) and Nuclear Magnetic Resonance 

(NMR) 

Functional groups and any chemical and structural changes of the raw materials and 

bioproducts were determined using FTIR and NMR. The FTIR analysis was performed in the 

wavelength range of 400 – 4000 cm-1 with a resolution of 4 cm-1 using a Thermo Nicolet Nexus 670 

spectrometer. This was conducted by powdering dried samples into ultra-thin pellets and measured 

with the attenuated total reflectance mode of the spectrometer of which 32 scans were taken. The 

peaks of the spectra obtained were assigned according to literature (Kumar et al., 2014); Warren et 

al., 2015. Hou et al., 2017; Zheng et al., 2018) . The functional groups, in particular, for the 

hemicelluloses, were identified using solid-state NMR spectrometer (Nuclear Magnetic Resonance 

Spectroscopy with cross-polarization and magic-angle spinning, CP/MAS NMR (Varian VNMRS 

500) operating at a frequency of 125 MHz, with a 6 mm T3 probe at room temperature).  

 Acetyl groups determination 

Acetyl content and degree of acetylation for the ACNCs were determined using Equation 14.  

𝐴𝑐𝑒𝑡𝑦𝑙 𝑐𝑜𝑛𝑡𝑒𝑛𝑡(%) = [(𝐵 − 𝐴)𝑁𝑎 + (𝐶 − 𝐷)𝑁𝑏] × (
4.035

𝑊
)   (14) 

Where: A is the volume of A added to the sample (mL), B is the volume of A added to the blank 

(mL), C is the volume of NaOH added to the sample (mL), D is the volume of NaOH added to the 

blank (mL), W is the weight of the sample (g), and Nc and Nd are the normality of the HCl and NaOH 

solutions, respectively. The average number of acetyl groups per anhydro-D-glucose unit of cellulose 

(DS) could be calculated from Equation 15: 

𝐷𝑆 =  
3.86 ×𝐴𝑐𝑒𝑡𝑦𝑙 𝑐𝑜𝑛𝑡𝑒𝑛𝑡(%)

102.4−𝐴𝑐𝑒𝑡𝑦𝑙 𝑐𝑜𝑛𝑡𝑒𝑛𝑡(%)
                                                      (15) 

Where: DS is the degree of acetyl substitution. 
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 Molecular weight 

The molecular weights (Mw) were determined by gel permeation chromatography (GPC) 

using HPLC. HPLC (Dionex Ultimate 3000 system with ELS detection equipped with a 3 x 300 mm 

PSS SUPREMA column set) analysis. Ammonium acetate concentration of 0.125 M was used as the 

eluent at a temperature of 75 °C and a flow rate of 1 mL/min. Pullulan was used as a molecular weight 

standard.  

 X-Ray Diffraction and Crystallinity 

The Crystallinity Index (CI) was determined based on X-ray diffraction using a Bruker D2 

Phaser x-ray diffractometer with a monochromatic CuKα radiation source (λ=1.54184 Å, 30 kV) with 

a 2θ angle range from 5° to 50° (1°/min) at room temperature. Each coin-sized sample was grounded 

into powder and leveled on a sample holder to promote uniform and complete exposure to the x-ray 

(Johar et al., 2012). The CrI was calculated using the Segal method (Equation 16) (Rosa et al., 2012). 

This involved using the height of 2 0 0 peak (I2 0 0, 2θ = 22.5°) and the minimum between the 2 0 0 

and 1 1 0 peaks (Iam, 2θ = 18°) for the calculation: 

𝐶𝑟𝐼 =
𝐼2 0 0−𝐼𝑎𝑚

𝐼2 0 0
× 100%        (16) 

 Scanning Electron Microscopy 

Fiber morphology and biocomposite structures were characterized using scanning electron 

microscopy (SEM). The SEM micrographs of the treated fibers were taken in quadruplets using a 

MERLIN, Zeiss scanning electron microscope operated at 3 kV and higher, in which the fiber samples 

were coated with gold to eliminate the electron charging effects . The morphological changes of the 

fractionated fibers were observed from micrographs obtained, however for the produced 

nanocelluloses additional information of the fiber length and diameter were determined by using 

image j software in conjunction with the micrographs. On average, 50 measurements were taken for 

each image for the four SEM images for the nanocelluloses of which an average was estimated and 

used as the sample length and diameter. 

 Thermogravimetric Analysis (TGA) 

The thermal stability of the materials was determined using a Mettler Toledo TGA, 

Thermogravimetric analyser (TGA500) with a heating rate of 10 °C/min within a temperature range 

of 25 – 600 °C in a nitrogen atmosphere to prevent any thermoxidative degradation 

(Moran  et  al.,  2008). The analysis was done to compare the thermal degradation of the treated fibers 

with the untreated ones, to determine the effects of the treatment on the products.  
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 Particle Morphology and Surface Charge Analysis 

The morphological and surface charge properties of the materials in the form of particle size, 

polydispersity index (PdI) and Zeta potential (ZP) were determined using a Zetasizer (Nano-ZS90 

size analyser (Malvern Instruments)). The analysis was based on a dynamic light scattering method 

after a dilution of the sample to less than 0.01% (w/w). Analysis by the equipment occurred after 

120  s equilibrating time at a scattering angle of 90° at 25 °C. The measurements were taken in 

triplicate and the intensity-weighted mean hydrodynamic diameter was calculated by the instrument 

by using a cumulative method. This resulted in obtaining a mean particle size with most of the 

intensity peak. 

 

2.3.4 Statistical analysis 

The experimental designs were based on the central composite designs (CCD) as presented 

in Statistica software (TIBICO Software Incorporation, version 13.2). The statistical analyses 

included analysis of variance (ANOVA), desirability, and regression. The ANOVA function was 

used to determine the significance of the independent variables to the responses obtained at (p<0.05), 

as well as how well the experimental responses correlated with the predicted responses by the model. 

The ANOVA analysis was also used to determine if the treatment conditions (independent variables) 

were able to reach the optimum treatment condition for the various responses which was referred to 

as a quadratic term. Similarly, the ANOVA analysis determined if the responses directly increased or 

decreased with the increase in the independent variable referred to as the linear term. 

Response surfaces and predictive models were generated for the response surfaces based on 

the response surface methodology (RSM) using the Statistica software®. In addition, the desirability 

function was used to generate desirability plots and optimized conditions for the independent 

variables with respect to the responses from the experiment. Means and standard deviations for 

measurements were determined from replicate measurements generated in either Statistica Software® 

or Microsoft Excel, 2013. 

 

3 Results  

3.1 Two Stage-Alkaline Treatment of Wheat Straw and Wheat Bran  

The wheat bran and wheat straw had compositions (Table 8) that were similar to the 

compositions reported in literature (Table 2). Wheat straw was rich in cellulose while wheat bran 

(undestarched) was rich in starch ~30% and hemicelluloses (~34%) when destarched (Table 8). 
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Table 8 Chemical composition of untreated wheat straw, untreated wheat bran and destarched wheat 

bran. 

Composition 
Untreated Wheat 

Straw 

Untreated Wheat 

Bran 
Destarched Wheat Bran 

Cellulose, % 35.7 ± 2.4 10.3 ± 0.6 16.7 ± 0.4 

Hemicelluloses, % 18.8 ± 1.4 22.0 ± 0.8 33.7 ± 0.7 

Lignin, % 19.3 ± 3.2 11.2 ± 0.5 18.6 ± 0.7 

Starch, % 3.9 ± 0.2 30.0 ± 0.3 0.4 ± 0.2 

Protein, % 1.3 ± 0.3 14.9 ± 2.5 15.4 ± 4.8 

Ash, % 3.6 ± 0.1 3.7 ± 0.1 2.4 ± 0.2 

Extractives, % 13.9 ± 0.4 9.8 ± 0.8 8.4 ± 0.5 

Ferulic Acid, % 0.17 ± 0.04 0.28 ± 0.05 0.34 ± 0.03 

p-Coumaric Acid, % 0.24 ± 0.03 - 0.07 ± 0.01 

Total, % 96.8 102.2 100.8 

The mild alkaline stage in the two-stage fractionation method enabled the production of 

hemicellulose, lignin and hydroxycinnamic acids (ferulic from wheat bran and p-coumaric acid from 

wheat straw), and cellulose-rich residues with desirable attributes for industrial applications. The 

optimal conditions for the mild alkaline conditions were between 50 and 60 ⁰C and between 2.0- 3.0 

wt% NaOH for wheat straw and about 70 ⁰C and 2-3 wt. % NaOH for the wheat bran.  

The severe alkaline stage in the two-stage alkaline treatment permitted the recovery of 

cellulose. However, increasing these treatment conditions beyond the 10 wt. % NaOH and 60 min 

resulted in a decrease in the cellulose yield for wheat straw. In wheat bran, the highest cellulose 

recovery was with a NaOH concentration of 8 wt.% and reaction time of 60 (Table 9).  

The total yield for hemicelluloses and lignin after the two-stage alkaline treatment ranged 

between 65 and 80% from the wheat straw. In addition, a p-coumaric yield above 80% with an 

antioxidant activity >40% was obtained (Table 9). The cellulose recovery from the wheat straw 

cellulose residues was >90% with a cellulose content >70%. The cellulose-rich residue crystallinity 

>50% rendered the residues suitable for nanocellulose production. On the other hand, wheat bran was 

rich in hemicellulose (> 50%) and lignin (>90%) with ferulic acid >60% (Table 9). The cellulosic 

residue recovery for the wheat bran was over 80% but contained < 50% cellulose with over 30% and 

5% residual hemicellulose and lignin, respectively (Table 9).
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Table 9 Yield and quality of fractionated products at optimal conditions for the mild alkaline 

treatment of wheat straw and wheat bran for hemicellulose  

Optimized Mild Alkaline Conditions Wheat Straw (~55oC, 2.4 wt.% NaOH) 

 
Hemicelluloses 

Purity, % 

Actual Hemicelluloses Yield/Raw 

WS Hemicelluloses, % 

p-Coumaric Acid 

Yield, %  

Predicted 

Values 
38.68 ± 1.29 34.60 ± 0.49 84.80 ± 2.04 

Experimental 

Values 
37.85 ± 0.19 34.73 ± 0.31 85.29 ± 2.84 

 

Optimized Severe Alkaline Conditions Wheat Straw (60 min, 10 wt.% NaOH) 

 Residue Cellulose, 

% 

Residue Lignin, % Lignin Extracted Yield/ Original 

MA WS Lignin, % 

Predicted 

Values 

77.46 ± 3.71 4.95 ± 1.12 62.78 ± 3.04 

Experimental 

Values 

76.25 ± 0.66 5.17 ± 0.16 60.12 ± 1.09 

Optimized Severe Alkaline Conditions Wheat Bran (81.2 min, 9.41 wt% NaOH) 

 Residue Cellulose, 

% 

Residue Lignin, 

% 

Lignin Extracted Yield/ 

Original MA WB Lignin, % 

Predicted Values 47.10 ± 2.26 6.47 ± 0.23 62.35 ± 4.25 

Experimental Values 48.10 ± 0.04 6.29 ± 0.86 61.51 ± 3.28 

 

After removing the hemicelluloses, lignin, and other components, the crystallinity of the 

materials at each step prior to nanocelluloses production, increased to up to 41% and 55% for the 

wheat bran and wheat straw, respectively (Table 10). The thermal properties of the hemicelluloses 

and lignin extracted from the two-stage alkaline process are presented in Figures 4a and b, 

respectively, for hemicelluloses from wheat bran and wheat straw. The onset and maximum 

Optimized Mild Alkaline Conditions Wheat Bran (68 ⁰C, 2.7 wt.% NaOH) 

 
Hemicelluloses 

Purity, % 

Actual Hemicelluloses Yield/Raw 

WB Hemicelluloses, % 

Ferulic 

Acid, Yield, 

% 

Predicted Values 47.78 ± 3.51 33.67 ±7.27 64.32 ± 3.5 

Experimental Values 47.56 ± 0.30 36.98 ± 1.18 65.63 ± 1.0 
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decomposition temperatures (Tonset and Tmax, respectively) for MAWS hemicelluloses were about 

22  °C less than those of the MAWB hemicelluloses (Fig 4). 

 

Table 10 Crystallinity of solid residues at various stages of the two-stage alkaline treatment of wheat 

straw and bran 

Sample Crystallinity Index, % 

Untreated Wheat Bran - 

Destarched Wheat Bran 17 

Mild Alkaline Treated Wheat Bran (MAWB) 34 

Alkaline Delignified Treated Wheat Bran (SAWB) 41 

Untreated Wheat Straw 44 

Mild Alkaline Treated Wheat Straw (MAWS) 50 

Alkaline Delignified Treated Wheat Straw (SAWS) 55 

 

In case of lignin, the second weight loss began at Tonset of 171 °C and 147 °C for MAWS lignin and 

MAWB lignin, respectively (Fig. 4b). In comparison with the hemicellulose (Fig 4a), a faster 

oxidisation of the lignin is evident resulting in a Tmax of 276 °C and 295 °C for MAWB lignin and 

MAWS lignin, respectively. The reduced Tmax for MAWB lignin could be attributed to the larger 

hemicelluloses content of MAWB lignin (15.8%) than that of MAWS lignin (4.9%) . Moreover, the 

higher lignin content of MAWS lignin (84.4%) resulted in a higher Tcomp (448⁰C) in comparison with 

the 338 °C obtained by MAWB lignin with a lower lignin content (58.9%) (Fig. 4b). Consequently, 

charring occurred at 600 °C double that of hemicelluloses from MAWS and MAWB. The char 

obtained for MAWS and MAWB lignin are 49% and 29%, respectively which were similar to the 

lignin char obtained by other researchers ( (Wild, Huijgen & Heeres, 2012; Watkins et al., 2015). 

Therefore, there is potential to use the lignin from both MAWS and MAWB, in polymer composite 

materials.  
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Figure 4 Thermal stability of (a) hemicellulose and (b) lignin extracted at the mild alkaline (MA) and 

severe alkaline (SA) stage from wheat straw (WS) and wheat bran (WB). 

 

 

 

-15

-10

-5

0

5

0

20

40

60

80

100

50 150 250 350 450 550

D
T

G
 (

%
/m

in
)

W
ei

g
h
t 

(%
) 

Temperature (⁰C)

MAWB MAWS SAWB SAWS

-10

-5

0

5

0

20

40

60

80

100

50 150 250 350 450 550

D
T

G
 (

%
/m

in
)

W
ei

g
h
t 

(%
) 

Temperature (⁰C)

MAWB MAWS SAWB SAWS

(b) 

(a) 



Organic waste: a bioresource for production of novel cellulose nanocomposites 

28 | P a g e  
 

3.2 Nanocellulose production using hydrochloric and enzymatic Treatment of Wheat Straw 

and Wheat Bran  

The optimal conditions for HCN production were 7.41 h, 114.14 ⁰C whereas, those of the 

enzymatic method were 4.64 h, 75 ECU/g Fibercare R dosage, and 10.80 FBG/g Viscozyme L dosage 

at 50 oC (Table 11). Both the HCN and ECN yields were similar ~20% (Ceaser & Chimphango, 

2021). However, the ECN was quicker to produce than the HCN for the same yield (4.64 h vs 7.41 

h) and at a reduced temperature (50 oC vs 114 oC).  

  

Table 11 Physical and functional properties of cellulose nanofibres produced by hydrochloric and 

enzymatic hydrolysis compared to commercial cellulose nanofibers (Ceaser & 

Chimphango, 2021) 

Sample 
Length, 

(nm) 

Diameter, 

(nm) 

Polydispersity 

index 

Zeta 

potential, 

(Mv) 

Yield  

(%) 

CrI 

(%) 

HCN 514 ± 50 17 ± 3 0.53 ± 0.20 -16.3 ± 1.50 20.31 ± 1.24 70 

ECN 2293 ± 173 17 ± 2 0.92 ± 0.13 -15.2 ± 0.6 17.16 ± 2.30 48 

Commercial 

CNFa  
1824 ± 154 27 ± 8 1 ± 0.03 -14.5 ± 1 - 56 

Note: CNF: Cellulose nanofibres; ECN: enzymatically produced cellulose nanofibres at (4.64 h), 

FibreCare Dosage (75 ECU/g) and Viscozyme Dosage (10.8 FBG/g); HCN: Hydrochloric acid 

produced nanofibre at optimal conditions (114.14 ⁰C and time of 7.41 h); CrI: Crystallinity Index and 
a reference cellulose nanofibres 

 

The Zeta potential and maximum thermal decomposition temperature (Table 11) for the ECN 

(-15.2 ± 0.6 mV and 378 °C, respectively) were similar to that of HCN (-16.3 ± 1.50 mV and 380 °C, 

respectively). However, the HCN crystallinity (70%) was closer to that of sulphuric acid 

nanoparticles (75%) but higher than ECN crystallinity (48%). The HCN PdI (0.53) and fiber length 

(514 nm) were relatively lower than ECN’s (0.92 ± 0.13 PdI and >1 µm length). Thus, Both the HCN 

& ECN can be classified as thermally stable nanohydrocolloids. Figure 5 depicts the morphologies 

of the HCN and ECN (network-like) in Figures 5b and c, compared to nanocellulose produced by the 

sulphuric acid method (rod-like) in Figure 5a. The HCL and enzymatic CNF production methods 

have shown potential synergetic effects on CNF production, morphological, and functional properties 

warranting further investigation.  
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Figure 5 the scanning electron microscopy micrographs for nanocellulose produced using (a) 

sulphuric acid, (b) hydrochloric acid, and (c) enzymes at optimal conditions. 

 

3.3 Development of a process route for co-extracting nanocellulose and high-value-added 

products from mango waste  

The mango peels were rich in polyphenols (Mugwagwa & Chimphango, 2019) and contained 

~15% pectin and only 26% cellulose whereas the kernel had up to 3% cellulose and 17 % 

hemicelluloses with lignin less than in the peels, ~4% vs ~20% respectively (Table 12)  

 

Table 12 Compositional analysis of mango peel and kernel 

Sample Extractives% Ash% Cellulose% Hemicellulose% Lignin% Starch 

(%) 

Pectin/g 

Mango peel 45.59 4.0 26.16 10.16 18.06 N/A 14.67 

Mango Kernel 24.33 2.74 3.08 17.58 4.17 33.81 N/A 

FD Peel 54.44 3.55 24.57 10.31 20.06 N/A 14.30 

OD Peel 45.96 3.69 23.97 10.13 18.98 N/A 12.25 

AD Peel 45.36 3.38 21.02 10.43 19.97 N/A 14.67 

FD = Freeze-dried, OD = Oven - dried, AD= Air - dried 

The husks had cellulose content > 50% and comparable hemicellulose and lignin contents to 

those found in the literature (Dzigbor & Chimphango, 2019; Torres-León et al., 2019). During the 

mild alkaline treatment, it was evident that the lignin and cellulose contents increased (14 to 19% and 

50 to 57%, respectively) with the alkaline treatment (Table 13).  

 

Table 13 Composition of untreated and alkaline treated mango seed husk 

Component  Untreated mango husks (%) Alkaline-treated mango husks (%) 

Cellulose 50.27 ± 0.35 57.08 ± 0.10 

Hemicellulose 17.98 ± 0.42 9.43 ± 0.67 

Lignin 14.77 ± 1.20 19.13 ± 1.09 

Extractives 12.19 ± 0.61 10.50 ± 0.13 

Ash 0.80 ± 0.06 0.27 ± 0.21 

Others 3.99 ± 0.02 3.59 ± 0.42 

a Values are presented in percentages based on the dry weight. 

(a) (b) (c) 
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3.3.1 Production of hemicelluloses and polyphenols from mango waste  

Hemicellulose yields of approximately 50% were achieved. The hemicelluloses were 

substituted with uronic acids (Table 14) and were co-extracted with some lignin (Table 14). The 

optimized conditions were NaOH concentration= 1.92 M Temperature = 86.0 °C and Time = 3.84 

that yielded suitable XGN/XLN ratio for thermal stable biocomposites. The validated optimal 

conditions showed that the observed component levels were close to the predicted values (Table 14).  

 

Table 14: Hemicellulose yield and composition at optimized extraction conditions 

Responses Predicted 

value 

a Observed value 

 % % 

Yield 45.71 

0.125 

18.79 

15.08 

46.24 

Xyloglucan/Xylan 0.130 

Lignin content 16.73 

Uronic acid 12.02 
a . Optimized extraction conditions were NaOH concentration= 1.92 M Temperature = 86.0 °C and 

Time = 3.84  

3.3.2 Lignin production 

Pure lignin ~ 80% in yield was solubilized with >90% purity at ~148 ºC and 60% ethanol 

with 15 min homogenization at 22 000 rpm (Table 15).The results from the desirability analysis 

(Statistica 13.2 software) showed that ethanol concentration of 60%, and temperature ~156 ºC with 

15 min homogenization likewise, gave the maximum cellulose content and minimum lignin contents 

in the solid residue (Table 15).  

 

Table 15 Predicted and observed values of responses for optimum high shear homogenization-

organosolv process conditions (Bello & Chimphango, 2021) 

Component  Solubilized 

lignin [%] 

Lignin 

purity [%] 

Cellulose content of 

solid residue [%] 

Hemicellulose 

content of solid 

residue [%] 

Predicted values 67.18 96.67 75.21 11.13 

aOptimal 

conditions 

70.43 96.18 77.84 10.98 

No 

homogenization 

68.58 94.74 76.75 10.16 

a mean of triplicates determination. The optimum conditions were Ethanol concentration = 60%, 

Temperature = 148.41 °C and Homogenizing time = 15 min  
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Validation experiments confirmed the findings (Table 15). The solubilized lignin yield and its purity 

were comparable to that of performed at an elevated temperature of 200 ºC when non-assisted (~69% 

and ~95%, respectively). The solid residue from the process contained cellulose and hemicellulose 

contents of ~78% and 11%, respectively (Table 15). 

3.3.3 Nanocellulose production 

The solid residues subjected to the acid treatment, in this case formic acid, for nanocellulose 

production, gave a yield > 50% compared to yields (~ 38%) obtained by the sulphuric acid method 

(Table 16) at the optimum levels. However, the crystallinity index was higher for the SCNC 69% vs 

~67 for FCNC (Table 16) 

 

Table 16 Predicted versus observed values of formic acid nanocellulose at optimum conditions and 

commercial cellulose nanocrystals 

Nanocellulose 

Component 

Yield [%] Average particle size 

[nm] 

CrI [%] Formate content 

Predicted 65.19 25.00 67.72 0.94 

Formic acid 63.99 24.13 66.40 0.92 

Suphuric acid 38.34 22.50 69.02 - 

Crl= crystallinity index 

 

The morphology of the raw materials and the nanocelluloses generated using acid methods are 

compared in Fig 6. The raw materials consisted of the untreated (Fig. 6a) and alkali-organosolv 

treated husks and (Fig. 6b). The nanocellulose produced using the formic acid (FCNC) (Figs. 6b & 

d) (SCNC) (Figs. 6c &e), and the acetic acid (ACNC) (Fig. 6f) were spherical in shape.  
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c 

200 nm 

200 nm 200 nm 

 

Figure 6 Scanning Electron Microscopy images of (a) unbleached pulp (b) Formic acid nanocrystals 

(FCNC); and (c) sulphuric acid nanocellulose. Scanning Transmission Electron Microscopy of 

FCNC (d) formic acid nanocellulose and (e) sulphuric acid nanocellulose and (f) Scanning Electron 

Microscopy images of acetic acid nanocellulose (ACNC) 
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The FCNC dispersed well in water, dimethylformamide (DMF), dimethylacetamide 

(DMAC), and dimethyl sulphoxide (DMSO), and was stable after 15 min of sonication except when 

in the water where aggregation was evident after 24 h at room temperature (Fig. 7). 

 

Figure 7 Images of formic acid cellulose nanocrystals dispersion in water, dimethylformamide 

(DMF), dimethylacetamide (DMAC), and dimethyl sulfoxide (DMSO) taken immediately after (a) 

sonication at 25 ºC (b) after standing for 24 h at 25 ºC 

 

3.3.4 Formation of biocomposites  

Biocomposite films formulated using commercial tamarind seed xyloglucan, commercial 

beechwood xylan, and extracted hemicellulose from mango seed husk formed films with different 

physical and surface properties. The commercial xyloglucan formed self-supporting films (Fig. 8a) 

while xylan, on the other hand, formed non-coherent and brittle films (Fig. 8b). Further, a 

combination of xyloglucan and xylan (xyloglucan/xylan ratio = 0.47) resulted in a composite film 

with fewer cracks, however, the film was brittle (Fig. 8c). The cracks disappeared upon the addition 

of 20% glycerol (Fig.8 d). The hemicellulose extracted from the mango seed husk on other hand 

formed self-supporting films without the addition of a plasticizer (Fig. e). The films were, however, 

brittle, and therefore plasticizer was added to improve the flexibility (Fig. 8f). The effect of the 

plasticizers and addition of FCNC on the biocomposite mechanical functional properties are 

presented in Figures 9 and 10, respectively. 

Dispersed 

nanocellulose 

Water DMF DMAC DMSO b 

DMSO DMAC DMF Water a 

Aggregated 
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3.3.5 Production of mango seed husk hemicellulose suitable for self-supporting biocomposite films 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Biocomposite films from (a) xyloglucan, (b) xylan, (c). combination of xyloglucan and xylan 

(without plasticizer), (d), combination of xyloglucan and xylan (with plasticizer), (e) mango seed husk 

hemicellulose (without plasticizer), and (f) mango seed husk hemicelluloses with plasticizer, (g) 

Mango seed husk hemicelluloses with 10% and (h) 40% formic acid generated nanocellulose 
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Figure 9: Effect of plasticizer content on (a) Contact angle, (b) Tensile stress, (c) Tensile strain, and 

(d) Modulus of mango seed husk hemicellulose and commercial hemicelluloses (xyloglucan and 

xylan): MHH=mango seed husk hemicellulose, XGN/XLN = xyloglucan/xylan ratio, with 0, 10, 20, 

30 and 40% plasticizer.  

 

The water contact angles for the MHH films with and without plasticiser were within 50-60o whereas 

those with pure xyloglucan and xylan increased up to 70o (Fig 9a) with the addition of the plasticiser. 

The plasticiser had varying effects on the tensile strength, tensile strain and Young’s Modulus of the 

films. The tensile strength reached 9 MPa with 10% plasticiser but was negatively affected (< 4 

mPa)with plasticiser addition of between 20-30% (Fig. 9b).The effect on the tensile strain was the 

same (~20 MPa) for MHH with plasticiser of 10-20% for the MHH (Fig 9c). The plasticiser effects 

on the tensile strain were noticeable with30- 40% addition of the plasticisers in pure XGN/XLN films 

(Fig 9c) with the largest effect realised with 40% plasticiser. There was a noticeable increase in the 

Young’s Modulus from <500 MPa to > 700 MPa for the 10-20% plasticiser addition in the MHH 

films (9d). In contra’st, the films with XGN/XLN experienced a decrease in tensile strength from 

9  MPa to < 6 MPa (9b). However, there was no noticeable effect on the Young’s Modulus with up 
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to 20% plasticiser (~800 MPa) but a decrease (from 800 to 400-500 MPa) was observed with 30-40% 

plasticiser addition (Fig 9d). 

 

 
Figure 10: Effect of formic acid nanocellulose content on (a) Contact angle, (b) Tensile stress, (c) 

Tensile strain and (d) Modulus of acetylated mango seed husk hemicellulose: AHFN=Acetylated 

hemicellulose with 0, 10, 20, 30 and 40% formic acid nanocellulose. N/B Tensile strength of Low-

density polyethylene films (7 – 25 MPa) (Bastarrachea, Dhawan and Sablani, 2011). 

 

  

Hemicelluloses obtained from the alkaline method were acetylated before being combined with 

nanocellulose (FCNC) produced from the formic acid process to produce self-supporting and 

relatively hydrophobic biocomposites with water contact angles >70o upon addition of up to 30% 

FCNC (Fig. 10a). The tensile strength was > 16 mPa with 30% FCNC. The tensile strain decrease 

with 10-30% FCNC addition (Fig 10c) while the Young’s Modulus increased ~900 MPa (Fig. 10d).  
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3.3.6 Valorization of mango seed kernel 

The mango seed kernel composition consisted of ~4% lignin and 3% cellulose and 

hemicellulose and starch contents of ~18 and ~34% respectively. The low lignin content makes the 

kernel an attractive feedstock for the extraction of polyphenols. The optimized organosolv conditions 

44% v/v ethanol and 54 °C gave a polyphenol extract yield of ~21% with total polyphenol and 

scavenging activity of 4298 mg Gallic acid equivalent (GAE)/100 g, and 83%, respectively. The 

hemicellulose and starch contents of the solid residue were ~20% and ~44%, respectively which were 

validated as shown in Table 17. 

. 

Table 17 Predicted and observed values for organosolv treatment of mango seed kernel at optimal 

conditionsa 

Variable Predicted Observed 

Polyphenol yield (%) 21.75 ± 0.02 20.83 ± 1.23 

Total polyphenol content mg (GAE)/100g 4267.81 ± 1.00 4342.70 ± 0.53 

Scavenging activity (%) 82.77 ± 0.21 82.69 ±0.08 

Starch content of residue (%) 44.14 ± 0.04 43.67 ± 0.76 

Hemicellulose content of residue (%) 23.29 ± 0.02 20.11 ± 1.98 

aOptimal conditions ~44% ethanol, and ~54 °C. GAE = Gallic acid equivalent 

  

Hemicellulose with antioxidative activity (Fig. 11a) were obtained using an alkaline 

hydrolysis of destarched and organosolv treated mango seed kernel. The organosolv treatment was 

optimized to pre-extract polyphenols with minimal hemicelluloses degradation and formation of 

insoluble complexes with other cell components.  

The mango seed kernel optimal alkaline conditions for extraction of hemicelluloses were 

1.5 M NaOH concentration, 44 ºC temperature, and 3 h of reaction time. Under these conditions, the 

hemicellulose yield was 54% (starch-free basis) with lignin, total phenolic content, and uronic acid 

content of 5.05%, 2098 mg GAE/100g, and 12.53% (Fig 11a). Moreover, the hemicelluloses 

contained scavenging activity (54% of DPPH). Sugar composition analysis and FTIR confirmed the 

extract to be xyloglucan with a molecular weight of 108,163 g/mol compared with 2,372,886 g/mol 

for commercial tamarind seed xyloglucan (See Appendix). The maximum thermal degradation 

temperature was at 308 oC, which was similar to the commercial xyloglucan (Fig 4a).  
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Figure 11 (a) Yield of polyphenol and hemicellulose and (b) properties of the residue after 

organosolv, destarching and alkaline treatment of mango kernel 

 

The alkaline treatment left the mango seed kernel residue with the highest cellulose content 

of 15% and lowest hemicellulose content ~30% while increasing the crystallinity (Fig 11 b). The 

optimal conditions for hemicellulose extraction of 1.92 M, 44 °C, and 3 h (Table 18) were validated. 

The validation results were within the predicted with percentage error within 10% (Table 18), thus, 

confirming the repeatability of the results. The hemicelluloses recovered were stable based on the 

Zeta potential > -5 mV. 
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Table 18. Predicted and experimental yields and properties of bioproducts from mango seed kernel 

at optimum process conditions 

 
X1, 

(M) 

X2, 

( °C) 

X3, 

(h) 

Hemicellulose 

yield, (%) 

Lignin 

content 

(%) 

Total 

phenolic 

content (mg 

GAE/100g) 

Antioxidant 

activity, (%) 

Uronic acid 

content (%) 

Optimum 

condition 

1.9

2 

44.0

0 
3.0 ~60 ~5 ~2100 ~56 

~8 

validated 

conditions 

1.9

2 

44.0

0 
3.0 ~55 ~5 ~2100 ~54 

~7 

X1: NaOH concentration (M); X2: Temperature (◦C); X3: Extraction time (h) 

 

4 Discussion  

The compositions of the organic wastes from wheat (Table 8) and the mango residues (Tables 

13 & 14) rendered these bioresources suitable feedstock for extraction of multiple high-value 

bioproducts. A total of seven potential high-value bioproducts were identified from the wheat (Tables 

9, 10 & 11) and mango residues (Tables 13-18). There is potential to extract cellulose, hemicellulose, 

lignin, pectin, polyphenols, proteins and starch from the wheat residues and mango processing waste 

in high yields but only five of the seven bioproducts (lignin, polyphenols, hemicelluloses, cellulose 

and nanocellulose were optimized and validated. The remaining two products, starch and proteins 

were considered as byproducts.  

Two fractionation routes, one for each of the residues (Figs. 2 & 3 for wheat and mango 

residues, respectively) showed that fractionating of the residues in a stepwise fashion increased the 

number of recovered functional bioproducts relative to what can be recovered in a single step. More 

importantly, the optimized stepwise approach combined with strategic selection of treatment 

combinations resulted in a triple gain. Thus, in addition to increasing the number of bioproducts, there 

was a reduction of impurities in the final product in this case the nanocellulose, and the bioproducts 

were obtained at reduced severe conditions. Thus, the key feature for the developed fractionation 

routes is the optimization of the fractionation conditions at each step to ensure maximum yield at 

conditions where functional properties of the targeted product as well as of the residues recovered 

are preserved for the efficient extraction of the subsequent product. Furthermore, the findings have 

shown that pretreatment processes, in this case, the two-stage alkaline and the homogenizer-assisted 

delignification, should be optimized to maximize the yield and functional properties of the 

nanocellulose. Notably, in most of the steps of the fractionation routes, the temperature and chemical 

/ enzyme concentrations were the most influencing factors for obtaining the best product profile with 

acceptable yields and purity.  
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4.1 Wheat residues fractionation route 

Wheat straw cellulose content (Table 8) suited nanocellulose production. The two-stage 

alkaline process, in particular, improved the composition and structure of the recovered wheat straw 

solid residues for nanocellulose production. However, the effectiveness of the treatment differed 

between the two types of wheat residues. 

 

4.1.1 Effectiveness of two-stage alkaline pretreatment for production of nanocellulose from wheat 

residues 

The two-stage alkaline treatment prepared the wheat straw for the production of relatively 

pure nanocellulose (Table 9). However, the treatment was less effective in removing hemicellulose 

and lignin from the wheat bran, even after the bran was de-starched (Table 8), thus, a hemicellulose-

enriched nanocellulose was obtained from the bran which could suit special applications that can take 

advantage of the hemicellulose and lignin functionality, for example, applications in active packaging 

(Mugwagwa & Chimphango, 2020). Furthermore, the residual lignin could act as a plasticizer in the 

biocomposites (Fig. 8). Thus, it might not be necessary to completely remove the hemicellulose and 

lignin contents before producing nanocellulose if diversified functionalities are required in the 

biocomposite.  

A positive effect of the two-stage alkaline treatment on the nanocellulose production was 

reflected by the high crystallinity of the cellulose-rich residue. The cellulose residue recovery from 

the treated wheat straw was 97% with a cellulose content that increased from 36 to 76% and 

crystallinity from 44 to 55% (Table 10). The generated a residue, in the case of the wheat straw that 

met the specifications found in the literature (Teixeira et al., 2010; Kallel et al., 2016; Espinosa et 

al., 2017). The minimum requirements for cellulose-rich pulp suitable for nanocellulose production 

are: cellulose content ≥ 62%, crystallinity index ≥ 48%, hemicelluloses content ≤ 23% and lignin 

≤10% ( Teixeira et al., 2010; Kallel et al., 2016; Espinosa et al., 2017). The release of the 

hemicelluloses, lignin and other components improved the purity and crystallinity of the 

nanocelluloses (Table 10). However, the greatest advantage is the ability to obtain, prior to 

nanocellulose, three bioproducts, thus, hemicelluloses, lignin, p-Coumaric acid (wheat straw) and 

ferulic acid (wheat bran), in higher yields than reported in the literature (Table 9).  Moreover, the 

presence of hemicellulose could impede enzymatic hydrolysis (Penttilä et al., 2013a) The results 

show that total yields of the hemicelluloses and lignin from wheat straw were 77% and 68%, 

respectively (Table 9), and of the p-coumaric yield of 85% with an antioxidant activity of 45% (Table 

10).  

In the case of the wheat bran, over 70% of the lignin and 37% hemicelluloses were recovered 

accompanied by 66% ferulic acid with a 15% antioxidant activity at the mild-alkaline stage. In total, 

52% hemicelluloses and 92% lignin were extracted from the wheat bran, which is not possible in 

conventional extraction processes. The results indicated that the two-stage alkaline treatment was 
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beneficial for the extraction of lignin and ferulic acid from the wheat bran. Furthermore, a cellulose 

recovery of 83% and an increase in crystallinity from 34% to 41% (Table 10) was achieved, which 

were not within the recommended levels for traditional nanocellulose production as per literature ( 

Teixeira et al., 2010; Kallel et al., 2016; Espinosa et al., 2017). The presence of about 31% 

hemicelluloses in the residue, exceeded the maximum of 20% for nanocelluloses production (Penttilä 

et al., 2013b).  

The residual hemicelluloses in the wheat bran solid residue reduced both the onset and the 

maximum thermal degradation temperatures (from 252 °C to 242 °C and 350 °C to 336 °C, 

respectively (Fig 4a). The thermal decomposition temperatures of the hemicelluloses (Fig. 4a) fell 

between 200 and 400 ⁰C. Notably, the release of the hemicelluloses, lignin and other components 

from the wheat bran still creates additional high-value chains (Table 10). The compositional analysis 

and thermal properties of the hemicelluloses, in particular, have high-value applications such as 

hydrogels and additives in papermaking (Farhat et al., 2017; Matavire, 2018).  

 

4.1.2 Comparative analysis of nanocellulose production methods from wheat residues  

The HCl and enzymatic methods as alternative to the conventional sulphuric acid, 

nanocellulose production methods resulted in similar yields, zeta potential and maximum thermal 

degradation temperatures that were higher than the traditional sulphuric acid treatment. In addition, 

the nanoparticles from the enzymatic treatment (ECN) were obtained at a relatively shorter treatment 

time (4.64 h) and lower temperature than the hydrochloric acid (HCN) produced nanoparticles (7.41 

h) for the same yield. The short residence time (4.64 h) for the enzymatic treatment vs 7.41 h for the 

hydrochloric acid (Table 11) can be attributed to the combination of the mono-component enzyme 

(FiberCare R) and multicomponent enzyme (Viscozyme L) thus, making the enzymatic treatment a 

more attractive nanocellulose production method because of the reduced time and temperature (50 

oC) required for processing.  

 

4.2 Mango residues fractionation route 

4.2.1 Mango residues as feedstock for multiproduct recovery in an integrated biorefinery 

The mango wastes (peels, seed and husks) compositions (Tables 12 and 13) formed the basis 

for determining the suitable fractionation conditions for the individual fractions in an integrated 

biorefinery co-producing nanocellulose and other valuable products, in this case polyphenols, 

hemicelluloses, and lignin. The mango peels and kernel cellulose contents (Table 12) were not 

sufficient for nanocellulose production but were explored for anthocyanins, polyphenols and pectin 

in another project (Mugwagwa & Chimphango, 2019; Mugwagwa & Chimphango, 2020). Thus, the 

mango seed kernels composition, was deemed suitable for co-production of hemicelluloses and 

polyphenols, with starch as potential additional product. However, in this project starch was extracted 
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as a byproduct that was not recovered. The mango seed husks, (Table 13), were considered a suitable 

resource for hemicellulose, lignin and nanocellulose production because of being rich in cellulose 

content. 

 

4.2.2 Step-wise multiproduct recovery from mango residues 

Implementation of the multi-product fractionation route presented in Figure 3 yielded 

hemicelluloses and lignin in alkaline and homogenization - assisted organosolv processes, 

respectively. The initial alkaline conditions were optimized for the extraction of hemicellulose that 

would be suitable for thermal stable and self-supporting biocomposite (Fig 8). The hemicelluloses 

were identified to be a mixture of xylan and xyloglucan containing uronic acids and some lignin 

(Table 14). The customized dissolution of the XGN and XLN under the varying alkaline extraction 

conditions differentiated the functional properties of the hemicellulose in MSHs biocomposites (Fig. 

8). Pure lignin (~ 70%) solubilized with >90% purity at ~148 ºC and 60% ethanol with 15 min 

homogenization (Bello & Chimphango, 2021), was obtained from the homogenization - assisted 

organosolv process.  

The high shear homogenization assisted - organosolv (HSHO) process efficiently pre-

treated/fractionated the alkaline treated mango seed husk into high purity lignin and cellulose-rich 

fibres in a biorefinery at lower temperatures when compared to the conventional organosolv process 

(Bello & Chimphango, 2021). The results from the desirability analysis (Statistica 13.2 software) 

showed that 60% ethanol, and temperature ~150 ºC with 15 min homogenization, gave maximum 

cellulose content and minimum lignin contents in the solid residue (Table 15). Validation experiments 

confirmed the findings (Table 15). The solubilized lignin yield and purity were comparable to those 

performed at an elevated temperature of 200 ºC when non-assisted (68.58% and 94.74%, 

respectively). 

At the optimal HSHO process conditions, lignin fragments of purity >90%, with a molecular 

weight of 3247 g/mol and a maximum degradation temperature of 298 ºC was achieved (Bello & 

Chimphango, 2021). The solid pulp showed individual separated fibres with > 75% cellulose, <10% 

residual lignin, and <11% hemicelluloses which enhanced the formation of cellulose nanofibers (Fig 

6). The high purity and molecular weight with the high thermal stability of the HSHO lignin make it 

suitable for a wide range of industrial applications including resins and carbon fibres (Bello & 

Chimphango, 2021). 

4.2.3 Comparative analysis of nanocellulose production methods for mango husks  

A mild and efficient organic acid method based on non-catalyzed formic acid treatment was 

successfully used to produce cellulose nanocrystals from unbleached mango husks (UMH) (Fig 6). 

The differences between the morphologies of the SCNC and FCNC (Fig 6) reflect the different 

reaction mechanisms between the inorganic and organic acids towards cellulose hydrolysis that can 

be used to diversify the functional properties. At the optimum conditions for the formic acid treatment 
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(30 mL/g and 8 h), high yields of crystalline and formylated spherical CNCs (Table 17) with better 

dispersion in different solvents (Fig 7) were obtained. The stability and dispersion of the CNC were 

tested for FCNC in DMAC, DMSO, and DMF. Figure 7 shows that the FCNC dispersed well in 

water, dimethylformamide (DMF), dimethylacetamide (DMAC), and dimethyl sulphoxide (DMSO) 

and was stable after 15 min of sonication except when in water, aggregation was evident after 24 at 

room temperature (Fig. 7).  

Compared to the SCNC, the SFCN presented better thermal stability (Tmax=361ºC) and 

hydrophobicity due to the surface formate groups (Table 16), making it suitable for thermal stable 

nanocomposites for application in industries such as biomedicine, food and cosmetics where thermal 

stability is required. Thus, the non-catalyzed formic acid hydrolysis method provides a greener 

approach for large-scale production of thermally stable, hydrophobic CNCs compared to the classical 

sulphuric acid method that is associated with environmental and technical problems due to the highly 

corrosive and toxic nature. 

4.2.4 Functional and film - forming properties of bioproducts from mango husks  

The alkaline extraction of hemicellulose from the mango seed husk has the potential for 

producing self-supporting films for diverse applications including food packaging. The 

hydrophobicity of the MHs films did not change with the addition of a plasticizer while that of the 

pure XGN/XLN composite showed a positive effect upon the addition of the plasticizer, attaining 

water contact angles of up to 70o (Fig 9a). The presence of lignin in the mango seed husk 

hemicellulose could have acted as a plasticizer to aid in film formation. This may explain the effects 

of the plasticizer on the tensile strength, tensile strength and Young’s Modulus presented in Figures 

9b-d. The plasticiser (10%) increased the tensile strength while 10-20% increase the Young’s 

Modulus (Figs 9b & d). The mechanical properties of the biocomposite were improved by the addition 

of a plasticizer (Figs. 9a-d), which suggest that it is beneficial to have lignin as an inherent plasticizer. 

Nevertheless, with the addition of > 40% nanocellulose, both the tensile strength and modulus 

reduced. Therefore, the maximum nanocellulose addition should be limited to < 40%. 

The hemicelluloses obtained from the alkaline process (MHHs) were acetylated before being 

combined with nanocellulose (FCNC) produced from the formic acid process to produce self-

supporting and relatively hydrophobic biocomposites. The water contact angles >80o (Fig. 10a).The 

addition of the formic acid produced nanocellulose to acetylated mango seed husk hemicellulose 

(without plasticizer) improved the mechanical properties (Young’s Modulus and tensile strength) and 

hydrophobicity of the films (high contact angles) compared to hemicellulose only (Figs. 10 b-d). The 

mechanical properties of the biocomposite compared well with those of the commercial low - density 

polyethylene (LDPE) that are used in food application (Bastarrachea, Dhawan & Sablani, 2011). The 

tensile strength and Young’s Modulus were approximately 11MPa and 240 MPa, respectively. 

Overall, the mango seed husk offers important mixtures of biodegradable polymers (hemicellulose, 

lignin, nanocellulose) for film formulation for packaging application.  
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A self-supporting film with a maximum degradation temperature of 290 °C was obtained 

from the extracted hemicellulose envisaged for application in food packaging. In addition, 

biocomposite films produced using MHH with varying XGN and XLN presented higher thermal 

degradation temperatures than the commercial counterpart CXLN. Moreover, it was observed that 

XGN in any ratio during the production of xylan composites films could improve the overall thermal 

stability of the film (Fig. 8). Thus, feedstocks such as MSHs with varying types of hemicelluloses, 

present ideal feedstocks for obtaining hemicellulose extracts with diversified functionalities. 

However, the co-existence of different types of hemicelluloses with lignin and cellulose warrants 

investigation for possible integration in a biorefinery setup. Also, the role of residual lignin in 

biocomposites requires further investigation. This study has demonstrated a novel approach for 

diversifying hemicellulose applications and adding value to mango waste. 

 

4.2.5 Potential industrial applications of the nanocellulose and the co-products from wheat straw 

and wheat bran 

The fractionation routes developed for the wheat straw and wheat bran were optimized to 

produce five bio products, which in literature have shown to have ready markets. Table 19 provides 

a list of some of the applications. The hemicelluloses obtained can be applied in the papermaking 

industry as an additive to improve its mechanical properties. The nanocelluloses produced (SCN, 

HCN, and ECN) presents the potential to be applied in aerogels, hydrogels and wastewater treatment. 

 

Table 19: Potential applications of bioproducts from wheat straw and wheat bran 

Product Potential applications References 

Hemicelluloses 
Hydrogels and additive in paper making 

industries 

Yuan et al. (2016); Farhat et 

al., (2017); Matavire, (2018)  

Lignin 
Polymer composite materials and partial 

replacement in phenolic resins 

Li & Mcdonald (2014); 

Watkins et al., (2015) 

Ferulic acid 
As precursor in vanillin production, 

pharmaceutical industry 

Tapin et al. (2006) ; Ou et al., 

(2007) 

p-Coumaric acid 

As a precursor in p-hydroxybenzoic 

acid the production, enhancing foaming 

abilities and applications in emulsions 

Jiang et al. (2016b); 

Phongthai et al., (2016) 

Nanocellulose 
Aerogels, hydrogels, and waste-water 

treatment 

(France et al. (2017); Shak et 

al. (2018) 

 

The thermal decomposition temperatures of the hemicelluloses (Fig. 4a) and lignin (Fig. 4b) 

between 200-400⁰C is a reflection of the functional properties of the two products. The compositional 

analysis and thermal properties of the hemicelluloses, in particular, shows potential for application in 
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thermal stable hydrogels formation and other industrial applications such ascoatings in papermaking 

industries (Farhat et al., 2017; Matavire, 2018). Furthermore, the thermal stability and anti-oxidant 

activity of the extracted hemicelluloses, would suit applications such as the formulation of active 

food packaging. 

 

The extraction of polyphenols of high antioxidant activity from mango seed kernel for 

application in both the food and non-food industries, while obtaining a solid residue of high starch 

and hemicellulose content for further extraction and valorization. The kernel residue can be used for 

the production of multifunctional composites or bioproducts. Therefore, higher economic exploits for 

the mango seed kernel can be realized through the biorefinery concept. The efficient extraction of 

hemicellulose with antioxidant activity provides a promising feedstock for the formulation of active 

packaging without the addition of external antioxidants for application in many industries including 

the food, paper making, and biomedical fields just to name a few. 

 

5 Conclusion 

There is more value that can be obtained from wheat and mango - based organic waste in step-wise 

integrated biorefineries in which each step is optimized for the extracted bioproduct and the residue 

than in conventional biorefineries. A two-stage alkaline treatment has demonstrated to be a potential 

novel pretreatment method for preparing the wheat residues for nanocellulose production under 

reduced severity of the process conditions while increasing the number, yield and purity of the 

bioproducts recovered. The step-wise fractionation routes, with optimization of each step have 

demonstrated that five bioproducts (lignin, polyphenols, hemicelluloses and nanocelluloses) could be 

produced in high yields and purity. The findings have provided a basis for selecting a combination of 

bioproducts with the potential to give maximum economic value from the organic wastes with 

environmental gains. However, the techno-economic feasibility and the environmental sustainability 

of implementing such biorefineries either at the place where the residues are generated or as stand-

alone entities need further investigation. Furthermore, more applications of the bioproducts and 

byproducts and the economic contribution to the biorefinery need to be investigated. For instance, 

the monomers including glucose from the enzymatic treatment (14.28 g/l) could be used for ethanol 

production generating a theoretical yield of 7.3 g/l.  
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8 ANNEXURE  
 

Annexure 1: Quality assessment of wheat residues for nanocellulose production using FTIR  
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 Fig A1: Effect of mild alkaline and severe alkaline on (a) wheat straw residues (MA WS residues) 

and (b) wheat bran residues (MA WB residues and  
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Annexure 2: TGA analysis of Mango Husks Hemicelluloses 

 
Fig. A2: TG/DTG thermographs of a. Mango seed husks hemicelluloses (MHH) at optimum 

extraction conditions, b. Commercial xylan (CXLN), c. Commercial xyloglucan 

(CXGN), d. CXGN/CXLN (0.29), e. CXGN/CXLN (0.47), f. CXGN/CXLN (0.13), g. MHH with 

XGN/XLN (0.29), f. MHH XGN/XLN (0.47), and i. MHH XGN/XLN (0.13) 
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