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Article 

Polymeric Controlled Release System: Synthesis, 
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Hydrogel, Using the Ultrafiltration Technique 
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and Guadalupe del C. Pizarro 1,* 

1 Universidad Tecnológica Metropolitana (UTEM), Facultad de Ciencias Naturales, Matemáticas y Medio 
Ambiente, Departamento de Química, J. P. Alessandri 1242. Santiago, Chile 

2 Pontificia Universidad Católica de Chile, Facultad de Química y de Farmacia, Departamento de Química 
Física, Santiago, Chile  
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Orgánica, Santiago, Chile 
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Abstract: Several copolymer hydrogels were prepared from free radical polymerization of 2-
hydroxyethyl methacrylate (HEMA) with itaconic acid (IA) at different feed monomer ratio using 
ammonium persulfate (APS) initiators in water at 70°C. The phytodrug 2,4-dichlorophenoxy acetic 
acid (2,4-D) were grafted to Poly(HEMA-co-IA) by esterification reaction. The hydrolysis of the 
polymeric controlled release system, Poly(HEMA-co-IA)-2,4-D, showed that the release of the 
bioactive compounds in aqueous phase is dependent on the hydrophilic character of the polymeric 
system as well as on pH value. In addition, swelling behavior (Wt%) was studied at different pH 
using Liquid-phase polymer-based retention (LPR) ultrafiltration system. The acid-hydrolysis of the 
herbicide from the conjugates follows a first order kinetics, showing higher kinetic constants as the 
pH increases. The base-catalyzed hydrolysis reaction of the herbicide follows a zero order kinetic, 
where the basic medium acts as a catalyst accelerating the release rate of the herbicide, showing 
higher kinetic constants as the pH increases. The differences in the release rates found for the 
hydrogel-herbicide at different pH can be correlated with the difference in their swelling capacity, 
where the release rate generally increases with an increase in the swelling capacity from water 
solution at higher pH. The study of the release process revealed that all samples in distilled water 
at pH 10 are representative of agricultural systems, showed first-order swelling kinetics and an 
absorption capacity that conforms to the parameters for hydrogels for agricultural application, 
which supports their potential for these purposes. 

Keywords: polymeric controlled release system, herbicide 2,4 D, ultrafiltration system 
 

1. Introduction 

Hydrogels have received increasing attention in the last decade due to their significance and 
applications in areas such as drug delivery, immobilization of enzymes, solute separations, baby 
diapers, soil for horticulture and agriculture, adsorbent pads, etc [1–14].  

Accordingly, one of the most important activities in agriculture is the irrigation process, which 
facilitates the use of soil nutrients by plants and pest control, which helps crop growth [15–17]. It has 
been reported that cross-linked polyacrylamide hydrogels, added to soils at rates of between 5 and 
10 g/kg, reduce water infiltration into soils by up to 87-94% [15]. 
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On the other hand, irrigation processes are very expensive in areas with water scarcity, so 
hydrogels have become an attractive alternative to solve this problem, with even more reason for the 
superadsorbent hydrogels (SAP) to stand out. They reduce the cost, in addition to providing the 
continuous irrigation characteristic and necessary for this process [18]. It has been reported that these 
materials with granular structures also contribute to stabilizing the soil structure, improving aeration, 
permeability and soil quality, reducing soil compaction to prevent it from hardening, and providing 
a favorable environment for crop growth [19]. 

Hydrophilic functional groups such as -OH, -COOH, -CONH2, -CONR among others, attached 
to the main chain of the polymer, play a fundamental role in the hydration capacity and its resistance 
to dissolution arises by three-dimensional cross-linked polymer networks, produced from the simple 
reaction of one or more monomers [20–22]. These materials can be natural or synthetic and they show 
swelling or hydration capacity retaining a significant part of water or other fluid solvent in their 
structures, which generally do not dissolve [23]. 

Within the research branches, an innovative cellulose-based superabsorbent polymer (SAP) has 
been reported with absorption of 74 g of distilled water per g of SAP, however, when evaluating the 
absorption of tap water this figure was 40 g, which is within the range of typical absorption capacity 
of a SAP in a saline medium, which is 30-60 g water/g SAP. The system treated in that research, when 
subjected to extreme pHs, showed a swelling close to the upper limit in the case of basic pH, and 
even exceeded it in acidic medium [24]. In addition, other work has found that hydrogels swell better 
at neutral pHs, such that these results could be even superior in real agricultural systems [25]. 

Polymers supporting agricultural chemicals have recently been developed to overcome the 
serious environmental problems of conventional agrochemicals [26–30] The delivery of herbicides by 
controlled-release formulations offers ecological and economic advantages [31]. Degradable 
polymeric materials and hydrogels are of special interest because of their dual functions in this use 
and success of these formulations is based on a suitable choice of polymer support [32]. One of the 
most widely used monomers for the synthesis of hydrogel materials is 2-hydroxyethylmethacrylate 
(HEMA) due to its hydroxyl functional group (OH-), which interacts with water molecules through 
strong hydrogen bond interactions that generate swelling [33,34]. A series of crosslinked polymers 
containing functional groups based on acrylic acid (AA) monomers [23,35], N- vinylpyrrolidone 
(NVP) [20,36], and itaconic acid (IA) [37,38] have been described which possess a high hydration 
capacity due to their molecular structure, generating a proper hydrophilicity. On the other hand, 
controlled release polymeric systems have emerged whereby bioactive compounds are covalently 
linked to the polymer main chain to minimize the problem of environmental contamination; which 
accompanies the use of biologically active agents that display release via hydrolytic or enzymatic 
cleavage of the bond [38]. 

Previously, a controlled release polymeric systems was reported by our research group in which 
2,4-D was bounded to poly[(1-vinyl-2-pyrrolidone)-co-(2-hydroxyethyl methacrylate)] as a bioactive 
carrier reagent [12] In that particular study, poly(NVP-co-HEMA)–2,4-D exhibited a high release at 
pH= 7 and 10. The release percentage of herbicide increased at pH=10 with release values higher than 
80% after four days.  

Moreover, 2,4-Dichlorophenoxyacetic acid (2,4-D) is a phenoxyherbicide (synthetic 
phytohormone), a product that disrupts the metabolism of plant growth hormones, and thus 
efficiently and selectively controls broadleaf weeds in cereal crops, not associated with legumes, as 
well as in corn crops, and is compatible with most pesticides used in agriculture. It has a moderately 
dangerous toxicity (group II) according to the Chilean standard for drinking water NCh 409/1, with 
a dermal LD50: ˃1400 mg/Kg and an oral LD50: ˃375 mg/Kg. Herbicides in this group 
(phenoxyherbicides) are generally low in toxicity when they act directly, so the less frequently they 
are applied, the lower the risk-[39]. 

In this context, the design of the controlled release polymer of the herbicide 2,4-D is proposed 
as a model for other phytodrugs using hydrophilic polymers. In this work, we report the synthesis, 
characterization and application of a superadsorbent hydrogel (SAP) as a controlled released 
polymer obtained using two hydrophilic monomers. Subsequently, we attached the herbicide 2,4-D 
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to the polymer chain using a condensation reaction. It was then submitted to a chemical modification 
(basic hydrolysis) at different pHs for to improve its swelling properties; we then performed the 
study of the release of bioctive compound (2,4-D) linked to poly(HEMA-co-IA), with the purpose of 
adapting these materials to agricultural activities for improving soil quality, ensuring the efficient 
use of water in the agricultural sector with drought. The Liquid-phase polymer-based retention (LPR) 
technique (ultrafiltration system) was used to study the controlled release of 2,4-D from the prepared 
system. 

2. Experimental Part 

2.1. Reagents 

Hydroxyethyl methacrylate (HEMA) (Merck, Stuttgart) was purified by distillation under 
reduced pressure. Itaconic acid (IA) (Merck, Stuttgart), herbicide: 2,4-dichlorophenoxy acetic acid, 
C8H6Cl2O3, m.p. 134-138°C (Chemika, Fluka) and all the other reagents and solvents were used as 
received. Ammonium persulfate (APS) was used as an initiator and N,N´-methylene bis-acrylamide 
(MBA) as a cross-linking agent. All reagents were obtained commercially from Sigma-Aldrich and 
no additional purification process was carried out before synthesis of copolymers. 

2.2. Measurements 

FT-IR and 1H-NMR spectra were recorded on a Bruker model vector 22 spectrometer 
respectively. The number-average molecular weight (Mn), weight-average molecular weight (Mw) 
and the molecular weight distribution (polydispersity, Mw/Mn) of the polymers were determined by 
gel permeation chromatography (GPC) under the following conditions: WATERS 600E instrument 
equipped with UV and RI detectors with THF as a solvent (flow rate: 1.0 mL/min). The samples were 
measured at 30oC with a concentration of 6 mg mL-1, and the calibration was performed using 
poly(methyl methacrylate) (PMMA). The UV-VIS spectra were obtained using a Perkin-Elmer, model 
Lambda3 spectrometer. LAB LONCO 6L equipment was used for continuous freeze dryer 
(lyophilization). The pH was determined with a pH-meter Hanna 211. Posteriorly, LPR technique 
system was employed to test the controlled release of 2,4-D bioactive agent from polymeric matrix 
system. Details have been previously described [40,41]. 

2.3 Synthesis of the Copolymers 

Poly(hydroxyethyl methacrylate-co-itaconic acid), P(HEMA-co-IA) was synthesized by radical 
copolymerization with different feed monomer ratio in aqueous solution using 0.5 mol% of 
ammonium persulfate (APS) as initiator at 70°C in 15 mL of bi-distilled water keeping a total 
monomer concentration of  12 mM [34]. The solution was purged with N2 (g) and then the copolymer 
systems were put into a thermo-regulated bath at 70°C, until copolymerization reaction time of 12 h. 
The polymer was precipitated with heptane and dried under reduced pressure at a temperature 50°C. 
The yield was 85%. The schematic representation of the synthesis of the P(HEMA-co-IA) hydrogels is 
presented in Figure 1. 

 

Figure 1. Synthesis of the Poly (HEMA-co-IA) matrix. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 November 2024 doi:10.20944/preprints202411.0468.v1

https://doi.org/10.20944/preprints202411.0468.v1


 4 

 

2.4. Esterification Reaction 

Experimental procedure: 200 mg of the copolymer and 200 mg of 2,4-D chloride were dissolved 
in 5 mL of DMF. The solution was charged into a three-necked flask equipped with nitrogen inlet 
and outlet, dropping funnel, magnetic stirrer and thermometer. With stirring, 1 mL of pyridine was 
added drop wise at about 0°C. The reaction mixture was heated at 25°C for 1 h and after which the 
solution was poured into a large amount of HCl solution (0.5 M) to precipitate the product. The 
product was filtered and washed several times with cold distilled water. It was purified by 
precipitation using THF as solvent and cold distilled water as precipitant, then dried under reduced 
pressure at 50°C to constant weight. Yield was 70%. 

 

Figure 2. Esterification reaction to obtain the Poly (HEMA-co-IA) -2,4- conjugate. 

2.5. Study of Heterogeneous Hydrolysis of Poly(HEMA-co-IA)-Herbicide 

The method was based on the retention of this polymer-herb by a membrane filtration cell and 
subsequent separation of low-molar mass species (bioactive molecule) from the copolymer matrix. 
Approximately 20 mg of the samples of Poly(HEMA-co-IA)-2,4D in 20 mL of water were placed into 
the membrane filtration cell whilst stirring. A membrane with an exclusion limit of 10.000 g mol-1 
(AMICON, PM 10 or equivalent) was used. The total volume in the cell was kept constant at 20 mL. 
The reservoir contained water adjusted to the same pH (3,7 and 10) as that of the cell solution. The 
system was pressurized (300 kPa), subsequently, the cell solution was stirred for 10 min and then 
washed with the reservoir fluid at a flow rate of 4-6 mL min-1. The filtration fractions (Z=1) were 
collected every day for 30 days (Z= 20). The heterogeneous solution contained the released bioactive 
agent, which was quantitatively determined by UV spectroscopy at the absorption wavelength of λ= 
281 nm using a calibration curve (aqueous solution of sodium hydroxide as solvent). Tests were 
performed for various pH values of reaction environment. The copolymer-herbicide system was 
lyophilized for further analytical control.  

3. Results and Discusion 

3.1. Synthesis and Characterization of Poly(HEMA-co-IA) 

The copolymer poly(HEMA-co-IA) was synthesized by free radical polymerization in aqueous 
solution. Reaction conditions and copolymer compositions are shown in Table 1. The copolymer was 
soluble dimethylformamide, and dimethylsulfoxide. The number-average molecular weight was Mn: 
18.700 weight-average molecular weight was Mw: 23.500 and the molecular weight distribution, 
polydispersity (Ð=Mw/Mn) was 1.32. The weight ratios of hydroxyethyl methacrylate to itaconic acid 
in the copolymer were calculated from 1H NMR spectroscopy. The highest yield value corresponds 
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to the copolymer (75.5%) for a copolymer composition 76:24 mol.-% for a copolymer richest in the 
HEMA monomer, obtained at low conversions. The 1H-NMR spectrum of the copolymer shows the 
following signals (δ in ppm; DMSO-d6): from 0.2-2.0(9H, m broad, -CH3, 2x -CH2-, -CH2COOH 
aliphatic chain of HEMA and IA); at 2.8 [solvent DMSO-d6]; at 3.6 [-CH2 CH2OCO] from HEMA; at 
3.9 (2H, s broad, -CH2OH, HEMA] and at 4.8 [–CH2CH2-OH from HEMA] and at 12.3 [was assigned 
to the-COOH from IA] (see Figure 3a).  

 

Figure 3. a) 1H-NMR spectrum of Poly (HEMA-co-IA) matrix and b) Poly (HEMA-co-IA)-2,4D 
conjugate. 

Table 1. Experimental Conditions, yield and copolymer composition of Poly(HEMA-co-IA) 
hydrogels obtained using 15 mL of water at 70°C and 12 hours of reaction. 

Monomer 
feed ratios 
HEMA/IA 

HEMA 
mL 

(mmol) 

IA 
g 

(mmol) 

PSA 
mg 

(mol-%) 

Yield 
% 

Copolymer 
composition 
by 1H NMR  

3.0:1.0 
4.51 

(9.00) 
1.59 

(3.00) 
53.6 

(0.490) 
37.7 3.0:1.0 

2.5:1.0 
4.30 

(8.60) 
1.80 

(3.40) 
54.1 

(0.494) 37.3 2.5:1.0 

2.0:1.0 
4.01 

(8.00) 
2.10 

(4.00) 
54.4 

(0.497) 
32.4 2.0:1.0 

    1.5:1.0  
3.61 

(7.20) 
2.53 

(4.80) 
54.5 

(0.498) 
27.1 1.5:1.0 

1.0:1.0 3.01 
(6.00) 

3.16 
(6.00) 

54.5 
(0.498) 28.5 1.0:1.0 

1.0:1.5 
2.41 

(4.80) 
3.79 

(7.20) 
55.9 

(0.510) 
46.5 1.0:1.5 

1.0:2.0 
2.01 

(4.00) 
4.22 

(8.00) 
56.0 

(0.511) 
42.0 1.0:2.0 

1.0:2.5 1.72 5.51 56.4 38.6 1.0:2.5 
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(3.40) (8.60) (0.515) 

1.0:3.0 1.51 
(3.00) 

4.75 
(9.00) 

55.4 
(0.506) 

30.0 1.0:3.0 

HEMA: 2-Hydroxyethylmethacrylate; IA: Itaconic Acid; APS: Ammonium Persulfate. 
The FT-IR spectra (KBr, cm-1) of the unmodified copolymer showed the presence of the 
following characteristic absorption bands: at 3470 ν[tension O–H from HEMA]; at 3240 
ν[tension OH; –COOH from IA], at 2970 ν[tension C–H, –CH2-, CH3]; at 1736 ν[tension 
–C–O from –COO–, HEMA]; and at 1710 ν[tension –C–O; –COOH, IA]; at 1421 
ν[bending C–H; –CH3, –CH2-] (see Figure 4a).  

 

Figure 4. Infrared spectra of P(HEMA-co-AI) matrix and P(HEMA-co-AI) grafted with 2.4-D for a 
copolymer composition of 3.0:1.0. 

3.2. Copolymer Composition by 1H-NMR 

The relation of the area corresponding to aliphatic protons from HEMA and IA monomers and 
methylene protons from HEMA unit were used to determine the copolymer composition, where the 
integrals of the following functional groups were used:  IMet at 3.9 [2H, s broad, -CH2OH, HEMA]; 
and IAlif from 2.0–0.2 [9H, m broad, -CH3, 2x -CH2-, -CH2COOH aliphatic chain of HEMA and IA], 
using three equations (Equation (S1)-(S3)). Applying these equations with IAlif = 6.27 e IMet = 4.0, the 
copolymer composition obtained and displayed in Table 1: The HEMA composition in the copolymer 
was 76.0%. 

3.3. Poly(HEMA-co-IA) Matrix Grafted with 2,4 D-Chloride  

The 1H-NMR spectrum of the copolymer-2,4 D conjugate showed the following signals (δ in 
ppm; DMSO-d6): at 0.2-2.0 [9H, m, 2x –CH2, 1x –CH3; –CH2COOH] from the backbone of both 
monomer HEMA and IA units; at 2.8 [solvent DMSO-d6]; at 4.2 [4H, m, 2x–CH2OCO– from HEMA] 
and at 4.8 [2H, s, –CH2OAr; at 7.1 [1H, m, Hd-Ar]; at 7.5 [1H, m, Hb–Ar]; at 8.0 [1H, m, Ha–Ar]; and at 
12.3 [was assigned to 1H, s, –COOH from IA] (see Figure 3b).  

3.4. Degree of Functionalization of Poly(HEMA-co-IA)-2,4-D. 

The degree of functionalization was determined by 1H-NMR using signals from functional 
groups characteristic of each monomeric unit. For this purpose, the integrals of the following 
functional groups were taken from (1H, m, Hb–Ar; 1H, m, Hd–Ar); from 2.2–0.2 (9H, m ancho, –CH3, 
2x–CH2–, –CH2COOH, aliphatic chain copolymer) and subsequently three equations were 
established (Equations (4S)–(6S)). Therefore, the functionalization was complete in the copolymer by 
2,4-D is approximately 100%, since the percentage of 2,4-d coincides with that of HEMA in the 
copolymer. 
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The FT-IR spectra (KBr, cm-1) of the controlled release system showed an important change of 
the absorption band within the range at 3479 ν [tension O–H; –OH; HEMA]  and at 3263 ν (–COOH; 
IA), an absorption band appears at 1736 ν [tension C–O; HEMA-2,4-D];   1730 ν [tension C–O; >C=O, 
IA and HEMA]; 1650 ν [tension C-O; –COO–, IA]; 1487, 1444 and 1392 [bending C–H; –CH3, –CH2–]. 
The bands present in the FT-IR spectrum confirm that the tension and bending vibrations correspond 
to the Poly (HEMA-co-IA) -2,4-D conjugate, see Figure 4b. 

3.5. Determination of Monomer Reactivity Ratios 

The monomer reactivity ratio values for the HEMA and IA were determined from the monomer 
feed ratios and the copolymer composition obtained at high conversions. The Fineman-Ross 42, and 
Kelen-Tüdos 43methods were used to determine the monomer reactivity ratios. The experimental data 
indicated a random comonomer incorporation with a slightly (see Table 1S and 2S) alternating 
tendency. Figure 1S shows       plots according to the K-T method, from which the monomer 
reactivity ratios were determined for the copolymer. The variable ξ can take any possible value within 
0 to 1 interval. A plot of  Vs.  gives a straight line, which on extrapolation to ξ= 0 and ξ= 1 gives −𝑟2/ and 𝑟1, respectively. The results included in Table 1S, yielded reactivity ratios for HEMA and 
IA. The Kelen-Tudos method gave reactivity ratios for HEMA and IA of r1= 1.081 and r2 =1.098 
respectively. (see Figure 1S a). The experimental data indicate that the system Poly(HEMA-co-IA) can 
be considered as a random incorporation, 𝑟1 𝑥 𝑟2 =  1.186 

The ε vs η graph allows us to relate these variables through a linear equation and obtain the 
values of r1 and r2, as shown in the Equation (1) (see Figure 1S): 𝜂 = 2.2130 ∙ 𝜀 − 1.1320  (1) 

For 𝜀 = 0; −𝑟2/ = −1.1320 , where  =  0.9703 , then  𝑟2 =  1.098 . For 𝜀 =  1;  𝑟1 = 2.2130 − 1.1320, then 𝑟1 =  1.081 
The values of r1 (1.081) and r2 (1.098) are close to unity. The values of r1 (1.081) and r2 (1.098) 

are close to unity. Therefore, the monomers are added statistically, the monomers M1 and M2 tend 
towards a higher preference for the addition of a same type existing structurally at the end chain, that 
is, both monomers tend to incorporate statistically at random, generating small segments of the same 
monomer. The Fineman-Ross method (see Table S3) yielded reactivity ratios for HEMA and IA of r1 
corresponds to the slope 1.1120 and r2 corresponds to the intercept 1.1470 respectively; 

Where r1 x r2 = 1.2754. The graph of the initial composition (M1) vs the copolymer composition 
(m1) shows that both comonomers tend to incorporate statistically at random (see Table 2S and Figure 
1S b), which is verified by the reactivity parameters obtained using the KT method (r1 = 1.081 and r2 
= 1.098) are both close to 1 (r1 and r2), agreeing with the values obtained by the FR method for 
copolymers at low conversions. 

Where: Xo is the molar ratio of HEMA and IA in feed; Y is the molar ratio of HEMA and IA in 
the copolymer. 

The G vs F graph (see Figure S1b) allows one to correlate these variables through a linear 
equation and obtain the values of r1 and r2, according to the equation of F-R: 𝐺 =  1.1120 𝐹 −  1.1470  (2) 

where r1 corresponds to the slope 1.1120 and r2 corresponds to the intercept 1.1470.  
The reactivity parameters can be obtained by this method for r1 = 1.1120 and r2 = 1.1470, and as 

results of the values obtained in the linear equation, both values are close to 1 (r1 and r2), then, 
indicating that monomers are added statistically, and with the same frequency for both monomer M1 
and M2. The alternation is obtained due to the high reactivity that the monomers obtained when in 
presence of water as a solvent, obtaining a very close reactivity between both monomers and thus 
showing this alternating character in the copolymeric hydrogel. This applies to both the F-R and K-T 
methods. 
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3.6. Swelling Behavior of Hydrogel: Influence of pH 

The swelling behavior of poly(HEMA-co-IA) hydrogel with a copolymer composition of 75:25 
mol-% was investigated as a function of pH by the immersion of the gels in buffered solutions at pH 
= 3, 5.4, and 10 at room temperature (25°C). The Figure 5a,b show the swelling behavior of the 
copolymers poly(HEMA-co-IA) after different swelling times and pH. The results of the hydration of 
the Poly (HEMA-co-IA) hydrogel at room temperature for 10 days are presented and are expressed 
in percentages of hydration (Sw %) as a function of the working pH versus the days of analysis. 

 

Figure 5. The swelling behavior of poly(HEMA-co-IA) hydrogel with a copolymer composition of 
75:25 mol-% as a function of pH in buffered solutions at pH = 3, 5.4, and 10 at room temperature 

(25°C). 

The dried samples of the copolymers were placed in a solution with defined pH (3, 5.4, and 10) 
at 25°C. Every hour, the sample was removed from the solution.  After wiping-off the water on the 
surfaces using moist filter papers, the hydrogels were weighed and recorded as Ws . The swelling 
ratio (Sw) was then calculated according to Equation (3): 

100)((%) ×−=
d

dS
W W

WWS   (3) 

where Ws is the weight of the swollen hydrogel at an equilibrium state, and Wd is the weight of dried 
hydrogel (Xerogel). All the experiments were carried out by triplicate, and the average values were 
reported. 

Figure 5a shows the swelling percentage of the hydrogel in acid media (pH 3.0) which reach the 
equilibrium condition at day fourth with swelling values of 970 % to 913%. By increasing the pH to 
5.4, the equilibrium condition is reached within the first 24 hours with values ranging between 1036% 
to 1221%. While at pH 10.0, the maximum swelling equilibrium is reached within the first 24 h values 
one 10445% and 12375%, an order of magnitude higher those at lower pH (in acid medium), (see 
Figure 6b), thus achieving a weight gain of over 1200 times its weight at pH 10 buffers, the optimum 
absorption capacity for an agricultural-used hydrogel was slightly exceeded, increasing its weight 
approximately 100 times over. 
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Figure 6. Release curves of herbicide using the Poly (HEMA-co-IA)-2,4-D hydrogel at different pH. 

The absorption capacity of the hydrogels increased at the pH 10, where the maximum value 
could be observed. This could be attributed to when the complete dissociation of the acid groups in 
IA takes place. Note that first and second dissociation constants of IA are pKa1 = 3.85 and pKa2 = 5.44, 
and herein the observed behavior [44]. 

The observed swelling behavior is due to the ionizable groups in the polymer, which enhance 
the repulsive forces between the carboxylic groups and neighboring chains. The swelling increased 
over time but eventually reached an equilibrium point, known as the equilibrium swelling 
percentage. In hydrogels with weakly ionizable groups, the dynamic absorption of the swelling 
medium involves the diffusion of mobile ions into the polymer, coupled with the ionization of fixed 
charges and diffusion of the penetrant as the polymer swells. Each monomer unit in the hydrogel 
holds an electrical charge, which attracts and binds water molecules. As a result, each polymer 
molecule can bind a significant volume of water [45]. 

The copolymer composition 75:25 mol.-% impacts significantly on the equilibrium swelling 
behavior of the poly(HEMA-co-IA) gel at pH 10 as noted in Figure 6. Moreover, the increase of 
carboxylic acid form IA in the hydrogels provides more hydrogen bonds. In other words, the swelling 
behavior of the hydrogels became more dependent on the IA content in the hydrogels and the pH.  

3.7 Controlled Release Hydrogels  

Poly(HEMA-co-IA) hydrogel with a copolymer composition 75:25 mol-% was modified with a 
chloro acetylation reaction according to the Figure 2. The esterification reaction of HEMA as co-
monomer was carried out using 2,4-D chloride. For this polymer-herbicide, it is suggested that the 
hydrolysis of the ester functional groups at different pHs facilitates the release of the herbicide. 
Therefore, a series of release tests were performed at different pH. Thus, a sample of 20 mg in powder-
form was added to the ultrafiltration cell (UF) system by Liquid-Phase Polymer-Based Retention 
(LPR) technique at pH 3, 5.4 and 10, according to the swelling studies. The filtration fractions (Z=1-
10) were collected every day during 10 days, (Z=1, 1 day). The homogeneous solution contained the 
released 2,4-D, which was quantitatively determined by UV spectroscopy at 281 nm using calibration 
curves.  

In the washing and enrichment methods using the LPR technique, the polymer-herbicide 
solution in the cell is defined as Equation (4): 
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𝑅 =  (𝐶𝑟/𝐶0) × 100 (%)  (4) 

were Cr is the herbicide concentration in the retentate (the cell solution, Vc, after a filtrate volume of 
Vf has been passed) and Co is the initial herbicide concentration in the cell. The filtration factor Z, 
expressed in relative units, is another convenient characteristic of the process [46–51]. 𝑍 = 𝑉௙ ൈ 𝑉௖ି ଵ  (5) 

The irreversible reaction describes the polymer-herbicide (PL-herbicide) dissociation, is 
described by:  

  
 

The concentration of the herbicide which did not form part of polymer-herb, is determined 
through measurements before and after the filtration process.  

Typical release profiles are shown in Figure 7.  At pH 3.0 and pH 5.4 the retention capacity of 
the herbicide was 83.3% and 88.7% respectively after 10 days, while at pH 10.0 on day fourth the 97% 
of herbicide was released. In general, the percentage of release for the copolymer-herb that takes place 
was increased at pH 10, a high release of the P(HEMA-co-IA)-herbicide was observed at Z = 4, (four 
day). For example, for Z= 1 and 2, showing release values between 79 % and 94.5%, the highest value 
is at Z=4. In this way, the release of the herbicide was achieved with great rate at pH 10, four days 
97.3% (see Figure 6). 

 
Figure 7. a) UV-Vis spectrum of 2,4-D in CHCl3.b) Calibration curve for herbicide 2,4-D. 

Therefore, the release of herbicide increases significantly corresponding to an increase of the pH. 
This may be due to the effective hydrolysis of the ester groups at higher pH. The groups that 
participate in this process are mainly the hydroxyl groups from HEMA and carboxylic acid form IA 
monomer units. At pH 10, the chemical equilibrium of the copolymer-herbicide conjugate shifts 
rapidly towards dissociation, which allows their identification. At lower pH (3 and 5) the number of 
protonated hydroxyl and carboxylic acid groups increases along polymer chains, thus reducing the 
possibility of free hydrophilic groups. This behavior at different pH favors the hydrolysis process at 
a higher pH, which can be attributed to a weakening of the attractive forces of intramolecular 
hydrogen bonds in the chains at lower pH. 

3.8 Release of Bioactive Agent: Kinetic of the Reaction 

The concentration of bioactive agent in the filtration fractions was quantitatively determined by 
UV spectroscopy at λ = 282 nm according to the UV-Vis espectrum (Figure 7a). Calibration curve for 
the standardization of the herbicide 2,4-D was used (Figure 7b).  

In the washing method of the LPR technique, when a low molecular-weight species is filtered 
from the ultrafiltration system and no interaction with the ultrafiltration cell components including 

PL-herbicide H+/OH-
PL + herbicide
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the ultrafiltration membrane is found, the instantaneous concentration of this species in the filtrate is 
governed by the following Equation (6): 𝐶௙௜௟௧௥௔௧௘ = 𝐶௙௜௟௧௥௔௧௘ି௜௡௜௧𝑒ିி  (6) 

where F is the filtration factor defined as . The concentration of herbicide in the filtration fractions 
(<cfiltrate>) is a mean value considering the instantaneous concentrations of the species in the collection 
process (cfiltrate), which decrease during filtration.  

If the kinetics of hydrolysis of the herbicide from the copolymer-conjugates is in the of order 
one, there should be found an exponential decay of cbound-day with time, since Equations (7) and (8). 

daybound
daybound

kc
dt

dc −
−

=−   (7) 

and then  

)exp( ktcc initdaybounddaybound −= −−−   (8) 

where k is the kinetic constant.  
Figure 8 depicts the profiles of dynamic release of bioactive agent from P(HEMA-co-IA)-2,4-D at 

various pHs at 25°C. As was observed, the higher values for herbicide release were obtained at pH 
10, this suggests that the release is governed by the basic hydrolysis. The study of the release process 
revealed that the samples with the best swelling values at pH 10, representative of agricultural 
systems, showed first-order swelling kinetics and an absorption capacity that fits the parameters 
required for hydrogels for agricultural applications, which supports their potential for these 
purposes. Lower values for herbicide release were observed at pH 3 and 5.4 in accordance with the 
mechanism of a hydrolytic breaking of the herbicide-hydrogel bond. The differences in the release 
rates found for the hydrogel-conjugate at pH 3 and 5.4 can be correlated with the difference in their 
swelling capacity, where the release rate generally increases with an increase in the swelling from 
water solution. Moreover, the release is positively affected by the enhancement of conformational 
mobility either by extension of the lateral chain, and with a sufficient amount of –COO- groups 
hydrolyze completely at pH 10, in the copolymer matrix. Moreover, by extension of the lateral chain, 
the steric hindrance produced by HEMA moiety grafter with 2,4-D preventing the formation of inter- 
or intra-molecular hydrogen bonding with the content of hydrophilic co-unit from the IA segment.  

The release reaction obeyed the first-order kinetic at pH 3 and 5.4.  The kinetic release constants 
(k) found for the system at the different pH values and were extracted from the slopes of the plots in 
Figure 7, as can be deduced from Equation (8). These values are shown in Table 4. The exponential 
decay found in the release profiles confirms a first order kinetics for the acid hydrolysis of the 
copolymer-conjugate, when pH is change from 3.0 to 5.4 and the degradation rate of the polymer 
drug linkage change at pH 10. The base-catalyzed hydrolysis reaction of the herbicide follows a zero 
order kinetics, where the basic medium acts as a catalyst accelerating the release rate of the herbicide, 
showing higher kinetic constants as the pH increases.  

Table 2. Rate constant (k) and half-life time (τ 1 / 2) of the Poly(HEMA-co- IA)-2,4-D. 

System pH 3.0 

 

pH 5.4 

 

pH 10.0 

 

 

 

k 

(n) 

τ1/2 

(days) 

k 

(n) 

τ1/2 

(days) 

k 

(n) 

τ1/2 

(days) 

Poly(HEM -co- IA)-2,4-D 
0.011 

(0.988) 
63.01 

0.019 

(0.981) 
36.48 

0.857 

(0.424) 
0.81 

K: Rate constant; n: Order kinetic release. 
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4. Conclusions 

Poly(HEMA-co-IA)-herbicide systems using the Liquid-phase polymer-based retention (LPR) 
technique in aqueous phase was investigated at different levels of pH. On the basis of the results of 
heterogeneous hydrolysis, it was found that the rate of herbicide release depends on the pH of 
reaction environment. The acid-hydrolysis of the herbicide from the conjugates follows a first order 
kinetics, showing higher kinetic constants as the pH increases. The base-catalyzed hydrolysis reaction 
of the herbicide follows a zero order kinetic, where the basic medium acts as a catalyst accelerating 
the release rate of the herbicide, showing higher kinetic constants as the pH increases. The differences 
in the release rates found for the hydrogel-herbicide at different pH can be correlated with the 
difference in their swelling capacity, where the release rate generally increases with an increase in 
the swelling capacity from water solution at higher pH. In this sense, the release is positively affected 
by the enhancement of conformational mobility either by extension of the lateral chain, and with a 
sufficient amount of –COO– groups hydrolyze completely at pH 10, in the copolymer matrix. 
Moreover, by extension of the lateral chain, the steric hindrance produced by HEMA moiety grafter 
with 2,4-D preventing the formation of inter- or intra-molecular hydrogen bonding with the content 
of hydrophilic co-unit from IA segment. The study of the release process revealed that all samples in 
distilled water at pH 10 are representative of agricultural systems, showed first-order swelling 
kinetics and an absorption capacity that conforms to the parameters for hydrogels for agricultural 
application, which supports their potential for these purposes. 
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