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Abstract 

Biopolymers serve as sustainable choices because their natural decomposition and 
compatibility with living organisms make them better options than synthetic 
polymers. The biopolymers exhibit enhanced properties through their 
functionalization with bioactive molecules which include acid hydrazides and N-
protected para-aminobenzoic acid (PABA). The research focused on creating and 
analyzing new biopolymer conjugates through cellulose and cellobiose 
modifications with fatty acid methyl esters (FAME) which were later combined with 
ethyl-PABA and hydrazine. In this research, cellulose was extracted from sugarcane 
bagasse and palm kernel oil fatty acid methyl esters was used to modify it through 
esterification. Fourier-transform infrared spectroscopy (FTIR) and X-ray diffraction 
(XRD) was used to conduct a complete study of the structural and crystalline 
characteristics of the newly created conjugates. FTIR analysis successfully 
confirmed the chemical modifications. XRD analysis showed that each modification 
step transformed the biopolymer materials into new crystalline forms. The research 
achieved successful development biopolymer conjugates, which exhibit multiple 
functions, which include drug delivery and anti-tuberculosis components.  

Keywords: biopolymer conjugates, acid hydrazides, para-aminobenzoic acid, 

FTIR, XRD 

1. Introduction 

Biopolymers are naturally occurring macromolecules 

synthesized by living organisms, including polysaccharides, 

proteins, and nucleic acids [1]. They serve as sustainable 

alternatives to synthetic polymers due to their 

biodegradability, biocompatibility, and renewable nature 

[2]. The increasing interest in biopolymers is driven by their 

vast applications in biomedical fields, environmental 

sustainability, and drug delivery systems [3]. 

Biopolymers, due to their biodegradability, 

biocompatibility, and chemical modifiability, have 

emerged as important materials in modern biomedical and 

pharmaceutical research. It is their structural versatility 

that allows functionalization with bioactive molecules to 

enhance mechanical, chemical, and biological 

performance for targeted applications such as drug 

delivery, tissue engineering, and antimicrobial materials. 

One of the most prospective ways to provide biopolymers 

with new properties is their conjugation with acid 

hydrazides, well known for their antimicrobial, anticancer, 

and chelating activities. 
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Acid hydrazides and N-protected para-aminobenzoic 

acid (PABA) derivatives play crucial roles in biopolymer 

conjugation, enhancing the antimicrobial, drug delivery, 

and functional properties of these materials [4]. The 

conjugation of acid hydrazides with biopolymers has been 

extensively studied due to their ability to improve material 

stability and bioactivity [5]. Furthermore, these 

biopolymer conjugates have shown promising applications 

in combating mycobacterium tuberculosis, providing 

potential advancements in tuberculosis treatment 

strategies [6]. 

Recants studies on cellulose and cellobiose polymers 

have shown that they can form conjugate with other 

moieties forming kinetically and thermodynamically stable 

compound with increase pore sizes and high binding 

ability. The structural modification had been confirmed 

using advance analytical techniques such as fourier-

transform infrared spectroscopy (FTIR), X-ray diffraction 

(XRD), and scanning electron microscopy (SEM) [7]. These 

techniques provide insights into structural, thermal, and 

functional group properties, ensuring the efficiency of 

synthesized biopolymer-based materials in medical and 

pharmaceutical applications [8]. 

As the global focus shifts toward biodegradable and 

sustainable materials, the study of biopolymer conjugates, 

particularly with acid hydrazides and N-protected PABA, 

remains a significant area of interest in biomedical 

research. This thesis aims to explore the synthesis, 

characterization, and application of these conjugates, 

particularly in antimicrobial applications against 

Mycobacterium tuberculosis. 

Para-aminobenzoic acid and its derivatives are of great 

importance in medicinal chemistry due to their 

involvement in folate biosynthesis and utilization as 

building blocks of pharmacologically active compounds. N-

protection enhances the stability of an amino group and 

thus provides a possibility of selective conjugation with 

polymeric material, creating new functional hybrid 

systems [9]. Conjugation of acid hydrazides and N-

protected PABA with the biopolymer gave modified 

materials with improved physicochemical properties, 

stability, and possibly high biological activity. The 

confirmation of these modifications has to be verified by 

advanced analytical techniques. Fourier transform infrared 

spectroscopy allows the identification of functional 

groups, while ensuring confirmatory chemical bonding 

[10]. XRD gives insight into crystallinity changes in the 

polymer matrix after modification. 

Therefore, the aim of this study was to synthesize acid 

hydrazides and N-protected PABA biopolymer conjugates 

and perform their characterizations with FTIR and XRD 

techniques. The understanding of such structural and 

morphological variations will definitely lead to the 

establishment of the potentials of these conjugates toward 

more advanced applications in drug delivery systems, 

antimicrobial agents, and functional biomaterials.  

2. Materials and Method 

2.1. Materials 

The chemical reagents used in this study were 

analytical grade, commercially sourced from Sigma-

Aldrich, Fluoro chem and were used as received. They 

include ethanol (CH3CH2OH), calcium oxide (CaO), 

hydrochloric acid (HCl), potassium chloride (KOH), 

sulphuric acid (H2SO4), sodium bicarbonate (NaHCO3), 

hydrazide (RNH-NH2), glycine (NH2-CH2-COOH), phthalic 

anhydride (C8H4O3), sodium trioxocarbonate(IV) (NaCO3), 

benzocaine (H2N-C6H4-COOH2CH2), hydrazine hydrate 

(H2NNH2), dichloromethane (CH2Cl2), cellobiose (C14H22O11) 

and cellulose (C6H10O5). 

2.2. Extraction of cellulose from sugarcane bagasse 

Sugarcane bagasse (waste product gotten from eating 

Sugarcane), It was dried and grounded into powder, The 

Sugarcane bagasse (powder form) was washed with cold 

water under running tap to remove sucrose, the washing 

was done for three times. Then the sugarcane bagasse was 

soaked in hot water for 15 minutes for 3 times to remove 

lipids. Then proceeded to alkaline hydrolysis [11]. The 

sugarcane bagasse was soaked in 5% NaOH for 3 hours to 

remove lignin and it was rinsed three times with water as 

reported by Wunna et al [12], and then bagasse was 

soaked again for another three hours in KOH for final 

removal of lignin and was rinsed with water for three 

times. The bagasse was soaked in 10% acetic acid and 10% 

H2O2 for 3 hours, then was rinsed 3 times, this procedure 

was repeated once again [13]. 

2.3. Bleaching of sugarcane bagasse 

The sugarcane bagasse was soak with sodium 

hypochlorite and heated for 45 minutes and filtered to 

extract the cellulose. The cellulose was rinsed with ethanol 

and dry in air [14]. 

2.4. Dewaxing of palm kernel oil (PKO) 

A flask containing 500 mL of PKO was heated to 80°C, 

2% citric acid was prepared, then added to the hot oil (PKO) 

at 80°C, it was heated and stirred for 20 minutes. The 

mixture of oil and citric acid was maintained (observed) at 

70°C for 15 minutes, cooled to 25°C, and 1% of water (H2O) 

was added to the mixture and then centrifuge for 20 

minutes. 
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2.5. Esterification of palm kernel oil (PKO) 

The process of palm kernel oil esterification was carried 

out following the procedure adopted by Abdelmalik et al 

[15], with the aim of decreasing the quantity of free fatty 

acids (FFA) and transforming the acids into their respective 

methyl esters. The palm kernel oil methyl ester that was 

obtained appeared as a colorless, light-yellow liquid with 

drastically decreased free fatty acid content, thus fitting 

for further reactions like transesterification, amidation, or 

conjugation with other functional groups. 

2.6. Transesterification of palm kernel oil (PKO) 

The transesterification of palm kernel oil was 

performed to convert the oil's triglycerides into fatty-acid-

methyl esters (FAME) following the method adopted by 

Egbuna et al [16]. This method was also used for several 

cycles of washing (until the wash water was cleared). The 

washed FAME product was further dried by heating 

slightly at 100–110oC or through passage over anhydrous 

sodium sulfate to remove the water. The resulting trans-

esterified palm kernel oil proved to be cleared, light-

colored methyl esters that can undergo additional 

modification reactions. 

2.7. Preparation of palm kernel fatty acid methyl ester 

(PKO-FAME) 

Palm kernel oil fatty acid methyl ester (PKO-FAME) was 

synthesized by a modified method described by Egbuna et 

al [16]. The reaction was conducted using a reflux 

apparatus with a condenser. After the reaction was 

complete, crude glycerol was separated in a separatory 

funnel. The top ester layer was dissolved in KOH (0.5 wt % 

of the mixture) solution of MeOH for the second reaction 

for 2 hours at 25 °C to ensure full conversion to PKO-FAME. 

The crude PKO-FAME was separated and washed with hot 

water (70°C) until the liquid was transparent and neutral 

pH. Traces of non-reacted MeOH were removed by purging 

with N2 for 12 hours. 

2.8. Synthesis of cellulose–FAME in methanol using H2SO2 

and KOH  

The esterification/transesterification of cellulose with 

fatty acid methyl ester was done following the method 

adopted by Mokhena et al [15], using an acidic catalysis in 

methanol. Initial moisture reduction and reactivity 

improvement were achieved by drying the 

microcrystalline cellulose for a number of hours in an oven 

at 80–105oC prior to the start-up reaction. The resulting 

reaction mixture was added to a separatory funnel and 

diluted with distilled water to allow phase separation. The 

insoluble modified cellulose was recovered by filtration 

and successively washed with warm water to remove 

soluble salts by cold ethanol followed by n-hexane in order 

to get rid of the excess FAME used only as a solvent 

together with any other organic materials present. The 

washed product was dried in a vacuum oven at 40–60oC 

until it stopped losing weight. Then, was kept in a sealed 

container until for analysis with FTIR and XRD. 

2.9. Reaction of cellulose-FAME and ethyl PABA 

A measure of 2 g of cellulose-FAME will be weight with 

120 mL methanol and 10 mL of Sulfuric acid (H2SO4) will be 

added drop wisely K2CO3. The mixture was placed on hot 

plate for a period of two hours at the temperature of about 

100oC for refluxing the product. Benzocaine was allowed 

to cool and filtered through a filter paper then the filtrate 

with some of the esters were added to 250 mL of 

methanol. Diethyl ether was added to separate the organic 

component of the filtrates. 

CFame + Ethyl PABA → 4-aminoethylbenzoate  (1) 

After the reaction above saturated sodium 

trioxicabonate was added. Solution drops wisely to 

neutralize the acidity of the mixture. On doing that, 

precipitation occurs while the mixture was placed in water 

bath, precipitation occurs which was filtered. 

Dichloromethane (DCM) was added to the filtrate to 

extract any other organic production [14]. 

2.10. Synthesis of cellulose–FAME and double coupling 

with ethyl-PABA 

The synthesis of cellulose–FAME and double coupling 

with Ethyl-PABA was carried out following the method 

reported by Eke et al [22]. The choice of polymeric scaffold 

was made in favour of microcrystalline cellulose, which 

was then subjected to drying at 80–105 °C for a duration of 

3–6 hours, followed by a cooling process in a desiccator 

before being utilized. The use of analytical grade reagents 

was practiced throughout. The methyl ester of the fatty 

acid (FAME; palm kernel oil methyl ester) along with 

anhydrous methanol were put to use in their original 

forms. Ethyl-PABA (ethyl-para-aminobenzoate) was the 

chosen coupling aromatic precursor; in cases where it was 

needed, the hydrolysis of ethyl-PABA to para-

aminobenzoic acid was carried out prior to activation. A 

typical small-scale quantity for a single batch consisted of: 

cellulose 5.0 g, FAME 15.0 g (3:1 w/w FAME:cellulose), 

methanol 100 mL, and catalytic H2SO4 0.5% w/w relative to 

cellulose. The coupling with carbodiimide made use of EDC 

and NHS for activation in a ratio of 1.2 equivalents each 

relative to PABA. The establishment of cellulose 

esterification (cellulose–FAME formation) was done by 

lysing the dried cellulose in anhydrous methanol in a 

round-bottom flask equipped with a reflux condenser and 

mechanical stirring. FAME was then introduced to the 
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slurry, and the mixture was made uniform at a 

temperature range of 40–50 °C. 

Concentrated sulfuric acid was added slowly until a 

final concentration of 0.2–0.5% (w/w) relative to cellulose 

was reached and the reaction was carried out for 6–12 

hours under gentle reflux (maximum 55 °C). The progress 

of the reaction was checked by taking samples at intervals 

(1–2 mL aliquots), quenching the samples in cold 

methanol/water and recording FTIR spectra to see the 

increase of the ester carbonyl band (~1735–1745 cm-1) and 

decrease of the broad O–H band.  

Double coupling (the second ethyl-PABA attachment) 

was accomplished by repeating the activation/coupling 

cycle on the isolated intermediate from the first coupling. 

Control chemical treatment (mild periodate oxidation to 

generate extra aldehyde/oxidizable sites followed by 

hydroxyl re-generation) was used to maximize the 

remaining or newly exposed reactive sites; alternatively, 

direct re-activation of PABA/EDC/NHS with a fresh batch 

was done under the same activation and coupling 

conditions as described above. The activated PABA was 

once again added to the polymer slurry and stirred at 40–

45 °C for another 10–16 hours to install the second set of 

aromatic groups [22]. 

2.11. Synthesis of cellulose-FAME ethyl PABA/hydrazide 

conjugate (C-FAME-EPABAHdz) 

The synthesis starts by preparing cellulose–fatty acid 

methyl ester (cellulose–FAME) following the method 

reported by Wei et al [23]. Microcrystalline cellulose is 

dried in an oven (80–105oC) to a constant weight and then 

cooled in a desiccator. The dried cellulose is dispersed in 

anhydrous methanol in a round-bottom flask that is fitted 

with a reflux condenser and magnetic stirring. A measured 

excess of fatty acid methyl ester (FAME; e.g., palm kernel 

oil methyl esters) is added and the suspension is heated to 

50–60oC. While stirring, a catalytic amount of 

concentrated sulfuric acid (≈0.5–1.0% w/w relative to 

cellulose) is added dropwise to promote 

esterification/transesterification; the reaction is kept at 

55–65oC under a gentle reflux for 6–12 hr. The reaction 

mixture is then neutralized with dilute KOH (0.1–0.2 M) to 

pH ≈ 6–7 after cooling, diluted with water, and the 

modified cellulose is obtained by filtration; the solid is 

washed with warm water, ethanol, and n-hexane to 

remove the salts, residual methanol, and unreacted oils, 

and then it is dried under reduced pressure at 40–60 oC to 

yield cellulose–FAME. 

Para-aminobenzoic acid (PABA) may be obtained by 

hydrolyzing ethyl para-aminobenzoate first by mild base or 

acid hydrolysis and isolating it, or the ethyl ester may be 

activated in situ; the preferred mild way is carbodiimide 

activation of the carboxyl: PABA (or pre-hydrolyzed ethyl-

PABA) is dissolved in a minimal volume of DMSO/EtOH and 

cooled to 0–5oC, and then EDC (1.1–1.5 equivalent) and 

NHS (1.1–1.5 equivalent) are added to form the NHS-ester 

(30–60 min activation). The activated PABA solution is 

added dropwise to a well-dispersed slurry of cellulose–

FAME in DMSO/EtOH, and the mixture is stirred at 35–45oC 

for 12–18 h to facilitate the coupling [24]. 

2.12. Reaction of cellobiose-FAME and ethyl PABA 

The cellobiose–FAME–ethyl PABA conjugate was 

synthesized using a method involving two stages of 

modification directed toward preservation of the 

glycosidic bond in cellobiose along with successive 

esterification and aromatic conjugation by adopting the 

method reported by Fox et al [20].  First, cellobiose was 

dried at 60–80oC for several hours to remove any residual 

moisture and was then suspended in anhydrous methanol 

to form a slurry. A measured amount of fatty acid methyl 

ester (FAME) was then added, and the mixture was 

warmed to 40–50oC to achieve complete homogenization. 

Esterification was then initiated with the addition of 0.2–

0.5% w/w concentrated sulfuric acid (assuming cellobiose 

mass) and was maintained at or below 55oC to minimize 

glycosidic cleavage of the acid; the reaction was executed 

for 4–8 hours.  

When enough ester appeared (either by visual 

inspection or setting a timed reaction) the mixture was 

cooled and neutralized with dilute potassium hydroxide 

solution to pH 6–7. The intermediate (cellobiose–FAME) 

was then recovered via vacuum filtration and washed with 

warm water, ethanol, and n-hexane to remove inorganic 

salts, unreacted FAME, and organic impurities. The washed 

solid was then dried to constant weight after which the 

reaction yielded the purified esterified intermediate [21]. 

2.13. Synthesis of cellobiose-FAME double ethyl PABA 

coupling 

The cellobiose–FAME–ethyl PABA conjugate was 

created in a two-step esterification–coupling process 

under mild conditions to avoid degradation of the 

glycosidic bond in cellobiose. In the first step, cellobiose 

was dried thoroughly at 60–80oC to remove water. 

Cellobiose was then repeatedly and extensively dispersed 

in an anhydrous methanol to form a cohesive, 

homogenous slurry. A predetermined amount of FAME 

was added while gently heating the mixture to a 

temperature of 40–50oC, allowing for better mixing. To 

start the esterification, 0.2–0.5% (w/w) concentrated 

sulfuric acid, on the basis of cellobiose mass, was added to 

the mixture, and the temperature was maintained below 



 

Chemistry and Materials     Ebune et al. / Chem. Mater. 5 (3) 2026, 130-145 

 

134               Published by The Center for Science Innovation 

  

55oC to limit acid-catalyzed degradation of the 

disaccharide. The mixture stirred for a period of 

approximately 4–8 hours, forming a partially esterified 

intermediate. 

2.14. Synthesis of cellobiose-FAME ethyl PABA/hydrazide 

conjugate (Cb-FAME-EPABAHdz) 

The cellobiose–FAME–PABA–hydrazide conjugate was 

synthesized through three separate stages, including 

esterification, aromatic conjugation, and hydrazinolysis 

was carried out following the method reported by Han et 

al [25]. First, cellobiose was oven-dried at 60–80oC for few 

hours to get rid of its moisture and then it was cooled in a 

desiccator. The dry sample was put in a round-bottom flask 

with anhydrous methanol, where it was stirred 

continuously until a uniform slurry was obtained.  

By product methanol was heated to 40–50oC to make 

sure that the mixture of cellobiose and FAME was evenly 

dispersed. The esterification process was started by the 

addition of 0.2–0.5% w/w concentrated sulfuric acid and 

the temperature of the reaction was kept below 55oC so as 

to avoid the rupture of the glycosidic bond in cellobiose. 

After 4–8 hours, the mixture was neutralized with 

potassium hydroxide solution until the pH reached 6–7 and 

it was later on vacuum filtered to separate out the 

intermediate cellulose–FAME. It was successively washed 

with warm water, ethanol, and n-hexane and finally, it was 

dried at 35–50oC under reduced pressure to a constant 

weight. 

  The second stage featured the aromatic conjugation 

with ethyl-PABA. PABA was obtained from ethyl-PABA by 

mild hydrolysis in an aqueous ethanolic medium. The third 

step of the synthesis was hydrazinolysis aimed at the 

conversion of esters or PABA-linked groups into hydrazide 

functionalities. The dried cellobiose–FAME–PABA sample 

was re-suspended in anhydrous ethanol and an excess of 

hydrazine hydrate (about 5–10 times the number of esters 

groups) was added. The solution was heated at 40–60oC 

while being stirred for 4–8 hours. 

2.15. FTIR methodology for cellulose and cellobiose 

The cellulose and cellobiose samples were dried in oven 

at 60–80°C for several hours to remove moisture. It was 

kept in a desiccator to prevent moisture reabsorption. The 

dried powdered samples, was mix 1–2 mg of the sample 

with 100–200 mg of dry potassium bromide (KBr) and 

grinded to a fine homogeneous powder. The mixture was 

Compressed into a transparent pellet using a hydraulic 

press under approximately 10 tons. pressure for 2–5 

minutes. Fourier Transform Infrared (FTIR) spectrometer 

equipped with a DTGS detector was used. The spectral 

range was set to 4000–400 cm⁻¹ with a resolution of 4 cm⁻¹. 

Background spectrum using a pure KBr pellet was collected 

before analyzing samples. The prepared sample pellet is 

placed in the sample holder. FTIR spectrum was recorded, 

typically accumulating 32 scans to improve the signal-to-

noise ratio. It was ensured baseline correction was applied 

and performed atmospheric compensation to minimize 

contributions from water vapor and CO. The characteristic 

absorption bands for cellulose and cellobiose was 

identified. The obtained spectra were compared with 

reference spectra to confirm the preservation of structural 

features and absence of chemical modifications. 

2.16. XRD methodology for cellulose and cellobiose 

The cellulose and cellobiose samples were dried in oven 

at 60–80°C for several hours to remove moisture. The 

samples is grounded into fine powder to ensure 

homogeneity. The powder was packed evenly onto an XRD 

sample holder, ensuring a flat and smooth surface for 

analysis. A powder X-ray diffractometer equipped with Cu 

Kα radiation (λ = 1.5406 Å) was used, the tube voltage was 

set at 40 kV and current to 30 mA. The scan range was 

configured from 5° to 40° 2θ with a step size of 0.02° and 

counting time of 1–2 seconds per step. A background scan 

S/N. Compounds Abbreviation Compositions 

1 Palm kernel oil PKO Triglacerides 

2 Fatty acid methyl ester FAME Fatty acid and methyl ester 

3 PK-FAME Palm kernel-fatty acid methyl ester Fatty acid and methyl ester 

4 Ethyl PABA Ethyl Para-amino benzoic acid Ethylene, amino and benzoic acid 

5 FAME–PABA–hydrazide 
Fatty acid methylesterpara-amino 

benzoic acid hydrazide 

Fattyacid methyl ester andpara 

aminobenzoic acid 

6 C-FAME Cellulose-fatty acid methyl ester Cellulose, fatty acid and methyl ester 

7 Cb-FAME Cellobiose-fatty acid methyl ester Cellobiose, fatty acid methyl ester 

8 C-FAME-E PABAHZD 
Cellulose-fatty acid methyl ester ethyl 

paraaminobenzoic acid hydrazide 

Cellulose, fatty acidmethyl ester,para-

amini bezoic acid and hydrazine 

9 Cb-FAME-EPABAHDZ 
Cellobiose-fatty acid methyl ester ethyl 

paraaminobenzoic acid hydrazide 

Cellobiose, fatty acid methylester, 

para-amini bezoic acid and hydrazine 

Table 1. Summary of all samples prepared and analyzed. 
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was performed using an empty sample holder to correct 

for any instrument or environmental noise and the 

prepared sample was placed on the diffractometer stage. 

The XRD scan was ran according to the configured 

parameters, collecting diffraction intensities at each 2θ 

angle. The obtained diffraction patterns were compared 

with the reference patterns to confirm structural integrity 

and crystallinity. 

3. Results and Discussion 

This research summarizes the successful synthesis and 

structural characterization of the biopolymer conjugates. 

The use of FTIR and XRD analyses to confirm esterification, 

amide formation, and crystallinite changes is well 

presented. The discussion regarding the decrease in 

crystallinity and increase in amorphous character after 

modification also provides useful insight into the structural 

transformation of the materials clearly.  

 
Figure 1. FTIR spectra of ordinary cellulose. 

3.1. FTIR studies of functional groups of C-FAME  

The FTIR spectrum in (Fig. 2) of cellulose-FAME, 

synthesized by transesterification reaction of cellulose 

with methanol, supports the fact that the process was 

successful. The spectrum contains the characteristic 

absorbance bands, which verify the idea of both the 

cellulose characteristics being preserved and the ester 

functional groups being introduced as a result of the 

transesterification reaction. 

 
Figure 2. FTIR spectra of synthesis of cellulose–FAME in methanol 

using H2SO2 and KOH. 

The cellulose in the sample is partly substituted with 

the FAME since the broad absorption band, which is an 

indication of the O-H stretching vibrations of cellulose, is 

present in the range of 3348-3417 cm-1 with lower 

intensity than that of untreated cellulose [27]. The 

presence of the long chain fatty acid moieties is confirmed 

by the C-H stretching peaks at 2924 cm-1 and 2850 cm-1, 

which are due to aliphatic methylene groups [25]. Also, a 

shoulder at 2735 cm-1 points to extra C-H stretching 

involving methoxy groups that come from the methyl ester 

atmosphere. 

A very strong and clearly defined absorption around 

peak around 1643–1688 cm-1 referring to the carbonyl 

(C=O) stretching of ester groups. The peak is somewhat 

shifted (from 740cm-1) owing to hydrogen bonding effects 

within the polymer matrix; nevertheless, its presence is a 

strong indicator of successful esterification between 

cellulose hydroxyls and fatty acid methyl esters [29]. 

Moreover, peaks of 1465−1421 cm-1 are also detected, 

which represent the bending vibrations of CH2 groups thus 

confirming the integration of the fatty-acid chain. The 

absorption bands around 1380−1330 cm-1 signify the CH 

bending vibrations of the methyl groups present in the 

esterified cellulose while the peaks at 1207−1111 cm-1 are 

due to C−O−C and C−O stretching transitions of the ester 

[26].  

3.2. FTIR studies of cellulose–FAME with ethyl-PABA 

The analysis FTIR spectroscopy as shown in Fig. 3 has 

demonstrated clear proof for the effective synthesis of the 

ethyl-PABA with modified FAME composite. The spectrum 

shows a characteristic absorption bands reservation of all 

the three precursor components, indicating the desired 

chemical structure. 

 
Figure 3. FTIR spectra of synthesis of cellulose–FAME ethyl-

PABA. 

The peak observed at 3444.98 cm-1, broad and intense, 

is assigned to hydroxyl groups wintering O-H stretching 

vibrations of cellulose [36] The retention of this peak which 

might have undergone broadening due to hydrogen 

bonding indicates that the cellulose structure has been one 

of the primary constituents of the final product. Further 

evidence of polysaccharide skeleton is provided by the 

region of contention between 1000 and 1100 cm-1 where 

C-O and C-O-C stretching vibrations of the cellulose are 

observed [31]. 
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The sharp peak at around 1643–1688 cm-1 band is due 

to the C=O stretching vibration of ester functional groups 

and is well documented in literature [38]. Its existence is 

an assertion not only of the esterification of cellulose via 

hydroxyl groups with the fatty acid chains from the FAME 

and the participation of ethyl-PABA, which is esterified too, 

but also that the latter is a major marker for grafting in 

cellulose modification [32]. The peak of this ester carbonyl 

is in agreement with the vigorous C-H stretching vibrations 

at 2912.61 cm-1 which are connected to the long aliphatic 

hydrocarbon chains of the FAME component [33]. 

3.3. FTIR studies of cellulose–FAME and double coupling 

with ethyl-PABA 

In Fig. 4, a good observation is made at the high-

frequency region in the FTIR spectra. Instead of one broad 

band, there are two clear peaks at around 3417.98 cm-1 

and 3344.68 cm-1. The upper-wavenumber peak is linked 

to the O-H stretching vibrations of the unreacted or 

hydrogen-bonded hydroxyl groups of the cellulose 

backbone. The appearance of the second peak, which is a 

bit lower in wavenumber, is very suggestive of N-H 

stretching vibrations. This indicates that the primary amine 

group (-NH2) of ethyl-PABA is present and detectable, 

which means it was not completely used up in an 

esterification reaction but rather involved in a different 

type of coupling [36]. 

 
Figure 4. FTIR spectra of synthesis of cellulose–FAME and double 

coupling with Ethyl-PABA. 

The second sharp carbonyl peak is detected at around 

~1650 cm-1. This carbonyl absorption is found in the region 

typical for amide stretching, which is designated as Amide 

I band. The formation of the amide bond can happen only 

through the reaction between carboxyl and amine groups. 

Thus, this peak serves to exhibit by implication that the 

amine group of the ethyl-PABA molecule reacted probably 

with a carboxyl group in the fatty acid or linker that has 

been activated and thereby produced a stable amide bond. 

This is the spectroscopic signature of the “second 

coupling.” Furthermore, this assignment is supported by 

the appearance of a peak at ~1540 cm-1 corresponding to 

the Amide II band (which is the resultant of N-H bending 

and C-N stretching), which ultimately proves that the 

presence of an amide functional group is in the material 

[37]. The intense C-H stretching vibrations at ~2918 cm-1 

and ~2850 cm-1, along with the rocking vibration of -

(CH2)n- groups at ~720 cm-1, are clearly indicative of the 

long aliphatic chains from the FAME component. 

Additionally, the contribution of ethyl-PABA moiety is seen 

through the aromatic C=C stretching vibrations in the 

1600–1500 cm-1 region, which are specific for the benzene 

ring [38]. 

On a general note, the FTIR spectrum confirms the 

“double coupling” synthesis strategy with a clear 

distinction. The end product is not simply a mixture but a 

chemically grafted derivative, where cellulose is bonded to 

the FAME chains via ester bonds, and the ethyl-PABA is 

attached through two different pathways: one via its own 

ester, and the other – the critical one – through the 

formation of a new amide bond, involving its amine group. 

The presence of carbonyl peaks for both ester (~1735 cm-

1) and amide (~1650 cm-1) stretching along with N-H/O-H 

stretching region, provides a comprehensive molecular 

fingerprint of this complex and successfully synthesized 

product. 

3.4. FTIR result of cellulose-FAME with ethyl 

PABA/hydrazine conjugate 

The absorption band that is the widest and most 

intense feature of the spectrum is located at 3417.98 cm-1 

as shown in Fig. 5. While the O-H stretching vibrations of 

many hydroxyl groups on the cellulose skeleton [43] are 

the main cause of this band, its extreme breadth and 

intensity indicate that N-H stretching vibrations also play a 

major role. This is the first major sign of the hydrazine 

conjugate as the hydrazide functional group (-CONHNH2) 

has two N-H bonds that are very strong in terms of 

moisture absorption and are found in this region. The O-H 

and N-H stretching activities mix together to form this very 

broad signal which is a characteristic of the sample. 

 
Figure 5. FTIR spectra of synthesis of cellulose-FAME with ethyl 

PABA/hydrazine conjugate. 
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Moreover, the spectrum points out two types of 

carbonyl-containing functional groups distinctly, which is a 

prime reason for the validation of the synthesis. The first 

one being the strong, sharp peak appearing at around 1735 

cm-1 which is definitely associated with the C=O stretching 

vibration of an ester functional group [39]. Thus, 

confirming that the cellulose hydroxyl groups were 

esterified with the fatty acid chains from the FAME 

component which increases the hydrophobicity of the 

composite [40]. 

3.5. FTIR Studies of cellobiose–FAME 

The result of FTIR spectrum in Fig. 7 not only confirms 

the successful synthesis of cellobiose–FAME but also 

indicates materials presence by showing structural 

features of both the disaccharide characteristics and FAME 

functional groups. The broad O-H stretching band at 3456 

cm-1 is evidence of presence of unreacted hydroxyl groups, 

but its reduced intensity compared to that of native 

cellobiose points to partial esterification has been 

reported in the case of modified saccharides [31]. The 

strong aliphatic C-H stretching band at 2468 cm-1, which is 

not seen in unmodified cellobiose, is an indication of the 

arrival of long-chain fatty acid residues [27]. 

 
Figure 6. FTIR spectra of ordinary cellobiose. 

One of the clear signs of presence of esters in the 

material is the stretching peak at 1643 cm-1, which is 

assigned to the carbonyl (C=O) group, and this actually 

shows that the formation of ester linkages between 

cellobiose hydroxyl groups and the fatty acid methyl ester 

has occurred. Changes in the positions of ester carbonyl 

bands corresponding to cellulose and saccharides have 

been presented in the literature [28]. The situation of CH2 

and CH3 bending vibrations at 1458 cm-1 and 1390 cm-1, 

respectively, affirms the importation of non-polar aliphatic 

chains as is the case with fatty acid moieties [29]. 

Moreover, the absorption peaks detected in the range 

of 1188–1020 cm-1, which are due to C–O and C–O–C 

stretching, not only confirm that the β-1,4-glycosidic bond 

of cellobiose continues to be intact but also show that the 

set acidic methanol conditions were adequate for 

esterification without a great deal of hydrolysis of the 

disaccharide structure. Peaks at 902 cm-1 and 864 cm-1 

additionally support the persistence of β-glycosidic 

linkages, a major process in ensuring the structural 

integrity [30]. 

 
Figure 7. FTIR spectra of synthesis of cellobiose–FAME. 

3.6. FTIR Studies of the cellobiose–FAME–ethyl PABA 

coupling 

Among the many features present in the FTIR spectrum 

shown in Fig. 8, the most noticeable one is a very broad 

and powerful absorption band whose center is at 3444.98 

cm⁻¹. This band is the result of the O-H stretching 

vibrations caused by the many hydroxyl groups attached to 

the cellobiose disaccharide [42]. The size of the peak is a 

sign of the strong intermolecular and intramolecular 

hydrogen bonding which is typical of polysaccharides like 

cellulose and derivatives. The strong O-H signal that 

continues to be detected shows that the cellobiose 

backbone is still a major part of the final structure [34]. 

 
Figure 8. FTIR spectra of synthesis of the cellobiose–FAME–ethyl 

PABA coupling. 

The most important proof that the chemical 

modification was successful is the appearance of a new, 

sharp, and intense peak at about 1735 cm⁻¹. This 

absorption band is due to the C=O stretching vibration of 

an ester functional group. Since cellobiose does not have 

an ester carbonyl, the appearance of this peak is a 

definitive indication of esterification reactions taking place 

between cellobiose hydroxyls and both fatty acid (from 

FAME) and ethyl-PABA carboxyls. This peak in the 

spectrum is the main indicator for grafting to be successful 

in cellulose-based modifications [35]. 

 



 

Chemistry and Materials     Ebune et al. / Chem. Mater. 5 (3) 2026, 130-145 

 

138               Published by The Center for Science Innovation 

  

3.7. FTIR studies of cellobiose-FAME double ethyl PABA 

coupling 

In Fig. 9, the presence of two distinct peaks at 3425.69 

cm-1 and 344.68 cm-1 is a significant feature in the high-

frequency region. The band at 3425.69 cm-1 is related to O-

H stretching which comes from the remaining hydroxyl 

groups of the cellobiose disaccharide unit. The sharp peak 

at a lower wavenumber (3344.68 cm-1) is associated with 

N-H stretching vibrations. This implies that the primary 

amine group of ethyl-PABA (-NH2) could either be 

untouched or, more probably, has been transformed into 

a new functional group with an N-H bond like an amide 

[54]. The dual-peak pattern acts as the first spectroscopic 

indication of the "double coupling" mechanism. 

 
Figure 9. FTIR spectra of synthesis of cellobiose-FAME double 

ethyl PABA coupling. 

The carbonyl (C=O) stretching region gives the most 

definitive evidence of the double coupling where two 

separate and prominent peaks are observed. The first, a 

strong and sharp peak at around 1688 cm-1, is certainly 

assigned to the C=O stretching of an ester functional group 

[39]. This indicates that the esterification of cellobiose 

hydroxyl groups with the fatty acids from the FAME 

component, a primary step in making the polysaccharide 

more hydrophobic, has taken place. 

To the point, there is another carbonyl peak, different 

from the first probably around 1650 cm-1. This absorption 

band is exactly located in the typical area for an amide 

carbonyl stretch (amide I band). It is only through the 

reaction of a carboxyl group with an amine group that the 

formation of an amide bond is possible. Thus, this peak 

serves as solid proof that the ethyl-PABA amine group 

reacted with a carboxylic group (most likely, from the fatty 

acid precursor) to create a bonded amide form that is 

stable, something referred to as the "second coupling" 

event. Further, the assignment is supported by the 

existence of a corresponding peak at ~1540 cm-1, which is 

attributed to the Amide II band (a mix of N-H bending and 

C-N stretching), thus giving irrefutable evidence of the 

amide functional group being Present in the final product. 

On the other hand, the successful integration of the 

FAME component is evidenced by the powerful aliphatic C-

H stretching vibrations at ~2985.91 cm-1 and ~2918 cm-1, 

which are the fingerprints of the long hydrocarbon chains 

of the fatty acid methyl esters [34]. At last, the turns of the 

ethyl-PABA moiety are indicated by the vibrations in the 

1600–1500 cm-1 region for the aromatic C=C stretching, 

which is characteristic of benzene ring structure [48]. 

3.8. XRD crystallographic studies of cellulose–FAME 

In this sample, a diffraction peak at 20.53° is observed, 

with quite a big peak (6.85°) and a d-spacing of medium 

size (4.322 Å), resulting in a small crystallite size of 1.18 nm 

as shown in Table 2. The broad peak indicates that the 

modification with FAME led to a major loss of cellulose 

crystallinity, which is in agreement with the ester-modified 

cellulose systems where the presence of the large 

hydrophobic chains makes the bonding between and 

within the molecules weaker [53].  

 
Figure 10. XRD spectra of ordinary cellulose. 

Also, from Fig. 11, the XRD analysis of the synthesized 

cellulose–FAME showed that fatty-acid grafting caused 

partial loss of the native cellulose crystalline phase and 

increased the amorphous character of the material. The 

main cellulose peak at 20–22° (2θ) was still observable but 

its width was increased and its intensity was lowered in 

relation to the unmodified control, which is indicative of 

smaller coherent crystalline domain size and higher lattice 

disorder [59].  

The peak position (2θ) and calculated d-spacing 

changes reflected the local rearrangements of cellulose 

chains due to esterification and drying. The crystallite size 

determined by Scherrer analysis of the main peak (after 

instrumental correction) was significantly smaller for 

modified samples as compared to the control, which is 

consistent with the anticipated disruption of hydrogen-

bonded microfibrils during the incorporation of long 

aliphatic chains [41]. These XRD findings are in line with 

FTIR data for ester production, all the evidence together 

demonstrates the formation of cellulose–FAME with a 

greater amorphous fraction and improved surface 

accessibility for further bioconjugation. 
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Figure 11. xrd diffractogram of synthesized cellulose–FAME 
methanol using H2SO2 and KOH. 

3.9. XRD crystallographic studies of cellulose–FAME with 

ethyl-PABA 

As shown in Table 2, the broadest peak (β = 9.72°) and 

one of the smallest crystallite sizes (0.832 nm) are shown 

in this sample, which is a clear indication of severe lattice 

disorder. Such a condition is often seen in heavily 

substituted or highly amorphous cellulose-FAME 

conjugates where the ester chains that were introduced 

interfere with cellulose packing [62]. XRD characterization 

of the cellobiose-FAME material, after synthesis with ethyl-

PABA (as observed in Fig. 12) revealed a main amorphous 

halo appearing in the low-angle region, and only a few 

separate reflections showing a significant reduction of 

initial crystallinity of cellobiose, which is the main feature 

of the grafting of long-chain fatty esters accomplished by 

aromatic conjugation that is also responsible for the 

increased in the formation of amorphous substances.  

 
Figure 12. XRD diffractogram of the synthesized cellulose–FAME 

with ethyl PABA. 

The sharp peaks indicate that a little quantity of 

crystalline phases survived which is probably due to the 

incomplete removal of inorganic salts (phase-separated 

unreacted ethyl-PABA/FAME); therefore, additional 

washing and comparison with control diffractograms are 

required to determine the origin of these features. In 

general, XRD data proved together with spectroscopic and 

morphological evidence that the bioconjugation process 

has resulted in an amorphous cellobiose-FAME-PABA 

material that has accessible functional groups for the 

subsequent biological evaluation [43]. 

3.10. XRD crystallographic studies of cellulose–FAME and 

double coupling with ethyl-PABA  

This sample has a peak with a maximum of 20.57° with 

a broadness (β = 7.13°) and a crystallite size (1.13 nm) that 

are both moderate (Table 2). Through the technique of 

powder X-ray diffraction (PXRD), it can be concluded the 

less severe FAME substitution for this sample confirmed by 

Nair et al [48]. Critically observing Fig. 13, the pattern of 

XRD is an unambiguous indication of the successful 

preparation of cellulose-FAME and its further reaction with 

ethyl-PABA. The analysis indicates that there has been a 

considerable change in the crystalline structure of the 

material, going from the native state of cellulose to a new 

composite that is modified. 

 
Figure 13. XRD diffractogram of synthesis of cellulose–FAME and 

double coupling with ethyl-PABA. 

At the beginning, original cellulose is semi-crystalline 

and is marked by well-defined diffraction peaks. The very 

first step of modification - esterification of cellulose with 

FAME - causes a disruption in the natural order of things. 

The long chains of fatty acids work like spacers, destroying 

the original network of hydrogen bonds and thus reducing 

the crystallinity of the material as a whole. However, the 

presence of the peak in the range of 25-30° 2θ shows that 

these chains can also be a bit like the fatty acids that they 

are made of and thus, can align and create their own new, 

ordered crystal phase. 

3.11. XRD data of cellulose-FAME with ethyl 

PABA/hydrazine conjugate 

Among the modified samples, this sample has one of 

the lowest FWHM values (β = 6.74°) and the largest 

crystallite size (1.198 nm) as shown in Table 2. It indicates 

that the sample is relatively more crystalline. This implies 

that the cellulose lattice was not much disrupted possibly 

because of the lower substitution or milder processing 
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conditions [58]. From Fig. 14, the XRD analysis indicates 

that the cellulose-FAME conjugate with the ethyl-

PABA/hydrazine group was synthesized successfully. The 

complete change of the material's crystalline structure is 

revealed by the data, which in turn provides solid proof of 

the reaction's success. 

 
Figure 14. XRD diffractogram of synthesis of cellulose-FAME with 

ethyl PABA/hydrazine conjugate. 

The inescapable chemical reactions brought about two 

important transitions in the structure: 

a.  None crystallinity of native: the original crystalline 

structure of cellulose, which used to be very noticeable 

through the sharp peaks displayed planes, was completely 

destroyed [68]. This is shown by the clear nonexistence of 

those typical peaks in the final XRD pattern, which is a well-

known effect of esterification of the hydroxyl groups of 

cellulose [46]. 

b. Appearance of a new crystalline phase: The strongest 

evidence for modification is the peak between 25° and 30° 

2θ that is very sharp and intense. Such a peak indicates the 

presence of a new crystalline phase attributed to the 

grafted fatty acid (FAME) chains' self-assembly, a 

phenomenon called side-chain crystallization [47] This 

reinforces the claim that the FAME groups are not only 

linked but also organized into the prevailing crystalline 

lattice. 

The end result is a hybrid substance that has a 

crystalline packing of the FAME side chains as its principal 

structural characteristic. The ethyl-PABA/hydrazine 

conjugate has been incorporated in a way that it is likely to 

be in the amorphous areas. Such incorporation does not 

interfere with the essential crystallinity of FAME since the 

main diffraction signal comes from the hydrocarbon 

packing. The structural analysis validates the formation of 

a functionalized material with a distinctive semi-crystalline 

architecture. 

3.12. XRD crystallographic studies of cellobiose FAME 

In Table 2, the sample yields a maximum intensity at 

21.58° which indicates a somewhat denser d-spacing 

(4.115 Å) and a smaller crystallite size (1.06 nm). A higher 

2θ value with a smaller crystalline size suggests that there 

is more micro-strain and less crystalline domain order 

which might be the result of a deeper incorporation of 

FAME groups [60].  

 
Figure 15. XRD spectra of ordinary cellobiose. 

Similarly, from Fig. 16, the XRD characterization of the 

cellulose–FAME conjugate created during ethyl-PABA 

synthesis showed a considerable long-range decrease in 

crystalline order as compared to original cellulose by 

indicating a wide amorphous halo in the 2θ ≈ 10–30° area. 

The long-chain fatty esters grafting and attaching the 

aromatic PABA groups later, which in turn breach 

hydrogen-bonded microfibrillar packing, have been 

resulted in the formation of amorphous. The XRD 

characterization has validated that the strategy of 

synthesis has yielded an amorphous cellulose–FAME–

PABA material predominantly with some crystallinity that 

is likely due to impurities or incomplete conversion [42]. 

 
Figure 16. XRD diffractogram of synthesized cellobiose–FAME. 

3.13. XRD crystallographic studies of the cellobiose–

FAME–ethyl PABA coupling  

As shown in Table 2, this sample indicates a 

pronounced amorphization, just like the sample in 4.2 3 

above, with its β to be 9.25° and crystallite size of 0.874 

nm. The position of the peak at 21.52° and the given d-

spacing (4.127 Å) imply that there is partial lattice 

contraction along with microstructural strain [51]. 

Observation of XRD diffractogram in Fig. 17 revealed that 

the X-ray diffraction characterization of the synthesized 

cellobiose–FAME material carried out through ethyl-PABA 

coupling revealed a principal amorphous halo in the low-
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angle region which indicated that the cellobiose crystalline 

order had been largely disrupted by the adhesion of long-

chain fatty esters and aromatic PABA groups [64]. 

 
Figure 17. XRD diffractogram of synthesis of the cellobiose–

FAME–ethyl PABA coupling. 

3.14. XRD data of cellobiose-FAME double ethyl PABA 

coupling 

As shown in Table 2, substantial structural disorder can 

be inferred from the strong broadening (β = 9.54°) and 

small crystallite size (0.848 nm) of Sample 6. The peak at 

21.61° along with the small d-spacing (4.109 Å) indicate 

that there has been a chemical modification that resulted 

in the reduction of crystalline coherence to a significant 

extent [44]. From Fig. 18, the XRD data validation indicates 

that the cellobiose-FAME synthesis with a double ethyl-

PABA coupling is accomplished. The complete and 

unambiguous change of the crystalline structure of the 

material has been made visible and each step of the 

reaction has been documented unequivocally. 

The transformation executed in the synthetic route has 

led to two noteworthy changes in structure: 

a. Change of native crystallinity to non-crystalline material: 

the original crystalline structure of cellobiose was 

obliterated and the XRD pattern showing complete lack of 

cellobiose characteristic peaks indicates chemical 

modification was carried out successfully. 

b. New crystalline phase creation: the striking 

characteristic of the XRD pattern is the sharp strong peak 

coming between 25° and 30° 2θ. This peak is a clear 

manifestation of the highly ordered crystalline structure 

produced by the FAME chains in their self-assembly. 

The bulky Ethyl-PABA molecules were thus successfully 

added to the already existing structure by double coupling. 

The predominance of the single FAME peak still indicates 

that these PABA groups are mainly confined to the 

amorphous regions without the primary crystalline packing 

of the fatty acid chains getting disturbed [45]. 

 
Figure 18. XRD diffractogram of synthesis of cellobiose-FAME 

double ethyl PABA coupling. 

3.15. XRD crystallographic studies of cellobiose-FAME 

with ethyl PABA/hydrazine conjugate 

The profile of this sample is characterized by a very 

sharp peak (β = 2.09°) and a large crystallite size (3.875 

nm), which together render it the most crystalline one of 

the groups. Its 2θ which is very high (22.39°) and the 

smallest d-spacing (3.970 Å) fall within the range of native 

or lightly modified cellulose and thus a structural 

benchmark (Table 2). Such a finding has indicated that 

other previous samples modified had already lost 

considerable amounts of crystallinity as compared to the 

case of the most crystalline sample [60]. From Fig. 19, XRD 

analysis reveals the successful preparation of Cellobiose-

FAME conjugate containing the ethyl-PABA/Hydrazine 

group as well as the synthetic reaction's completeness by 

the material's complete shift in crystallinity.  

 
Figure 19. XRD diffractogram of synthesis of cellobiose-FAME 

with ethyl PABA/hydrazine conjugate. 

The synthesis brought about two major changes in 

structure: 

a. Elimination of native crystallinity: cellobiose's original 

crystalline form got destroyed. The total 

disappearance of cellobiose's characteristic peaks in 

the XRD pattern of the final product, which is a 

standard sign of the successful chemical modification 

of the polysaccharide, support this assertion [50]. 
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b. Creation of new crystalline phase: the sharp, intense 

peak seen between 25° and 30° 2θ is very convincing 

evidence of a new crystalline phase that has come 

about from the self-organization of the grafted fatty 

acid (FAME) chains, thus their attachment and 

ordering into a lattice that is the most prevalent [20] 

have been proven to be so.  

The main component of the plant material is with an 

architecture that is partly crystalline, thus a hybrid material 

where the FAME side chains' crystalline packing is the 

leading structural feature. The Ethyl-PABA/Hydrazine 

conjugate has been successfully attached, probably 

located in the non-crystalline areas without interfering 

with the primary FAME crystallinity. Thus, the structural 

analysis verifies the material's functionalization with the 

unique semi-crystalline architecture, which is of great 

interest for future applications [49]. 

4. Conclusion 

This study was designed to carry out the synthesis, 

structural characterization, and biological evaluation of 

new biopolymer conjugates containing acid hydrazides and 

N-protected-PABA moieties. The research was based on 

the rising incidence of drug-resistant Mycobacterium 

tuberculosis strains and the drawbacks of current 

treatments, thus there was an urgent need for substitute 

and potent ant tubercular agents. The employed synthetic 

strategy allowed for the successful modification of natural 

biopolymers via esterification, hydrazide formation and 

aromatic conjugation thus yielding structurally and 

chemically stable materials. FTIR analysis successfully 

confirmed the chemical modifications. The biopolymers 

underwent esterification through FAME, which created 

ester carbonyl (C=O) stretching bands that appeared. The 

emergence of amide carbonyl peaks and aromatic C=C 

stretching vibrations confirmed the formation of amide 

bonds. XRD analysis showed that each modification step 

transformed the biopolymer materials  

into new crystalline forms. The research achieved 

successful development biopolymer conjugates, which 

exhibit multiple functions, which include drug delivery and 

anti-tuberculosis components. XRD elucidated a dramatic 

decrease in crystallinity and a concomitant rise in the 

amorphous character after the modifications, thus 

verifying the dislodgment of the  

original polymer lattice and granting the molecules 

freedom to move. 
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