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Fourier transform infrared (FTIR) is a powerful technique of chemical structural
elucidation for pure compounds but demanding for heterogeneous samples. 
Configuration with a complete spectral library supports auto-elucidation simply by 
matching with the spectral database. The technique is highly accurate for a pure, totally 
unknown organic sample but no more than an approximation for a complex 
macromolecule or a mixture of compounds due to the poor selectivity or the inability 
to differentiate C-H variations. Spectral complexity increased with sample 
heterogeneity due to the responses from inter-atomic or molecular bond vibrations, 
making analysis demotivating enough to prompt analyst to duplicate interpretation. 
This study demonstrates a stepwise guide for interpreting the FTIR output. Comparative 
analysis of signals laid on a spectral overlay was demonstrated, followed by band 
assignment based on assimilated literature and underlying reactions. Scrutiny on the 
critical spectral regions required sound FTIR interpretation of heterogenous samples to 
arrive at an adequate scientific understanding of the underlying reactions. With a 
justified choice of band, samples' relative crystallinity determined via FTIR 
approximated those derived from the x-ray diffraction (XRD) spectroscopy.  Beyond 
crystallinity, the calculated indices may also be the markers of certain reactions and 
sufficient replication could be used to define the route of the extent of the reactions. 
Adopting the recommended steps allowed a comprehensive understanding of scientific 
work. The findings signal FTIR's suitability for robust analysis of heterogeneous samples 
with the level of accuracy dependent on the depth of data harvest and sound theory-
backed interpretation. 
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1. Introduction

Vibrational spectroscopy is a low-energy and low-cost technique of ultra-high accuracy and
precision analyses. Its applications have gone beyond purity analysis in the manufacturing sector 
but gained a prominent call for rapid and non-invasive diagnostic tools for cancer [1], HIV [2],
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diabetes and periodontitis [3]. With technical push and clinical friendliness [4], the 
inexpensive, rapid FTIR analysis will be the sought-after non-invasive medical diagnostic tool in 
no time. Besides structural elucidation of pure chemicals, the analytical reliability of the 
heterogeneous sample analyses is now possible with software-assisted structural elucidation, 
quantitative analysis, and image analysis making analysis handier than ever.  

Equally heterogeneous is the fibrous biomass ensuing 85% of the global edible oil [5], 
attracting the global research on utilisation. In inscribing the invisible changes, FTIR came as an eye 
for structural studies on the domiciling supra-molecule. With Malaysia’s record high MYR102 billion 
export worth of oil [6] are the countless constituent commodities, entitling the edible botanic oil 
sector to weave symbiosis with the cosmetics and health industries [7]. Post-harvest of the oil fruit 
bunch, the complementary 90% portion consists of residual fibrous mass [8] accounting for some 
35 million tonnes of the oil palm empty fruit bunch also as a commodity for other production 
lines. Pre-processing of the bunch structure by depithing yields valuable vascular bundles called the 
empty fruit bunch (EFB) housing the supra-molecular components in Figure 1.  

Fig. 1. The component of biomass is a heterogeneous mix of (a) hemicellulose (b) cellulose as the 
predominant component and (c) lignin, hailing biomass as lignocellulose and the less said others. 
Reproduced from https://butane.chem.uiuc.edu  

Besides the principal components in Figure 1, non-dominant structures with similar functional 
groups are tannins and alkaloids. Zooming into individual cellulosic fibres reveals the presence of 
such quinones as the 2,5-dihydroxyacetophenone and similar isomers. In chemical pulp, which is 
reputed for purity, 2,5-dihydroxyacetophenone was detected at a trace, ppb level, suggesting the 
presence of residual lignin [9,10].  

The biomass of focus in this study is the oil palm empty fruit bunch (EFB) and the extracted impure 
fibres. Unlike the fibres from the lignin-removing process, the less reviewed ones are the semi-
chemical pulp generated by the relatively new, high-yield alkaline peroxide pulping. The technique is 
dubbed as the solution to the polluting chemical pulping principle and the 2-in-1 pulping-in-bleaching 
outcome helped reduce the capital otherwise required for a chemical system with a separate 
bleaching plant. Offering pulp properties comparable to a chemical pulp [11] with a unique mass of 
useful fines, making zero-waste and resource efficiency [12] an actualised pillar. The high-yield fibres 
are particularly unique with retained radical-altered lignin fragments (RADIALS) with such other 
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components as vanillin [13] and carotenoid [14] recognised as extractable. Despite the impurities, 
the fibres could be deconstructed to nano-scale cells that could functionalised food via desirable 
coating effects. Besides food, the generated cells also enabled precision printing engendered by 
nano-capillary effects of TRX-cells’ fibrillary ends [15]. Its compatible use as a transport [16] agent for 
bio-pigment, are scores for its potential use as the bio-nanocarriers in controlled-release drug 
delivery analogous to nano-chitosan counterpart [17].  

Owing to the unique TRX-cells and microfibre composition, the duo is selected in outlining the 
systematic guideline for interpretation of FTIR of heterogeneous samples – a good pick for 
interpretation due to its bizarre properties in comparison to the commonly discussed cellulose nano-
fibres. Additional analysis of crystallinity is also discussed relative to XRD crystallography for insight 
into data discrepancy and to testify the trend in crystallinity values derived using FTIR. With the 
details combined, this study aims to outline the steps for FTIR spectral interpretation involving 
complex or heterogeneous samples via selective literary analysis beyond the identification of 
functional groups. 

 
2. Methodology 
2.1 Sample Preparation 

 
The oil palm empty fruit bunches (EFB) vascular bundles were reacted at 70oC in a water bath 

with sodium hydroxide premixed with hydrogen peroxide. The generated dioxydanyl radical reacts 
with the chromophoric groups of plant biomass to form photostable organic molecules. The bright 
resultant biomass spawning from the fascinating reaction principle makes it widely used in pulp 
production and bleaching processes [18] troubleshooting the environmental impact of chlorine 
bleaching and sulfur-based fibre extraction process. The 2-in-1 bleaching-and-pulping process 
commensurate with the resource efficiency principles or circularity [12] at the least, the economy 
from being a time-saving process. For demonstrating an objective analysis of the sample, 
experimental conditions were kept well controlled to yield clean spectra [19] devoid of unintended 
noise so that all detected changes are the target observations.  

 
2.2 Spectroscopy: FTIR and XRD Analyses  

 
FTIR spectra of the cellulosic samples (EFB feedstock, dioxydanyl-reacted refined EFB (‘m-fibres’ 

or microfibres) 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. The transmittance versus 
wavenumber spectra was converted to Absorbance (Abs) spectra based on the Abs values pre-
converted by Sigma-Aldrich. Crystallinity values were then derived from the ratio between two sets 
of band intensities, Absorbances at 1370 cm-1 to that at 2900 cm-1 Eq. (1) and the ratio of Abs 
corresponding to 1430 cm-1 to that occurring at 893 cm-1 Eq. (2): 
 
Crystallinity (1)  =  [Abs1372/Abs2900] x100         (1) 
 
Crystallinity (2)  =  [Abs1430/Abs893] x100         (2) 
 

Considering the heterogeneity of the reaction system involving biomass and the low selectivity 
of FTIR as an instrumental analysis, the ratio between the varying band intensities corresponding to 
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the signals corresponding to hydroxyl stretching at 3300 cm-1 and those in the vicinity of 1644 cm-1 
were also compared. 

To ascertain the theoretical effects of dioxydanyl radical on EFB, the biomass in the form used as 
the reaction precursor, the dioxydanyl-reacted mass and the extensively refined mass were studied. 
The samples were ground and pelletised in a KBr disk for analysis using Frontier FT-IR/NIR 
Spectrometer at the Science, Engineering Research Centre (SERC), of the university’s Engineering 
Campus in the mainland of Penang. 

Vibrational analysis of the sample yielded a Transmission vs Wavenumber spectrum between 650 
cm-1 to 4000 cm-1 wavenumbers. All comparisons were made in the spectral overlay. Triplicate data 
sets were prepared for analysis, with only one display on signal disappearance applying baseline 
correction. 

Crystallinity was derived based on the two regions representing the crystalline structure of plant 
cellulosics. They were absorbance at 1430 cm-1, 893 cm-1, 1320 cm-1 and 2900 cm-1 as proposed by 
Ciolacu and co-researchers (2011) [20]. Considerations were also made on the modification of the 
botanical chromophores by the dioxydanyl radical (DIOR). 

The X-ray Diffractogram of the raw material, microfibre and the TRX-cells® were analysed to check 
the peaks and the related crystal planes. XRD was performed on a four-circle goniometer (XDS-2000 
Poly-crystalline Texture Stress (PTS) goniometer; Scintag, Scintag Inc., Cupertino, CA, USA) using CuKα 
radiation generated at 45 kV and 36 mA. The CuKα radiation consists of Kα1 (0.15406 nm), Kα2 (0.154 
nm) and the substracted Kb2 (0.139 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. Scans were obtained from 5o to 40o 2θ in 0.05o steps or the rate of 15 seconds per step. 
Samples’ crystallinity indices (CI) were calculated from the height ratio between the intensity of the 
crystalline peak (I002 - IAM) and total intensity (I002). The d-spacing values of major signals are 
calculated using Bragg’s Law (mathematical equation) Eq. (3), while the crystallinity index is derived 
from Eq. (4). 
 

 = 2d Sinθ              (3) 
 

Crystallinity Index, CI =
(𝐼002−𝐼𝐴𝑀)

(𝐼002)
           (4) 

 
In the common cellulose nano fibres (CNF) production systems involving elevated chemical use 

on EFB, the highest crystallinity was offered by the pure cellulose and the lowest was portrayed by 
the biomass precursor [21-23]. The crystallinity values derived in this study are thus analysed via X-
ray Diffractogram as well as the varying ways of expediting signals of the FTIR technique. 

Due to the unique outcome of dioxydanyl radical reaction towards the chromophoric group, this 
study attempted to track compositional change from FTIR, projected to be assessing the amount of 
compliance with the splitting and reformation of hydrogen bonds arising from high alkalinity reaction 
proposed by [24]. 
 
2.3 Literature Selection 
 

Articles on the FTIR, XRD, crystallinity, cellulose and lignin related to EFB were the main 
references gathered to align the theories related to step three of FTIR interpretation. The revised 
version of established Organic Chemistry textbooks was cross-referenced to check the validity of the 
signal assignment and works of silicates [25-27] were evaluated to explain the possible interference 
occurring in the analysis in focus. with the background information already established for EFB and 
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TRX-cells. was identified as a useful reference amongst all the references not specific to the 
identification of residual lignin in biomass fibre matrix. Nandiyanto and co-authors (2020) addressed 
signals corresponding peroxide related silicate [25], which indicates a strong link to the work in focus. 
While [28] Zwichmayr’s account on de-aromatisation (2018) serves to understand the underlying 
chemistry and heterogeneity added by isomerism, analysis of lignin moiety extracted from EFB 
established by Sun et al., [29] has been an evergreen reference for the simpler lignin fragments 
present in EFB of the (general) units explicitly shown by Katahira as syringic, ferulic and guaiacyl [30]. 
The lignin-peroxide-specific investigation by Sun and co-workers (1998) provides relevant insight into 
the cleavage of the aromatic ring by peroxide [31]. The discussion on cellulose by Thulluri and co-
researchers (2021) provides useful insight into IR-active cellulose polymer [32]. Crystallinity 
determination was based on the description [20, 33] of Ciolacu and team (2011) and Park (2012) and 
cross-checked with XRD crystallographic technique. Only works describing baseline correction and 
other calibrations are taken to discussion due to the susceptibility of crystallinity index to the 
spectroscopic parameters. The fundamentals of FTIR [34] described by Solomons and colleagues 
(2022) were cross-referenced to check for accuracy. 

In essence, there are many methods for determining crystallinity XRD, TGA, NMR, and FTIR – this 
study recommends the simple FTIR technique with XRD for verification. The preceding analysis was 
condensed to demonstrate the steps in FTIR analysis of heterogeneous systems. As much as FTIR has 
become a prospectus technique in critical fields like medical diagnosis, the rapidity, reliability and 
precision should be maximised by scholars seeking to understand complex molecular systems on 
routine analysis. 
 
3. Results 
3.1 Initiation Steps in STraP 
 

To develop a systematic protocol for structural analysis using FTIR, a spectral overlay of the 
feedstock (A), pre-treated feedstock (B), and the refined version of B (C) was generated and 
interpreted. The raw material or the feedstock, the oil palm empty fruit bunch, EFB was selected as 
the reaction precursor and reacted with alkaline peroxide. Theoretically, adding alkali to hydrogen 
peroxide in a correct sequence at 70oC (“cold system”) gave rise to the short-lived dioxydanyl radical, 
OOH. (Reaction 1, Figure 2). To generate powerful functional cells (TRX-cells®), EFB was first modified 
via DIOR and refined in a standard Andritz Bauer fibrillation system. Subsequent refinement was done 
using a PFI mill, abiding by the standard procedure in TAPPI standard method [35]. The summary of 
steps involved in DIOR-treatment of EFB (reaction 2, Figure 2) yielding TRX-cells® is as follows: 
 

 
Fig. 2. The principal chemical and mechanical actions in TRX-cells® production. 
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FTIR spectra associated with the precursor, modified biomass and refined fibres were acquired. 
The first step in a compositional change analysis is to overlay the spectra and decide on the baseline 
correction. Figure 3 eliminates baseline correction to avoid crowding. 
 

 
Fig. 3. Raw spectral overlay for EFB, microfibre and the TRX-cells® a refined product 
from reaction 2. 

 
Fulfilling STraP, Figure 3 is then appropriately marked tracking for the features in Table 1. As the 

compositional changes in focus involved alteration of a portion of a macromolecule, signal shift, 
transmission intensity and changes in signal pattern (STraP) were expected. 

In protein analysis aiming to detect the possible mutation, the signal shift is one of the important 
considerations. As a diagnostic tool, a two-wavenumber unit shift [1,2] could delineate cancerous 
from benign results and an HIV-positive from the rest, affecting medical decisions, subsequent 
interventions from the hospital and the cost borne by patients. Understanding the delineation points 
could avail an efficient diagnostic tool that not only speeds up diagnosis but could also save more 
lives than ever. 
 

Table 1 
Raw Meaning of Spectral Variations Suited for Complex Samples 
Changing Feature Plausible Occurrence 

Signal shift (S) - Effects of sample media/humidity on functional groups.  
- Interacting multicomponent sample. 

Transmission Intensity (I) - Signal cancelling.   
- Functional group transformation. 
- Intermolecular perturbation. 

Band Pattern/Shape (P) - Understanding the hugest response. 
- Signal disappearance. Change in chemical structure. 

 
Trough disappearance is clearcut in synthetic products involving one or more reactants changing 

the chemical structure of a product. In a heterogeneous system not involving corrosive systems, 
changes are normally subtle. Taking the steps in Table 1 helps better visualisation of the proceeding 
needs.  
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Marking the features in Table 1 into Figure 2 and completing STraP (hereon denoted STRAP) yields 
Figure 4.  Beyond signal assignment, the numbered signals transferred to Table 2 were evaluated in 
terms of intensity changes. The sample of delineation narratives are presented in section 3.3. 
 

 
Fig. 4. Marked spectral overlay for illustration only 

 
STRAP had identified 13 signal variations and the detailed analysis requires baseline corrections 

embedded in the discussion.   
 

Table 2 
FTIR Active Bonds with delineation feature 
 Bands (cm-1) Signal Assignment Delineation Feature 

1.  3350 Cellulose (polymeric)  
OH stretch or OHIIIH 

Pronounced -fibre > TRX cf. EFB 

2.  2900 Linear C-H | Methylene C-H2[32] -fibre & TRX >>> EFB -  
3.  1750 C=O | aromatic skeletal C-H TRX (≈EFB); absent for -fibre 
4.  1650 C=O [25] | aromatic skeletal[36] TRX > -fibre > EFB 
5.  1600 C=O conjugated ketone TRX > -fibre > EFB (shadowed) 
6.  1550 Carboxylate/carboxylic salt TRX > -fibre > EFB (shadowed) 
7.  1400-1450 Aromatic C-C vibration [29] TRX > -fibre >> EFB 
8.  1300-1200 Primary or secondary OH in-plane 

[25] 
Syringyl [36] 

TRX (≈EFB); absent for -fibre 

9.  1275 Guaiacyl [36]  
10.  1150 Alkyl substituted C-O [25] 

Guaiacyl [36] 
TRX > -fibre >> EFB 

11.  1100 Alkyl substituted C-O or silicate 
[25] 

TRX > -fibre >> EFB 

12.  1037 Guaiacyl [36] TRX > -fibre >> EFB 
13.  1010 Alkyl substituted C-O or  

silicate (huge) [32]  Guaiacyl [36]  
TRX > -fibre >> EFB 

14.  890-890 Silicate [25, 27, 32]  
Out-of-plane C-H bending [27] 
(meta-substituted aromatic ring)  

 

Pronounced for -fibre and TRX 
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The column labelled “Delineation Features” was intended to offer the correct footing for analysis. 
The rest of the analysis demanded for active cross-checking of the literature, and if applicable, use of 
standards. As differences are spotted and evaluated to be significant, marking by highlighting (Items 
10-13 in Table 2) helped identify the signals requiring further scrutiny. The hugest transmission band 
in Figure 2 are marked blue (Table 2) to alert the influential functional group in the sample. 

Thus far, the checklist of tasks summarized as preliminary S-Tra-P (STRAP) followed by the first 
two delineation steps in Figure 4 are completed. Steps 3 and 4 determine the quality of reporting in 
step 5, the narratives of which are presented in the proceeding section. 
 
3.3 Theoretical Accounts: Characterisation of TRX-cells®  
 

This section serves as a guide for step three onwards in Figure 5. Given the unique nature of 
alkaline peroxide reactions that are susceptible to small experimental changes, a separate review had 
already been done to testify formation of dioxydanyl radical formation (Reaction 1) [11, 13, 16, 37]. 
Reactions 1, 2 and 3 are now the compass of the analysis.  
 

 
Fig. 5. Summary of the steps for careful initiation of FTIR spectral analysis of a 
heterogeneous system 

 
3.3.1 Relations with previous works 
 

The signal assignment of the materials in focus shows a major clue corresponding to the effects 
of dioxydanyl radical on EFB (Reaction 2). The effects were stable and somewhat unaffected by 
extensive mechanical milling. The trough at 820-890 cm-1 affirms the presence of peroxide-based 
silicate, which coincides with the elemental analysis performed with TEM [15]. The signal is also 
attributable to the out-of-plane bands associated with aromatics with the faint theoretical bands 
between 1605 cm-1 to 2000 cm-1. The in-plane hydroxyl O-H band at 1300 cm-1 to 1200 cm-1 shows 
an enhancement in band size, commensurate with the RADIALS formation in reaction 2 but more 
predominantly these are attributed to the cellulosic O-H given the absence in the spectrum of 
microfibre. 

With fragments of lignin macromolecules converting to RADIALS, the portion of the mass 
identified as photostable and active participants of inter-fibre bonding increased (Figure 6b), giving 
the possibility of an ordered structural arrangement and a high crystallinity. 
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(a) (b) 

Fig. 6. Predominance of cellulose in EFB (a) at origin and (b) amidst the RADIALS 

 
The huge peak in the hydroxyl region implies the hydrophilicity of TRX-cell® in line with analysis 

on its application as paper coat [15]. Exposure of the OH with extensive milling resulted in a 
hydrophilic surface having affinity to inkjet, hence improving inkjet printability significantly. 

Dioxydanyl radical (DIOR) reaction with EFB appears to have attacked the chromophoric groups, 
producing RADIALS that are photostable and promoted inter-fibre bonding [11, 38, 39] at par with 
chemical fibre web. The well-defined signal at 3300 cm-1 reflects the effect of phenolics, which were 
found to predominate [36] over aromatic cleavage shown in reaction 2 as also reported by Zwichmayr 
and team (2018) [28]. The contribution of the polyphenolic groups from residual tannic acid and the 
aforementioned carotenoids may also produce the feature.  

The subtle C-H shoulder above 3000 cm-1 which was indicative of hemicellulose (Hinterstoisser et 
al., 2000) [40] suggests the negligible amount of hemicellulose, plausibly almost completely leached 
during the DIOR reaction and prior processing. Reaction associated with carbonyl with DIOR giving 
rise to the cleavage of the aromatic ring (reaction 3, Figure 7) may explain the significantly intense 
transmission band corresponding to C-H linear stretch at 2900 cm-1 inclusive of methylene (Thulluri 
et al., 2021) [32]. The initial chromophoric structure of EFB is predominantly syringic [29] and seems 
to correlate with the found scanty (<10%) yield in the mass of lignin moiety [34] (Figure 8a) of the 
reaction product forming via a mechanism in reaction 2. Similar encounter is portrayed in Figure 6b 
for the close-up analysis of the lignin related region in Figure 6a. At the current state, inference 
pivoted around the negligible RADIALS (reaction 3, Figure 7) forming, and thus, incompliance to the 
de-aromatisation of EFB lignin fragment. 
 

 

 
Radical Altered molecules 
(RADIALS) 
 + Dicarboxylic acid 
 + Carboxylic Acid 
 + Carbonates               [3] 
 
Characteristics: 

▪ Colourless 
▪ Photostable 
▪ Promotes H-bonding 

 

Fig. 7. Lignin monomeric units associated to RADIALS formation in reaction [3]. 
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The possibility of being masked by the reported nano-silicates [15] at 1010 cm-1 is noteworthy 
given the huge nature of the corresponding band reported by Dormaskolla and team [27]. With the 
possibility of the fragments leaching into the spent liquor (reaction 2), Korntner-and-Rosenau’s 
deliberation of the 2,5-dihydroxyacetophenone unveiled the scantiness of the component [9,10] 
even in fibrous mass in focus. However, correlating this with the electron microscopic analysis of the 
TRX-cells shed light on the possibility of zooming into the undelaminated, compact S2 layers of the 
microfibre, thus the inaccessibility of 2,5-dihydroxylacetophenone. 
 

 
(a) (b) 

 
(c) 

Fig. 8. FTIR bands between 1800-800 cm-1 for bands associated with (a) the lignin moiety reported by Sun 
et al., [29], (b) DIOR residues associated with S2 multiple cell wall peeling and (c) evidence of de-
aromatisation and guaiacyl reduction associated with reaction 3 

 
3.3.2 Replication  
 

FTIR analysis of a replicate (Figure 8c) provides a slight difference insight. The disappearance of 
the troughs at 1750 cm-1 implies de-aromatization of the EFB lignin fragment while the intensity 
reduction of the band at 1230 cm-1 relative to the pattern exhibited by EFB (feedstock) is clear 
evidence for guaiacyl reduction.  
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The absence of the band corresponding to the carbonyl groups (Figure 8b) also shed light on the 
lignin fragment leaching from EFB, giving rise to a pH 5 spent liquor.  

Analysis of the transmission band in the area reveals the influential C-O associated with syringyl 
and guaiacyl unit characteristics of [29]. The ultra-trace nano-bio silicate as detectable in TEM 
elemental analysis [15] is expected to contribute somewhat to the trough at 893 cm-1, resulting in an 
intensity of no less than that of the -fibre. Exposure of the nano minerals occurred because of 
compositional redistribution spawning from extensive PFI milling of EFB microfibre (m-fibre).  

FTIR bands at 1400 cm-1 and 1450 cm-1 are characteristics of aromatic skeletal vibration 
corresponding to the benzyl ring, suggesting the scanty reactions involving cleavage of the aromatic 
ring and predominance of polyphenolics as described by Sun and co-researchers (1998) [31], 
pertinent to the recalcitrant S2 region that could not be penetrated by dioxydanyl radicals.  Signals 
corresponding to the collapsed S1 layers that made the predominant mass of the TRX-cells showed 
evidence of de-aromatisation (1750 cm-1) and guaiacyl disappearance at 1010 cm-1 comparison to 
confirming that the huge band at 1000 cm-1 is of feedstock origin 

The huge band in 1000 cm-1 to 1150 cm-1 region reflects the C-O accumulative contribution from 
cellulose and silicates [25-27] in RADIALS in the m-fibre. Extensive refining of the fibrous mass via PFI 
milling exposed the functional group significantly, enhancing the signal depicted on the TRX-cell® 
mass. 

The effects of compositional redistribution (arising from extensive milling) on the crystallinity of 
the samples in focus were also captured. FTIR analysis for crystallinity using the alkyl C-H relative to 
the dominating effects of O-H signals at the 1300 cm-1 region (Method 1) compares well with the 
crystallinity results determined by other methods. Comparing Method 1 to Method 2 which 
contrasted the aromatic C-H vs C-O reveals variability in crystallinity, which is expected of the 
heterogenous sample containing both cellulose and RADIALS. Table 3 presents the derived 
crystallinity values. 

Selection of band sensitive to the amorphous and crystalline content [41] via Method 1 (Table 3) 
shows a high correlation of results with the crystallinity determined via the gold standard 
crystallographic method, X-ray Diffraction Spectroscopy [42] discussed elsewhere. Method 2 yields 
equivalent crystallinity values of microfibre and TRX, suggesting also a 43% crystallinity improvement 
following DIOR modification of biomass. The findings suggest an improved degree of structural order, 
regularity [43]and periodic arrangements of atoms [44] plausibly created by RADIALS and exposure 
of the well-ordered polymers upon refining. The increase in crystallinity was also attributable to the 
liberation of the less recalcitrant amorphous fines [45] as earlier reported. 
 

Table 3 
Crystallinity Values by Crystallography and Comparative 
Absorbance Values 
Calculation Percentage Crystallinity Index (%) Technique 

 Microfibre TRX EFB  
Height ratio  
(I002 - IAM) /(I002) x100 

70 62 38 XRD 

Absorbance Ratio 1  
([A2900/A1372] x100) 

90 63 41 FTIR 

Absorbance Ratio 2  
([A1420/A893] x100) 

61 43 43 FTIR 

 
Table 3 presents the various options for arriving at crystallinity values with the technique of 

comparing the FTIR-active bonds at 2900 cm-1 to 1372 cm-1 showing the too-good-to-be-true set of 
values followed by the baseline corrected XRD peak height technique described by Park et al. [31]. 
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Although still in the unexpectedly high crystallinity region, the CI value for EFB lies close to those 
normally reported for EFB [22, 23, 46]. 

The crystallinity ratio is potentially the marker for de-aromatisation, which may not necessarily 
imply crystallinity at all due to the unique properties of the DIOR-treated biomass. Relative to other 
biomass, the DIOR-engendered crystallinity is only 4% lower than spruce dissolving pulp reported by 
Ciolacu et al., (2011) [20] by peak area exhibits on diffractogram. The proximation implies the 
suitability of the dioxydanyl-radical reaction system for amassing nano-scale functional cells from 
EFB.  
 
3.4 Learning Miles at A Glimpse 
 

The exemplified discussion on FTIR analysis is a way of actualising authentic learning involving 
higher-order thinking skills, problem-solving, and contextual learning achieved by breaking the circuit 
to verbatim copying [47, 48]. Performing analysis in authentic ways help students acquire authentic 
learning experience that bridges the gap to Science, Technology, Engineering and Mathematics 
(STEM) literacy [49] much in demand at present. The oftentimes forgotten element of STEM 
experiments subtly reminded in the discussion was ‘replication’. By attempting more trials (or 
statistically, increasing ‘n’), there was a higher probability for FTIR to capture the differing strata of 
TRX-cells. While the thick lamina of the S2 cell wall showed no sign of reaction 3 occurring, a few 
other spectra had captured evidence for de-aromatisation and guaiacyl reduction, plausibly exhibited 
by the less compact S1 layer that was soft enough for dioxydanyl radicals to penetrate. Uncovering 
such a correlation with theory is an important STEM motivating milestone achieved with the right 
footing from the beginning: analysis by the thinking journey. STRAP and the various “Delineation” 
stages advance the thinking activity gradually (Figure 4). The aim is to break the high-order thinking 
tasks into manageable energy packets to prevent duplicating (“faking”) discussion and jumping to a 
conclusion. “Fake it till you make it” as a known way of disguising cognitive dissonance [50] is strictly 
prohibited in scientific tasks to avoid paralysis in the learning process. 
 
4. Conclusions 
 

The guideline serves as a general step to FTIR output interpretation, emphasising the initiation 
point (STRAP) to eliminate demotivation from handling complex spectra and the “delineation” 
activities to avoid excessive assumptions. Explaining the IR-active signals requires sound fundamental 
knowledge of the underlying reactions. The outcome enhances understanding of the complex system 
in focus and points to other creative use of spectroscopic signals. Comparative interpretation of FTIR 
spectra with the first “STraP” activities followed by finding reasons are cognitive triggers to drive 
further learning and avoid duplicating interpretation from the literature. The suggested STraP bridges 
the initiation stage to the comprehensive spectral interpretation considering all IR-active elements. 
Depending on the desired nature of the sample, the shown crystallinity determination using the 
influential crystallinity bands revealed a similar relative trend despite the varying crystallinity values 
that also occur within XRD - the techniques designed for crystallographic analysis. The findings alert 
the need to report value range rather than a single figure. At the current stage, the analytical concept 
requires a broad spectrum of knowledge on a similar system or background study. Once established, 
FTIR would potentially offer economic and rapid detection of structural changes potentially 
maximised as an analytical and diagnostic protocol in routine analysis.  
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