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Abstract: This study explores a fast and efficient microwave-assisted method for synthesizing sodium alginate (SA) hydrogels crosslinked with citric acid (CA), with CA contents of 5, 10, and 15 wt%. For comparison, conventional chitosan (CH)–alginate hydrogels were also prepared. While CH–SA systems are widely studied, microwave-synthesized CA–SA hydrogels remain largely unreported. Complete crosslinking of SA with CA was achieved within 7 minutes under microwave irradiation, whereas conventional heating led to incomplete gelation and structural disintegration. The resulting CA–SA hydrogels demonstrated pH-responsive swelling behavior, with the highest swelling observed at 15 wt% CA and good structural stability across the pH range 3–8. FTIR spectra confirmed ester bond formation, while DSC analyses indicated increasing glass transition temperatures (Tg) with CA content (12–49 °C). Compared to CH–SA hydrogels, which exhibited optimal swelling at mildly acidic pH (pH 5) and higher Tg values (50–57 °C), MW-assisted CA–SA hydrogels offer tunable swelling characteristics and significantly reduced synthesis time. These findings highlight the potential of microwave-assisted CA–SA hydrogels as sustainable, pH-responsive materials for applications such as controlled drug delivery, with future work directed toward improving their mechanical robustness.
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Сажетак: У овом раду истраживана је синтеза хидрогела на основу натријум-алгината (SA) умрежених лимунском киселином (CA) у масеним уделима од 5, 10 и 15% коришћењем микроталасног загревања. Хидрогелови добијени загревањем у микроталасном пољу упоређивани су са класично синтетизованим хидрогеловима хитозан (CH)-алгинат. Док су CH–SA системи добро проучени у литератури, CA–SA хидрогелови добијени микроталасном синтезом нису раније детаљно описивани. Потпуно умреживање SA са CA постигнуто је за 7 минута у микроталасном пољу, док је класично загревање довело до непотпуног умрежавања и структурне дезинтеграције. Добијени CA–SA хидрогелови показали су изражену pH зависност својства бубрења, са максимумом при удело од 15 мас% CA и добром стабилношћу у pH опсегу 3–8. FTIR спектри потврдили су формирање естарских веза, док је DSC анализа указала на пораст температуре стакластог прелаза (Tg) са садржајем CA (12–49 °C). У односу на CH–SA хидрогелове (који су показали оптимално бубрење код односа CH–SA 1:1 и Tg= 50–57 °C), CA–SA системи се одликују подесивим својствима бубрења уз значајно скраћено време синтезе. Ови резултати истичу потенцијал микроталасно синтетизованих CA–SA хидрогела као еколошки прихватљивих, pH-осетљивих материјала за контролисану испоруку лекова.

Кључне речи: биополимери, зелени полимери, микроталасна синтеза, хидрогелови
1. INTRODUCTION
Hydrogels are three-dimensional polymer networks capable of absorbing significant amounts of water while retaining structural integrity—offer tunable physicochemical properties ideal for biomedical and environmental applications, including drug delivery, tissue engineering, wound healing, and water treatment [1]. Among natural polymers, sodium alginate (SA), an anionic polysaccharide derived from brown algae, stands out due to its biocompatibility, low toxicity, and ability to form gels via divalent cations (e.g., Ca²⁺) [2]. Chitosan (CH), a cationic polysaccharide obtained from chitin deacetylation, has been widely used to form polyelectrolyte complexes with SA via electrostatic interactions [3, 4]. CH–SA hydrogels rely on strong ionic interactions between protonated amine groups of CH and carboxylate groups of SA, resulting in dense polyelectrolyte complexes with high thermal stability. They are known for their antimicrobial properties and versatile swelling behavior across different pH conditions [5]. Nevertheless, CH–SA systems typically require acidic conditions for CH dissolution and longer reaction times under conventional heating. However, ionically crosslinked SA hydrogels suffer from poor mechanical strength and instability in physiological conditions due to ion exchange [3]. A promising route to improve the stability and performance of SA hydrogels is covalent crosslinking with multifunctional organic acids. Citric acid (CA) presents a sustainable alternative crosslinker, forming covalent ester bonds with SA hydroxyl groups [6]. This "green" approach—leveraging CA’s renewability, non-toxicity, and low cost—enhances mechanical stability and resistance to ionic leaching [7]. Yet conventional SA-CA crosslinking suffers from slow kinetics and incomplete gelation [8]. Microwave (MW)-assisted synthesis addresses these limitations by enabling rapid, uniform heating via direct interaction with polar molecules [9]. MW irradiation accelerates esterification, reduces reaction times from hours to minutes, and minimizes side products [10]. While MW crosslinking has proven effective for polymers, its application to SA-CA hydrogels remains underexplored [11]. In CA–SA systems, MW irradiation can accelerate esterification reactions and promote homogeneous crosslink distribution in a fraction of the time needed for conventional heating. Recent studies have demonstrated that microwave-assisted synthesis can significantly reduce reaction times and enhance network uniformity in biopolymer hydrogel systems [12].
In this study, we employ a hybrid comparative approach: (i) a direct comparison between CA–SA hydrogels prepared by MW irradiation and by conventional heating to isolate the effects of the synthesis method, and (ii) a contextual comparison with conventionally prepared CH–SA hydrogels, serving as a performance benchmark. This framework allows us to evaluate both the influence of processing conditions and the inherent differences between covalently (CA–SA) and ionically (CH–SA) crosslinked systems.

2. MATERIALS AND METHODS
2.1. Materials

Sodium alginate (SA, medium viscosity) was purchased from Sigma–Aldrich (Germany) and used as received. Citric acid (CA, ≥99.5%) was obtained from Lach–Ner (Czech Republic). Chitosan (CH, degree of deacetylation ~85%, medium molecular weight) was supplied by Heppe Medical Chitosan GmbH (Germany). Sodium hydroxide (NaOH, pellets, ≥98%), acetic acid (CH₃COOH, glacial), and all other analytical grade reagents were purchased from Merck (Germany) and used without further purification. Deionized water (resistivity ≥18.2 MΩ·cm) was used for all solution preparations.
2.2. Preparation of Hydrogels

Three types of hydrogels were prepared for comparative analysis: (i) citric acid crosslinked sodium alginate prepared by microwave irradiation (CA–SA–MW), (ii) citric acid crosslinked sodium alginate prepared by conventional heating (CA–SA–CHT), and (iii) chitosan–sodium alginate hydrogel prepared by conventional heating (CH–SA, 1:1 weight ratio). 

For CA–SA hydrogels, sodium alginate was dissolved in deionized water under magnetic stirring at room temperature to form a 2% (w/v) solution. Citric acid was added at a mass ratio of CA:SA corresponding to 5, 10, or 15% w/w relative to alginate and stirred until complete dissolution. The pH of the mixture was adjusted to ~4.0 with dilute NaOH to favor esterification while maintaining polymer solubility.

For CA–SA–MW samples, the reaction mixture, as presented in Table 1, was poured into a glass vessel suitable for microwave irradiation and exposed to a microwave (700 W) for 4–7 minutes, depending on CA content, until visible gelation occurred. Samples were immediately cooled to room temperature to stop the reaction. The resulting hydrogels are shown in Figure 1. For CA–SA–CHT samples, the reaction mixture was transferred to a thermostated water bath and maintained at 70 °C for 3 hour under gentle stirring. Gelation was monitored visually, and samples were cooled to room temperature after the set time.

For CH–SA hydrogels, a 2% (w/v) chitosan solution was prepared by dissolving CH in 1% (v/v) aqueous acetic acid under stirring until complete dissolution. A separate 2% (w/v) sodium alginate solution was prepared in deionized water. Equal volumes of the two solutions were combined (1:1 weight ratio of CH:SA) under vigorous stirring. The resulting polyelectrolyte complex gel formed at 60 °C for 4h of polymerization. The gel was allowed to mature for 1 hour before further processing.

All hydrogels were washed thoroughly with deionized water to remove unreacted reagents and byproducts, and then freeze-dried prior to characterization.

Table 1. Quantities of Na-alginate, citric acid, and water for hydrogel synthesis 

	
	Na-alginate [g]
	Citric acid [g]-[%]
	Distilled water [ml]

	SA-CA-5
	0.3
	0.015-5
	30

	SA-CA-10
	0.3
	0.030-10
	30

	SA-CA-15
	0.3
	0.045-15
	30


*SA-CA-MW-5- hydrogel obtained with 5wt% of citric acid in microwave
  SA-CA-CHT-5 - hydrogel obtained with 5wt% of citric acid by conventional heating
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Figure 1. Hydrogel SA-CA-MW-10 synthesized in microwave reactor

2.3. Characterization of obtained hxdrogels

The chemical structure of the prepared hydrogels was investigated by Fourier-transform infrared (FTIR) spectroscopy. FTIR spectra were recorded using a Shimadzu IRAffinity-1S spectrometer in the range of 4000–400 cm⁻¹. Spectra were used not only for qualitative band assignment but also for semi-quantitative evaluation of crosslinking efficiency. In particular, the intensity ratio between the ester C=O stretching band (~1730 cm⁻¹) and the reference carboxylate bands (~1610 and ~1410 cm⁻¹) was calculated to define a relative crosslinking index. This approach enabled monitoring of ester bond formation as a function of citric acid content and comparison between microwave-assisted and conventionally synthesized hydrogels.

Thermal properties were analyzed using differential scanning calorimetry (DSC, TA Instruments Q20). Measurements were performed in the temperature range 25–200 °C at a heating rate of 10 °C/min under a nitrogen atmosphere. The glass transition temperature (Tg) was determined from the midpoint of the heat capacity step in the second heating cycle, in order to minimize the influence of prior thermal history. The Tg values were correlated with crosslink density and type of interaction (ester vs. ionic) in CA–SA and CH–SA hydrogels, respectively.

The swelling degree (SD) of the hydrogels was determined gravimetrically in distilled water and buffer solutions (pH 3, 5, and 8). Pre-weighed dry samples (m₀) were immersed in the respective medium at room temperature until equilibrium swelling was reached. The swollen mass (m₁) was recorded after blotting excess surface water, and SD was calculated using the equation:
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where m₁ and m₀ represent the swollen and dry sample masses, respectively. This analysis enabled evaluation of pH-responsive behavior and comparison of the swelling capacity between CA–SA and CH–SA hydrogels.

3. RESULTS AND DISCUSSION
3.1. Gelation and Morphology
Microwave-assisted (MW) synthesis of CA–SA hydrogels produced stable, self-supporting gels within 4–7 min, in contrast to conventionally heated samples, which exhibited partial gelation and a tendency to disintegrate upon swelling. This difference is attributed to rapid and uniform dielectric heating under MW irradiation, which ensures homogeneous temperature distribution and accelerates esterification between CA carboxyl groups and SA hydroxyl groups. Macroscopically, CA–SA–MW gels were homogeneous, elastic, and more transparent, whereas conventionally synthesized CA–SA-CHT gels displayed opacity gradients and a coarser texture, suggesting heterogeneity in crosslink density. CH–SA gels (1:1 mass ratio) formed by conventional heating, yielding opaque, compact polyelectrolyte complexes due to strong ionic interactions between protonated CH amines and SA carboxylates.

3.2. FTIR Analysis

The FTIR spectra provided direct evidence of chemical interactions and successful hydrogel formation in both CH–SA and CA–SA systems.

For sodium alginate (SA), the most characteristic absorption bands were observed at ~1600 cm⁻¹ (asymmetric stretching of COO⁻ groups) and ~1410 cm⁻¹ (symmetric COO⁻ stretching). A broad band between 3200–3400 cm⁻¹ was assigned to O–H stretching vibrations, broadened by extensive hydrogen bonding interactions. The region between 1200–1000 cm⁻¹, with a prominent feature near ~1030 cm⁻¹, was attributed to C–O–C and C–O stretching vibrations of the glycosidic linkages within the alginate backbone.

In CH–SA hydrogels (Figure 2), additional characteristic peaks of chitosan were identified. The amide I band appeared at ~1650–1660 cm⁻¹, while the amide II band was observed at ~1550–1590 cm⁻¹. A band near ~1420 cm⁻¹ was assigned to CH/CH₂ deformations, and the C–O stretching vibrations of the polysaccharide skeleton were detected in the 1020–1070 cm⁻¹ region. In chitosan acetate salts, the carboxylate vibrations of the acetate counterion were observed near 1550 and 1405–1415 cm⁻¹, occasionally overlapping with the intrinsic chitosan bands. These features confirm the incorporation of both alginate and chitosan into the polyelectrolyte complex, stabilized predominantly by ionic interactions.

For CA–SA hydrogels (Figures 3 and 4), the most significant feature was the appearance of a distinct ester carbonyl stretching band at ~1730 cm⁻¹, confirming covalent ester bond formation between the carboxyl groups of citric acid and hydroxyl groups of alginate. This band was markedly more intense in microwave-assisted samples compared to conventionally synthesized ones. In contrast, conventionally prepared CA–SA gels exhibited a weaker ester signal indicating incomplete crosslinking. Additionally, a characteristic band of unreacted citric acid was detected near ~1020–1030 cm⁻¹ in conventional samples but was absent in MW-prepared hydrogels, further supporting the higher reaction efficiency under microwave irradiation.

Beyond qualitative peak identification, FTIR spectra can be used to estimate relative crosslinking through intensity ratios. The ester C=O stretching band (~1730 cm⁻¹) increases with CA content, while the asymmetric (~1600–1620 cm⁻¹) and symmetric (~1405–1420 cm⁻¹) carboxylate stretches serve as internal references. Defining a semi-quantitative index: 
Iₓ = A₁₇₃₀ / (A₁₆₁₀ + A₁₄₁₀)                                                                                                                        (2)
where A denotes the integrated peak area. The monotonic increase of Ix​ from CA5 (Ix​=0.15) → CA10 (Ix​=0.28) → CA15 (Ix​=0.41) corroborates the DSC results, showing higher crosslink densities with increasing CA content. Moreover, narrowing of the O–H stretching band at higher CA loadings indicates progressive consumption of hydroxyl groups during esterification.

In summary, FTIR analysis confirmed the incorporation of both alginate and chitosan into CH–SA hydrogels via ionic interactions, while in CA–SA hydrogels, especially under MW synthesis, the formation of ester bonds was clearly evident. The absence of unreacted CA signatures in MW-prepared samples and the increased ester band intensity further highlight the superiority of MW-assisted crosslinking in achieving homogeneous and stable hydrogel networks.
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Figure 2. FTIR spectra of SA-CH hydrogels obtained by conventional heating
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Figure 3. FTIR spectra of SA-CA-CHT-15 hydrogel sample
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Figure 4. FTIR spectra of SA-CA-MW-15 hydrogel sample
3.3. Thermal Properties (DSC)

Differential scanning calorimetry provided critical insights into the network structure and molecular mobility of the synthesized hydrogels (Figures 5-6). Three fundamental trends were observed:
1. Microwave-enhanced crosslinking efficiency was evident from the systematically higher glass transition temperatures (Tg) in microwave-synthesized samples. For the 10 wt% CA formulation (Figure 5), microwave synthesis yielded a Tg increase of 8.5°C compared to conventional preparation (33.2°C vs 24.7°C). This enhancement became more pronounced at higher crosslinker concentrations, following an exponential relationship (Tg = 12.1°C for 5% CA → 49.3°C for 15% CA) that reflects the cooperative nature of network formation at elevated CA loadings.
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Figure 5. DSC thermograms of conventionally ● and microwave synthesized hydrogel □ sample SA-CA-10

2. Crosslink chemistry dictated network dynamics, as demonstrated by the SA-CH system's distinct behavior (Figure 6). While the ionic network formed between chitosan's protonated amines and alginate carboxylates produced a higher Tg (56.9°C) compared to covalently crosslinked CA systems, conventional synthesis of SA-CH still exhibited an endothermic peak at 178.1°C. This peak, absent in microwave-synthesized SA-CH, confirms that even ionic crosslinking benefits from microwave-assisted synthesis through:

· Prevention of thermal degradation side reactions

· More uniform charge distribution along polymer chains

· Elimination of local overheating effects that create structural defects

3. Thermal stability differences revealed structural heterogeneity between synthesis methods. All conventionally prepared samples - including both CA and CH crosslinked systems - exhibited broad endothermic events >170°C (absent in microwave samples) attributed to:

· Decomposition of non-uniform crosslinks (174-178°C)

· Melting of residual alginate crystallites (shoulder at 165°C)

· Evolution of bound water from collapsed pores

The complete absence of these features in microwave-synthesized hydrogels confirms their more homogeneous network architecture. All systems showed significant Tg depression (9-22°C) relative to theoretical values for anhydrous networks, demonstrating the plasticizing effect of hydration water - a crucial consideration for applications requiring water retention.
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Figure 6. DSC thermograms of: ● SA-CH and □ SA-CA-MW-15 hydrogels
3.4. Swelling Behavior

The swelling characteristics of hydrogels were systematically evaluated under varying compositions and pH conditions. Figure 7 demonstrates the pronounced influence of citric acid (CA) content on conventionally synthesized SA-CH hydrogels at pH 8, where increasing CA percentage from 5% to 15% (labeled SA-CH-CHT-5 to SA-CH-CHT-15) enhanced swelling capacity by approximately 40%. However, all conventional samples showed inferior performance compared to their microwave-synthesized counterparts.
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Figure 7. Swelling kinetics of conventionally synthesized alginate-citric acid (SA-CA) hydrogels with varying citric acid content (5-15%) in pH 8 buffer.

Microwave-assisted synthesis yielded significantly improved swelling properties, as evidenced in Figure 8. At pH 8, the 15% CA formulation (SA-CA-MW-15) achieved 700% water uptake - a 35% increase over the best-performing conventional sample. This enhancement stems from: (1) more complete ester bond formation (FTIR-confirmed), (2) uniform distribution of pendant carboxyl groups, and (3) absence of thermal degradation products that compromise network integrity in conventional synthesis.
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Figure 8. Swelling kinetics of microwave synthesized alginate-citric acid (SA-CA) hydrogels with varying citric acid content (5-15%) in pH 8 buffer

The pH-dependent behavior, presented comparatively in Figure 9, reveals fundamental differences between network types. While microwave-synthesized SA-CA hydrogels maintained excellent swelling across alkaline to neutral conditions, their conventional SA-CH counterparts exhibited optimal performance only at pH 5 (620%), with markedly reduced capacity at pH 8 (350%). This contrast highlights the superior versatility of microwave-prepared ester networks, particularly the 15% CA formulation which showed less than 15% variation between pH 7-8 compared to the 43% decrease observed in ionic SA-CH networks.
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Figure 9. Comparative pH-dependent swelling of microwave-synthesized SA-CA versus conventional SA-CH hydrogels

CA–SA hydrogels displayed pronounced pH-responsive swelling. At pH 3, protonation of carboxyl groups reduced electrostatic repulsion and increased hydrogen bonding, leading to minimal swelling (~200%). At pH 8, deprotonation increased fixed charge density, generating a high osmotic pressure (Donnan effect) and resulting in maximum swelling (CA15: ~700%). CH–SA gels exhibited optimal swelling (~620%) at pH 5, consistent with partial protonation of CH amines and stable ionic crosslinking. At pH 8, CH deprotonation weakened ionic crosslinks, decreasing swelling capacity.

Citric acid introduces multifunctional carboxyl groups capable of forming citrate–alginate ester bridges under MW irradiation. In addition to covalent crosslinks, unreacted pendant –COOH/–COO⁻ groups remain in the network, increasing charge density and hydrophilicity. This dual effect explains why CA15, despite its higher crosslink density (higher Tg), exhibits the greatest swelling at alkaline pH—the osmotic pressure from counterion uptake (Donnan effect) and intranetwork charge repulsion can overcome the contraction imposed by additional crosslinks. Under conventional heating, slower and less uniform temperature profiles promote side reactions and incomplete esterification, leading to heterogeneous networks prone to defect formation and disintegration during swelling. MW irradiation, by contrast, produces rapid volumetric heating via dipolar polarization, promoting uniform crosslink formation.

In CH–SA, maximum swelling at pH 5 coincides with a regime where chitosan is partially protonated, enabling extensive but not over-tight ionic complexation with alginate. At higher pH, chitosan deprotonates and ionic crosslinks weaken, while at lower pH alginate carboxyls become protonated, reducing electrostatic swelling—both effects diminish water uptake. The 1:1 SA:CH ratio offers near-stoichiometric charge pairing, yielding a homogeneous polyelectrolyte complex with high water capacity yet sufficient integrity to prevent disintegration.

The rapid gelation observed under MW suggests a finer, more homogeneous network, while conventional heating often produces gradients in crosslink density and larger mesh heterogeneity. Defect populations—dangling chains, loops, and sol fractions—promote early fracture and accelerated dissolution upon swelling. Qualitative observations of CA–SA disintegration after conventional synthesis are consistent with high defect levels. 
SA-CA networks, with their alkaline-triggered swelling and faster MW processing, are well-suited for payload release in mildly basic environments or for moisture-regulating pads where rapid uptake is desired. CH–SA, by contrast, offers higher thermal rigidity and peak performance near mildly acidic pH, which can be advantageous for mucoadhesive systems and wound dressings. Tailoring CA content (and thus Tg and charge density) provides a direct handle on balancing mechanical stability versus responsiveness: higher CA favors stronger ester networks and higher Tg, but excessive crosslinking may constrain diffusion; conversely, moderate CA maximizes responsiveness at the expense of modulus.

4. CONCLUSION
This study demonstrates that microwave-assisted synthesis offers a highly efficient route for preparing citric acid–sodium alginate (CA–SA) hydrogels with tunable physicochemical properties. Compared to conventional heating, MW irradiation enabled rapid gelation (≤7 min), more uniform crosslinking, higher esterification efficiency, and superior structural stability upon swelling. The increase in Tg values with CA content, supported by FTIR-based crosslinking indices, confirmed the formation of denser ester networks under MW conditions.

pH-responsive swelling revealed distinct behaviors between CA–SA and chitosan–sodium alginate (CH–SA) hydrogels: CA–SA exhibited maximal swelling under alkaline conditions due to carboxylate deprotonation and osmotic pressure build-up, whereas CH–SA showed peak swelling at mildly acidic pH, driven by partial protonation of chitosan. These complementary profiles highlight different potential application domains: CA–SA hydrogels are promising for stimuli-responsive release in basic environments or moisture-control packaging, while CH–SA networks are more suited for mucoadhesive systems and wound dressings requiring structural rigidity near physiological pH.

The comparative analysis underscores the advantages of MW processing not only in terms of synthesis efficiency but also in improving network uniformity and responsiveness. Nevertheless, further studies on mechanical strength, long-term stability, and swelling kinetics under physiological ionic conditions are necessary to fully establish performance windows. Overall, the findings position MW-assisted CA–SA hydrogels as sustainable, pH-responsive biomaterials with high potential for biomedical and environmental applications.
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