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Introduction 

Herbicides serve as a potential tool in the relentless battle between 

crops and weeds, blended with chemical science and strategic 

application to outsmart weed species and help achieve optimal crop 

yields. These innovations disrupt weed growth at the biological level, 

replacing labour-intensive methods with targeted efficiency. 

However, while herbicides control weeds effectively, excessive and 

continuous use poses numerous challenges. These include 

phytotoxicity in crops, soil and water pollution and health risks to 

humans and animals through food chain contamination (1, 2). 

Herbicides may persist in soil, affecting subsequent crops and non-

target organisms and can potentially contaminate water sources 

through leaching (3). Moreover, intensive use of herbicides with the 

same mechanisms of action leads to the development of herbicide-

resistant weeds and shifts in weed populations (4). Pre-emergence 

herbicides typically provide effective weed control for a duration of 

15 to 20 days (5). However, subsequent flushes of germinating 

weeds can obstruct crop growth by competing for resources (6). To 

address this limitation and maintain a weed-free environment 

during the critical growth period of rice, controlled-release 

formulations offer an effective strategy. Controlled-release 

formulations regulate the availability of active ingredients 

(herbicides) in soil through encapsulation techniques. In this 

approach, the active ingredients are enclosed within a secondary 

material, typically spherical carriers at the nanoscale/microscale, 

allowing their controlled release. This strategy enhances weed 

control, stabilizes the active ingredients, reduces environmental loss 

and minimizes herbicide usage and decreases soil residue and 

phytotoxicity (7). 

In the quest for higher yields and cleaner fields in rice 

ecosystems, pretilachlor (C17H26ClNO2) stands out as a powerful pre-

emergent herbicide (8). It belongs to the acetanilide group, widely 

employed to control annual grasses, sedges and broadleaf weeds in 

transplanted and direct-seeded rice (9). Direct-seeded rice (DSR) is 

becoming more prevalent due to labour and water scarcity, but the 

risk of yield loss from weeds in direct-seeded rice is greater than in 

transplanted rice (10). Yield losses due to weeds in DSR can range 

from 10-100 % without control measures (11). With reports of up to 

96 % loss in dry DSR and 61 % in wet DSR (12). Controlling weeds in 

rice during the critical period assumes greater importance for 
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Abstract  

Conventional pretilachlor formulation faces quick dissipation, leaching, and reduced efficacy. The present study aimed to synthesize 
encapsulated pretilachlor using pectin to achieve sustained release by optimising counter-ion solution and herbicide concentration. 

Pretilachlor was microencapsulated with 6 % pectin via ionotropic gelation using 2 % calcium chloride (CaCl2), barium chloride (BaCl2), zinc 
sulphate (ZnSO4) and zinc acetate as cross-linking baths. Herbicide concentrations of 0.5, 1.0 and 2.0 mL were evaluated. Morphological and 

encapsulation properties were characterized through phase contrast microscope, field emission scanning electron microscope (FESEM), 

Fourier transformed infra-red (FTIR) spectroscopy and EDS. Encapsulation efficiency and release profiles were determined via UV-Vis 

spectrophotometry and analysed using mathematical kinetic models. The extrusion of 6 % pectin solution into 2 % cross-linking baths 
produced beads of varying shapes, with BaCl2 yielding the most uniform and stable spherical microspheres. The mean diameter of the beads 

increased from 1.25 to 1.71 mm as pretilachlor concentration increased from 0.5 to 2.0 mL. Encapsulation efficiency and swelling percentage 

were highest at 0.5 mL concentration (69.4 % and 66.7 %), followed by 1.0 mL (64.04 % and 61.4 %) and 2.0 mL (59.36 % and 61.8 %), 

respectively. Structural analyses confirmed uniform encapsulation and stable microsphere formation and the encapsulated formulations 
exhibited a slow and sustained release pattern governed by first-order diffusion-controlled kinetics, in contrast to the rapid initial burst 

observed in the commercial formulation. Overall, encapsulating 0.5 mL of pretilachlor in 6 % pectin emerged as the most suitable treatment, 

offering improved encapsulation efficiency, higher swelling capacity and steady herbicide release for effective application. 

Keywords: ionotropic gelation; microencapsulation; pectin; pretilachlor; slow release  
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obtaining a higher yield.  In direct-seeded rice, the critical period for 

mixed weed infestations extends from 12-60 days after seeding (13). 

Pretilachlor, with its ability to inhibit the synthesis of fatty acids 

needed for cell membranes and other lipid-containing structures in 

susceptible weeds, primarily grassy weeds in rice crops, by 

interfering with the acetyl-CoA carboxylase (ACCase) enzyme (14). It 

offers early-season control that reduces competition during the 

crops’ most vulnerable stages. Its primary dissipation pathway in soil 

is due to microorganisms (15). Pretilachlor dissipates rapidly in 

paddy water, with a half-life of 4.68-6.77 days, while persisting longer 

in sediment with a half-life of 15.01-28.76 days (13). However, it is 

toxic to aquatic mammals and fish when it leaches into the water 

bodies. Herbicides often enter natural waters through irrigation, 

posing environmental risks (9). To mitigate its adverse effects and 

improve the efficacy, encapsulation of pretilachlor with hydrophilic 

polymers will be a potential approach as it reduces the leaching loss, 

photodegradation and prolong the half-life of herbicide to improve 

the efficiency of herbicide effect. Therefore, pretilachlor is 

encapsulated with suitable polymers to enhance sustained release, 

improve efficacy and minimize environmental impact, making it a 

key tool in modern, sustainable weed management strategies. 

 Various organic and inorganic polymers are used for 

herbicide encapsulation. Some studies have explored the 

encapsulation of pretilachlor using various polymers and 

techniques. For instance, polyurea, a synthetic polymer, was used to 

synthesise pretilachlor microcapsule suspension through the 

interfacial polymerisation technique (16). Polyethylene glycol (PEG), 

a synthetic polymer, was used to encapsulate pretilachlor through 

microemulsion and monolithic dispersion (17). The synthetic 

polymers like polycaprolactone (PCL) and poly allylamine 

hydrochloride (PAH) + poly sodium (styrene sulfonate) (PSS) were 

utilised to encapsulate pretilachlor (18). All these studies have used 

organic synthetic polymers, as most of them are petrochemical-

based polymers. However, the knowledge on the encapsulation of 

pretilachlor in pectin is lacking. Pectin is an organic polymer widely 

used as a carrier in the pharmaceutical field and food industries. It is 

now being explored for use in agrochemicals. It comprises chains of 

D-galacturonic acid units, which are linked by α-(1-4) glycosidic 

linkage (19). Pectin is derived from plant sources (e.g., citrus peels, 

apple pomace) and is fully biodegradable and eco-friendly, breaking 

down naturally without leaving toxic residues, non-toxic and safe for 

humans, animals and soil microbes. Pectin is an ideal polymer due 

to its greater stability in acidic conditions and high temperature, 

gelation property and biocompatibility. Since it is abundantly 

available as a byproduct of fruit processing, pectin is relatively low-

cost compared to specialized synthetic polymers (20). Hence, this 

study was designed to develop pectin-based encapsulation of 

pretilachlor.  

 

Materials and Methods 

Materials 

Herbicide pretilachlor 50 % EC (Taghit) was purchased from Tropical 

Agrosystem (India) Private Limited. Pectin was purchased from 

Isochem Laboratories, Angamali, Kochi. All other chemicals used 

were analytical grade, purchased from Sigma Aldrich. Deionised 

water was used for the synthesis of pectin polymeric microsphere 

and pectin encapsulated pretilachlor microsphere. The chemicals 

used in the study were pretilachlor, pectin, zinc acetate, zinc 

sulphate, calcium chloride (anhydrous) and BaCl2. 

Methods 

Encapsulation of pretilachlor in pectin microspheres 

Pectin microspheres and herbicide encapsulation were prepared 

based on the earlier protocol with some modifications through the 

ionotropic gelation method (21). Pectin (6 g) was dissolved in 100 mL 

of deionised water by stirring at 400 rpm using a magnetic stirrer to 

obtain a uniform mixture. 6 % pectin was extruded dropwise at 4 mL 

min-1 through a syringe with a needle (0.55 mm) into the 2 % counter 

ion solutions (BaCl2, CaCl2, ZnSO4 and zinc acetate), maintaining the 

collection distance of 4-5 cm from the bath solutions. Different-

shaped (flat and distorted, spherical, spherical with a chained tail 

and tear drop) pectin microspheres were formed instantly in each 

gelation bath solution (CaCl2, BaCl2, zinc acetate and ZnSO4, 

respectively). The microspheres were washed after curing for 30 min 

in the gelation bath with deionised water and ethanol. Then, 

microspheres were dried at room temperature until a constant 

weight was achieved through successive measurements. The 

microspheres were stored in an airtight container at room 

temperature for further characterisation. Similarly, 6 % pectin 

solution was prepared and herbicide (pretilachlor) was added slowly 

into the pectin solution at three different concentrations (0.5, 1.0, 2.0 

mL). Encapsulated pretilachlor microspheres were prepared by 

dripping the different concentrations of pretilachlor mixed with 

pectin solution into 2 % barium chloride (BaCl2) solution. After curing 

and washing, each concentration of encapsulated pretilachlor 

microspheres was dried and stored for further evaluation. 

Encapsulation efficiency of pretilachlor in pectin microspheres 

Encapsulation efficiency represents the amount of pretilachlor 

encapsulated in pectin microspheres. Encapsulation efficiency of 

pretilachlor-loaded microspheres of varying concentrations was 

analysed individually using a UV-Vis spectrophotometer (Agilent, 

Cary 60 UV-Vis spectrophotometer). Two sets of standards were 

prepared, one with pretilachlor 50EC from 1 to 10 ppm using water 

and another with technical grade pretilachlor prepared from 1 to 10 

ppm using acetonitrile, for assessing the wavelength of maximum 

absorption through spectrum scanning with a wavelength of 190 to 

800 nm in UV-Vis spectroscopy. The known concentrations of 

pretilachlor (1, 2, 4, 8 and 10 ppm) technical grade standards were 

used to find OD values in UV Vis spectrophotometer and obtained a 

standard curve (min R2 = 0.95). 10 mg of each pectin encapsulated 

pretilachlor was dissolved in 50 mL of distilled water after grinding 

using a pestle and mortar and kept under continuous magnetic 

stirring for 8-12 hr for complete dissolution of microspheres. Aliquot 

was filtered through a membrane filter (0.22 μm) to reduce the 

residual interaction after centrifuging at 3000 rpm for 30 min and 

analysed its concentrations at λmax = 194 nm using a UV-Vis 

spectrophotometer. Pretilachlor encapsulation efficiency was 

calculated using the following formula (Eqn. 1). 

   

 

 

 

Swelling behaviour of pectin and pretilachlor encapsulated 
microspheres 

The swelling properties of pretilachlor-loaded and empty pectin 

Encapsulation efficiency (%) = 

X 100 
Amount of herbicide encapsulated (g) 

Amount of herbicide used for encapsulation(g) 

(Eqn. 1) 
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  microspheres were assessed in terms of the change in weight of 

microspheres as a function of time. Measurements of the initial 

weight of dried and final weight of wet microspheres were made 

before and after microspheres were soaked in water at room 

temperature in distilled water, respectively. The microspheres were 

retrieved from the water at regular intervals to assess the change in 

weight at time ‘t’. The swelling percentage was calculated using the 

following formula (Eqn. 2). 

  

 

 

 

 

Characterisation of pretilachlor-loaded pectin beads 

The size and shape of the pectin microsphere and pectin 
encapsulated pretilachlor microspheres were examined using a 

phase contrast microscope (LEICA DM2000 LED coupled with 

imaging software Capture V2.4) at 5 x magnification. The surface 

topography of pectin encapsulated pretilachlor beads was assessed 

using a field emission scanning electron microscope (FESEM) 

without coating. Electron microscopy images were obtained at an 

acceleration voltage of 15.0 kV with different magnifications (130 x, 

246 x, 2.54 kx, 5.00 kx). Fourier transformed infra-red (FTIR) spectra of 

pectin beads and pretilachlor-loaded pectin beads were recorded 

using SHIMADZU–FTIR to ensure the encapsulation of pretilachlor in 

the pectin polymeric system. Attenuated total reflection (ATR) mode 

was used at a wavenumber regime of 4000 to 400 cm-1. Further, the 

elemental composition of  encapsulated pretilachlor  in  pectin 

beads was recorded using energy dispersive X-ray analysis or energy 

dispersive X-ray spectroscopy (EDAX/EDS). 

Herbicide release test of encapsulated pretilachlor 
microspheres 

Release pattern in aqueous medium 

Release pattern of the encapsulated pretilachlor at three 

concentrations (0.5, 1 and 2 mL) was studied in the laboratory by 

comparing with commercial pretilachlor 50 EC at three 

concentrations (0.5, 1 and 2 mL) to assess the slow release of 

encapsulated pretilachlor from the pectin microsphere. 30 mg of 

pretilachlor-loaded beads were placed in one litre of deionised water 

(aqueous medium). The dissolution bath was maintained at room 

temperature and shaken at 100 rpm using a mechanical shaker. 

Similarly, an equivalent quantity of active ingredient from 

commercial pretilachlor was also placed in the dissolution medium 

to compare the release pattern of both formulations in water. 

Aliquots of 10 mL were withdrawn at time intervals of 2, 4, 6, 8, 10, 12, 

24, 48, 72 and 96 hr, with an equal volume of deionised water added 

back after each withdrawal. The concentration of herbicide release 

from the encapsulated pretilachlor pectin matrix and commercial 

formulation in the water system at the mentioned time intervals was 

assessed through a UV-Vis spectrophotometer at 194 nm (λmax 

obtained through spectrum scanning). 

Release kinetics with mathematical models 

The concentration of pretilachlor released from the sample at 

defined time intervals was used to determine the percentage of 

pretilachlor released from the pectin matrix. Data from different 

concentrations of encapsulated pretilachlor (0.5, 1.0, 2.0 mL) were 

used to construct graphs according to the mathematical models, 

including zero-order (Eqn. 3), first-order (Eqn. 4), Higuchi (Eqn. 5) and 

Korsmeyer-Peppas (Eqn. 6) models (22-25). These analyses provide 

information on the release mechanism. 

 ƒt = K0t                                                                      (Eqn. 3) 

 lnQt= lnQ0 + Ktt                                                  (Eqn. 4) 

 ƒt = KHt1/2                                                                                                                                      (Eqn. 5) 

 Mt / M∞ = Ktn                                                                                                                             (Eqn. 6) 

 Where, in equation (3), ƒt is the fraction of drug released at 

time t and K0 is the zero-order release constant. In equation (4), Qt is 

the amount of drug remaining to be released at time t; Q0 is the drug 

amount remaining to be released at zero hr; Kt is the first-order 

release constant. In equation (5), ƒt is the fraction of drug release at 

time t; KH is the Higuchi release rate constant. In equation (6), Mt is the 

amount released at time t; M∞ is the amount released at infinite time; 

K is the Korsmeyer-Peppas release constant; n is the release 

exponent.  

 

Results and Discussion  

Encapsulation of pretilachlor in pectin microsphere 

Encapsulation of pretilachlor in pectin polymeric microspheres was 

carried out through the ionic gelation technique. The different ion 

gelation bath affects the shape and behaviour of pectin 

microspheres without loading pretilachlor. Fresh and dried 

pectinate microspheres without loading pretilachlor cross-linked 

with different counter ions gelation bath are illustrated in Fig. 1 & 2. 

The pectin beads formed with 2 % CaCl2 crosslinking agent are 

irregular, translucent elongated in shape. This might be due to 

higher viscosity and low surface tension of pectin solution or the 

concentration of both pectin and CaCl2  solution. Higher calcium 

concentrations typically create more rapid surface gelation, 

potentially leading to irregular shapes (26). The pectin beads formed 

with 2 % zinc acetate crosslinking agent are spherical in shape with a 

chain-like tail. Similarly, in 2 % zinc sulphate crosslinking agent tear-

drop-like shaped beads were formed. Whereas the pectin beads 

formed with 2 % BaCl2 shows proper spherical to oblate shape 

microsphere (Fig. 3). Therefore, the different concentration of 

pretilachlor (0.5, 1 and 2 mL) was encapsulated in 6 % pectin 

polymer with 2 % BaCl2   gelation bath and the microspheres 

obtained were spherical to oblate in nature irrespective of 

pretilachlor concentrations (Fig. 4 & 5) but with varying size (1252.17 

± 7.90, 1451.28 ± 0.08, 1708.70 ± 6.25 μm) due to increasing 

pretilachlor concentrations, respectively (Fig. 6 and Table 1). 

Intermolecular crosslinking between the carboxyl groups of pectin 

and divalent cation barium takes place due to polyanion cation 

interactions. Unbranched non-esterified galacturonan units in pectin 

are involved in the complexing reactions with divalent ions. The 

shape of the microsphere formed is primarily due to this process and 

the interplay between the pectins’ structure and the continuous 

aqueous phase. 

Encapsulation efficiency of pretilachlor in pectin microspheres 

A comparison of encapsulation efficiency for various concentrations 

of pretilachlor loaded in pectin polymeric microspheres is shown in 

Fig. 7. The encapsulation efficiency of pretilachlor decreases with 

increasing concentration of pretilachlor in pectin microspheres. The 

higher concentration of pretilachlor increases the drug-to-polymer 

% swelling = 

(Eqn. 2) 
X 100 

Weight of beads at time (g) - 

Initial weight of beads (g) 

Weight of beads at time “t” (g) 
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A B C D 

Fig. 1. Fresh wet pectinate beads without pretilachlor at 2 % of different gelation bath: A. CaCl2, B. BaCl2, C. zinc acetate, D. ZnSO4. 

A B C D 

Fig. 2. Dry pectinate beads without pretilachlor at 2 % of different gelation bath: A. CaCl2, B. BaCl2, C. zinc acetate, D. ZnSO4. 

A B C D 

Fig. 3. Phase contrast microscopic image of pectin polymeric microsphere in different crosslinking agents of 2 %: A. CaCl2, B. BaCl2, C. Zinc 
acetate, D. ZnSO4. 

A B C 

Fig. 4. Fresh wet pectinate beads loaded with different concentrations of pretilachlor in 2 % BaCl2: A. 0.5 mL, B. 1 mL, C. 2 mL.  

A B C 

Fig. 5. Dry pectinate beads loaded with different concentrations of pretilachlor in 2 % BaCl2: A. 0.5 mL, B. 1 mL, C. 2 mL. 
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ratio, thereby reaching saturation and decreasing the encapsulation 

efficiency. Higher encapsulation efficiency (69.4 %) of pretilachlor 

was noticed in microspheres loaded with 0.5 mL pretilachlor 

followed by 1.0 mL pretilachlor with an encapsulation efficiency of 

64.04 %. The lowest encapsulation efficiency (59.36 %) was observed 

in microspheres with loading of pretilachlor at 2 mL concentration, 

might be due to efflux of pretilachlor molecules out of polymeric 

system to achieve equilibrium diffusion coefficient with surrounding 

ion gelation bath. Encapsulation efficiency varies depending on 

factors such as polymer type, herbicide solubility and polymer 

concentration, typically ranging from 24.7 to 63 % (27, 28). Similarly, 

Research indicates that encapsulation efficiency decreases with 

increasing concentration of herbicide load (29, 30). 

Swelling behaviour of pectin beads and encapsulated herbicide 

beads 

Water uptake by polymeric systems determines the release pattern 

of encapsulated materials (31). The effect of various concentrations 

of pretilachlor on the swelling behaviour of pretilachlor-loaded and 

unloaded microspheres is shown in Fig. 8. The percentage of 

swelling increases with time for the first four hours, irrespective of the 

concentration of pretilachlor. Higher swelling percentage (65.1 to 

66.7 %) was observed at 2 to 6 hr in microspheres cross-linked with 2 

% BaCl2   at 0.5 mL pretilachlor concentrations in comparison with 

pretilachlor unloaded and loaded microspheres of 1.0 and 2.0 mL 

concentrations. These findings correlated with the previous study, 

indicating that higher herbicide loading reduces water uptake by the 

polymer (32). This effect is attributed to the herbicides’ impact on 

drug diffusion rather than polymer relaxation (33). The presence of 

herbicides can alter the three-dimensional membrane structure of 

superabsorbent polymers, affecting their water-absorbing capacity 

(34). The swelling process is characterised by an initial rapid increase 

followed by a gradual approach to equilibrium, with the equilibrium 

swollen value being affected by drug loading levels. The reduced 

swelling of pretilachlor-loaded microspheres at higher drug 

concentrations might be due to densification of the polymer 

network or specific drug-polymer interactions. 

Characterisation of encapsulated pretilachlor microspheres 

Field emission scanning electron microscope images of 

encapsulated pretilachlor in pectin polymeric microspheres are 

illustrated in Fig. 9. The microsphere at 130 x and 246 x magnification 

(Fig. 9A, 9B) exhibits a nearly perfect circular shape with a distinctive 

central hole/depression and radial striations extend from the centre 

to the periphery, suggesting controlled cross-linking between 

pectins’ carboxyl groups and Ba2+ ions that created stronger ionic 

bridges with pectin chains. The central depression likely formed 

during solvent evaporation, creating a hollow or less dense core 

 

A B C 

Fig. 6. Phase contrast microscopic image of 0.5, 1.0 and 2.0 mL pretilachlor loaded in pectin microsphere: A. Encapsulated pretilachlor 
microsphere (0.5 mL), B. Encapsulated pretilachlor microsphere (1.0 mL), C. Encapsulated pretilachlor microsphere (2.0 mL). 

BaCl2 concentration Pretilachlor concentration Diameter (μm) Remarks 

2 % 

0.5 mL 1252.17 ± 7.90 

Beads were spherical to oblate shape 1.0 mL 1451.28 ± 0.08 

2.0 mL 1708.70 ± 6.25 

Table 1. Impact of varying pretilachlor loading concentrations on the dimensions and form of pectin-encapsulated pretilachlor microspheres 

 

Fig. 7. Impact of herbicide concentration on pretilachlor encapsulation efficiency in pectinate microspheres. 
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beneficial for controlled release (35). Its intact structure indicates 

good stability. The microsphere shows minimal surface porosity but 

pronounced texture. The radial striation may create microchannels 

that could influence pretilachlor release kinetics (36). Surface 

roughness appears relatively uniform, suggesting a homogeneous 

distribution of the encapsulated herbicide. The structured 

morphology suggests potential for controlled release of pretilachlor, 

which could extend herbicidal activity. Ba2+ cross-linking may 

provide greater stability in soil environments (37). The uniform shape 

indicates well-controlled droplet formation during the gelation 

process. Fig. 9C shows distinct parallel ridge formations on the 

surface, which may represent areas of higher cross-linking density 

between pectin chains and Ba2+ ions. Small particulate matter 

(bright spots) on the surface suggests potential surface-adsorbed 

pretilachlor or partial crystallisation (Fig. 9D). The channel-like 

structures could facilitate controlled release through surface erosion 

(38). The varied morphology could provide both immediate release 

(surface drug) and sustained release (matrix-embedded drug). In 

addition to surface morphology study, further analysis, like EDS and 

FTIR, was carried out. 

 Elemental composition analysis was performed to ensure 

 

Fig. 8. Influence of pretilachlor concentration on pectin microsphere and pectin-encapsulated pretilachlor microsphere swelling behaviour. 

 

A B 

C D 

Fig. 9. FE-SEM micrographs of encapsulated pretilachlor in pectin polymer microsphere at different magnification, A. 100 x, B. 246 x, C. 2.54 
kx, D. 5.00 kx magnification. 
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the encapsulated pretilachlor in pectin polymer microspheres. 

Energy dispersive X-ray spectroscopy image of pectin microspheres 

cross-linked with barium (Ba) without pretilachlor encapsulation 

and the pretilachlor encapsulated pectin microspheres are 

illustrated in Fig. 10A and 10B. Pectin microspheres without 

pretilachlor (Fig. 10A) are composed of 47 % oxygen (O), 15 % carbon 

(C), 17 % chlorine (Cl), 15 % Ba and 5 % molybdenum (Mo). The Ba: Cl 

ratio is approximately 1:1.13, close to the expected 1:2 ratio in BaCl₂, 

suggesting some chloride was washed away during preparation. 

The high oxygen percentage indicates abundant available carboxyl 

groups in pectin for ionic interaction with Ba2+. The even distribution 

of Ba (likely shown in light blue based on the legend) confirms 

homogeneous cross-linking throughout the structure. The coloured 

mapping suggests no significant segregation or clustering of 

components, indicating efficient gelation. Strong peaks for C and O 

confirm the organic pectin matrix, the well-defined Ba peaks at 

approximately 4.5 keV (L-shell) and additional peaks at higher 

energy levels confirm Ba incorporation (39). The presence of Cl peaks 

validates residual chloride from the cross-linking solution. The 

relatively high Ba content suggests extensive cross-linking, which 

would contribute to structural stability (40). The balanced elemental 

composition suggests a complete reaction between pectin and 

BaCl2. The EDS analysis provides valuable compositional data 

complementary to the morphological information from SEM. The 

combined analysis confirms successful formation of Ba-crosslinked 

pectin microspheres through ionotropic gelation. 

 

 Encapsulated pretilachlor in pectin microspheres (Fig. 10B) 

are composed of 50 % oxygen (O) highest proportion, derived from 

pectins’ hydroxyl and carboxyl groups, 25 % C from both pectins’ 

polysaccharide backbone and pretilachlors’ organic structure, 14 % 

Cl from both BaCl₂ crosslinker and pretilachlors’ chlorinated 

structure, 9 % Ba cross-linking counter-ion, 2 % nitrogen (N) likely 

from pretilachlors’ chemical structure. The detection of nitrogen            

(2 %) provides direct evidence of pretilachlor incorporation, as pectin 

lacks nitrogen while pretilachlor contains nitrogen in its molecular 

structure. The C:O ratio (25:50 or 1:2) is higher than would be 

expected (15:47 or 1:3.1) for pure pectin, suggesting the additional C 

content from pretilachlor (41). The presence of Cl is also partially 

attributable to pretilachlors’ chlorinated structure in addition to 

residual chloride from BaCl2. The EDS mapping shows a relatively 

homogeneous distribution of elements throughout the 

microsphere. The even distribution of colours in the surrounding 

matrix indicates that pretilachlor is well-dispersed within the pectin 

network. The maintained structural integrity despite herbicide 

incorporation suggests compatible interactions between pectin, Ba 

ions and pretilachlor.  

 The reduced Ba content (9 % vs 15 % in non-loaded 

microspheres) suggests pretilachlor may compete with pectin for 

interaction with Ba2+ ions. The oxygen-rich composition (50 %) 

indicates abundant hydroxyl and carboxyl groups, which could 

potentially support higher herbicide loading in optimised 

formulations. The detectable nitrogen level (2 %) suggests moderate 

but significant herbicide loading efficiency (42). EDS thus confirms 

successful encapsulation with stable incorporation.  

 The FTIR analysis provides strong evidence for the formation 

 
25 % C K 

2 % N K 

50 % O K 

14 % Cl 

9 % Ba L 

 
15 % C K 

47 % O K 

5% Mo L 

17 % Cl K 

15 % Ba L 

A 

B 

Fig. 10. EDX spectrum and elemental overlay:  A. Pectin microsphere without pretilachlor, B Pectin encapsulated pretilachlor microsphere. 
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of pectin-barium microspheres through ionic gelation, with the Ba 

ions serving as cross-linking agents between the carboxylate groups 

of adjacent pectin chains (Fig. 11A). The broad absorption band 

around 3400-3500 cm-1 (visible at approximately 3402 cm-1, 3389     

cm-1) corresponds to O-H stretching vibrations of hydroxyl groups in 

the pectin structure (43). The peaks around 2930 cm-1 (2938 cm-1) can 

be attributed to C-H stretching vibrations of the CH2 groups in the 

pectin backbone. A band around 1730-1740 cm-1 likely represents 

C=O stretching of the ester carbonyl groups (methyl ester) in pectin 

(44, 45). The absorption at approximately 1630 cm-1 (visible around 

1600-1650 cm-1 region) corresponds to the asymmetric stretching 

vibration of carboxylate groups (COO-) (46). Bands around 1420-1450 

cm-1 can be attributed to the symmetric stretching of carboxylate 

groups (47). The fingerprint region (1200-950 cm-1) shows 

characteristic peaks related to C-O stretching and C-C stretching in 

the polysaccharide structure of pectin. The sharp peaks at 1085 cm-1 

and 1050 cm-1 (approximated from the spectrum) are typical of C-O-

C stretching in the glycosidic linkages (48). The presence of 

carboxylate peaks indicates that the carboxylic acid groups of pectin 

have been ionised, which is essential for the ionic gelation process 

with Ba2+ ions. Such shifts in the carboxylate stretching bands 

confirm the ionic interaction between pectins’ carboxyl groups and 

Ba ions. The maintenance of most characteristic pectin peaks 

suggests that the fundamental chemical structure of pectin remains 

intact during the gelation process. Overall, the spectrum confirms 

the successful Ba cross-linking while preserving pectins’ structure. 

 The FTIR spectrum of  encapsulated pretilachlor in pectin 

microspheres shows several characteristic absorption bands that 

provide evidence of both pectin and pretilachlor components in the 

microspheres (Fig. 11B). The broad absorption band at 3788 cm-1 

and 3649 cm-1 can be attributed to O-H stretching vibrations from the 

hydroxyl groups present in the pectin structure. The peak at 3448   

cm-1 is assigned to N-H stretching vibrations, which could be 

associated with the secondary amine group in the pretilachlor 

structure (49). The absorption at 3140 cm-1 may represent aromatic   

C-H stretching, consistent with the aromatic rings present in 

pretilachlor (50). The absence of prominent peaks in the carbonyl 

region (1700-1750 cm-1) that would be characteristic of free pectin 

suggests potential interaction between the carboxyl groups of pectin 

and Ba ions during gelation. The peaks in the fingerprint region (1000

-500 cm-1) show several characteristic bands. 956 cm-1 and 902 cm-1 

correspond to C-O-C stretching in glycosidic linkages of pectin. The 

peaks 763 cm-1, 688 cm-1 and 648 cm-1 could be attributed to C-Cl 

stretching vibrations from the chlorinated aromatic ring in 

pretilachlor, 601    cm-1, 562 cm-1 and 509 cm-1 may represent metal-

oxygen (Ba-O) vibrations, indicating the crosslinking between Ba 

ions and pectin. The peak at 439 cm-1 at the far end of the spectrum 

could be related to Ba-O lattice vibrations (51). The presence of both 

pectin-related peaks and pretilachlor-specific absorptions confirms 

the successful encapsulation of the herbicide within the pectin 

matrix. The relatively low intensity of some characteristic pretilachlor 

peaks suggests its entrapment within the pectin network rather than 

just surface adsorption. The preservation of key pretilachlor 

functional group signatures confirms that the encapsulation process 

did not cause chemical degradation of the active ingredient. The 

spectrum suggests effective crosslinking between pectin chains via 

Ba ions, which would be crucial for controlling the release kinetics of 

the encapsulated pretilachlor. The overall spectral pattern indicates 

formation of a composite material where pretilachlor molecules are 

physically entrapped within the three-dimensional network of Ba-

crosslinked pectin. 

Herbicide release test of encapsulated pretilachlor 

microspheres 

Herbicide release pattern in aqueous medium 

Release pattern study of encapsulated pretilachlor, compared with 

commercial formulation, revealed a slow and sustained release from 

pectin microspheres (Fig. 12). Commercial formulation shows a 

 

Fig. 11. FTIR spectrum: A. Pectin polymer microsphere without pretilachlor, B. Encapsulated pretilachlor in pectin polymer microsphere. 
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Fig. 12. Herbicide release pattern of commercial and encapsulated pretilachlor at different loading concentrations: A. 0.5 mL, B. 1.0 mL, C. 2.0 mL. 
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sharp initial burst, releases pretilachlor almost immediately, 

reaching about 15-16, ~17-18 mg/L, by 2 hr, in 0.5, 1.0 mL 

concentration ~20 mg/L within the first 2-8 hr in 2.0 mL 

concentration. Then plateaus remain essentially constant ( ̴15.5 ± 0.5 

mg/L) out to 96 h in 0.5mL concentration. In 1.0 mL concentration, 

release declines from ~17 to ~14 mg/L for the 24 hr and maintains a 

steady concentration (~14-16 mg/L) through the 96 hr period with 

slight fluctuations. In 2.0 mL concentration, after 8 hr, there is a 

steady decline to   ̴ 15 mg/L for the 12 hr and maintains a steady 

concentration (~15-16 mg/L) through 96 hr. Encapsulated 

formulation shows a pronounced sustained-release profile, very low 

release at 0-2 hr ( ̴4 mg/L), rapid but controlled rise between 2–12 hr, 

closely matching the commercial level only after 12 hr. Maintains the 

slow release through 96 hr and levelling off at  ̴ 15 mg/L in 0.5mL 

concentration. In a 1.0 mL concentration, release starts low (~2 mg/L 

at 2 hr) and gradually rises slowly up to 12 hr. Approaches the 

commercial release level by ~12-24 hr. Stabilises at around 15-16 

mg/L and remains consistent up to 96 hr. In 2.0 mL concentration 

starts much lower (~4 mg/L at 2 hr) and steadily rises slowly up to 12 

hr. Approaches ~15-16 mg/L by ~12-24 hr, then remains stable up to 

96 hr. Mirrors the commercial formulations’ long-term release level, 

but without the initial spike.  

 This release pattern study suggests that the commercial 

formulations display a sharp burst release in the first few hours, 

especially at higher doses (1.0 mL and 2.0 mL reach ~17-20 ppm 

within 2-8 hr), which can lead to phytotoxicity and environmental 

runoff. In contrast, the encapsulated formulations provide a 

consistent, diffusion-based release profile, slowly reaching effective 

concentrations ( ̴15-16 mg/L) and maintaining them over extended 

periods. Despite the increase in dose from 0.5 mL to 2.0 mL, the 

encapsulated systems demonstrate controlled and consistent 

plateauing behaviour. This suggests that the pectin-based 

encapsulation matrix effectively regulates herbicide diffusion, 

producing a clear controlled-release profile and minimising sharp 

changes in release rate regardless of the loading concentration. The 

results demonstrate that encapsulation technology effectively 

modifies the release pattern of pretilachlor, providing a more 

gradual and sustained release compared to the conventional EC 

formulation, which could improve both efficacy and environmental 

safety. Similarly, atrazine release from poly (lactic-co-glycolic acid) 

(PLGA) nanoparticles was reported to be slower: 50 % of pure 

atrazine was released after 3.5 h, whereas the encapsulated atrazine 

required 9 hr for the same release (52). Research indicates that the 

release of active ingredient metribuzin from bentonite polymer-

composites (BPCs) was significantly lower compared to the 

commercial formulation of metribuzin (53). 

Release kinetics with mathematical models 

The mechanism of herbicide release from the different 
concentrations (0.5, 1.0 and 2.0 mL) of encapsulated pretilachlor in 

pectin polymeric microspheres was assessed through fitting the 

herbicide release percentage in release kinetics mathematic models 

(Fig. 13), shows that a determination coefficient (R2) of 0.96 for the 

first-order model, provided the best fit among the evaluated models 

for 0.5 mL concentration encapsulated pretilachlor. This indicates 

that the release rate is concentration-dependent, likely governed by 

diffusion and/or dissolution processes that slow over time. Higuchi 

model also shows a good fit (R2 = 0.94), indicating a diffusion-

controlled release, typical for matrix-based systems (Fig. 13I.). For 1.0 

mL concentration of encapsulated pretilachlor, the Higuchi model 

shows a best fit (R2 = 0.96) among other evaluated models, 

suggesting Fickian diffusion is the dominant release mechanism for 

this formulation and followed by the first-order model with R2 = 0.95, 

showing that as the herbicide depletes, the release rate slows 

proportionally (Fig. 13II).  

 For a 2.0 mL concentration of encapsulated pretilachlor, 

among the evaluated models, the Higuchi model provided with best 

fit with an R2 = 0.94 (Fig. 13III). This indicates that the release follows 

diffusion-controlled kinetics. All three volumes (0.5, 1.0 and 2.0 mL 

pretilachlor encapsulation) follow the Higuchi diffusion-based 

 

I 
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model well. It describes the release based on Ficks’ law of diffusion. 

Therefore, herbicide release from the polymeric matrix is assumed 

to be a diffusion-controlled process driven by the dissolution of the 

herbicide within the matrix and subsequent diffusion through the 

system. Similar findings were reported in the herbicide release 

mechanism of 2,4-D microparticles prepared with HPMC and CAB 

(54). Poly(ε-caprolactone) atrazine nanocapsules released the 

herbicide by a combined mechanism, like diffusion and relaxation of 

the polymeric chains (55). Norflurazon encapsulated in 

ethylcellulose controlled release mechanism by diffusion (56). 

Diffusion-controlled metazachlor release was observed from larger 

particles of encapsulated metazachlor in poly (lactic acid) and 

gelatin (57).  

Conclusion  

 

 

II 

III 

Fig. 13. Mathematical models of A. Zero-order and first-order, B. Higuchi and Korsmeyer-Peppas for different concentration of encapsulated 
pretilachlor in pectin polymer microsphere). I. 0.5 mL encapsulated pretilachlor, II. 1.0 mL encapsulated pretilachlor, III. 2.0 mL encapsulated 

pretilachlor. 
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The pectin polymer has the potential to serve as a controlled-release 

system for pretilachlor herbicide. This pectin encapsulated 

pretilachlor will offer several potential benefits, like minimising 

environmental impact, improving weed control efficacy with 

potentially reduced herbicide dose. Among the different 

concentrations of encapsulated pretilachlor, the 0.5 mL loading in      

6 % pectin was most effective, showing higher encapsulation 

efficiency, swelling percentage, steady slow herbicide release and 

practical advantages for field use. Also, being a small microsphere, a 

larger number can be obtained from unit weight, which will cover a 

wider area in field applications. These findings emphasise the need 

for further investigation to know the performance of the pectin 

encapsulated pretilachlor system under various environmental 

conditions of rice cultivation. 
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