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Abstract

:

In this study, a polysaccharide-based hydrogel microsphere (SFP/SA) was prepared using S. fusiforme polysaccharide (SFP) and sodium alginate (SA). Fourier transform infrared spectroscopy (FT-IR) demonstrated that SFP was effectively loaded onto the hydrogel microsphere. Texture profile analysis (TPA) and differential scanning calorimetry (DSC) showed that, with the increase of SFP concentration, the hardness of SFP/SA decreased, while the springiness and cohesiveness of SFP/SA increased, and the thermal stability of SFP/SA improved. The equilibrium adsorption capacity of SFP/SA increased from 8.20 mg/g (without SFP) to 67.95 mg/g (SFP accounted 80%) without swelling, and from 35.05 mg/g (without SFP) to 81.98 mg/g (SFP accounted 80%) after 24 h swelling. The adsorption of crystal violet (CV) dye by SFP/SA followed pseudo-first order and pseudo-second order kinetics (both with R2 > 0.99). The diffusion of intraparticle in CV dye was not the only influencing factor. Moreover, the adsorption of CV dye for SFP/SA (SFP accounted 60%) fit the Langmuir and Temkin isotherm models. SFP/SA exhibited good regenerative adsorption capacity. Its adsorption rate remained at > 97% at the 10th consecutive cycle while SFP accounted for 80%. The results showed that the addition of Sargassum fusiforme polysaccharide could increase the springiness, cohesiveness and thermal stability of the hydrogel microsphere, as well as improve the adsorption capacity of crystal violet dye.
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1. Introduction


With the development of global industrialization, different forms of environmental pollution have become a major problem and burden for most public healthcare systems across the world. Among them, water pollution caused by various industries has seriously affected people’s health and life. Crystal violet (CV) has long been widely used in the textile industry and in other light industries. In recent years, it has attracted much attention due to its mutagenicity and mitotic toxicity [1]. Studies have shown that CV can cause symptoms such as increased heartbeat, vomiting, shock, limb twitching and tissue necrosis [2]. When the CV level is high enough, it can hinder the photosynthesis of aquatic organisms and the dissolution of oxygen, destroying the ecosystem [3]. However, CV is a kind of refractory dye molecule and is difficult to be removed since it has a complex chemical structure, able to resist conventional physical, chemical and biological degradation [4]. Therefore, it is necessary to remove CV from the environment.



At present, the commonly used methods for removing dyes from wastewater include electrochemical treatment, precipitation, ion exchange, reverse osmosis and evaporation [5]. However, these traditional methods are disadvantaged by having low adsorption rates and being difficult to recycle. Physical adsorption has attracted a lot of attention due to its wide application, fast response and environmentally friendliness. In recent years, scientists have used a variety of adsorbents to treat dye wastewater such as activated carbon, zeolite, clay, biomass, functional polymer resin and polymer hydrogel [6]. Among these, biodegradable polymer hydrogels are favored by researchers due to their good regenerative adsorption capacities and low cost [7].



Sargassum fusiforme is a warm temperate to subtropical seaweed that belongs to the Sargassaceae family of Fucales, Phaeophyta [8]. Sargassum fusiforme is widely distributed in China, Japan, Korea and other countries. Polysaccharides extracted from S. fusiforme have good biological adaptability and biodegradability, which are widely used in the food and medicine fields [9]. S. fusiforme polysaccharide could improve its non-electrostatic interaction when embedded in polymer materials due to its large amount of sulfate groups, and thereby might enhance polymer materials’ absorption dye capacity. Hydrogel microspheres could trap dye molecules and absorb dye solutions due to their electrostatic and hydrophilic interactions during the swelling process.



In this study, S. fusiforme polysaccharide (SFP) was added to sodium alginate (SA) for the first time, and prepared as a polysaccharide-based hydrogel microsphere (named as SFP/SA) after crosslinking with CaCl2. Then, SFP/SA was used to remove CV by way of their electrostatic interaction. Afterwards, the internal structure and textural properties of SFP/SA prepared with different SFP contents were studied using Fourier transform infrared spectroscopy (FT-IR), scanning electron microscopy (SEM), differential scanning calorimetry (DSC) and texture profile analysis (TPA). Meanwhile, the kinetic and isothermal models of the adsorption of CV by SFP/SA were investigated. The regeneration and reuse performance of SFP/SA for CV adsorption was studied as well.




2. Materials and methods


2.1. Materials and Chemicals


S. fusiforme was collected (August 2020) from Wenzhou, Zhejiang Province, China. S. fusiforme was ground by a grinder (FW135, Tianjin Taisite Instrument Co., Ltd., Tianjin, China) and then the ultra-micro powder was obtained using an ultra-micro pulverizer (XDW6-BI, Jinan Tatsu Micro Machinery Co., Ltd., Jinan, China).



CaCl2 (analytical reagent grade, Xilong Science Co., Ltd., Shantou, China), boric acid (analytical reagent grade, Maclin Biochemical Reagent Co., Ltd., Shanghai, China), sodium alginate (SA) (analytical reagent grade, McLin Biochemical Reagent Co., Ltd., Shanghai, China), cationic dye crystal violet (CV) (analytical reagent grade, Fuchen Chemical reagent Co., Ltd., Tianjin, China) and ethanol (95%) (analytical reagent grade, Fuyu Fine Chemicals Co., Ltd., Tianjin, China) were used. The water used in the experiment was double distilled water. Spectrophotometric measurement was conducted by using a full wavelength microplate reader (Molecular Devices SpectraMax 190, Aiyan Biotechnology Co., Ltd., Shanghai, China). All chemicals were commercially available and used without further purification.




2.2. Preparation of SFP


SFP was prepared from S. fusiforme according to our previously reported procedure, with some modifications [10]. The ultra-micro powder of S. fusiforme was refluxed three times (3 h, 1 h and 1 h, respectively) with 95% ethanol at a ratio of 1:4 (w/v, g/mL) to remove lipids and low molecular weight impurities such as pigments. After centrifugation (6800 rpm, 20 min) the residue was collected and dried overnight in an oven at 60 °C. The dried powder was extracted with double distilled water at a ratio of 1:50 (w/v, g/mL) for 4 h. After suction filtration, the supernatant was concentrated to 1/15 of the original volume using a reducing rotary evaporator (Hei-VAP Value, Heidoph, Nuremberg, Germany) at 60 °C. It was then precipitated with 4 times the volume of 95% ethanol (v/v) for 12 h at 4 °C. After centrifugation (6800 rpm, 20 min), the precipitate was collected and re-dissolved in double distilled water, and SFP was finally obtained through vacuum freeze-drying (alpha 1-2 LD plus, Martin Christ gefriedrocknungsanlage GmbH, Osterode am Harz, Germany) [11].




2.3. Preparation of SFP/SA


The total weight of SFP and SA was 1 g, and the mixture was dissolved in 40 mL of water. It was placed in a constant temperature magnetic stirring pot (ZNCL-DLS 130 × 60, Henan Ebbott Technology Development Co., Ltd., Zhengzhou, Henan, China), and kept at 30 °C at a speed of 500 rpm for 2 h to form a uniform mixed solution. Then, the solution was dropped into 2% calcium chloride-saturated boric acid solution by syringe to obtain a hydrogel microsphere. After soaking in the above solution for 24 h, the hydrogel microsphere was washed 3 times with water. Then SFP/SA with a particle size of 2–4 mm was obtained after freeze-drying for 24 h (Alpha 1-2 LD plus, Christ Company, Osterode, Lower Saxony, Germany). At the same time, samples without SFP were prepared according to the above method. The chemical compositions of the samples are shown in Table 1. Different contents of polysaccharides (0, 20, 40, 60 and 80% SFP) were added into SFP/SA and named as SFP/SA-0, SFP/SA-20, SFP/SA-40, SFP/SA-60 and SFP/SA-80, respectively.




2.4. Characterization of SFP/SA


2.4.1. Scanning Electron Microscope Analysis


All SFP/SA samples were placed in water or CV dye at 25 °C and soaked for 24 h. The samples were then immediately frozen with liquid nitrogen to maintain a complete network structure. All SFP/SA after the above treatment were freeze-dried in a vacuum for 24 h, and the cross-sectional morphology of the SFP/SA was characterized by a SEM (EVO 18, Carl Zeiss AG Co., Ltd., Oberkohen, Baden-Wurttemberg, Germany). The samples were observed at an acceleration voltage of 10 kV under vacuum. Micrographs were taken at a magnification of 500× and 2000×.




2.4.2. Fourier Transform Infrared Spectroscopy Analysis


The samples were ground into powder and treated by the KBr tableting method. A FT-IR spectrophotometer (Tensor 27, Bruker Co., Ltd., Bergisch Gladbach, Germany) was used to record samples at the scanning wavelength range of 4000–500 cm−1 and the scanning number was 32 times.




2.4.3. Texture Profile Analysis


All SFP/SA were placed in water at 25 °C and soaked for 24 h. TPA was performed using a texture analyzer (TA. XT PlusC, Stable Micro Systems Co., Ltd., Godalming, Surrey, UK). TPA of all SFP/SA adopted a 50 g contact force, which was compressed twice. The compression amount was 75% of the hydrogel microsphere volume. The compression probe was a cylindrical stainless steel probe (P36-R). The velocities before, during and after compression were 5 mm/s, 1 mm/s and 20 mm/s, respectively. All tests were carried out at 25 °C and repeated six times. The hardness, springiness, cohesiveness and resilience of SFP/SA samples were measured. Parameters were calculated by Texture Expert software.




2.4.4. Differential Scanning Calorimetric Analysis


A total of 10 mg dried SFP/SA was accurately weighed and placed in a sample crucible. The SFP/SA were tested by DSC (DSC250, TA Instruments Co., Ltd., Newcastle, PA, USA) at a heating rate of 20 °C/min under N2 flow, and a measurement range of 25–400 °C.





2.5. Absorption and Separation of CV by SFP/SA


2.5.1. Absorption of CV


Different SFP/SA samples with the same weight, 25 mg, were immersed in 25 mL of CV solution (original concentration 100 mg/L). The SFP/SA were filtered and separated after adsorption saturation. The residual concentration of CV in the solution was determined by a full-wavelength microplate reader at 585 nm.



The equilibrium adsorption capacity Qe (milligrams of dyes per gram of dry gel) is calculated by the following equation [12]:


   Q e   =     C 0       −   C   e  V  m   



(1)




where C0 (mg/L) and Ce (mg/L) are the initial and final concentrations of CV solution, respectively. V (L) and m (mg) are the solution volume and the SFP/SA mass, respectively.



The absorption capacity Qt (milligrams of dyes per gram of dry gel) is calculated by the following equation:


   Q t   =     C 0       −   C   t  V  m   



(2)




where C0 (mg/L) and Ct (mg/L) are the initial and t time concentrations of CV solution, respectively. V (L) and m (mg) are the solution volume and the SFP/SA mass, respectively.



The removal percentage is obtained using the following equation [13]:


   removal   percentage   ( % ) =     C 0       −   C   e     C 0     × 100 %   



(3)




where C0 (mg/L) and Ce (mg/L) are the initial and equilibrium concentrations of CV solution, respectively.




2.5.2. Adsorption Kinetic Model of CV by SFP/SA


The adsorption kinetics affect the adsorption rate of CV by SFP/SA and determine the required time to reach equilibrium. Through the analysis of adsorption kinetics, it could be determined that the adsorption behavior of CV by the SFP/SA hydrogel microsphere mainly conformed to physical adsorption or chemical adsorption.



To study the diffusion mechanism in the adsorption process, the Intraparticle diffusion model, Elovich model and Liquid film diffusion model were used to study the adsorption of CV by SFP/SA, respectively.



At 25 °C, the freeze-dried SFP/SA hydrogel microsphere was placed in water for swelling for 24 h. The CV solution (100 mg/L, pH 7.0) was prepared. Each SFP/SA sample (25 mg) was taken to adsorb 25 mL of CV solution. Then, the absorbance of the CV solution was detected at 585 nm every 20 min.



The equations used are as follows:



The Pseudo-first order model is given as [14]:


      dq  t     d t       = k   1     ( q   e       −   q   t  )  



(4)




where qe (mg/g) and qt (mg/g) are the adsorption capacities at equilibrium and at t time, respectively. k1 (min−1) is the rate constant in the pseudo-first-order kinetic model. The value of k1 can be found from the linear plot of log (qe − qt) versus time.



The Pseudo-second order model is given as [15]:


      dq  t     d t       = k   2       ( q   e       −   q   t  )  2   



(5)




where qe (mg/g) and qt (mg/g) are the adsorption capacity at equilibrium and at t time, respectively. k2 (g mg−1 min−1) is the pseudo-second-order rate constant. By plotting t/qt as a function of time t, the values of qe and k2 were calculated.



The Intraparticle diffusion model is given as [16]:


   q t     = k   i   t  0  . 5     + C   



(6)




where ki (mg g−1 min−1/2) is the Intraparticle diffusion rate. C gives information about the thickness of the boundary layer.



The Elovich model is given as [17]:


   q t   =   1 β   ln ( α β t )   



(7)




where qt (mg/g) is the adsorption capacities at equilibrium and at t time. α (mg g−1 min−1) implies the initial absorbance. β (g/mg) is the CV desorption rate.



The Liquid film diffusion model is given as [18]:


    − ln   (   1   −   F   )     = k     f      t     F =     q t     q m      



(8)




where kf (min−1) is the Liquid film diffusion coefficient. t (min) is adsorption time. F shows the saturation of adsorption of CV by SFP/SA in Equation (9). qt (mg/g) and qm (mg/g) are the adsorption capacities at time t and equilibrium, respectively.




2.5.3. Adsorption Isotherm Model of CV by SFP/SA


The relationship between adsorption capacity and equilibrium concentration was established by the isothermal adsorption experiment. According to the experimental results of adsorption kinetics, the SFP/SA-60 hydrogel microsphere was selected for the study.



At 25 °C, the freeze-dried SFP/SA-60 hydrogel microsphere was placed in water for swelling for 24 h. The concentrations of the CV solutions (pH 7.0) were 50, 100, 150, 200, and 250 mg/L, respectively. The SFP/SA hydrogel microsphere (25 mg) was taken to adsorb 25 mL of CV solution, and the equilibrium concentration of the CV solution was detected.



The interaction between the SFP/SA hydrogel microsphere and CV was studied by four isothermal models: the Langmuir isotherm model, Freundlich isotherm model, Temkin isotherm model and Dubinin–Radushkevich (D-R) model.



The Langmuir isotherm model is given as [19]:


   1   q e     =   1   q m     +   1   K L   q m       ×     1   C e     



(9)




where qm (mg/g) is the maximum adsorption capacity. Ce (mg/L) is the concentration at equilibrium. KL (L/mg) is the Langmuir constant, which represents the energy of adsorption. The plot of 1/qe as a function of 1/Ce allows the determination of qm and KL.



The separation factor RL is given as:


   R L   =   1     1 + K   L   C 0     



(10)







The constant RL indicates the favorability of the adsorption process. If RL = 0, the adsorption is irreversible. If 0 < RL < 1 the adsorption is favorable. The adsorption profile is linear when RL = 1 (KL = 0). When RL > 1 (KL < 0), the adsorption is unfavorable.



The Freundlich isotherm model is given as [20]:


  log  (   q e   )       = logK   F   +   (   1 n   )    logC  e   



(11)




where KF (mg/g) and 1/n are the Freundlich constants that indicate the adsorption capacity and the adsorption intensity, respectively.



The Temkin isotherm model is given as [21,22]:


   q e     = B   t    lnK  T     + B   t    lnC  e   



(12)







The value of Bt (J/mol) (Temkin constant heat of adsorption) and KT (L/mg) (equilibrium binding constant) were computed from the plot of qe and ln Ce.



The Dubinin–Radushkevich (D-R) isotherm model is given as [23]:


     lnq  e     = lnq   m       −   β ε   2      ε = RTln ( 1 +   1   C e    )   



(13)




where qm is theoretical saturation capacity (mg/g). β is an activity coefficient related to mean free energy per mole of adsorbate (mol2/J2). The value of qm and β are obtained from a linear plot of ln qe vs. ε2. The equation for the calculation of “ε” (Polanyi potential) is given in Equation (13). And R is Universal gas constant (8.314 J mol−1 K−1), T is the temperature in Kelvin.



The E (KJ/mol) value is calculated using the equation:


   E =   1     2 β       



(14)







If E < 8 KJ/mol, the adsorption is physisorption. If E > 8 KJ/mol, the adsorption is chemisorption.




2.5.4. Desorption and Recycling of SFP/SA


The adsorbed saturated SFP/SA hydrogel microsphere was filtered to remove the surface moisture and then added to 25 mL of 95% ethanol solution. The ethanol solution was replaced every 0.5 h for 2.5 h. After the treatment, the surface ethanol was wiped off and put in the oven at 60 °C for 2 h until completely dry. The above SFP/SA was used to adsorb 100 mg/L of CV solution again to study the reabsorption performance after desorption.



The repeated adsorption rate Rn of the hydrogel microsphere was calculated by the following equation:


   R n   =     Q   n + 1       Q n     



(15)




where Rn is the adsorption rate corresponding to the nth adsorption, Qn is the saturated adsorption capacity corresponding to the nth adsorption (mg/g), and Qn+1 is the saturated adsorption capacity corresponding to the nth + 1st adsorption (mg/g).






3. Results and Discussion


3.1. Analysis of Scanning Electron Microscope


SEM analysis was carried out to see the morphology changes of the internal section of the hydrogel microsphere with the increase of SFP content. The results are shown in Figure 1. The internal structure of the hydrogel microsphere prepared by SA alone (SFP/SA-0) (Figure 1A) showed a tightly layered structure. The formation of the hydrogel microsphere was due to the cross-linking reaction of SA by dropping it into calcium chloride. With the increase in the content of SFP added to the hydrogel microsphere, the layered structure changed from a close structure to a loose structure. The hydrogel micropheres’ internal layer spacing increased notably. At the same time, the internal structure of the hydrogel microsphere transited from a layered structure to a reticulated structure. This transformation gradually made the structure of SFP/SA loose. Therefore, the hydrogel microsphere had a larger space to absorb CV. This transformation increased the contact opportunities between the hydrogel microsphere and CV molecules, which was conducive to the absorption of CV molecules by the hydrogel microsphere. The CV removal ability of hydrogel microsphere in water was ordered as follows: SFP/SA-60 > SFP/SA-40 > SFP/SA-20 > SFP/SA-0.



The morphology changes of the surface before and after CV adsorption were studied by SEM analysis. As shown in Figure 2, the hydrogel microsphere’s surface before CV adsorption had certain wrinkles, which were caused by dehydration during freeze-drying. With the increase of SFP content in the hydrogel microsphere, the wrinkles on its surface gradually decreased. The surface of the hydrogel microsphere became smooth as roughness decreased. This indicated that the addition of SFP could improve the surface smoothness of the hydrogel microsphere by resisting the wrinkles during freeze-drying and providing more sites for CV adsorption. Comparing the appearance of the hydrogel microsphere before (Figure 2A–D) and after (Figure 2E–H) the adsorption of CV, it could be seen that the appearance of the hydrogel microsphere after adsorption became rougher than before. After the hydrogel microsphere adsorbed the CV solution, a large number of CV molecules occupied the active center of the hydrogel microsphere surface. The surface became rough with the increase of surface-adsorbed substances [24].




3.2. Analysis of Fourier Transform Infrared Spectroscopy


As shown in Figure 3A, SFP/SA-20, SFP/SA-40, SFP/SA-60 and SFP/SA-80 had similar stretching vibration peaks. Some peaks were observed in structures of SFP/SA-20, SFP/SA-40, SFP/SA-60 and SFP/SA-80 in the range of 2922–2928 cm−1, 1623–1632 cm−1, 1168–1117 cm−1 and 1041–1044 cm−1. These vibrations are linked to C-H, C-C, C=O and C-O, respectively [25]. There were antisymmetric stretching vibration peaks and symmetric stretching vibration peaks of -COOH at 1673 cm−1 and 1413 cm−1, respectively [26]. The SFP curve showed the characteristic peaks at 3460 cm−1, 2929 cm−1, 1035 cm−1 and 818 cm−1, which were attributed to -OH stretching, C-H stretching, C-O stretching and glycosidic bond, respectively. Moreover, the antisymmetric stretching of -COOH shifted to 1620 cm−1 and the symmetric stretching of -COOH shifted to 1420 cm−1. Compared with SFP/SA-0, the SFP/SA-20, SFP/SA-40, SFP/SA-60 and SFP/SA-80 showed unique polysaccharide characteristics. The peaks of SFP/SA-20, SFP/SA-40, SFP/SA-60 and SFP/SA-80 were shifted compared to that of SFP, which may be due to the interaction between SFP and the hydrogel microsphere, indicating that SFP was successfully loaded onto the hydrogel microsphere.



The stretching vibration peak at 900 cm−1 was attributed to the stretching of the glycosidic bond [27]. Figure 3B showed that SFP/SA-80, which adsorbed CV, had a stretching vibration peak stretched by the glycosidic bond at 818 cm−1, while SFP/SA-80, which did not adsorb CV, did not show a stretching vibration peak. CV and SFP/SA-80 which absorbed CV had C=O stretching vibration peaks around 1170 cm−1 (CV at 1175 cm−1, and SFP/SA-80, which absorbed CV at 1163 cm−1), while SFP/SA-80 did not absorb CV, had no stretching vibration peak around 1170 cm−1.



The SFP/SA-80 that adsorbed CV did not produce new bonds compared with the SFP/SA-80 that did not adsorb CV, and only the shift between peaks was observed. Therefore, the hydrogel microspheres’ mechanism of CV adsorption was physical adsorption.




3.3. Analysis of Texture Profile


As shown in Figure 4, the parameters such as hardness, springiness and resilience of gel beads prepared with different SFP concentrations were determined. Hardness was the maximum force required to compress the sample [28]. Figure 4A shows that the hardness of the hydrogel microsphere increased significantly with the increase of SA concentration, indicating that increasing SA concentration could enhance the hardness characteristics of gel beads. Springiness was a measure of how much the structure of the hydrogel was destroyed by initial compression [29]. High springiness appeared when the hydrogel structure was broken into a few grand pieces during the compression process, whereas low springiness resulted from the hydrogel being broken into many little pieces. Cohesiveness reflects the ability of internal molecules or structural elements to combine and maintain their integrity. Figure 4B and C show that the concentration of SFP has the same effects on the hydrogel microsphere’s springiness and cohesiveness. With the increase of SFP concentration, the springiness and cohesiveness of the hydrogel microsphere increased, indicating that SFP was beneficial to the resistance of the hydrogel microsphere to damage and to its ability to maintain its structural stability. As shown in Figure 4D, with the increase of SFP concentration, the resilience of hydrogel microsphere presented an inverted “U” type relationship. It is analyzed that the addition of SFP made the hydrogel microsphere loose and porous, which increased the resilience of the hydrogel microsphere. However, during the test, the extrusion of the test probe destroyed the porous structure inside the hydrogel microsphere. It caused irreversible physical changes to the hydrogel microsphere, and reduced the resilience. In this process, when the hydrogel microsphere had the highest resilience, the SFP content was about 40%.




3.4. Analysis of Differential Scanning Calorimetric


The difference in structure and functional groups of SFP/SA might affect the thermal behavior and transition temperature [26]. For SFP/SA-0, between 25–110 °C, the DSC curve showed a flat endothermic peak, indicating the loss of bound water in the hydrogel microsphere (Figure 5). This was consistent with the conclusion of Mohamadnia et al. in the study of ionic crosslinked carrageenan-alginate hydrogel [30]. Between 125–150 °C, an obvious endothermic peak appeared on the DSC curve, and peaked at 135.7 °C. This was a process by which SA was decomposed into stable intermediate products. Corresponding to the fracture of the SA skeleton, adjacent hydroxyl groups were removed in the form of water molecules. At 155.9 °C, a small endothermic peak appeared, indicating that the intermediate product was further decomposed and decarboxylated to release CO2. Mohamadnia et al. suggested that the peak may be attributed to the interaction between cation-alginate and two different uronic acid units of alginate [30]. For the hydrogel microsphere loaded with SFP, the first obvious endothermic peak on the DSC curve was at 136 °C. The second endothermic peak gradually decreased and finally stabilized at 155 °C with the increase of SFP content. The results suggested that SFP achieved effective polymerization in the hydrogel microsphere, and the structure of the hydrogel microsphere was changed. No strong exothermic transformation in the DSC curve of SFP/SA was observed. The contour of Figure 5 tended to show a stronger endothermic peak, indicating that, with the increase of SFP content, the thermal stability of the SFP/SA hydrogel microsphere was improved.




3.5. CV Adsorption Behavior of Hydrogel Microsphere


The effects of contact time on the adsorption of CV are shown in Figure 6. In the first 200 min, the contact time had a significant effect on the adsorption, but the process slowed down at 300 min and stabilized after 500 min. At this time, most SFP/SA sites were occupied by CV. It could be seen that the adsorption process curves of SFP/SA-60 and SFP/SA-80 after swelling were roughly the same, and the final saturated adsorption amount was stable at about 80 mg/g. The adsorption capacity of SFP/SA-0 was significantly different from other SFP/SAs. This indicates that the addition of SFP enhanced the CV adsorption capacity of the hydrogel microsphere.



The SFP/SA samples before and after swelling were used to adsorb CV. It can be seen in Figure 7 that the adsorption capacities of SFP/SA were different under the conditions of swelling and unsaturation. The times to reach equilibrious adsorption for the hydrogel microsphere before and after swelling were 2 h and 12 h, respectively. However, the equilibrious adsorption capacity of SFP/SA after swelling was increased by 20.6–327.4% compared with that before swelling. The enhancement of adsorption capacity caused by swelling was mainly due to the early entry of water into the hydrogel microsphere, which made the hydrogel microsphere’s internal layered structure expand more completely, and increased the adsorption capacity of CV.




3.6. Adsorption Kinetics


As shown in Table 2, the Pseudo-first order model and Pseudo-second order model R2 of SFP/SA were all above 0.99. The R2 value of pseudo-first order model was higher than that of the Pseudo-second order model, and the theoretical equilibrious adsorption capacity simulated by the Pseudo-first order model was closer to the actual equilibrious adsorption capacity. It indicated that the adsorption of CV on the SFP/SA hydrogel microsphere was more in line with the pseudo-first-order kinetic adsorption. The adsorption mechanism of SFP/SA for CV mainly was physical adsorption, supplemented by chemical adsorption.



To further study the adsorption mechanism of SFP/SA, the Intraparticle diffusion model, Elovich model and Liquid film diffusion model were selected for analysis. For the Intraparticle diffusion model C = 0, the Intraparticle diffusion was a rate-limiting step. When C > 0, both external mass transfer and Intraparticle diffusion were rate-limiting steps. When C < 0, it could be explained that the external film diffusion resistance was caused by the adsorption time lag [16]. The results showed that with the increase of SFP content, the C of SFP/SA changed from a negative to a positive value. However, there was no case of C = 0 (the curve passes through the origin), indicating that intraparticle diffusion was not the only influencing factor. By comparing the R2 corresponding to the Elovich model and Liquid film diffusion model with the pseudo-first order model and pseudo-second order model, the adsorption mechanism of SFP/SA for CV was more in line with the first-order kinetic model.




3.7. Isothermal Adsorption


The Langmuir isotherm model, Freundlich isotherm model, Temkin isotherm model and Dubinin–Radushkevich isotherm model were used for the fitting analysis of adsorption isotherms. The isothermal adsorption of SFP/SA-60 hydrogel microsphere for the CV solution at 25 °C was studied. The equilibrious data were fitted with the isothermal adsorption model to find the most suitable adsorption model, indicating that the adsorption of CV by the hydrogel microsphere conformed to the Langmuir model. In the Langmuir model, the adsorption of CV occurred in the specific homogeneous position of the adsorbent hydrogel microsphere, and the monolayer adsorption on the hydrogel microsphere was effective. As shown in Table 3, the RL value was between 0 and 1, indicating that the adsorption of CV on the hydrogel microsphere was beneficial [31]. In addition, the n values in the Freundlich model were ranged from 1 to 10, which indicated that the adsorption process was favorable [32]. According to the Dubinin–Radushkevich isothermal model, the E value was lower than 8 kJ/mol. Indicating that the adsorption of CV solution on hydrogel microsphere belonged to the physical mechanism (such as electrostatic force) [33], which was consistent with the results of adsorption kinetics analysis. Temkin model was also applicable to CV adsorption on hydrogel microsphere for R2 > 0.99. It could be concluded that the surface of the hydrogel microsphere was non-uniform and the active center had a uniform binding energy [34].




3.8. Desorption and Recycling of Hydrogel Microsphere


The adsorption and desorption properties of the SFP/SA-80 hydrogel microsphere were studied to analyze its recycling capacity. Figure 8 showed that the adsorption capacity of the SFP/SA-80 hydrogel microsphere after 95% ethanol desorption was greatly improved. The second equilibrium adsorption capacity of the hydrogel microsphere was significantly enhanced after ethanol treatment, and the adsorption rate reached 129.14%. It was shown that the internal structure of the hydrogel microsphere became loose after ethanol treatment, which facilitated the exposure of sites for binding CV. The above phenomenon enhanced the speed and adsorption capacity of the hydrogel microsphere for CV adsorption. After 10 adsorption and desorption cycles, the repeated adsorption rate of the hydrogel microsphere was above 97%, and the removal rate of CV was reduced by about 2%. Previous studies had shown that Melanized-C-CNF foam lost about 10% removal efficiency after six desorption cycles [16]. Hydrogel of acrylamide/sodiumalginate/2-acrylamido-2-methylpropane sulphonic acid lost about 5% removal efficiency after six adsorption-desorption cycles [24]. Fe3O4/CD/AC/SA polymer nanocomposites lost about 5% removal efficiency after six adsorption/desorption cycles [35]. EDTA/graphene oxide functionalized corncob lost about 20% removal efficiency after nine adsorption/desorption cycles [36]. SFP/SA had more advantages both in repetition times and repetition effects.





4. Conclusions


In this work, an SFP/SA microsphere was prepared by crosslinking the SFP extracted from S. fusiforme with SA via the action of CaCl2, which was used to adsorb CV solution. SEM, FT-IR, TPA, DSC and other technologies were used to study the structure of the hydrogel microsphere and the physical and chemical properties after treating with different SFP contents. With an increase in SFP content, the hardness of the hydrogel microsphere decreased, and springiness and cohesiveness increased. At the same time, the thermal stability of SFP/SA hydrogel microsphere was improved. Kinetic studies revealed that the adsorption process was a physical adsorption process supplemented by chemical adsorption, and intraparticle diffusion was not the only influencing factor. Isothermal studies revealed that the adsorption of the SFP/SA hydrogel microsphere was mainly monolayer adsorption. In 10 consecutive cycles, the CV molecules were easily desorbed from the loaded hydrogel microsphere polymer with ethanol, and the repeated adsorption rate remained above 97%. Therefore, the results of this research are expected to provide new insights for the dye adsorption field. The SFP/SA hydrogel microsphere could be used as a good adsorbent for the treatment of CV in sewage.







Author Contributions


Conceptualization, B.L.; Data curation, B.L., Y.C. and M.W.; Formal analysis, B.L., J.R. and S.G.; Investigation, B.L., J.R., Y.C., S.G. and M.W.; Methodology, B.L., J.R., Y.C., S.G. and M.W.; Resources, J.R.; Supervision, L.Y.; Writing—original draft, B.L. and J.R.; Writing—review & editing, L.Y. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Excellent Youth Foundation of Guangdong Scientific Committee (2021B1515020037).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


Not applicable.




Acknowledgments


Thanks to Wanzi Yao for her help during the experiment.




Conflicts of Interest


The authors declare that no conflict of interest are involved in this research work.




References


	



Roy, D.C.; Biswas, S.K.; Saha, A.K.; Sikdar, B.; Rahman, M.; Roy, A.K.; Prodhan, Z.H.; Tang, S.S. Biodegradation of Crystal Violet dye by bacteria isolated from textile industry effluents. PeerJ 2018, 6, 15. [Google Scholar] [CrossRef]

	



Otero, M.; Rozada, F.; Calvo, L.F.; Garcia, A.I.; Moran, A. Elimination of organic water pollutants using adsorbents obtained from sewage sludge. Dye. Pigment. 2003, 57, 55–65. [Google Scholar] [CrossRef]

	



Daneshvar, E.; Sohrabi, M.S.; Kousha, M.; Bhatnagar, A.; Aliakbarian, B.; Converti, A.; Norrstrom, A.C. Shrimp shell as an efficient bioadsorbent for Acid Blue 25 dye removal from aqueous solution. J. Taiwan Inst. Chem. Eng. 2014, 45, 2926–2934. [Google Scholar] [CrossRef]

	



Vithalkar, S.H.; Jugade, R.M. Adsorptive removal of crystal violet from aqueous solution by cross-linked chitosan coated bentonite. Mater. Today Proc. 2020, 29, 1025–1032. [Google Scholar] [CrossRef]

	



Anastopoulos, I.; Kyzas, G.Z. Composts as Biosorbents for Decontamination of Various Pollutants: A Review. Water Air Soil Pollut. 2015, 226, 1–16. [Google Scholar] [CrossRef]

	



Li, S. Removal of crystal violet from aqueous solution by sorption into semi-interpenetrated networks hydrogels constituted of poly(acrylic acid-acrylamide-methacrylate) and amylose. Bioresour. Technol. 2010, 101, 2197–2202. [Google Scholar] [CrossRef]

	



Kubra, K.T.; Salman, M.S.; Znad, H.; Hasan, M.N. Efficient encapsulation of toxic dye from wastewater using biodegradable polymeric adsorbent. J. Mol. Liq. 2021, 329, 10. [Google Scholar] [CrossRef]

	



Zhang, R.; Zhang, X.X.; Tang, Y.X.; Mao, J.L. Composition, isolation, purification and biological activities of Sargassum fusiforme polysaccharides: A review. Carbohydr. Polym. 2020, 228, 115381. [Google Scholar] [CrossRef]

	



Li, Z.-R.; Jia, R.-B.; Wu, J.; Lin, L.; Ou, Z.-R.; Liao, B.; Zhang, L.; Zhang, X.; Song, G.; Zhao, M. Sargassum fusiforme polysaccharide partly replaces acarbose against type 2 diabetes in rats. Int. J. Biol. Macromol. 2021, 170, 447–458. [Google Scholar] [CrossRef]

	



Ye, Y.H.; Ji, D.S.; You, L.J.; Zhou, L.; Zhao, Z.G.; Brennan, C. Structural properties and protective effect of Sargassum fusiforme polysaccharides against ultraviolet B radiation in hairless Kun Ming mice. J. Funct. Foods 2018, 43, 8–16. [Google Scholar] [CrossRef]

	



Yao, W.Z.; Liu, M.Y.; Chen, X.Y.; You, L.J.; Ma, Y.X.; Hileuskaya, K. Effects of UV/H2O2 degradation and step gradient ethanol precipitation on Sargassum fusiforme polysaccharides: Physicochemical characterization and protective effects against intestinal epithelial injury. Food Res. Int. 2022, 155, 11. [Google Scholar] [CrossRef] [PubMed]

	



Mate, C.J.; Mishra, S. Synthesis of borax cross-linked Jhingan gum hydrogel for remediation of Remazol Brilliant Blue R (RBBR) dye from water: Adsorption isotherm, kinetic, thermodynamic and biodegradation studies. Int. J. Biol. Macromol. 2020, 151, 677–690. [Google Scholar] [CrossRef] [PubMed]

	



Nakhjiri, M.T.; Marandi, G.B.; Kurdtabar, M. Poly(AA-co-VPA) hydrogel cross-linked with N-maleyl chitosan as dye adsorbent: Isotherms, kinetics and thermodynamic investigation. Int. J. Biol. Macromol. 2018, 117, 152–166. [Google Scholar] [CrossRef] [PubMed]

	



Mall, I.D.; Srivastava, V.C.; Kumar, G.V.A.; Mishra, I.M. Characterization and utilization of mesoporous fertilizer plant waste carbon for adsorptive removal of dyes from aqueous solution. Colloids Surf. A 2006, 278, 175–187. [Google Scholar] [CrossRef]

	



Kantipuly, C.; Katragadda, S.; Chow, A.; Gesser, H.D. Chelating polymers and related supports for separation and preconcentration of trace-metals. Talanta 1990, 37, 491–517. [Google Scholar] [CrossRef]

	



Tran-Ly, A.N.; De France, K.J.; Rupper, P.; Schwarze, F.W.M.R.; Reyes, C.; Nystrom, G.; Siqueira, G.; Ribera, J. Melanized-Cationic Cellulose Nanofiber Foams for Bioinspired Removal of Cationic Dyes. Biomacromolecules 2021, 22, 4681–4690. [Google Scholar] [CrossRef]

	



Juang, R.S.; Chen, M.L. Application of the Elovich equation to the kinetics of metal sorption with solvent-impregnated resins. Ind. Eng. Chem. Res. 1997, 36, 813–820. [Google Scholar] [CrossRef]

	



Mittal, H.; Babu, R.; Dabbawala, A.A.; Stephen, S.; Alhassan, S.M. Zeolite-Y incorporated karaya gum hydrogel composites for highly effective removal of cationic dyes. Colloid Surf. A 2020, 586, 124161. [Google Scholar] [CrossRef]

	



Langmuir, I. THE ADSORPTION OF GASES ON PLANE SURFACES OF GLASS, MICA AND PLATINUM. J. Am. Chem. Soc. 1918, 40, 1361–1403. [Google Scholar] [CrossRef]

	



Freundlich, H. Über die Adsorption in Lösungen. Z. Für Phys. Chem. 1907, 57U, 385–470. [Google Scholar] [CrossRef]

	



Tempkin, M.J.; Pyzhev, V. Recent modification to Langmuir isotherms. Acta Physiochim. URSS 1940, 12, 217–222. [Google Scholar]

	



Ghasemi, M.; Naushad, M.; Ghasemi, N.; Khosravi-fard, Y. A novel agricultural waste based adsorbent for the removal of Pb(II) from aqueous solution: Kinetics, equilibrium and thermodynamic studies. J. Ind. Eng. Chem. 2014, 20, 454–461. [Google Scholar] [CrossRef]

	



Padmesh, T.V.N.; Vijayaraghavan, K.; Sekaran, G.; Velan, M. Application of Two-and Three-Parameter Isotherm Models: Biosorption of Acid Red 88 onto Azolla microphylla. Bioremediat. J. 2006, 10, 37–44. [Google Scholar] [CrossRef]

	



Rehman, T.U.; Bibi, S.; Khan, M.; Ali, I.; Shah, L.A.; Khan, A.; Ateeq, M. Fabrication of stable superabsorbent hydrogels for successful removal of crystal violet from waste water. RSC Adv. 2019, 9, 40051–40061. [Google Scholar] [CrossRef] [PubMed]

	



Pashaei-Fakhri, S.; Peighambardoust, S.J.; Foroutan, R.; Arsalani, N.; Ramavandi, B. Crystal violet dye sorption over acrylamide/graphene oxide bonded sodium alginate nanocomposite hydrogel. Chemosphere 2021, 270, 11. [Google Scholar] [CrossRef] [PubMed]

	



Marcelo Slavutsky, A.; Alejandra Bertuzzi, M. Formulation and characterization of hydrogel based on pectin and brea gum. Int. J. Biol. Macromol. 2019, 123, 784–791. [Google Scholar] [CrossRef]

	



Rojas, J.; Suarez, D.; Moreno, A.; Silva-Agredo, J.; Torres-Palma, R.A. Kinetics, Isotherms and Thermodynamic Modeling of Liquid Phase Adsorption of Crystal Violet Dye onto Shrimp-Waste in Its Raw, Pyrolyzed Material and Activated Charcoals. Appl. Sci. 2019, 9, 5337. [Google Scholar] [CrossRef]

	



Krol, Z.; Malik, M.; Marycz, K.; Jarmoluk, A. Physicochemical Properties of Biopolymer Hydrogels Treated by Direct Electric Current. Polymers 2016, 8, 248. [Google Scholar] [CrossRef]

	



Lau, M.H.; Tang, J.; Paulson, A.T. Texture profile and turbidity of gellan/gelatin mixed gels. Food Res. Int. 2000, 33, 665–671. [Google Scholar] [CrossRef]

	



Mohamadnia, Z.; Zohuriaan-Mehr, M.J.; Kabiri, K.; Jamshidi, A.; Mobedi, H. Ionically cross-linked carrageenan-alginate hydrogel beads. J. Biomater. Sci. Polym. Ed. 2008, 19, 47–59. [Google Scholar] [CrossRef]

	



Dragan, E.S.; Loghin, D.F.A.; Cocarta, A.I. Efficient Sorption of Cu2+ by Composite Chelating Sorbents Based on Potato Starch-graft-Polyamidoxime Embedded in Chitosan Beads. Acs Appl. Mater. Interfaces 2014, 6, 16577–16592. [Google Scholar] [CrossRef] [PubMed]

	



Mahdavinia, G.R.; Rahmani, Z.; Mosallanezhad, A.; Karami, S.; Shahriari, M. Effect of magnetic laponite RD on swelling and dye adsorption behaviors of -carrageenan-based nanocomposite hydrogels. Desalin. Water Treat. 2016, 57, 20582–20596. [Google Scholar] [CrossRef]

	



Jamali, M.; Akbari, A. Facile fabrication of magnetic chitosan hydrogel beads and modified by interfacial polymerization method and study of adsorption of cationic/anionic dyes from aqueous solution. J. Environ. Chem. Eng. 2021, 9, 105175. [Google Scholar] [CrossRef]

	



Mittal, H.; Parashar, V.; Mishra, S.B.; Mishra, A.K. Fe3O4 MNPs and gum xanthan based hydrogels nanocomposites for the efficient capture of malachite green from aqueous solution. Chem. Eng. J. 2014, 255, 471–482. [Google Scholar] [CrossRef]

	



Yadav, S.; Asthana, A.; Singh, A.K.; Chakraborty, R.; Vidya, S.S.; Susan, M.A.B.H.; Carabineiro, S.A.C. Adsorption of cationic dyes, drugs and metal from aqueous solutions using a polymer composite of magnetic/β-cyclodextrin/activated charcoal/Na alginate: Isotherm, kinetics and regeneration studies. J. Hazard. Mater. 2021, 409, 124840. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.; Lai, X.; Zhao, W.; Chen, Y.; Yang, X.; Meng, X.; Li, Y. Efficient removal of crystal violet dye using EDTA/graphene oxide functionalized corncob: A novel low cost adsorbent. RSC Adv. 2019, 9, 21996–22003. [Google Scholar] [CrossRef] [PubMed]








[image: Molecules 27 04686 g001 550] 





Figure 1. SEM micrograph of internal morphology of SFP/SA-0 (A), SFP/SA-20 (B), SFP/SA-40 (C), and SFP/SA-60 (D) at 2000×. 
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Figure 2. SEM micrograph of surface morphology before absorption of CV SFP/SA-0 (A), SFP/SA-60 (B), SFP/SA-40 (C), and SFP/SA-60 (D) and after absorption of CV SFP/SA-0 (E), SFP/SA-20 (F), SFP/SA-40 (G), and SFP/SA-60 (H) at 500×. 
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Figure 3. (A) The FT-IR spectra of SFP (orange line), SFP/SA-0 (pule line), SFP/SA-20 (green line), SFP/SA-40 (blue line), SFP/SA-60 (red line) and SFP/SA-80 (black line) from 4000–500 cm−1. (B) The FT-IR spectra of CV (blue line), SFP/SA-80 non-adsorbed (black line) and SFP/SA-80 adsorbed (red line) from 4000–500 cm−1. 
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Figure 4. The TPA diagram about SFP/SA hydrogel microspheres of hardness (A), springness (B), cohesiveness (C) and resilience (D). Differences between means with the same exponent letter are not significant at a p-level value < 0.05. 
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Figure 5. DSC curves of SFP/SA-0 (black line), SFP/SA-20 (red line), SFP/SA-40 (blue line), SFP/SA-60 (green line) and SFP/SA-80 (purple line) from 25–400 °C at a heating rate of 20 °C/min under N2 flow. 
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Figure 6. Effect of contact time of SFP/SA on adsorption capacity of CV. (SFP/SA: 25 mg, swelling treatment for 24 h. CV: 25 mL, pH = 7.0, 100 mg/L). 
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Figure 7. Research of the SFP/SA samples before and after swelling for adsorption capacity. 
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Figure 8. Reusability tests of SFP/SA-80 hydrogel microsphere for CV adsorption. 
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Table 1. Different contents of polysaccharides in SFP/SA.
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	Sample
	SFP (wt%)
	SA (wt%)





	SFP/SA-0
	0
	100



	SFP/SA-20
	20
	80



	SFP/SA-40
	40
	60



	SFP/SA-60
	60
	40



	SFP/SA-80
	80
	20
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Table 2. Adsorption kinetic parameters for CV onto SFP/SA.
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Isotherm Model

	
Parameter

	
SFP/SA-0

	
SFP/SA-20

	
SFP/SA-40

	
SFP/SA-60

	
SFP/SA-80






	
Pseudo-first order

	
k1 (min−1)

	
0.0026

	
0.0047

	
0.0043

	
0.0065

	
0.0072




	
qe (mg g−1)

	
49.25

	
69.56

	
75.00

	
83.50

	
80.85




	
R2

	
0.996

	
0.997

	
0.998

	
0.998

	
0.997




	
Pseudo-second order

	
k2 (g mg−1 min−1)

	
   3    . 62   ×   10     − 5      

	
   4    . 63   ×   10     − 5      

	
   3    . 83   ×   10     − 5      

	
   6    . 62   ×   10     − 5      

	
   8    . 16   ×   10     − 5      




	
qe (mg g−1)

	
72.86

	
91.78

	
100.14

	
103.16

	
97.95




	
R2

	
0.996

	
0.992

	
0.997

	
0.993

	
0.996




	
Intraparticle diffusion

	
ki (mg g−1 min−1/2)

	
1.84

	
2.78

	
2.98

	
3.03

	
2.80




	
C (mg g−1)

	
−6.05

	
−0.18

	
−1.40

	
11.55

	
15.34




	
R2

	
0.991

	
0.940

	
0.964

	
0.897

	
0.889




	
Elovich

	
α (mg g−1 min−1)

	
−0.0478

	
−0.0074

	
−0.0058

	
0.0221

	
0.0340




	
β (g mg−1)

	
0.078

	
0.049

	
0.046

	
0.044

	
0.047




	
R2

	
0.944

	
0.984

	
0.987

	
0.982

	
0.982




	
Liquid film diffusion

	
kf (min−1)

	
0.0052

	
0.0059

	
0.0055

	
0.0061

	
0.0071




	
R2

	
0.905

	
0.971

	
0.959

	
0.992

	
0.939
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Table 3. Langmuir, Freundlich, Temkin and Dubinin–Radushkevich model isotherm parameters for CV Adsorption by SFP/SA at 25 °C.
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Isotherm Model

	
Parameter

	
SFP/SA-60






	
Langmuir

	
qm (mg/g)

	
130.14




	
KL (L/mg)

	
0.015




	
RL

	
0.21–0.57




	
R2

	
0.9967




	
Freundlich

	
KF (mg/g)

	
5.02




	
n

	
1.67




	
R2

	
0.9878




	
Temkin

	
Bt (J/mol)

	
31.25




	
KT (L/mg)

	
0.13




	
R2

	
0.9929




	
Dubinin–Radushkevich

	
E (KJ/mol)

	
0.084




	
qm (mg/g)

	
81.18




	
β (mol2/J2)

	
7.06 × 10−5




	
R2

	
0.9029
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