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Abstract: Ba2+ pre-crosslinked carrageenan fiber (Ba/CAF) was prepared by adding a small amount of Ba2+ to the carrageenan (CA) solution as the spinning solution. Ba/CAF-n/A, Ba/CAF-n/B and Ba/CAF-n/C were prepared with ethanol solution (combine A), high concentration BaCl2 solution (combine B) and low concentration BaCl2 solution (combine C), as coagulation bath and stretch bath, respectively. The combination of coagulation bath and stretch bath suitable for Ba2+ pre-crosslinking wet spinning was screened. The results showed that Ba2+ can induce the birefringence of the CA molecular chain, and the Ba2+ pre-crosslinking effect is the best when the CA mass fraction is 8.0 wt%. From the perspective of production safety, fiber performance and spinning cost, the coagulation bath of 3.5 wt% BaCl2 solution and stretch bath of 1.7 wt% BaCl2 solution, that is, combination C with low concentration BaCl2 solution, is the best choice. Ba/CAF-8.0/C was obtained under the best conditions. The linear intensity, water absorption and flame retardancy study showed that the breaking strength of Ba/CAF-8.0/C is as high as 1.61 cN/dtex, the water absorption was 649.2% and 574.3%, in deionized water and normal saline, respectively, and the LOI value reached 32.
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1  Introduction

Carrageenan (CA) is a hydrophilic polysaccharide extracted from red algae. It is composed of sulfated or non-sulfated galactose and 3,6-dehydrodylated lactone galactose by alternate linking of the α-1,3- glycosidic bonds with the β-1,4 glycosidic bonds [1]. Carrageenan is usually used as thickener, gelling agent, suspension agent and emulsifier in the food, medical and cosmetics industry because of its water solubility, gelation ability, biocompatibility, environmental friendliness and renewability [2]. The latest research shows that carrageenan also has the potential for application in the textile industry. Commonly, there are three kinds of carrageenan, i.e., κ-CA, ι-CA and λ-CA commercially available [3,4].

The main difference between the three types of carrageenan is the number and location of the sulfate group in the repeating six-membered chain segment. The contents of sulfate groups of the three types of carrageenan were 18%–25%, 25%–34% and 30%–40%, respectively. The number and location of sulfate groups are the main factors affecting their performance differences [5,6]. The higher the content of sulfate, the lower the dissolution temperature and the weaker the gelation ability. On the contrary, the lower the content of sulfate, the higher the dissolution temperature and the stronger the gelation ability. It is generally believed that the content of sulfate is directly proportional to the ease of gel formation [4]. Therefore, considering the type characteristics of carrageenan comprehensively, ι-CA is used when preparing carrageenan fiber. It is not specified in this article that the carrageenan used refers to ι-CA.

Normally, carrageenan dissolves in hot water and becomes a gel at low temperatures. We have invented a method of dissolving carrageenan in NaOH solution to solve the problem of wet spinning at room temperature [7]. In recent years, a variety of metal ions have involved in the cross-linking between polysaccharide polymers to prepare seaweed fibers, which can be applied to improve flame retardancy and breaking strength properties [8–10]. In the traditional wet spinning process of carrageenan fiber, the binding between metal ions and carrageenan molecules occurs in the coagulation and stretch baths, but the short contact time during the spinning process is difficult to ensure complete binding of carrageenan molecules and metal ions. In addition, as the spinning process progresses, the concentration of metal ions in coagulation and stretch baths gradually decreases, and the change of concentration may lead to differences in the same batch of fibers.

To solve this problem, Min Dong has developed a method of wet spinning by adding Ba2+ to the spinning solution, followed by using recyclable alcohol in coagulation and stretch baths [11]. The tensile strength of carrageenan fiber obtained by this method is 1.63 cN/dtex, which is twice that of the traditional process. Although the strength of the so-prepared fiber has been significantly improved, there are still some problems in actually production [12]. Such as, high-concentration ethanol is flammable and explosive, and there are great security risks in industrial production; the concentration of metal ion remaining in the coagulation and stretch baths during the spinning process also decreased; the recovery of ethanol increases the cost of fiber spinning [13].

Based on the above reasons, in the present work, Ba2+ pre-crosslinking method was adopted to prepare spinning solution, and three different combinations of coagulation bath and stretch bath were selected to prepare Ba2+ pre-crosslinked carrageenan fiber by wet spinning process to seek a safer and more efficient combination to improve the mechanical properties of the fiber.

2  Experimental

2.1 Materials

ι-Carrageenan powder was purchased from Shi Shi Globe Agar Industries Co., Ltd. (Quanzhou, China), and used without further treatment. All other reagents used in the experiment are analytical grade reagents.

2.2 Preparation of Ba/CA and Ba/CAF

2.2.1 Preparation of Carrageenan Spinning Solution Contained Ba2+ Ions-Ba/CA

Carrageenan solution with different concentration of 7.0 wt%, 7.5 wt%, 8.0 wt% and 8.5 wt% contained 4.6 mM BaCl2 and 8% NaOH was obtained by dissolving proper carrageenan, BaCl2 and NaOH powder in distilled water, and heated in water bath at 85°C under stirring. The so-prepared solutions were used as spinning solution, which were labeled as Ba/CA-7.0, Ba/CA-7.5, Ba/CA-8.0 and Ba/CA-8.5.

Then, let those spinning solution stand and defoamed for about 12 h before used.

2.2.2 Preparation of Carrageenan Fiber with Ba2+ Pre-Crosslinked in Spinning Solution-Ba/CAF

The wet spinning process for the preparation of Ba/CAF was shown in Fig. 1. The different fibers were produced from different spinning solution (I), went through coagulation and stretch baths (II), and washed with 50% ethanol and 95% ethanol (III), and then dried at room temperature (IV). In the spinning process, the speed of the metering pump is set to 30 r/min, the drawing ratio is set to 1:1.2, the specification of the spinneret is 0.08 mm × 60 mm, and the pre-loading pressure is 0.2 MPa.
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Figure 1: Ba2+ pre-crosslinked wet spinning process

There were three combinations A, B and C set in different coagulation and stretch baths. Of which,

A, 50% ethanol solution as coagulation bath, 95% ethanol solution as stretch bath;

B, 7 wt% BaCl2 solution as coagulation bath, 3.5 wt% BaCl2 solution as stretch bath;

C, 3.5 wt% BaCl2 solution as coagulation bath, 1.7 wt% BaCl2 solution as stretch bath.

The fibers so-prepared were denoted as Ba/CAF-n/A, Ba/CAF-n/B, Ba/CAF-n/C according to the combination of coagulation and stretch baths, and n was the concentration of carrageenan in the spinning solution.

2.3 Characterizations of Ba/CA

2.3.1 Testing of Viscosity

The viscosity of the Ba/CA at 25°C was measured by a rotary viscometer (MRV) (BROOKFIELD DV-II+ Pro, USA). After turning on the machine, adjust the position of the rotary viscometer so that it is in the horizontal state. The rotor model used for the test is 64, and the speed is set to 6 rpm. Record after the viscosity indicator of the sample was stable.

2.3.2 Testing of Polarizing Light Microscopy

The pre-cross-linking structure of Ba/CA was observed by polarization light microscope (PLM) (DM4P, Leica, German). Transfer the micro spinning solution to a glass slide with an eyedropper and press one side of the cover glass against the sample droplet so that the surface of the droplet is completely covered. The samples were observed and photographed in an orthogonal arrangement.

2.3.3 Testing of Dynamic Light Scattering

The particle size distribution of Ba/CA was measured by laser particle size analyzer (Nano ZSE, England). The test temperature was set at 25°C, and the dynamic light scattering (DLS) angle θ was 173°. The experimental data were analyzed by Zetasizer Software (Mastersizer 3000, England).

2.4 Characterizations of Ba/CAF

2.4.1 Testing of Scanning Electron Microscopy

The morphology of the cross and surface sections of the Ba/CAF was observed by scanning electron microscopy (SEM) (Quanta 250 FEG, USA). All samples were treated with vacuum gold injection after labeling, and the surface and cross section morphology were tested at an accelerated voltage of 10 kV.

2.4.2 Testing of X-Ray Electronic Differential System

The elemental content of Ba/CAF was determined by X-ray electronic differential system (EDS) (Quanta 250 FEG, USA), Mapping analysis can obtain the distribution of selected elements in the microregion of the sample surface, and the acceleration voltage is set to 10 kV.

2.4.3 Testing of Fourier Transform Infrared Spectroscopy

The main functional groups of Ba/CAF were determined by infrared spectroscopy (FTIR) (Nicolet iS10, USA). During the test, the scan wavenumber range was set to 500–4000 cm−1, and the resolution was set to 4 cm−1. The total number of scans was 32.

2.4.4 Testing of Mechanical Properties

The mechanical properties of Ba/CAF were tested by automatic single fiber tester (Favimat-airobot, Germany). Test conditions: temperature 20 ± 5°C, humidity 30% R.H., standard distance 5 mm, test speed 10 mm/min, fiber length 10 cm, 20 samples, took the average.

2.4.5 Testing of Water Absorption

After drying to constant weight, the Ba/CAF were immersed in deionized water and normal saline (0.9% NaCl solution), respectively. After 15 min, they were taken out and dried naturally, and then weighed again. The mass (g) of the fibers before absorbing water was m0, and the mass (g) of the fibers after absorbing water and drying was m. The Water absorption degree of the fiber can be calculated according to formula (1):


Water absorption degree= m−m0m0 ×100%
(1)

2.4.6 Testing of the Limiting Oxygen Index

The limiting oxygen index (LOI) value of Ba/CAF were determined by Hc-2 instrument (Beijing Innovation Instrument Equipment Co., Ltd., China). Weigh the 3 g Ba/CAF, press it into a 100 mm × 30 mm × 2 mm long strip sample with a hot press, and test it by the limit oxygen index instrument according to the international standard ASTMD2863.

3  Results and Discussion

3.1 Properties of Ba/CA

According to related literature [12], the preparation time of the spinning solution with uniform distribution and good fluidity at room temperature is about 2.5 h with the traditional method, while the method in this experiment only takes 1 h, because the introduction of Ba2+ performed at higher temperature accelerates the dissolution of the ι-CA powder.

Normally, the spinnability of a polymer solution depends on its viscoelasticity. The orthogonal experiment results in relevant literature have confirmed that the CA concentration in spinning solution is the key factor for fiber formation. When the concentration is lower than 7.0 wt%, it cannot be wet-spun into fiber, and only dispersed flocculent is produced in coagulation bath. When the concentration is higher than 9.0 wt%, the spinning liquid flows poorly at room temperature, and it is difficult to extrude from the spinneret. In this experiment, four concentrations of spinning solution were set, including 7.0 wt%, 7.5 wt%, 8.0 wt% and 8.5 wt%, and the viscosity of spinning solution was increased by Ba2+ pre-crosslinking.

The viscosity of BA/CA with different carrageenan concentrations at 25°C was shown in Fig. 2. It can be seen from Fig. 2 that the viscosity of the spinning solution was positively correlated with the concentration of CA at 25°C. Among them, the lowest viscosity is Ba/CA-7.0, which is only 27683 mPa·s; the viscosity of Ba/CA-7.5 and Ba/CA-8.0 are 29051 mPa·s and 32193 mPa·s, respectively; the highest viscosity is Ba/CA-8.5, which is 35632 mPa·s. With the increase of CA concentration, the interaction of hydrogen bonds between CA molecular chains and the interaction of Ba2+ with sulfate groups in CA molecules were enhanced, and the degree of entanglement between polymer chains increases, resulting in an increase in viscosity.
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Figure 2: Viscosity of Ba/CA with different carrageenan concentrations at 25°C

After the introduction of Ba2+, bright fine needles appeared in the spinning solution under PLM orthogonal alignment. The principle of PLM testing the crystal structure of substances is: If the subject under test contains isotropic substances, the linearly polarized light will not change the direction of vibration, and the linearly polarized light emitted from the polarizer cannot pass through the polarization analyzer, so the field of view remains dark [14]; If the subject contains anisotropic material, part of the linearly polarized light generated after birefringence can pass through the polarizer, and bright phenomena can be observed in the field of view. When light passes through different kinds of birefringence, the vibration direction of linearly polarized light changes, resulting in different bright phenomena [15].

It has been confirmed in relevant literature that the addition of Ba2+ will affect the orientation of CA molecular chains, and the experimental results show that Ba2+ changes its orientation by forming anisotropic birefringent. By comparison, it can be found that in Ba/CA-7.0 (Fig. 3a) and Ba/CA-7.5 (Fig. 3b), the birefringent shape is not clear, which indicates that the distribution of CA molecular chains is not completely uniform. In contrast, in Ba/CA-8.0 (Fig. 3c), the bright phenomenon is more obvious, the birefringent has a clear outline and obvious shape, and the arrangement of CA molecular chains is the most regular [12]. However, in Ba/CA-8.5 (Fig. 3d), the birefringent is no longer a single fine needle shape but branches, indicating that the distribution uniformity of CA molecular chains is reduced at this time, which is also consistent with the test results of particle size distribution in the following paper (Fig. 4).
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Figure 3: PLM image of Ba/CA with different carrageenan concentrations in orthogonal correction (Ba/CA photo in illustration)
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Figure 4: Particle size distribution of Ba/CA with different carrageenan concentrations at 25°C

The particle size distribution of the spinning solution (Fig. 4) also showed a similar pattern to the PLM observed above. Ba/CA-7.0 showed two similar peaks, accounting for 57.9% at 183.1 nm and 42.1% at 1071 nm. The mean value of hydrodynamic diameter (Z-Ave) was 702.8 nm, and the particle dispersion index (PDI) value was 0.620, indicating some difference in particle diameter in solution. In Ba/CA-7.5, the first peak at 58.8 nm accounted for 9.9%, the second peak at 1280 nm accounted for 90.1%, the Z-Ave was 1250 nm, and the PDI value was 0.609. The solution distribution was narrow and the second peak was dominant, indicating that the particle diameter began to converge at this time. In Ba/CA-8.0, the peak value at 164.1 nm accounted for only 6.2%, and the peak value at 1990 nm was as high as 93.8%, the Z-Ave was 1475 nm, and the PDI value was 0.614, indicating that the particle distribution of the spinning solution was relatively uniform and the particle diameter was basically the same at this time. However, in Ba/CA-8.5, the peak value at 179.9 nm accounted for 6.3%, the peak value at 2032 nm accounted for 93.7%, the Z-Ave was 1499 nm, and the PDI value was 0.810. At this time, the particle size distribution in the spinning solution was relatively wide, the particle size decreased and the distribution uniformity decreased.

3.2 Properties of Ba/CAF

According to the performance test results of the spinning solution, Ba/CA-8.0 has a suitable viscosity and uniform solution distribution, so Ba/CA-8.0 was selected for further spinning experiments. Fig. 5 shows the optical photograph (Figs. 5a1–5c1), scan electron microscopic image (Figs. 5a2, 5b2, 5c3) and EDS (energy dispersive spectrometer) mapping (Figs. 5a3–5c3) of Ba/CA-8.0s-Ba/CA-8.0/A, Ba/CA-8.0/B, Ba/CA-8.0/C.
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Figure 5: SEM and Elemental content analysis of Ba/CAF-8.0. (a) Ba/CAF-8.0/A, (b) Ba/CAF-8.0/B, (c) Ba/CAF-8.0/C a1, b1, c1 optical photograph, a2, b2, c2 SEM image, a3, b3, c3 EDS

The surface morphology of the Ba/CAF-8.0s was observed by SEM. The comparative observation shows that the surface morphology of the fibers is closely related to the choice of the coagulation bath. Ba/CAF-8.0/A prepared by combination A (Figs. 5a1, 5a2) has a soft hand feel, smooth surface, uniform in fiber size with no obvious fiber adhesion. There is basically no fine granular attachment on the surface, but there are dense longitudinal stripes, which is caused by the dehydration of the primary fibers after ethanol treatment. Ba/CAF-8.0/B prepared by combination B (Figs. 5b1, 5b2) has the roughest surface, with a large number of fine granular attachment, which is the solidify substance formed by the combination of Ba2+ and the sulfate group in CA molecules in the coagulation bath. Due to the high concentration of BaCl2 solution providing a large amount of Ba2+, the surface solidify speed of the fiber is too fast. Metal ions could not enter the interior of the fiber, which resulted in uneven structure of the fiber, and a large amount of solidified material accumulated on the surface [16,17].

EDS test results also confirmed this conclusion. The Ba/CAF-8.0/C prepared by combination C (Figs. 5c1, 5c2) has a soft and fluffy feel, smooth surface and good splitting effect, less fine granular adhesion on the surface and sparse longitudinal stripes [18]. This is because the low concentration of Ba2+ is uniformly combined with the sulfate group in CA molecules in the coagulation bath, which makes the internal structure of the fiber dense and compact.

The distribution of Ba element on the fiber surface can be characterized by EDS, and the combined situation can also be analyzed by Mapping image, which provides a basis for the analysis of fiber formation mechanism below [19]. The distribution of C, O, S and Ba on the Ba/CAF-8.0/A, Ba/CAF-8.0/B and Ba/CAF-8.0/C surfaces was characterized. The four elements were evenly distributed on the Ba/CAF-8.0/A surface (Fig. 5a3). The C, O and S elements were dense, while the Ba elements were sparse. The characteristic peak of Ba indicates that the Ba element on the fiber surface is low, which is because the Ba element source in Ba/CAF-8.0/A is only the small amount of BaCl2 added during pre-crosslinking, and the uniform distribution of Ba element indicates that Ba2+ can be uniformly combined with the sulfate group of CA molecules during pre-crosslinking.

EDS test results of Ba/CAF-8.0/B (Fig. 5b3) and Ba/CAF-8.0/C (Fig. 5c3) showed that the four elements were uniformly distributed on the fiber surface, but the content of Ba was different, and the characteristic peak of Ba was higher than that in Ba/CAF-8.0/B. This is due to the high concentration of Ba2+ in combination B, which leads to the adhesion of more solidified material on the fiber surface, and it is also proved by SEM images. The characteristic peak of Ba in Ba/CAF-8.0/C is slightly lower, which is related to the low concentration of Ba2+ in the C combination. The content of Ba elements in Ba/CAF-8.0/A, Ba/CAF-8.0/B and Ba/CAF-8.0/C is uniformly distributed, which indicates that the pre-crosslinking process realizes the full combination of Ba2+ and CA sulfate groups [20].

Ba/CAF-8.0/A, Ba/CAF-8.0/B and Ba/CAF-8.0/C showed similar FTIR spectra (Fig. 6). The peaks at 3400 cm−1 and 2900 cm−1 are the stretching vibration of hydroxyl group and the asymmetric stretching vibration of C-H group, respectively. The characteristic peak near 1070 cm−1 is related to the C3-O-C6 bridge in the dehydration D-galactose residue (DA2S) of CA molecule, and the peak at 1020 cm−1 indicates the presence of C-O bond in the DA2S unit. The peaks of 840 cm−1 attributed to the sulfate group on D-galactose-4-sulfate (G4S) C4 and the presence of a peak near 805 cm−1 indicates the presence of a sulfate group on DA2S unit C2. The characteristic peak at 1420 cm−1 is attributed to the methylene associated with oxygen, and the absorption peak of Ba/CAF-8.0/A here is significantly enhanced due to the dehydration of ethanol in combination A. The characteristic peak around 1220 cm−1 is the stretching vibration of S=O in the sulfate group of CA molecule, and the characteristic peaks of Ba/CAF-8.0/B and Ba/CAF-8.0/C become wider here, which may be caused by the sufficient combination of Ba2+ with the sulfate group in CA molecule.
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Figure 6: FTIR spectra of Ba/CAF-8.0/A, Ba/CAF-8.0/B and Ba/CAF-8.0/C

The strength of fiber is a decisive factor limiting its application. How to prepare high-strength CAF has become a research hotspot in this field [21]. The breaking strength, breaking elongation and fracture time of the fibers are shown in Fig. 7, in which Ba/CAF-8.0/A has the highest value of breaking elongation, up to 12.89%; the breaking strength is slightly lower as 1.40 cN/dtex; and the fracture time is the longest as to 7.73 s. Ba/CAF-8.0/C has the highest breaking strength, up to 1.61 cN/dtex, the breaking elongation is slightly weaker (12.26%), and the fracture time is 7.59 s. The mechanical properties of Ba/CAF-8.0/B are not superior, the breaking elongation is 8.35%, the breaking strength is 1.27 cN/dtex, and the fracture time is 5.26 s.
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Figure 7: The mechanical properties of Ba/CAF-8.0/A, Ba/CAF-8.0/B and Ba/CAF-8.0/C (a. Breaking strength; b. Breaking elongation; c. Fracture time)

The same concentration of spinning solution gets different mechanical properties after wet-spinning through the coagulation and stretch baths with combination A, B and C [22]. In combination A, the regular pre-crosslinked structure in the spinning solution was not destroyed by ethanol in coagulation and stretch baths, which help Ba/CAF-8.0/A obtain a high degree of regularity. At the same time, the hydrogen bond formed in the fiber formation process also improved the mechanical properties of the fiber [12,23]. However, Ba2+ in combination B and C has a complex effect on the mechanical properties of the fibers: the pre-crosslinked structure formed in the spinning solution will be affected by Ba2+ in coagulation and stretch baths, and the higher the concentration of Ba2+, the more obvious the damage effect on the original pre-crosslinked structure. This has a weakening effect on the mechanical properties of the fibers.

On the other hand, the ionic bond formed by the combination of Ba2+ with the sulfate group in CA molecule can improve the mechanical strength of the fiber, and the presence of Ba2+ in coagulation and stretch baths can enhance the mechanical properties of the fiber. Therefore, the mechanical properties of Ba/CAF-8.0/B and Ba/CAF-8.0/C are comprehensively affected by the above two effects. Different concentrations of Ba2+ have different solidify effects in the fiber formation process. The high concentration of Ba2+ in combination B may rapidly combine with the sulfate group in CA molecules, resulting in the rapid formation of a dense structural layer on the fiber surface, uneven internal and external structure of the fiber and reduced flexibility. Some Ba/CAF-8.0/B surface defects occur during fiber formation due to high concentration of Ba2+ aggregation, thus affecting the mechanical properties of the fibers, which is also verified by the specific analysis of fiber morphology.

However, due to the low concentration of Ba2+ in combination C, the binding process of Ba2+ and CA molecules is relatively mild, and Ba2+ can enter the interior of the fiber in a gradual permeable way, so that the internal and external bonding degree of the fiber is uniform. At the same time, low concentration of Ba2+ has little effect on the original pre-crosslinked structure in the spinning solution, and the regular arrangement of CA molecules is preserved in Ba/CAF-8.0/C to a certain extent. Therefore, the mechanical properties of the fibers are improved under the joint action of the two.

In sum, Ba/CAF-8.0/C exhibits the best mechanical properties under the action of uniformly bonded ionic bond and partially preserved pre-crosslinked structure, and Ba/CAF-8.0/A exhibits the second mechanical properties under the action of hydrogen bond and maximally preserved pre-crosslinked structure. However, the mechanical properties of Ba/CAF-8.0/B are the worst while the pre-crosslinked structure is destroyed and the degree of fiber internal and external bonding is uneven.

The water absorption performance of fiber is one of the important factors affecting the comfort [24]. The water absorption performance of Ba/CAF-8.0/A, Ba/CAF-8.0/B and Ba/CAF-8.0/C were tested in deionized water and normal saline, respectively. The results were shown in Fig. 8. Ba/CAF-8.0/A, Ba/CAF-8.0/B and Ba/CAF-8.0/C all showed good hydrophilicity, which was related to the high content of hydroxyl groups in the molecular structure of CA. Among them, Ba/CAF-8.0/A had the highest water absorption, which is 727.1% in deionized water and 684.5% in normal saline. Due to the obvious swelling during the process of water absorption, some fibers adhered and clustered. Ba/CAF-8.0/B had the lowest water absorption, which is 478.4% in deionized water and 450.6% in normal saline, which was related to the higher concentration of Ba2+ in coagulation bath. The combination of Ba2+ with sulfate group makes Ba/CAF-8.0/B compact and dense, which played a role in reducing water absorption and maintaining good shape. The water absorption of Ba/CAF-8.0/C in deionized water and normal saline was 649.2% and 574.3%, respectively, slightly higher than that of Ba/CAF-8.0/B. It was mainly due to the decrease of Ba2+ concentration in coagulation bath.
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Figure 8: Water absorption of Ba/CAF-8.0/A, Ba/CAF-8.0/B and Ba/CAF-8.0/C

However, compared with the dehydration of ethanol, the ionic bond formed by Ba2+ combined with sulfate group made the structure of Ba/CAF-8.0/C more compact, and the water absorption of Ba/CAF-8.0/C was significantly lower than that of Ba/CAF-8.0/A.

The flame retardancy properties of Ba/CAF-8.0/A, Ba/CAF-8.0/B and Ba/CAF-8.0/C were characterized by LOI test, and the experimental data were shown in Table 1 and the combustion of Ba/CAF-8.0/A, Ba/CAF-8.0/B and Ba/CAF-8.0/C in LOI test are shown in Fig. 9. During the test process, the gas flow is adjusted according to the order of oxygen concentration from low to high, and the oxygen concentration is the LOI value when the sample is self-extinguished within 30 s after ignition [25,26]. Ba/CAF-8.0/A fails to ignite at an oxygen concentration of 29% (Fig. 9a2); Self-extinguishing after ignition at 30% oxygen concentration (Fig. 9a4); When the oxygen concentration is 31%, the smolder state of red heat is maintained for more than 30 s (Fig. 9 a6), so the LOI test result of Ba/CAF-8.0/A is 30. Under the same test conditions, the LOI value of Ba/CAF-8.0/B is 33 and the LOI value of Ba/CAF-8.0/C is 32.
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Figure 9: Combustion of Ba/CAF-8.0/A, Ba/CAF-8.0/B and Ba/CAF-8.0/C in LOI test. a1, a3, a5, b1, b3, b5, c1, c3, c5 light Ba/CAF-8.0s with a burning igniter. a2, a4, a6, b2, b4, b6, c2, c4, c6 remove Ba/CAF-8.0s from light

The flame retardancy properties of carrageenan fibers prepared by different coagulating bath and stretching bath combination are different. The LOI value of Ba/CAF-8.0/A is the smallest among the three, and the LOI values of Ba/CAF-8.0/B and Ba/CAF-8.0/C are not significantly different, which is consistent with the flame retardant theory of metal ions: in the combustion process, Ba2+ combines with sulfonyls residues to form BaSO4, which plays a role in blocking the exchange of heat and gas, thus improving the flame retardant property of the fibers. Ba/CAF-8.0/B formed a dense structure of BaSO4 during combustion and has a better flame retardancy effect, so the LOI value of Ba/CAF-8.0/B is the largest.

3.3 Fiber Formation Process of Ba/CAF

All characterization of the spinning stock and fibers confirmed the possible fiber formation mechanism of Ba/CAF (Fig. 10). In the process of pre-crosslinking, the sulfate group in CA molecule is combined with Ba2+ to a certain extent, and the molecular chain of CA molecule is connected by the ionic bond formed with Ba2+, and the conformation of the molecular chain is changed from random linear group to regular order [27–29].
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Figure 10: Schematic diagram of Ba/CAF-8.0 formation process of combination A, B and C of coagulation and stretch baths

When the spinning solution is dehydrated by ethanol solution, the CA molecular chains gradually get closer in the process of water loss, and the pre-crosslinked structure formed in the spinning solution basically remains unchanged [30]. The increase in chain density promotes the formation of hydrogen bonds, and the mechanical properties of Ba/CAF-8.0/A are therefore enhanced. However, since the source of Ba2+ is only the small amount of BaCl2 added during pre-crosslinking, the flame retardancy of Ba/CAF-8.0/A is slightly worse than that of Ba/CAF-8.0/B and Ba/CAF-8.0/C.

When the spinning solution is solidified into fiber in BaCl2 solution, the CA molecular chains are connected by ionic bonds formed with Ba2+, which affects the pre-crosslinked structure formed in the spinning solution, and the higher the concentration of Ba2+, the more obvious the destructive effect.

More Ba2+ is involved in the fiber formation process in combination B, so Ba/CAF-8.0/B can maintain a good fiber shape in the water absorption test and show better flame retardancy performance in the LOI test. However, due to the formation of some ionic bonds in the pre-crosslinking process, too high concentration of Ba2+ in the coagulation bath will lead to uneven bonding degree. SEM images also show that there are defects on Ba/CAF-8.0/B surface, and the mechanical strength of Ba/CAF-8.0/B is reduced due to uneven bonding, and even fracture tendency occurs during stretching. Similarly, under the action of Ba2+, the water absorption and flame retardancy of Ba/CAF-8.0/C have shown good experimental results [31]. The difference is that due to the appropriate concentration of Ba2+ in combination C, the Ba/CAF-8.0/C ionic bond is uniformly formed during the fiber formation process, and the regular arrangement of CA molecules in the pre-crosslinked structure is retained to a certain extent. The resulting stable three-dimensional network structure makes the interior of the fiber dense and compact [32], thus optimizing the performance of Ba/CAF-8.0/C.

4  Conclusion

In this study, an extremely small amount of Ba2+ was introduced into the spinning solution to achieve the ordered distribution of CA molecular chains in the spinning solution by pre-crosslinking. The results showed that when the mass fraction of CA was 8.0 wt%, the degree of Ba2+ pre-crosslinking was optimal. PLM tests show that Ba2+ can induce CA molecular chain to form birefringence. MRV and DLS tests show that Ba/CA-8.0 has a viscosity of 32193 mPa·s and an average particle size of 1475 nm.

In addition, the combination of coagulation bath and stretch bath suitable for wet spinning by Ba2+ pre-crosslinking method was screened, and Ba/CAF/A, Ba/CAF/B and Ba/CAF/C with different CA mass fractions were prepared by ethanol solution, high concentration BaCl2 solution and low concentration BaCl2 solution. From the perspective of production safety, fiber properties and spinning cost, the combination C, that is, low concentration BaCl2 solution, is the best choice. The test results of SEM, EDS, and FTIR show that Ba2+ bonds uniformly during the fiber formation process, and Ba/CAF-8.0/C has better mechanical properties. The breaking strength is 1.61 cN/dtex; The flame retardancy showed good experimental results, the LOI value reached 32, and it showed good hydrophilicity in deionized water and normal saline, the water absorption was 649.2% and 574.3%, respectively.

The preparation time of spinning solution is shortened by 1.5 h through Ba2+ pre-crosslinking, and the preparation process is simpler and more efficient. The new process provides sufficient contact time between metal ions and CA molecules in the spinning solution, and guarantees the construction of pre-crosslinked structures. The performance of CAF prepared by ion pre-crosslinking method has been significantly improved. At the same time, the selection of low concentration salt solution can avoid the difference in the performance of the same batch of fiber due to the rapid change of concentration. This division provides a new idea for the optimization of metal ion pre-crosslinked wet spinning process.
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Table 1: Data of Ba/CAF-8.0/A, Ba/CAF-8.0/B and Ba/CAF-8.0/C in LOI test

Sample Oxygen concentration (%) Oxygen flow (L/min) Nitrogen flow (L/min) LOI (%)
Ba/CAF-8.0/A  29.0 3.31 8.09 30
30.0 3.42 7.98
31.0 3.53 7.87
Ba/CAF-8.0/B  32.0 3.65 7.75 33
33.0 3.76 7.64
34.0 3.88 7.52
Ba/CAF-8.0/C 31.0 3.53 7.87 32
32.0 3.65 7.75

33.0 3.76 7.64
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