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ABSTRACT  
 
The end-of-life of the non-recyclable EFB alkaline peroxide fibres was extendable when 
the mechanisms of harvesting the nano-structured cells were elucidated. Through 17000 
kWh/mt mechanical shearing impact, cells of 5 nm to 100 nm thickness peeled. The 
energy intensiveness can be resolved by supercritical fluid extraction of radical treated 
EFB. The cells with 60% crystallinity blended cellulose, auxochromes, xylan and nano-

minerals, accounted for the 24% enhanced softness. Registered as ‘TRX-cellsⓇ, the 

cells portray affinity for colours, enabling precision printing when coated on commercial 
A4 paper and delivery of plant pigments to the grain core. The cells cascading 
mechanism fulfills a closed-loop process, demonstrating the actualisable circular nano 
technology in EFB utilisation, harmonising people-nature-technology coexistence 
through an accentuated profit for sustainability. 
 
1. INTRODUCTION 

EFB, the acronym for Oil Palm Empty Fruit Bunch, is the commodity from the mill rather 
than the plantation. Despite its abundance and value, EFB is still underutilised, but its 
vascular bundles are availed in the market as ‘dried long fibre’. Due to its scattered 
market, their use as plant potting substrate is popular but the application does not 
efficiently maximise the inorganics as well as the predominant organic portion of the 
biomass, but the natural high-emission degradation. Analogous to straw whitening in hat 
making, dioxydanyl radicals (DIOR) engendering lignin conversion to auxochromic 
molecules [1-6] was the driver for the two-in-one cellulose extraction and photo-
stabilising processes. Eliminating the need for a separate bleach plant is the 
instantaneous path to capital-saving [5, 6]. The dearomatisation concept allows the 
system to offer high-yield and high-brightness output, fulfilling the resource efficiency 
criteria posited by Pena et al. [7].  

Cumulative research on alkaline peroxide pulping of EFB proved the possibility of a high-
strength fibre web that was only imperfect for recycling. The drawback is grievous 
considering the existing 680,000 trees-equivalent local paper wastes [8] and those 
occupying 10-40% of worldwide landfills. Thus, attempts to divert such non-recyclable 
fibres [9] and transform them into a value-added commodity is a saviour move towards a 
closed but extendable, and intensifying loops strategy [10] for circularity. In this study, 
we transformed the non-recyclable fibres to a higher-value cell mass for microscopic, 
spectroscopic, and crystallographic analyses. The understanding deepened by 
correlating the data with the functional properties imparted by the cell's rice and paper 
coatings performances. The findings allowed warrant assessment circularity fit within the 
oil palm residue (OPR) circularity model. 

Downsizing the DIOR-treated EFB via Andrits refining system and half the maximum PFI 
milling [11], the fibre web’s resistance to the pulling forces revealed an extraordinary 
tensile index (54 mN/g [12] arising from the synergy between sophisticated molecular 
scale and physical interlocking, interdiffusion, electrostatic, capillary bridge, micro-
compression, hydrogen bonding, van der Waals forces as well as the C-O:::H related 
hydrogen bonding [13, 14].  

To elucidate the underlying mechanisms, the deconstruction effects and the cell 
morphological transition with the cascading impact were examined.   A creative thought 
process is required to imagine the correct mounting technique and the processes 



needed to reach the target answer to the research question.  The section that follows 
narrates the old and new techniques of cell analysis ranging from classical to 
spectroscopy and advanced electron microscopy. The research attempted to answer 
critical mechanistic questions and concluded that the mechanical actions, whether from 
solid punches or gaseous bombardments, worked in synergy with the preceding 
chemical reaction. DIOR-EFB, the backbone for EFB fibre deconstruction, therefore, has 
to be efficient. Additional steps are synonymous with additional capital and are excluded 
from the write-up. Understanding the reactivity and lability of components to DIOR is the 
key to mechanistic elucidation. Thus, this chapter presents the impact the DIOR-treated 
experienced, leading to TRX-cells® alongside the application of new formulae and 
metrics in materials characterisation.    

RESEARCH METHODOLOGY 

Mechanism of DIOR-Initiated Fibre Deconstruction 

EFB microfibre deconstruction was studied by delving into the properties of the 
cascaded cells. Under conditions that support the dioxydanal radicals (DIOR) formation, 
the vibrant bubbling and whitening of the biomass in the reaction chamber after several 
minutes of darkening were the unique indicators of DIOR pre-treatment occurring at the 
desired level. A custom design setup was adopted to ensure constant contact between 
the biomass and the DIOR solution despite a 10-to-1 liquor-to-biomass ratio. For a 
brightened fibrous mass with Kappa Number above 90%, a high-yield figure is expected 
and this means that the DIOR reaction had modified the micro-molecular lignin into 
photo-stable fragments. 

Cell Softness: Webs of cells derived from 0 to 1700 kWh/t each milling energy were 
subject to underwent tear resistance and optical tests per TAPPI (1997) Test Method 
T414 om-98 and T425 [15,16], respectively. The study established a method for 
measuring cell softness from the tear resistance profile depicted in formula 1:  

Cell Softness Enhancement (%) = (Initial Tear Index)/Ultimate Tear Index) x100 …[1]  

Cell Microscopy: Nano-scale masses were first confirmed by the cloudy appearance 
detected under the light microscope. From this checkpoint, samples were prepared 
appropriately to detect the detailed view of the nanoscale call mass. The 3D appearance 
of delaminated cells was captured using Leo Supra 50VP Carl Zeiss Scanning Electron 
Microscope (SEM). The standard R200 or ‘accepts’ amongst the pulp mass is denoted 

microfibres or “𝜇-fibre” and the PFI-milled cells registered with “TRX-cellsⓇ” trademark 

are also referenced as “nano cells” and “TRX”, interchangeably. 

The advanced microscopy at the Science and Engineering Research Centre, SERC, 
Universiti Sains Malaysia’s Engineering Campus were chosen as the analysis hub due 
to their familiarity with handling the samples from the project. High-resolution 
Transmission Electron Microscopy (HRTEM, FEI TECNAI G2) of the obtained cells 
mounted on copper and lacey carbon grids enhanced the qualitative and semi-
quantitative elemental mapping through the Oxford X-MaxN 80 mm2 with INCA software. 
A prolonged electron bombardment triggering rupture of the non-conductive hydrocarbon 
cells was the mark for differentiating the cells from the lacey carbon. Extra High-
resolution Field Emission Scanning Electron Microscopy (XHR-FESEM) was also 
accessed when differentiation between atomic level tones was required. 



Relative Crystallinity 

X-Ray Diffraction: While X-ray Diffraction spectroscopy is well-known for accurate 
estimation of crystallinity of inorganic samples, FTIR has in recent days established a 
better measure of crystallinity or the organic cell mass.  This study opted for both 
techniques to also prove dearomatisation of the ligno-components. X-ray Diffraction 
(XRD), designed for clearcut crystallography of inorganic crystal lattices, was employed 
to benchmark the overall crystallinity transition of the feedstock to nano cells. 
Crystallinity values commonly derived from XRD were used to probe the raw changes of 
the cell mass while specific changes in the organic functional groups related to DIOR 
reaction with EFB were spotted in Fourier Transform Infrared (FTIR) relative crystallinity. 
The X-ray Diffractograms of the raw material (Biomass Feedstock), microfibre (𝜇-fibre) 

and the nano cells or TRX-cellsⓇ were compared. XRD was performed on a goniometer 

using CuKα anode radiation generated at 40 kV and 35 mA. The CuKα radiation 
consists of Kα1 (0.15406 nm), Kα2 (0.15443 nm) and the subtracted Kβ2 (0.13923 nm) 
component. The 0.5-1 mm slits were fixed for a 320 mm goniometer working radius to 
handle signals from approximately 0.5-1 g dried samples mounted onto a quartz stub. 
Samples’ crystallinity indices (CI) were calculated from the height ratio between the 
intensity of the crystalline peak (I200 - IAM) and total intensity (I200) after correction for the 
background signal. The crystallinity index was derived from equation 1, deemed the 
most robust measure for crystallinity derivation proposed by Park and team (2010) [17]. 

Crystallinity Index, CI = (I200 -  IAM)/ (I200) ......[2] 

Fourier Transform Infrared (FTIR) spectra of the soft matter possessing weaker 
intercomponent bonds (cf. inorganic crystal latices) typical of cellulosic samples (EFB 
feedstock, dioxydanyl-reacted refined EFB (‘μ-fibres’) and PFI-milled mass) were 
acquired using the Perkin Elmer’s Frontier FT-IR/NIR interfaced with MIR-TGS detector 
and UATR accessories. A total of 16 cumulative scans were taken, at a resolution of 8 
cm-1, in the default frequency range of 4000-650 cm-1. Similar to the work of Ciolacu and 
team [18], crystallinity values were then derived from the ratio of the absorbance signals 
(Abs) corresponding to bands sensitive to crystallinity changes at 2900 cm-1 with the 
relatively unsusceptible band at 1372 cm-1 as indicated in Equation 3. 

Crystallinity = Abs2900/Abs1372x100  ........... [3] 

Spectroscopic Analysis: The functional group transformation was also tracked via 
Perkin Elmer’s Frontier FT-IR/NIR interfaced with the MIR-TGS detector and UATR 
accessories. The nano cell isolates were dried and analysed in triplicate. 
Dearomatisation, referencing the cleavage of the benzene ring due to electron 
localisation in the presence of dioxydanyl radical, was detected by examining the 1000-
1500 cm-1 region. 

Circularity Metrics 

As the circular bioeconomy principles emerged and is becoming dominantly trending, the 
study establishes a simplified method for determining the circularity fit specific to EFB 
utilization. The estimation takes selected parameters in Table 1 into account and the aim 
was to decide on the products promoting circularity for inclusion in the circular 
nanotechnology diagram. 



Table 1: Thought Process Behind Circularity Metrics 
 
 PARAMETER MAXIMUM WEIGHT  DEFEATING FACTOR 

 UN SDG  Aligned to global move Baseless ‘sustainability’, 
‘economic’, ‘eco-friendly’ 
claims. 

 Water Consumption  Looping is a plus. Water intensiveness. 

 Market Deliverability Solution to pressing issues. Impractically complex. 

 Industrial Symbiosis  Promotion of equity. Suppressive. 

 Carbon Cycle C-Sink or C-sequestration. Carbon loss and emission. 

While proven market viability (high demand & less adverse repercussions) carries the 
highest weight, a track record of proven commercial failure and bankruptcy is lightest in 
in the weight scale.  The Circularity Fit discussed throughout the report refers to the 
evaluation in Table 2. 

 Table 2: Circularity Fit Assessment for Oil Palm Biomass  
Reproduced from Reproduced from https://doi.org/10.1016/j.heliyon.2024.e30824. 

 

2.          LITERATURE REVIEW 

The alkaline peroxide lignin modification has been an established reaction since the first 
industrial revolution. It only came to the fibre extraction industry as many died of cancer 
due to the dioxin type of byproduct released in chlorine bleaching of papermaking fibres.  

The skilled technique of handling the precursor generated the dioxydanyl radicals 
(DIOR) leading to Reaction 1.  

https://doi.org/10.1016/j.heliyon.2024.e30824


…Reaction 1 

At the right pH, these radicals initiate electron localisation. Cleavage of the aromatic ring 
into an aliphatic moiety released the ‘radical-altered lignin’ or “RADIAL”. It is this 
‘dearomatisation’ stage in Reaction 2 that allows effective fibrillation of vascular bundles 
to fibres.  

…Reaction 2 

3.          FINDINGS 

Mechanism of Nano Cells Generation: Web durability is the picture of the cells 
domiciling the web.  The tear resistance profile (Fig. 1a) provided a wealth of clues for 
the nature of crack propagation. Data from this research revealed a trend mimicking the 
behaviour of soft matter [19] contrasting the fracture mechanics theories [20]. Morries 
[21] attributed the sum of the impeded tear strength of the individual constituents added 
up to the resultant profile. Specific to the studied cells constituting the web, the negative 
slope correlates with the degree of the accentuated binding materials. While the first 
down-trend phase is associated with the liberation of binder that causes splitting of fibre 
bundles, the more vivid phase of tear obstruction correlates with the extent of fibrous 
mass redistribution shown as the circled cell mass (CM) in Fig. 1b iii-v, which possesses 
lower individual strength than their intact fibrils (IF).  

Tear, which occurs by propagation of cracks from the strain-concentrate initiation point, 
involves obstruction along the sacrificial bond [20]. In the case of the generated cells, the 
tearing occurred at the CM-IF interface (Fig. 1b), suggesting a weakening of the web as 
the thin cells formed the fixation points on the intact fibril in the cell web. As beating 
intensified, the redistributed mass of binding materials consisting of both the DIOR-
reacted or the dearomatised ligno-fragment and the DIOR-resistant non-cellulosic 
became the interlayering binder in between fibrils. The CM-IF resulted in webs of 
declining tear indices similar to the profile uncovered portrayed by softwood fibres [22].  
As the cell mass compacted into a 60-gsm web, the inter-fibre micropores were filled up 
with the soft elements, restricting constituent mobility or ability to slide, which Eltahan 
[23] identified as a factor for the declining tear strength.  

 



 
(a) 

  
(b) 

Figure 1: Transition of cell softness is captured in (a) tear profile, triggering curiosity to 
perform (b) a close-up look at the cells.  Reproduced from 

https://doi.org/10.1016/j.heliyon.2024.e30824 

The extremely thin cells in Figure 1b-iv and the unique mechanics of soft materials can 
be maximized to reduce analysis costs, especially at the industrial production line. A little 
scientific tapping into the area would add efficiency to the existing quality control 
measures. Specific to the materials in focus, the cells must have contained DIOR-
resistant elements like hemicellulose [24-26], pectin, polyphenolic material, structural 
glycoproteins, and small quantities of proteins contributing to the 26% softness 
enhancement.   

Given the ligno-components’ susceptibility to DIOR, the observed cell thinning (that 
favoured web tensile over tear resistance), also reflects the extent of DIOR penetration. 
Overall, intra-fibre bond breaking, fibre cutting (segmentation) and external fibrillation, 
which led to cell wall peeling or ‘delamination’ were all spoken by the micrograph in 
Figure 2.  

 

Figure 2: Delaminated cell walls reflecting the extent of DIOR-EFB reaction and 

permeation. Reproduced from https://doi.org/10.1016/j.heliyon.2024.e30824.  

https://doi.org/10.1016/j.heliyon.2024.e30824
https://doi.org/10.1016/j.heliyon.2024.e30824


Quantitative Accounts of Soft Transition: The highest semi-crystallinity is attributable 
to the ordered cellulose and the ordered dearomatised components in the intact alkaline 
peroxide fibres. TRX-cells®, consisting of the unravelled DIOR-resistant hemicelluloses, 
fibrils, auxochromic molecules and nano-minerals gave rise to a 7-14% drop in 
crystallinity. Signals associated with the preferred (110) and (200) crystal lattices [25, 26] 

show crystallinity reduction of the milled nano-scale cells (denoted TRX-cellsⓇ) 

attributable to the attenuated intra- and intermolecular hydrogen bond of the 
lignocellulosic composite. The apparent enlargement in the FTIR signal (3300 cm-1) in 
Figure 3 is consistent with the collective increase in the hydroxyl groups with RADIAL 
(Reaction 2). 

 
Figure 3: Consistent trend in crystallinity from XRD and FTIR. Reproduced from 

https://doi.org/10.1016/j.heliyon.2024.e30824. 
 
The redistributed recalcitrant cells, including the non-cellulosic mass, led to an overall 
crystallinity reduction from a 64-73% range to 55-68%. Delamination was elucidated as 
occurring at the weakened middle lamella following the detection of nano calcium. 
Calcium pectinate’s role in mediating ionic interactions linking the pectins in the middle 
lamella to the pectins in the primary cell walls is an important illumination. The evidence 
also provides a matching account for cell thinning in line with the middle lamella’s 
reported 50 nm thickness [27].   High-resolution TEM testified the cell's thickness 
ranging from 5 – 100 nm (Fig. 4), validating also the presence of fibrils-embedded 
hemicellulose [27]. As much as middle lamella prevents living cells from sliding away 
from each other, it also limits the liberation of the fibril, defying the formation of 
nanorods.  
 

https://doi.org/10.1016/j.heliyon.2024.e30824


 
(a) 

 
(b) 

Figure 4: HRTEM analysis of TRX-cells®. Uncovering (a) nanoscale inorganics in the 
elemental mapping of the cells in (b) theoretically matched to the middle lamella. 

Reproduced from articles at https://doi.org/10.1016/j.heliyon.2024.e30824 and 
https://doi.org/10.35812/cellulosechemtechnol.2021.55.92. 
 

In essence, alongside the cascaded TRX-cells® are the nanometre scale bio-binder that 
co-exists with bio-inorganics. The nano-scale components constituted in the TRX-cells® 
functionalised its coating for precision printing (Figure 5) and antioxidant-loaded grain 
coatings (Figure 6). 
 

 
Figure 5:  Inkjet ink distribution on A4 paper (a) without TRX-cells® and (b) with TRX-
cells® through ink sipping and floating mechanisms via the (c) nano canals created with 
TRAX-cell® atop the A4. Reproduced from 
https://doi.org/10.35812/cellulosechemtechnol.2021.55.92. 

Pigment-TRX-cells® affinity enabled precision printing (Fig. 5b) with 84% printability 
improvement as ink sipped into the canal of the TRX-cells® layer. Due to the canopy 
effect arising from 15% CaCO3 filler in the commercial A4 paper, the cells were not 
entirely stuck on the fibres. The “sipping and floating” effect allows sharp prints. Floated 
ink was the plausible hidden mark on the other leaf of the paper. The phenomena allow 
ink saving due to the reduction of the dendrite (B1 in Fig. 5a) and micro splash (S in Fig. 
5a), sipping of inkjet inks into nano canals in Fig. 5c.  

In rice-grain coating with the violet pigment of Clitorea ternatea, TRX-cells® acted as 
pigment immobilizer, chauffeuring the ink to the surface of the grain. Due to the higher 
pigment-starch affinity, the violet ‘rushed’ into the core of the grains as soon as contact 
occurred.  Heat treatment after coating left TRX-cells® functioning as a thermo-blanket. 
Combined with the thermo effect, xylan in TRX-cells® allowed longer grain shelf life given 
the preservative characteristics of xylan. 

https://doi.org/10.1016/j.heliyon.2024.e30824
https://doi.org/10.35812/cellulosechemtechnol.2021.55.92
https://doi.org/10.35812/cellulosechemtechnol.2021.55.92


Figure 6: Rice grain coated with pigment-loaded TRX-cells®. Reproduced from Ghazali 
et al., 2021b. 

TRX-cells®: Circular Nanotechnology for Biomass Management: In the whole 
research picture, TRX-cells® production is nestled snugly in the circular oil palm residue 
management model. The circular resource management within TRX production itself is 
much simpler than the envisioned framework for NFC or bioethanol production from EFB 
in the prior analyses [28].  

The model in Figure 7 also houses the already materialised Thai mushroom production 
[28] using EFB as a growth substrate. The idea has unlocked EFB as a practical 
feedstock for bioethanol production post-mushroom harvest for the food and 
pharmaceutical markets. Such a smart move prepares the feedstock for a renewable 
energy material and simultaneously minimising waste alongside bioethanol generation 
and mushrooms for food security. The model also envisions the oil palm industry as the 
quadruple-edge revenue analogous to the biomass circularity model of the rubber and 
rubberwood industry [29]. Actualisation of the model would enhance the GDP 
contribution from the palm oil mill and plantation to the country. 

An alternative low-energy process discovered in this study (Process X, Figure 7) is 
capable of converting both fibres and biomass to nano cells provided fine-tuning is made 
in the biomass preprocessing stage. Details of this will be discussed elsewhere. 



 
 
Figure 7: Circular nanotechnology for EFB. Reproduced from 

https://doi.org/10.1016/j.heliyon.2024.e30824. 
 

4.          CONCLUSION 

TRX-cells® ultra-high yield reasoned by the coexistence of cellulose and non-cellulose 
differentiates it from nanocellulose rods and crystals widely reported in the literature. The 
unique components of TRX-cells® were the main enablers of its application in precision 
print and grain coating. The plethora of usable commodities generated along the nano-
cell production implies the process' good fit into the circularity model, engendering the 
desired closed, extended, and intensifying loops strategy for ultimate carbon 
sequestration as end-of-life. The potential NFC-alternative cells generated via rapid 
process illuminate the nanotechnology venture nestling within the circular oil palm 
residue (OPR) management. Leveraging the resource-efficient criteria of the DIOR 
system provides crystal clear directives towards the clear-sighted circular 
nanotechnology in EFB utilisation not only to prevent waste accumulation and the 
associated systemic impacts from pest infestation, fouling, open burning and emission 
but also to generate profits while preparing the material for subsequent. Beyond 
mechanisms of circular nanotechnology, actualising circularity in oil palm farming and 
palm oil milling sheds promises to lift the pain plaguing oil palm smallholders. 
Maximising every opportunity for equity downstream and upstream would create balance 
for the sustainability and prosperity of the industry. 

 

https://doi.org/10.1016/j.heliyon.2024.e30824
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ii) Human Capital Development 
 

The project leader screened for a master student to pursue the first-year 
milestones in a staggered manner throughout Covid-19 lockdown and the new 
norms. Several final year students also successfully graduated between 2021 to 
2023 applying seed ideas from the research. 
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UNIVERSITI SAINS MALAYSIA. 
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CRLY2023P0
6804 

GENERAL CIRCULAR BIOECONOMY MODEL 
FOR AGROCOMMODITY    

CRLY2023P0
6805 

MAP OF POWERFUL BUSINESS MODELS - 
GUIDE TO VARIOUS PROFIT CHAINS  

CRLY2023P0
6806` 

XP-LOGIC FRAMEWORK FOR OIL PALM 
RESIDUES  

CRLY2023P0
6807 
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DISCLAIMER 
This write-up condenses the findings of the long research to 15 pages. The comprehensive 

details on theEFB fibre deconstruction to TRX-cells® are in Heliyon accessible at 

https://doi.org/10.1016/j.heliyon.2024.e30824 and 

https://www.cell.com/cms/10.1016/j.heliyon.2024.e30824/attachment/eec12673-1423-4d3f-

a8c2-3d1bb837ad3a/mmc1.pdf  Details on applications are in 

https://doi.org/10.35812/cellulosechemtechnol.2021.55.92 and Malaysian Journal of 

Microscopy, 17(2):20-31. (18) (PDF) CAPTURING ANTHOCYANIN IMMOBILIZATION 

ON RICE THROUGH THE ULTRA-HIGH RESOLUTION ELECTRON LENSES 

(researchgate.net)  
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