Preparation and characterization of an ion exchanger

based on semi-carbonized polyacrylonitrile fiber
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Abstract: A novel type of weakly acidic cation exchange fiber had been prepared by oxidation with nitric acid on the semi-carbonized polyacrylonitrile fiber. The effects of the temperature, reaction time, concentration and dosage of the nitric acid on the oxidation process were studied. The physicochemical properties of the materials were investigated in terms of Boehm titration, Fourier transform infrared spectrometry, thermogravimetric analysis, powder X-ray diffraction, atomic absorption spectroscopy and inductively coupled plasma element analysis. The content of the surface functional groups containing oxygen is up to 3.78mmol/g. The fiber prepared shows higher thermal stability than ion exchange fiber based on polyacrylonitrile. The static adsorption capacity of the ion exchanger based on semi-carbonized polyacrylonitrile for Pb2+, Cu2+ and Mg2+ ions is 25.3, 8.2 and 4.5 mg/g, respectively. Besides, the fiber shows excellent selectivity for the adsorption of Pb2+ ions with the coexistence of Cu2+ and Mg2+ ions and can be regenerated with HNO3.
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1. Introduction

In recent years, kinds of ion exchange fibers have found an application in the removal of toxic metal ions from aqueous solution.1-3 There are many types of fibers, such as polyacrylonitrile, 4 polypropylen, 5 polyvinylchloride, 6 and so on, that have been used as the matrix fiber for ion exchanger fibers. But their applications are limited by their thermal stability and the content of the surface oxygen-containing groups.

Semi-carbonized fiber has better thermal stability. The objective of this work is to prepare a novel ion exchange fiber based on semi-carbonized fiber. To achieve this goal, semi-carbonized polyacrylonitrile (s-PAN) is used as the matrix fiber. And nitric acid is empolyed as the oxidizer to increase the content of the surface oxygen-containing groups.

The product shows high selectivity for the adsorption of Pb2+ ions, when Cu2+ and Mg2+ ions coexist. The effects of the temperature, reaction time, concentration and dosage of the nitric acid on the oxidation process were investigated, meanwhile the physicochemical properties of the product were also characterized.

2. Experimental

2.1 Reagents

  The matrix fiber (s-PAN) was kindly donated by Haoshi cridib fubre Co.Ltd (Lanzhou, China).  FFC-1 ion exchange fiber (IEF) was purchased from Luoyang Xianrui Technology Development Co., Ltd.. The polyacrylonitrile fiber (PAN) used in the thermogravimetric analysis was obtained from Lanzhou Refinery, China. All the reagents used were analytical grade.

2.2 Preparation of the carbonized ion exchange fiber 

The semi-carbonized ion exchange fiber (s-IEF) was prepared by oxidizing s-PAN with nitric acid. 3 grams (3 g) of s-PAN was added together with HNO3 solution into a round-bottom flask under rotating. Samples were prepared at different temperature, reaction time, concentration and dosage of the nitric acid. 

2.3 Boehm titration

  The content of the surface oxygen-containing functional groups of s-PAN and s-IEF were determined according to Boehm titration.7-8 0.1 g of the materials was placed in 50 mL of the following solutions: NaOH, Na2CO3 and NaHCO3. Meanwhile, 50 ml of the above solutions were taken as the blank assay. 20 mL of the filtrate was pipetted and titrated with HCl solution. Then according to the difference value in the consumption of the alkali, the content of the corresponding functional groups can be calculated.

2.4 Adsorption experiments

2.4.1 The optimum adsorption conditions 

  The solutions containing Pb2+, Cu2+ or Mg2+ ions were employed to characterize the adsorption capacity of s-IEF.

The effect of pH value on the adsorption was studied at pH 1.0, 2.0, 3.0, 4.0 and 5.0. The residue of the ions in the solution was determined by the use of a Hitachi Z-2000 flame atomic absorption spectrometer (AAS). Then the effect of temperature and the initial concentration of the metal ions on the adsorption capacity were investigated in the range of 30 to 70℃ and 20 to 300 mg/L, respectively. The adsorption rate of the metal ions was studied by testing the the residual metal ions at regular time intervals.

2.4.2Dynamic adsorption and desorption experiments

  2 g of s-IEF was charged into an ion exchange column. 40 mg/L of the solution containing three kinds of metal ions was passed through the column, maintaining a constant rate (8.3 BV/h). The effluent solution was collected every 30 minute and determined by ICP.

  After the adsorption experiments, 1 M HNO3 was used to regenerate the fiber. The residual ion concentration of the eluent was tested by ICP.

2.5 Study of the other physico-chemical properties


  The infrared spectra were obtained on a Nicolet 670 Fourier transform infrared instrument. A Netzch TG 209C thermogravimetric analyzer was employed for the termogravimetric analysis (TGA). Powder X-ray diffraction pattern (XRD) was recorded by a D/MAX 2200 VPC diffractometer. 

3. Results and discussion

3.1 Preparation of s-IEF

  Effects of temperature (A), reaction time (B), concentration (C) and dosage (D) of the nitric acid is considered. Three levels are chosen for each factor. According to the L9 (34) orthogonal experimental table, samples from S-1 to S-9 were prepared. The experiment conditions are listed in table 1. Table 1 also presents the contents of the surface functional groups containing oxygen of the materials determined by Boehm titration. According to results, sample S-9 is the best. 

Table 1 Experiments conditions and results of Boehm Titration 

	Samples
	A

(℃)
	B (h)
	C (%)
	D

(ml/g)
	Carboxylic (mmol/g)
	Lactonic (mmol/g)
	Phenolic (mmol/g)
	All groups (mmol/g)

	S-1
	45
	0.5
	38
	66
	0.41
	1.52
	1.10
	3.03

	S-2
	50
	1.0
	38
	80
	1.79
	0.45
	0.80
	3.04

	S-3
	55
	1.5
	38
	94
	2.17
	0.69
	0.16
	3.02

	S-4
	45
	1.0
	41
	94
	1.29
	0.99
	0.56
	2.84

	S-5
	50
	1.5
	41
	66
	2.04
	0.43
	0.69
	3.16

	S-6
	55
	0.5
	41
	80
	1.59
	0.48
	0.92
	2.99

	S-7
	45
	1.5
	44
	80
	1.78
	1.14
	0.07
	2.99

	S-8
	50
	0.5
	44
	94
	1.33
	0.58
	1.14
	3.05

	S-9
	55
	1.0
	44
	66
	1.78
	0.57
	1.43
	3.78

	s-PAN
	/
	/
	/
	/
	1.23
	0.10
	0.15
	1.48


3.2 IR spectra
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  Figure 1 shows the IR spectra of s-PAN and sample S-9. Compared to s-PAN, the adsorption band at 3700~2980 cm-1 for sample S-9 is much stronger, which is probably due to the O-H in phenolic and carboxylic groups. The appearance of the new band at 1043 cm-1 for sample S-9 is due to the C=O in lactonic groups. In a word, the IR spectra are evident for the increase of the content of the oxygen-containing groups on the fiber after oxidation.


Figure 1.  FTIR spectra of s-PAN and s-IEF
3.3 Thermogravimetric analysis (TGA) 

TGA thermograms of the samples are presented in Figure 2. It indicates that the semi-carbonized fiber shows higher thermal stability than IEF based on PAN.
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Figure 2.  Results of TGA of PAN, s-PAN, s-IEF and IEF

3.4 Powder X-ray diffraction pattern

  X-ray diffractions pattern of s-PAN and s-IEF show some peaks of 2θ values in Figure 3. In the process of the semi-carbonization of PAN, the graphitization peak (2θ=26.5°) increases. The analysis of these peaks below supports their semi-carbonized nature.
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Figure 3.   Powder x-ray diffraction pattern of s-PAN and s-IEF

3.5 The static adsorption experiments

3.5.1 Effects of pH value and initial concentration on adsorption
The effect of pH is shown in Figure 4 (a). It reveals that the adsorption capacities increase with the increasing pH. And the static adsorption capacity for Pb2+, Cu2+ and Mg2+ ions is 25.3, 8.2 and 4.5 mg/g, respectively. Figure 4 (b) shows the effect of initial concentration on adsorption. It reveals that the adsorption capacity of the metal ions increases with the increasing of the initial concentration. 
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Figure 4.  Effect of pH (a) and initial concentration (b) on the adsorption capacity of metal ions


[t=24h; T=40℃]


3.5.2 The adsorption rate of the metal ions

The adsorption rate of the metal ions was also investigated, respectively. The experiment results obtained are shown in Figure 5. It appears that the adsorption rates of Pb2+ and Mg2+ ions are much higher than that of Cu2+ ions. 
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Figure 5.  The adsorption rate of the metal ions [pH=5; Ci=300mg/L; T=40℃]

3.5.4 Effect of temperature on adsorption


 The effect of temperature on the competitive adsorption capacity is shown in Figure 6. In general, the adsorption capacity of the ions increases with the increasing temperature. It is also found out that the increasing rate of Cu2+ and Mg2+ ions is almost zero at a temperature lower than 50 ℃, while that of Pb2+ ions maintains 0.26 mg/g every centigrade. It demonstrates that the s-IEF has excellent adsorption selectivity for Pb2+ ions with the coexistence of Cu2+ and Mg2+ ions.

3.6 Dynamic adsorption and desorption experiments

The dynamic adsorption is shown in Figure 7. It turns out that the adsorption of Cu2+ and Mg2+ ions reaches saturation within 100mL, while the residual of Pb2+ ions maintains lower than 26 mg/L throughout the experiment. Then 1 mol/L HNO3 was used to regenerate s-IEF. The results of eluted ratio are listed in table 2. It is found out that for most of the ions absorbed into the fiber, s-IEF can be regenerated completely with HNO3.
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Figure 6. Effects of temperature on the adsorption capacity [pH=5; Ci=300mg/L; t=5h]
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Figure 7. The dynamic adsorption of s-IEF [pH=5; Ci=40 mg/L; speed velocity=8.3 BV/h]


Table 2 Eluted ratio of different ions from 2.0 g of s-IEF
	
	Pb2+
	Cu2+
	Mg2+

	The amount of the adsorbed metal (mg)
	9.52
	2.50
	1.54

	The amount of the desorbed metal (mg)
	9.49
	1.90
	1.39

	Eluted ratio (%)
	99.7
	76
	90.3


4. Conclusions 
  In this work, a novel type of weakly acidic cation exchange fiber was prepared. The content of the surface oxygen-containing froups is up to 3.78mmol/g, which is characterized by FT-IR spectra further. TGA show that s-IEF has higher thermal stability than IEF. XRD analysis reveals the semi-carbonized nature of s-IEF which can interpret its high thermal stability.

  The adsorption experiments show that s-IEF has an excellent selectivity for Pb2+ ions in both static and dynamic adsorption, when Cu2+ and Mg2+ ions are coexisted. Besides, Pb2+ and Mg2+ ions have better kinetic properties than Cu2+ in the adsorption rate test. The high adsorption selectivity and good kinetic properties of Pb2+ ions indicates that s-IEF can be used to remove or enrich Pb2+ ions from aqueous solution. The test of the regeneration property of s-IEF shows that the fiber can be almost completely regenerated with the use of HNO3. It is hoped that s-IEF can got more and more practical use in the future.
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聚丙烯腈基半碳化离子交换纤维的制备及表征
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摘  要  利用硝酸氧化预氧化的聚丙烯腈纤维制备了一种新型的弱酸性的阳离子交换纤维。考察了温度，反应时间，硝酸浓度及用量对氧化过程的影响。利用Bohem滴定、反射红外、热重分析、X射线粉末衍射等分析手段表征了纤维的表面氧化基团的含量、热稳定性、结晶情况等纤维性能。利用火焰原子吸收分光光度法及电感耦合等离子体元素分析考察了纤维对金属离子的吸附情况。结果表明，经硝酸改性后的半碳化的聚丙烯腈纤维表面氧化性基团的含量高达3.78mmol/g，较聚丙烯腈基的离子交换纤维有更好的热稳定性。对铅、铜和镁离子的静态饱和吸附量分别为25.3、8.2 和4.5mg/g。另外，产品表现出对铅离子良好的选择吸附性能和再生性能。

关键词  半碳化的聚丙烯腈纤维 硝酸氧化 阳离子交换纤维 金属离子 
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