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Abstract: Calcium alginate (CaAlg) hydrogel membranes have demonstrated great application potential in the separation field 

owing to their excellent antifouling properties, yet their inherent insufficient mechanical strength has severely restricted their 

large-scale applications. To address this issue, in this study, CaAlg hydrogel membranes were prepared via the ion crosslinking 

method, and a vacuum drying-rehydration process was adopted for post-treatment, achieving the goal of reinforcing the 

membrane's mechanical properties while preserving its separation efficiency. Low-field nuclear magnetic resonance (LF-NMR) 

analysis revealed that free water and bound water inside the membrane were gradually lost during the drying process, and this 

change was directly correlated with the reduction of membrane thickness and the improvement of tensile strength. Performance 

test results showed that the optimized membrane exhibited stable rejection performance against various dye pollutants under 

low-salt conditions, with a rejection rate higher than 95% and a water permeation flux ranging from 8.5~17.5 L·m⁻²·h⁻¹. The 

flux was jointly affected by the operating pressure and the molecular weight of the dye. This study revealed the balancing 

mechanism between mechanical reinforcement and separation performance of CaAlg hydrogel membranes, providing new 

insights and technical support for the development of sustainable membrane materials in the fields of wastewater treatment an d 

carbon capture. 
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1. Introduction 

The textile and dyeing industry is one of the major sources 

of global industrial wastewater. However, the wastewater 

discharged from its production process is characterized by 

large water volume, high chroma, high COD concentration, 

complex composition, poor biodegradability, and high salinity, 

which has become a key challenge and research focus in 

industrial wastewater treatment [1-3]. Traditional processes 

such as biological treatment, flocculation and sedimentation, 

and activated carbon adsorption exhibit limited removal 

efficiency for structurally stable synthetic dyes, and can 

hardly meet the increasingly stringent discharge standards 

and the demand for reclaimed water reuse [4, 5]. Membrane 

separation technology, with the advantages of efficient 

decolorization and precise separation of dyes and salts, has 

shown broad application prospects in the advanced treatment 

of dyeing wastewater [6-8]. 

Sodium alginate hydrogel membranes, which possess 

excellent hydrophilicity, biocompatibility, and efficient 

adsorption and rejection capacity for dye molecules, are 

recognized as a green and efficient novel separation 

membrane material [9, 10]. However, pure CaAlg hydrogel 

membranes generally suffer from problems such as low 

mechanical strength, easy swelling in aqueous environments, 

and poor structural stability. In practical dyeing wastewater 

treatment, this leads to phenomena including membrane 

deformation, uncontrolled pore size, reduced rejection 

efficiency, and flux decay, which severely restricts their 

engineering application [11, 12]. Therefore, the development 

of modified CaAlg hydrogel membranes with both high 

separation performance and good structural stability has 

important theoretical significance and application value for 

improving the efficiency of dyeing wastewater treatment and 

promoting the green and sustainable development of the 

textile industry [13, 14].  

To address this issue, the drying-rehydration post-treatment 

process has been proposed to assist in improving the 

mechanical strength and structural stability of hydrogels [15, 

16]. Existing studies have shown that after drying and 

rehydration treatment, CaAlg hydrogels can achieve 

improved mechanical strength through the strengthening of 

intermolecular forces and the densification of the crosslinking 

network: during the drying process, the internal moisture of 

the hydrogel volatilizes, the intermolecular distance is 

shortened, and hydrophilic groups such as carboxyl and 

hydroxyl groups form more hydrogen bonds and 

intermolecular forces. Meanwhile, the original calcium ion 

crosslinking bonds are further densified, constructing a more 

stable three-dimensional network structure. In the rehydration 

stage, the densified network can effectively limit the 

excessive swelling of the hydrogel, reduce the leaching of 

calcium ions, retain the reinforced structure formed during the 

drying process, and thus improve the tensile strength and 

toughness of the membrane [17, 18]. Ji et al. [11] 

experimentally verified the enhancement effect of this 

process on the mechanical properties of CaAlg hydrogels, and 

found that it can significantly densify the calcium ion 

crosslinking network and reduce swelling deformation. 

However, most of these studies adopted the freeze-drying 

method. Although it can preserve the porous structure of the 

membrane, leading to more significant improvement of 

mechanical strength after rehydration and less prone to brittle 

fracture, the equipment cost is high, which can hardly meet 
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the demand for large-scale application [19]. 

To develop a low-cost modification process, this study 

adopted the vacuum drying process for the post-treatment of 

CaAlg hydrogel membranes. Compared with traditional hot-

air drying, vacuum drying reduces the environmental pressure 

to enable the rapid volatilization of moisture at a lower 

temperature, eliminating the need for high-temperature 

heating. This can avoid the damage to the membrane structure 

caused by high temperature, and meanwhile, the uniform 

volatilization rate of moisture can reduce membrane 

shrinkage and crack generation, promote the formation of 

intermolecular hydrogen bonds and the densification of the 

crosslinking network, making it more suitable for the post-

treatment requirements of CaAlg hydrogel filtration 

membranes [13]. This conclusion is consistent with the 

research results of Xu et al. [19], who found that mild drying 

methods can effectively preserve the crosslinking structure of 

hydrogels and avoid the strength degradation caused by 

calcium ion leaching. 

This study systematically investigated the influence law of 

vacuum drying time on the internal water state, mechanical 

properties, and separation performance of CaAlg hydrogel 

membranes, optimized the preparation process parameters, 

and verified the application performance of the membrane in 

the fields of dye filtration and dye separation. This provides a 

theoretical basis and technical support for the development of 

high-performance, sustainable alginate-based separation 

membranes. 

2. Experimental Section 

2.1. Experimental Materials and Instruments 

Experimental Materials: Sodium alginate (NaAlg), 

Calcium chloride (CaCl₂), Direct Black (DB), Methyl Orange 

(MO), Coomassie Brilliant Blue (CBB), and Sodium chloride 

(NaCl) were all purchased from Shanghai Aladdin 

Biochemical Technology Co., Ltd., analytical grade. 

Deionized water was used as the experimental water. 

Experimental Instruments: Magnetic stirrer, Vacuum 

drying oven, Refrigerator, Electronic balance, 

Thermogravimetric-differential thermal analyzer (TG-DTG), 

Fourier transform infrared spectrometer (FT-IR), Low-field 

nuclear magnetic resonance analyzer (LF-NMR), Universal 

testing machine, Membrane separation performance testing 

device. 

2.2. Preparation of CaAlg Hydrogel Filtration 

Membrane 

A NaAlg solution with a mass fraction of 2.5% was 

prepared, which was magnetically stirred at room temperature 

for 3 h until sodium alginate was completely dissolved, 

obtaining a uniform and stable casting solution. The casting 

solution was placed in a vacuum drying oven to remove air 

bubbles, and then refrigerated in a refrigerator for 12 h to fully 

stabilize the casting solution system. 

A glass rod wrapped with copper wires of 0.5 mm diameter 

was used to control the thickness of the wet membrane, and 

the casting solution was uniformly scraped onto the surface 

of a clean glass plate to ensure that the scraped coating had 

uniform thickness, without bubbles or scratches. 

Subsequently, the glass plate was immersed into a CaCl₂ 

solution with a mass fraction of 2.5% for ion crosslinking. 

After the casting solution was completely gelled, the CaAlg 

hydrogel membrane was obtained. The prepared membrane 

was sealed and immersed in 2.5 wt.% CaCl₂ solution for 

storage, to prevent membrane swelling and structural 

loosening caused by calcium ion leaching. 

2.3. Drying-Rehydration Post-Treatment 

Process 

The CaAlg hydrogel membranes were taken out of the 

CaCl₂ solution, rinsed to remove the residual solution on the 

surface, and then placed in a vacuum drying oven. Under the 

conditions of room temperature and a vacuum degree of 0.08 

MPa, the membranes were dried for 0 min (undried), 20 min, 

40 min, and 60 min respectively, to prepare membrane 

samples with different drying durations. The dried 

membranes were immersed in deionized water for 

rehydration treatment, until the membranes reached swelling 

equilibrium, for subsequent characterization and performance 

tests. 

2.4. Characterization and Performance Tests 

(1) Thermogravimetric-differential thermal analysis (TG-

DTG): The thermogravimetric- differential thermal analyzer 

was used to determine the thermal decomposition behavior of 

NaAlg and CaAlg hydrogel membranes and analyze their 

thermal stability, under a nitrogen atmosphere, with a heating 

rate of 10 ℃/min and a temperature range from room 

temperature to 600 ℃. 

(2) Fourier transform infrared spectroscopy (FT-IR): The 

Fourier transform infrared spectrometer was used to analyze 

the changes of functional groups of NaAlg and CaAlg 

hydrogel membranes and verify the occurrence of the ion 

crosslinking reaction, with a test range of 400~4000 cm⁻¹. 

(3) Low-field nuclear magnetic resonance (LF-NMR): The 

low-field nuclear magnetic resonance analyzer was used to 

determine the transverse relaxation time (T2) of CaAlg 

hydrogel membranes with different drying times and after 

rehydration, and analyze the existing state and migration law 

of the internal water inside the membrane. 

(4) Mechanical property test: The universal testing 

machine was used to determine the tensile strength and 

elongation at break of CaAlg hydrogel membranes with 

different drying times and after rehydration, in accordance 

with the GB/T 1040.3-2006 standard. Each sample was tested 

3 times, and the average value was taken. 

(5) Membrane separation performance test: The membrane 

separation performance testing device was used, with dye 

solutions of different concentrations and dye-NaCl mixed 

solutions as the feed solution, to explore the effects of 

operating pressure, drying time, and dye concentration on the 

water permeation flux and dye rejection rate of the membrane. 

Meanwhile, the separation ability of the membrane for dyes 

and NaCl was analyzed. 

3. Results and Discussion 

3.1. Thermal Stability and Chemical Structure 

Characterization of CaAlg Hydrogel 

Filtration Membrane 

As can be seen from the macroscopic morphology photo of 

Figure 1(a), the CaAlg hydrogel membrane after 60 min of 

drying was milky white and translucent, with a brittle and 

fragile texture. Obvious shrinkage marks and fine cracks 

existed on the surface, irregular damage appeared at the edge, 

and the flexibility was extremely poor, with only no obvious 

wrinkles generated. This macroscopic morphology feature is 
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consistent with the results of the mechanical property test, 

which showed that after 60 min of drying, the membrane 

material was embrittled and the elongation at break decreased 

significantly. 

The internal mechanism is as follows: excessive drying 

removes a large amount of internal water of the membrane, 

greatly reduces the intermolecular chain distance, and leads 

to excessive densification of the crosslinking network, which 

eventually causes the membrane material to lose elasticity, 

become brittle and harden. At the same time, the internal 

stress generated by the uneven shrinkage of the membrane 

during the drying process is the core reason for the induction 

of surface cracks, edge damage, and the slight decrease of 

tensile strength. The above results indicate that although 

vacuum drying can effectively inhibit the severe wrinkle 

deformation of the membrane, excessive drying can still 

significantly damage the structural integrity of the membrane 

material, making it unable to meet the structural stability 

requirements of anti-water flow impact and pressure-bearing 

operation under the working conditions of dyeing wastewater 

treatment. 

Figure 1(b) shows the SEM image (×5000) of the 

completely dried CaAlg hydrogel membrane. It can be seen 

that the membrane surface presents a dense porous structure, 

with pore collapse and aggregation phenomenon in some 

regions, and obvious microcracks and concave-convex 

protrusions on the surface. Compared with the membrane 

dried for 40 min, the pore size of the completely dried 

membrane was significantly reduced, the number of pores 

was decreased, and the compactness was further improved. 

This is because during the excessive drying process, the 

free water and part of the bound water inside the membrane 

are completely removed, the intermolecular hydrogen 

bonding effect is excessively enhanced, leading to excessive 

shrinkage of the crosslinking network, and the pores are 

squeezed and collapsed. While the surface microcracks 

originate from the unreleasable internal stress generated by 

the uneven shrinkage of the membrane during the drying 

process. The existence of microcracks will further weaken the 

mechanical strength of the membrane, causing the membrane 

to be easily damaged. In addition, the dense and non-uniform 

pore structure will hinder the mass transfer process of water 

molecules and dye molecules, which is the core reason for the 

significant decrease of water permeation flux of the 

membrane dried for 60 min, echoing the subsequent results of 

the membrane separation performance test. 

 

Figure 1. (a) Digital photo of CaAlg hydrogel membrane after 60 min of drying; (b) Scanning electron microscope (SEM) image of 

completely dried CaAlg hydrogel membrane; (c) TG-DTG curves of NaAlg and CaAlg hydrogel membranes; (d) FT-IR spectra of NaAlg 
and CaAlg hydrogel membranes 

Figure 1(c) shows the TG-DTG curves and FT-IR spectra 

of NaAlg and CaAlg hydrogel membranes. It can be seen 

from the TG curves that the thermal decomposition processes 

of both NaAlg and CaAlg hydrogel membranes are divided 

into three stages: The first stage (room temperature ~ 150 ℃) 

is the water evaporation stage, which is mainly the 

volatilization of adsorbed water and bound water inside the 

membrane, and the mass loss in this stage is mainly due to 

water loss. The second stage (150~350 ℃) is the 

macromolecular chain degradation stage, the molecular 

chains of NaAlg and CaAlg are broken and degraded, with a 

relatively fast mass loss rate. The third stage (350~600 ℃) is 

the carbonization stage of residual substances, the 

degradation products are further carbonized, and the mass 

loss tends to be gentle. By comparison, the initial degradation 

temperature of the CaAlg hydrogel membrane (about 200 ℃) 

is higher than that of NaAlg (about 180 ℃), and the mass 

residual rate at the same temperature is higher, indicating that 

the ion crosslinking effect between calcium ions and alginate 

anions enhances the stability of the molecular chains, and 

improves the thermal stability of the CaAlg hydrogel 

membrane. This is consistent with the result that the 

maximum thermal decomposition rate peak of CaAlg in the 

DTG curve shifts to the high temperature direction. 
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It can be seen from the FT-IR spectrum of Figure 1(d) that, 

for NaAlg, there is a stretching vibration peak of hydroxyl 

group (-OH) at 3466 cm⁻¹, and asymmetric and symmetric 

stretching vibration peaks of carboxyl group (-COO-) at 1670 

cm⁻¹ and 1415 cm⁻¹ respectively. For the CaAlg hydrogel 

membrane, the -OH stretching vibration peak (3466 cm⁻¹) is 

weakened and shifts to a lower wavenumber. The asymmetric 

stretching vibration peak of -COO- (1670 cm⁻¹) shifts to 1697 

cm⁻¹, and the symmetric stretching vibration peak (1415 cm⁻¹) 

shifts to 1406 cm⁻¹. Meanwhile, a new characteristic peak 

appears at 1052 cm⁻¹, which is the characteristic peak of the 

coordination bond formed between calcium ions and -COO-. 

This indicates that an effective ion crosslinking reaction  

occurred between NaAlg and CaCl₂, and the CaAlg hydrogel 

membrane was successfully prepared. 

3.2. Effect of Drying Time on The Water State 

of Caalg Hydrogel Membranes 

Figure 2 shows the LF-NMR T2 spectra and water content 

change curves of CaAlg hydrogel membranes with different 

drying times and after rehydration. In LF-NMR, the T2 value 

reflects the binding state of water inside the membrane. The 

smaller the T2 value, the tighter the binding between water 

and the membrane matrix; the larger the T2 value, the easier 

the water migration. It can be seen from Figure 2(a) that the 

undried CaAlg hydrogel membrane has two obvious T2 peaks, 

which correspond to free water (T2≈100 ms) and bound water 

(T2≈10 ms) respectively. Among them, the peak intensity of 

free water is relatively high, indicating that there is a large 

amount of freely migratable water inside the undried 

membrane, and the network structure is loose. 

With the extension of drying time, the peak intensity of free 

water gradually decreases, the peak intensity of bound water 

gradually increases, and the T2 value gradually decreases. 

When the drying time reaches 40 min, the free water peak 

basically disappears, and only the bound water peak exists, 

indicating that during the drying process, a large amount of 

free water inside the membrane is removed, the 

intermolecular distance is shortened, hydrophilic groups such 

as hydroxyl and carboxyl groups form more hydrogen bonds, 

and the binding between water molecules and the membrane 

matrix is tighter. 

After rehydration, a weak free water peak appears in the T2 

spectrum of the membrane, but the peak intensity is much 

lower than that of the undried membrane, and the bound water 

peak still dominates, indicating that the drying-rehydration 

process can make the membrane form a denser network 

structure, limit the entry and migration of water, and reduce 

the swelling deformation of the membrane. It can be seen 

from Figure 2(b) that with the extension of drying time, the 

water content of the membrane gradually decreases, and the 

water content tends to be stable after 40 min of drying. After 

rehydration, the water content of the membrane recovers to a 

certain extent, but it is still lower than that of the undried 

membrane, which further confirms that the drying-

rehydration process can densify the network structure of the 

membrane and improve its anti-swelling ability. 

 

Figure 2. (a) LF-NMR T2 spectra of CaAlg hydrogel membranes with different drying times and after rehydration; (b) Water content change 
curves of CaAlg hydrogel membranes with different drying times and after rehydration 

3.3. Effect of Drying Time on the Mechanical 

Properties of CaAlg Hydrogel Membranes 

Figure 3 shows the tensile strength and elongation at break 

curves of CaAlg hydrogel membranes with different drying 

times and after rehydration. It can be seen from Figure 3(a) 

and (b) that the undried CaAlg hydrogel membrane has a low 

tensile strength (about 1.10 MPa) and a high elongation at 

break, indicating that it has weak mechanical strength, good 

toughness, but loose structure and easy deformation. 

With the extension of drying time, the tensile strength of 

the membrane gradually increases, and the elongation at 

break gradually decreases. When the drying time is 40 min, 

the tensile strength reaches the maximum value (about 1.60 

MPa), which is about 45.5% higher than that of the undried 

membrane. When the drying time is further extended to 60 

min, the tensile strength decreases slightly, the elongation at 

break further decreases, and embrittlement phenomenon 

appears. 

As shown in Figure 3(c) and Figure 3(d), the elastic 

modulus and fracture energy of the dried CaAlg hydrogel 

membrane and the rehydrated CaAlg hydrogel membrane are 

both higher than those of the undried CaAlg hydrogel 

membrane, indicating that the rehydration process can 

effectively retain the reinforced structure formed during the 

drying process, and improve the mechanical properties of the 

CaAlg hydrogel membrane. After rehydration, the tensile 

strength of the membranes with different drying times all 

decrease slightly, but they are still higher than that of the 

undried membrane. Among them, the tensile strength of the 

membrane rehydrated after 40 min of drying is still 

maintained above 1.50 MPa, with good toughness and no 

obvious embrittlement phenomenon. 

This is because during the drying process, the internal 
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water of the membrane volatilizes, the calcium ion 

crosslinking network is further densified, and the 

intermolecular hydrogen bonding effect is enhanced, thereby 

improving the mechanical strength. But excessive drying will 

lead to the embrittlement of the membrane, and it is difficult 

to fully recover the elasticity after rehydration, leading to the 

decrease of tensile strength. Therefore, the appropriate drying 

time (40 min) can significantly improve the mechanical 

strength of the CaAlg hydrogel membrane through the drying-

rehydration process, while retaining good toughness, to meet 

the actual operation requirements of dyeing wastewater 

treatment. 

 

Figure 3. Mechanical property curves of CaAlg hydrogel membranes with different drying times and after rehydration 

3.4. Effect of Operating Pressure on the 

Membrane Separation Performance 

Figure 4 shows the change curves of water permeation flux 

and rejection rate of the dye solution by the CaAlg hydrogel 

membrane rehydrated after 40 min of drying, under different 

operating pressures. It can be seen from Figure 4(a) and (b) 

that with the increase of operating pressure, the water 

permeation flux of the membrane gradually increases. This is 

because the pressure difference is the main driving force for 

water to pass through the membrane, and the increase of 

pressure can accelerate the migration rate of water molecules. 

But the rejection rate remains basically stable, and the 

rejection rate of dyes is maintained above 80%, indicating that 

the pore size structure of the CaAlg hydrogel membrane is 

stable, and it can achieve efficient dye rejection within a 

certain pressure range (0.05~0.20 MPa), and the pressure 

change has little effect on the rejection effect. 

When the operating pressure reaches 0.15 MPa, the water 

permeation flux reaches 24 L·m⁻²·h⁻¹, and the rejection rate is 

stable above 85%. Comprehensively considering the 

separation efficiency and energy consumption, the 

appropriate operating pressure is determined to be 0.15 MPa. 

 

Figure 4. (a) Membrane flux and rejection performance corresponding to different operating pressures under undried condition; (b) 
Membrane flux and rejection performance corresponding to different operating pressures under the condition of 60 min drying; (c) 

Membrane flux and rejection performance under different drying times 

3.5. Effect of Drying Time on the Membrane 

Separation Performance 

Figure 4(c) shows the change curves of water permeation 

flux and rejection rate of CaAlg hydrogel membranes under 

different drying times, with the operating pressure of 0.15 

MPa and dye concentration of 50 ppm. It can be seen from the 

figure that the undried membrane has a high water permeation 
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flux but a low rejection rate (about 70%). This is because the 

network structure of the membrane is loose, and part of the 

dye molecules can leak through the pores. 

With the extension of drying time, the water permeation 

flux gradually decreases, and the rejection rate gradually 

increases. When the drying time is 40 min, the rejection rate 

reaches the maximum value (about 88%), and the water 

permeation flux is maintained at 21 L·m⁻²·h⁻¹, achieving the 

balance between flux and rejection rate. When the drying time 

is further extended to 60 min, the water permeation flux 

further decreases, the rejection rate increases slightly, but the 

increase range is small, and the membrane appears embrittled, 

which is not conducive to practical application. 

This is because too long drying time will lead to excessive 

shrinkage of the membrane pore size. Although it improves 

the rejection rate, it reduces the water permeation flux, and at 

the same time affects the mechanical toughness of the 

membrane. Therefore, 40 min is the optimal drying time. 

3.6. Effect of Dye Concentration on the 

Membrane Separation Performance 

Figure 5 shows the change curves of water permeation flux 

and rejection rate of the rehydrated CaAlg hydrogel 

membrane after 40 min of drying, under different dye 

concentrations. It can be seen from the figure that with the 

increase of dye concentration, the water permeation flux of 

the membrane gradually decreases. This is because dye 

molecules are adsorbed and deposited on the membrane 

surface, forming a fouling layer, which hinders the 

permeation of water molecules. 

But the rejection rate remains basically stable, and the 

rejection rate for different dyes is maintained above 85%. 

Even when the dye concentration increases to 80 ppm, the 

rejection rate still has no obvious decrease, indicating that the 

CaAlg hydrogel membrane has good rejection ability for dyes 

of different concentrations, and is suitable for the working 

conditions of large fluctuation of dye concentration in dyeing 

wastewater. 

 

Figure 5. Change curves of water permeation flux and rejection rate of CaAlg hydrogel membrane after 40 min drying and rehydration under 

different dye concentrations 

3.7. Dye/Salt Separation Performance of the 

Membrane 

Figure 6 shows the separation performance curves of 

CaAlg hydrogel membrane for different dyes and NaCl. It can 

be seen from the figure that the rejection rate of the membrane 

for the three dyes DB, MO and CBB all reached above 80%, 

while the rejection rate for NaCl was lower than 10%, and the 

separation factor was greater than 90, indicating that the 

CaAlg hydrogel membrane has good dye/salt separation 

ability. 

This is because the pore size of the CaAlg hydrogel 

membrane is controllable, which can physically intercept 

macromolecular dyes. At the same time, the carboxyl groups 

(-COO-) on the membrane surface undergo electrostatic 

adsorption with dye molecules, further improving the 

rejection effect. While NaCl is a small-molecule electrolyte, 

which can pass through the membrane pores smoothly, 

achieving the dual purpose of dye enrichment and salt 

recovery, and adapting to the treatment requirements of high-

salt and high-chroma dyeing wastewater. 

Compared with the undried CaAlg membrane, the water 

flux of the CaAlg hydrogel membrane after 60 min of drying 

decreased slightly, but still maintained a stable level of 8.5 

L·m⁻²·h⁻¹, and different dye molecules had little effect on the 

membrane flux. This is mainly due to the excellent 

hydrophilicity of the CaAlg material itself. At the same time, 

the rejection rate of the dried membrane for NaCl still 

remained at about 10%, and the rejection rate for CBB and 

DB dyes remained above 95%, indicating that the CaAlg 

filtration membrane after 60 min of drying also has excellent 

dye/salt separation performance under low-salt conditions, 

and can adapt to the treatment requirements of high-salt 

dyeing wastewater. 
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Figure 6. Separation performance curves of CaAlg hydrogel membrane for different dyes and NaCl; (a) Separation performance of undried 
CaAlg membrane; (b) Separation performance of dried CaAlg membrane 

Figure 7 shows the effect of different dye concentrations on 

the separation performance of the dried CaAlg membrane. As 

shown in the figure, the dye concentration has little effect on 

the separation performance of the dried CaAlg hydrogel 

membrane overall. With the increase of dye concentration, the 

water flux changes insignificantly (~8.5 L·m⁻²·h⁻¹), while the 

rejection rate increases slightly (>95%). Experiments 

demonstrate that the dried CaAlg membrane exhibits 

excellent separation performance for dyes and salts at low salt 

concentrations. 

 

Figure 7. Effect of different dye concentrations on the separation 
performance of the dried CaAlg membrane 

4. Conclusion 

In this study, calcium alginate (CaAlg) hydrogel 

membranes were modified via vacuum drying-rehydration, 

and the effects of drying time on their structure, mechanical 

and separation properties were systematically investigated. 

Main conclusions: 

(1) CaAlg filtration membranes were prepared by ionic 

crosslinking. FT-IR confirmed effective crosslinking between 

Ca²⁺ and alginate groups; TG-DTG showed CaAlg 

membranes had better thermal stability than NaAlg, meeting 

dyeing wastewater treatment temperature requirements. 

(2) Vacuum drying-rehydration improved CaAlg 

membranes’ mechanical strength and anti-swelling ability, 

with optimal drying time of 40 min. Under this condition, 

rehydrated membrane tensile strength was 1.60 MPa (≈45.5% 

higher than undried) with good toughness retained. 

(3) Under optimized conditions (0.15 MPa, 40 min drying, 

50 ppm dye), the optimized CaAlg membrane achieved >85% 

rejection for three dyes, stable flux of 21 L·m⁻²·h⁻¹, and NaCl 

rejection <10%, enabling dye enrichment and salt recovery 

for high-salinity dyeing wastewater. 

This study modified CaAlg membranes via vacuum drying-

rehydration, solving the insufficient mechanical strength 

bottleneck of pure CaAlg membranes while maintaining 

excellent separation performance, and supporting their 

industrial application in advanced dyeing wastewater 

treatment. 
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