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a b s t r a c t
The study focused on the synthesis and applications of an aminophosphonic acid chelating fiber 
(PAN-PNa) for the deep removal of Ca2+ and Mg2+ from aqueous solutions in the chlor-alkali indus-
try. As an effective material for the replacement of aminophosphonic acid resins, PAN-PNa achieved 
outstanding adsorption results for Ca2+ and Mg2+. The material was prepared by the Kabachnik-
Fields one-pot reaction using an amine-based fiber (PAN-PEI) as precursor. The saturated adsorp-
tion capacities of PAN-PNa for Ca2+ and Mg2+ were significantly higher than those of existing 
aminophosphonic acid resin, reaching 3.07 and 3.12 mmol/g, respectively. These values were sus-
tained even at low ion concentrations, and in a wide pH range of 3–11 and 3–10, respectively. The 
adsorption of the ions reached equilibrium within 5 min, which is an excellent improvement from 
conventional granular adsorbents (about 40–80 min). The excellent performance of PAN-PNa was 
attributed to its phosphoramidate group and special nano-towed structure. Therefore, by exhibit-
ing both fast adsorption rate and high adsorption capacity at low ion concentration, PAN-PNa is a 
promising new material for the deep removal of Ca2+ and Mg2+ from aqueous solutions.
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1. Introduction

The removal of Ca2+ and Mg2+ is critical in the chlor-alkali 
industry because these ions can cause scaling on the inner 
walls of tubes, thereby making cleaning difficult, increas-
ing energy consumption, and reducing product quality. 
The concentration of the ions is key to ensuring the normal 
operation of ion membrane electrolytic cells in the ion mem-
brane caustic soda project for the chlor-alkali industry. This 
is because ion concentration affects the service lives of ion 
membranes, while also being an essential factor for achieving 
high current efficiencies during operations at high current 
densities. If the supplied brine to an electrolytic cell contains 

high concentrations of Ca2+ and Mg2+ over time, there will 
be significant decline in the current efficiency, resulting in 
increased cell voltage, which will ultimately affect the per-
formance of the ion membrane and shorten its service life 
[1–3]. Therefore, purification (especially the deep purifi-
cation of Ca2+ and Mg2+) is a key process in the chlor-alkali 
industry. High requirements for the deep removal of Ca2+ 
and Mg2+ have been proposed to reduce energy consumption 
with the intensified competition of chlor-alkali plants [4].

The first fundamental factor for the deep removal of 
Ca2+ and Mg2+ is the equilibrium constant of the sorbents. In 
this regard, the most commonly used sorbents for the deep 
removal of Ca2+ and Mg2+ in the chlor-alkali industry are 
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chelating materials which are special types of ion exchange 
materials containing functional groups with atoms such as 
N, O, S, and P, and have lone pairs of electrons that can form 
coordination bonds with specific metal ions. Therefore, the 
chelating materials have extremely high equilibrium con-
stants for target ions and can be successfully applied in deep 
purification [5,6]. According to the chelating groups, the che-
lating materials are mainly amines [7–11], aminocarboxylic 
acids [12], mercaptos [13], amidoximes [14–18], aminophos-
phonic acids [19–34] etc. Among the fiber types, aminophos-
phonic acid has a stronger binding strength to Ca2+ and Mg2+, 
and its functional group, –NHCH2P(O)(OH)2, can provide 
both a chelation center and an ion exchange center.

As adsorption equilibria are usually not reached under 
the actual working conditions of trace metal ions removal, 
the adsorption rate is another key factor to be considered 
for the deep removal of Ca2+ and Mg2+. The currently used 
aminophosphonic acid chelating materials are mainly 
divided into resins and fibers. While resin materials were 
reported in the 1960s [35],5 and patents of mature products 
appeared in Europe and the United States in the 1980s and 
1990s [36,37], fibers are new types of materials developed 
after resins. Compared with resins, the diameter of a typi-
cal fiber is 1–2 orders of magnitude smaller, giving them 
larger effective contact areas with adsorbents, smaller resis-
tance to fluids, and shorter diffusion channels, allowing the 
exchange groups to fully react. Therefore, they exhibit high 
adsorption efficiencies, can deeply purify and adsorb trace 
substances, and possess obvious kinetic advantages [38–42]. 

However, the use of aminophosphonic acid fibers in the 
deep removal of Ca2+ and Mg2+ has not been reported in the 
literature, and are yet to be commercialized.

In the light of the above considerations, aminophos-
phonic acid chelating fiber is possibly a highly efficient Ca2+ 
and Mg2+ deep scavenging material that can replace resins. 
In this study, an amine-based fiber, PAN-PEI [43,44], was 
used as a matrix to prepare aminophosphonic acid fibers 
through Kabachnik-Fields reaction, and its ability to adsorb 
Ca2+ and Mg2+ in aqueous solution was examined. The out-
come of this investigation is expected to be of great interest 
to the chlor-alkali industry as there is a growing search for 
effective and efficient methods for the purification of Ca2+ 
and Mg2+.

2. Experiments

2.1. Materials and methods

All reagents were used as received. Formaldehyde (AR), 
concentrated hydrochloric acid (AR) and sodium hydroxide 
(AR) were purchased from Tianjin Ou Boke Chemical Reagent 
Products Sales Co., Ltd., Tianjin, China. Phosphorous acid 
(AR) was purchased from Shanghai Macklin Biochemical 
Co., Ltd., Shanghai, China. The 1,8-diazabicyclo[5.4.0]
undec-7-ene (DBU) used in this study was purchased from 
Shandong Xinhua Wanbo Chemical Industry Co., Ltd., 
Shandong, China. PEI (98% purity, relative molecular weight 
of 1800) was supplied by Gongbike New Material Technology 
(Shanghai) Co., Ltd., Shanghai, China, and PAN fibers with 
linear density of 1.67 dtex were supplied by Acrylic Factory 
of Qilu Branch of Sinopec, Shandong, China.

2.2. Preparation of amine fiber PAN-PEI

The preparation of PAN-PEI followed the procedures 
outlined in our previous studies [43,44]. In the typical exper-
iment, 4 g PAN fiber and 400 mL 8% DBU aqueous solu-
tion were added into a 500 mL flask, and refluxed at 100°C 
(boiling) for 4 h. Then the fibers were immersed into 1 mol/L 
hydrochloric acid solution for 2 h. After that, the fibers were 
taken out and washed with deionized water to neutral con-
ditions to obtain PAN-COOH fibers. 4 g PAN-COOH fibers 
and 400 mL 1% PEI aqueous solution were added together 
into a 500 mL flask, and the solution was refluxed at 100°C 
(boiling) for 1 h. After the reaction was completed, the fibers 
were taken out and washed with deionized water to neutral 
conditions to obtain crosslinked PAN fibers (PEI-PAN). 4 g 
PEI-PAN fiber and 400 mL 0.5 wt.% sodium hydroxide aque-
ous solution were added into a 500 mL flask, and the solu-
tion was refluxed at 100°C (boiling) for 2.5 h. After the reac-
tion, the fibers were taken out and immersed into 1 mol/L 
hydrochloric acid solution for 5 h. After that, the fibers were 
taken out and washed to neutral conditions to obtain cross-
linked PAN-COOH fiber (PEI-PAN-COOH). 4 g PEI-PAN-
COOH fiber and 400 mL 10 wt.% PEI aqueous solution were 
added into a 500 mL flask, and the solution was refluxed at 
100°C (boiling) for 2 h. After the reaction, the fibers were 
taken out and washed with deionized water to neutral con-
ditions to obtain PAN-PEI fibers.

2.3. Preparation of aminophosphonic acid chelating fiber 
PAN-PNa

Through orthogonal experiments, optimal parameters 
such as reaction temperature, reaction time, HCl concen-
tration, and material ratio were selected, and the following 
materials used in this investigation were prepared under 
optimal conditions.

97 mL distilled water and 203 mL concentrated hydro-
chloric acid were added into a beaker, followed by 12.5 g 
phosphorous acid. The solution was transferred into a 
500 mL three-necked flask after complete dissolution. 
3 g PAN-PEI fibers (with total amine groups amount of 
5.8 mmol/g) was immersed into the solution and preheated 
to 65°C. Then 12.3 mL formaldehyde was added into the 
flask under shaking, and the temperature was adjusted to 
keep the solution slightly boiling for 9 h. The fibers were 
taken out after complete reaction and washed 5 times with 
deionized water to afford the PAN-PH fibers. The PAN-PH 
fibers were immersed into 1 N NaOH solution, and shaken 
for 5 min. Then the fibers were taken out and washed with 
deionized water to neutral, and air-dried at room tempera-
ture to obtain the sodium aminophosphonate-type fiber 
(PAN-PNa). The reaction scheme is outlined in Fig. 1.

2.4. Characterization

2.4.1. Elemental analysis (EA)

C, H, N, S, O elements were analyzed by Vario EL cube 
method; The element P was analyzed by an Agilent induc-
tively coupled plasma emission spectrometer (Agilent 
ICPOES730 instrument).
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2.4.2. Fourier-transform infrared spectroscopy

Fourier transform infrared spectroscopy analysis was 
performed on the PAN-PEI, PAN-PH, PAN-PNa, and 
phosphorous acid. Each test sample was placed in a mor-
tar with KBr in a weight ratio of 1:100, fully grounded and 
pressed into tablets for analysis by Fourier-transform infra-
red spectroscopy (FTIR, Spectrum Two, manufactured by 
PerkinElmer, USA) at the range of 4,000−500 cm–1.

2.4.3. Nuclear magnetic resonance spectroscopy

The 31P NMR tests were performed on a JNM-ECZ600R 
NMR spectrometer at a resonance frequency of 242.95 MHz. 
The spectra were recorded at a spinning rate of 15 kHz 

with a 3.2 mm probe at room temperature. All the tests 
were performed with a delay time of 5 s.

2.4.4. Scanning electron microscopy and energy-dispersive 
X-ray spectroscopy

Scanning electron microscopy (SEM) and energy-dis-
persive X-ray spectroscopy (EDS) analysis were performed 
on the fibers using the instrument: Hitachi SU8010 Cold 
Field Emission SEM, Sedona SD Detector (Model: SDD3030-
300C+). Prior to the surface morphology analysis, the fibers 
were pasted on a conductive adhesive and gold-sputtered. 
For the cross-sectional morphology scanning, the fiber sam-
ples were embedded in a hot-melt adhesive, and then cut 
into several slices with a blade. Slices with good shapes were 

 

Fig. 1. Schematic diagram of the reactions pathway from PAN-PEI to PAN-PNa.
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carefully separated and cut into 1 mm thick slices. These 
slices were then pasted on the conductive adhesive and 
gold-sputtered.

2.4.5. Adsorption test for Ca2+ and Mg2+

2.4.5.1. Adsorption rate test

CaCl2 and MgCl·6H2O were used to prepare the metal 
ion solutions. The initial ion concentration of both Ca2+ and 
Mg2+ was 400 mg/L. 0.6 g prepared fibers were immersed into 
200 mL Ca2+ or Mg2+ aqueous solution under shaking, and 
samples were drawn at regular intervals. The concentration 
of the metal ions in the water phase was measured using an 
inductively coupled plasma atomic emission spectrometer 
ICP Spectrometer (ICAP 7000 Series, Thermo Scientific). The 
amount of metal ion adsorption was calculated by Eq. (1), 
where Q is the chelation adsorption capacity (mmol/g), C0 
is the concentration of Ca2+/Mg2+ before adsorption (mg/L), 
Ce is the concentration of Ca2+/Mg2+ after adsorption (mg/L), 
V is the solution volume (L), M is the molar mass of Ca/
Mg (g/mol), and m is the fiber mass (g).

Q C C V
mMe� �� �� �0
1

2.4.5.2. Isothermal adsorption capacity test

The adsorption isotherms of the PAN-PNa fiber for 
Ca2+ and Mg2+ were determined under the following condi-
tions: The initial Ca2+ concentration range was 80–500 mg/L, 
and the initial Mg2+ concentration range was 70–400 mg/L. 
0.60 g of the fiber samples were equilibrated with 200 mL 
of the different concentrations of metal ion solutions at 
25°C for 2 h. The equilibrium pH values of the Ca2+ and 
Mg2+ solutions were both controlled at 5.5.

2.4.5.3. Test of the influence of pH on adsorption

In this case, the experimental conditions were as fol-
lows: 0.60 g of the PAN-PNa fiber was equilibrated in 
200 mL of 400 mg/L solution of each metal ion at 25°C 
for 2 h. The tested pH ranges were 1.0–11.0 for Ca2+, and 
1.0–10.0 for Mg2+.

3. Results and discussion

3.1. Characterization studies

Elemental analyses of PAN, PAN-PEI, and PAN-
PNa fibers were performed to verify the success of the 

phosphorylation and accurately determine the content of 
the phosphate groups. Table 1 shows the weight ratios of C, 
H, O, N, P, and S in PAN-PEI and PAN-PNa. The proportion 
of P element changed from almost zero in PAN to 4.88 in 
PAN-PNa after the phosphonation process, indicating the 
successful introduction of P-containing functional groups. 
In addition, the increase of C/N ratio and the decrease of 
C/O ratio also validates the alkylation and phosphorylation 
reaction process.

EDS analysis was performed to further characterize 
the distribution of functional groups on the surface of the 
fibers and the results are displayed in Fig. 2. The analysis 
showed significant distribution of P element on the sur-
face of the fibers. Also, the contents of N, O, and P mea-
sured using EDS were significantly higher than those listed 
in Table 1, indicating that the effective functional groups 
showed a certain aggregation on the surface of the fiber.

To analyze the functional groups, FTIR analysis was 
conducted and the results are displayed in Fig. 3. The fig-
ure represents an infrared comparison chart of P (phospho-
rous acid reagent), PAN-PEI, PAN-PH (H-type PAN-P), and 
PAN-PNa (Na-type PAN-P). By comparison, it was found 
that the P-OH stretching peak appeared at 1,015 cm–1 in the 
phosphite reagent, but splited into two peaks at 1,041 and 
911 cm–1 upon the conversion of PAN-PEI to PAN-PH. This is 
because when PAN-PH was converted to sodium-type PAN-
PNa, the P-OH became P-ONa. At the same time, the split 
double peaks shifted towards higher wave numbers, appear-
ing at 1,089 and 969 cm–1, respectively. The analysis also 
supports the phosphonation process. Furthermore, nuclear 
magnetic resonance (NMR) analysis was employed to ana-
lyze the different types of groups, and the results are shown 
in Fig. 4. The figure clearly shows that there was no peak 
on the 31P spectra of PAN-PEI (Fig. 4a), while the 31P NMR 
spectra of PAN-PNa exhibited double peaks at 17.458 and 
9.228, which correspond to the substitutions of PO(ONa)2 on 
the primary and secondary amines, respectively. This also 
validates the successful conversion of PAN-PEI to PAN-PNa.

3.2. Characterization of the fiber structure

The fibers were characterized by SEM and EDS mapping 
as shown in Fig. 5, and the cross-sectional structure of PAN-
PEI exhibited a dumbbell shape (Fig. 5a) with a size of about 
10–20 µm. Fig. 5b represents the high-powered cross-sec-
tional morphology of PAN-PEI which shows that the width 
of the exposed tip next to each other was about 50–70 nm, 
and these may have been formed by the breaking of the 
nano-tow inside the fiber. The contour of the nano-tow could 
be clearly seen at the interface between the interruption 

Table 1
Elemental analyses of PAN, PAN-PEI, PAN-PNa fibers

Fiber Element Element ratio

C H N O P S C/N C/P C/O

PAN 66.92 6.05 24.52 3.91 0.01 0.02 2.73 8488 17.1
PAN-PEI 50.34 7.29 19.53 21.96 0.13 0.02 2.58 391 2.29
PAN-PNa 31.71 7.52 10.25 23.53 4.88 0.04 3.09 6.50 1.25
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surface and the surface in Fig. 5b. The surface shown in 
Fig. 5c had dense grooves with a width of about 20–300 nm. 
This indicates that the network structure formed by the 
physical and chemical connections between the nanowire 

bundles had a network pore size of hundreds of nanometers, 
and the network pore size may reach micron size when it 
swells. Figs. 5d and e are SEM images of the cross-section 
of PAN-PNa, and Fig. 5f depicts its surface morphology. 

 
Fig. 2. Field-emission scanning electron microscopy micrographs and energy-dispersive X-ray spectroscopy profile of 
PAN-PNa fiber.

 
Fig. 3. Fourier-transform infrared spectra and the partially enlarged view of P, PAN-PEI, PAN-PH and PAN-PNa.

Fig. 4. 31P NMR spectra of (A) PAN-PEI and (B) PAN-PNa fiber.
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The network structure of the internal nano-tow was basi-
cally the same as that of PAN-PEI. In order to observe the 
distribution of effective functional groups, a cross-sec-
tional EDS mapping scan was performed on PAN-PNa, and 
Fig. 5g and h are the P atoms scanning in PAN-PNa, which 
show even distribution of the P atoms on the cross-sec-
tion of the fiber, indicating that the aminophosphonic acid 
functional groups were also distributed on the nano-tow 
inside the fiber, and not just on the surface of the fiber.

3.3. Calcium and magnesium ion adsorption

Fig. 6 shows the time dependence of the adsorption 
values of the metal ions on PAN-PNa fibers. As seen in 
the figure, the initial adsorption rates were very fast at the 
beginning, followed by a gradual evolution of adsorption 
equilibrium (plateau values) within 300–500 s for both Ca2+ 
and Mg2+. Its adsorption capacity for Ca2+ and Mg2+ in the 
first 20 s was more than 60% of its saturated adsorption 
capacity. Thus, the adsorption equilibrium was achieved 
within 5 min, which is a significant improvement from 
granular adsorbents (with adsorption equilibrium achieved 
around 40–80 min) [45].

In this investigation, pseudo-first-order and pseu-
do-second-order reaction kinetic formulas were used for 
calculations, and the parameters and fitting correlation 
coefficients are shown in Table 2.

In this reaction, the metal ion reacts in one-to-one con-
tact with the active site on the aminophosphonic acid fiber 
and is therefore proportional to the product of the remain-
ing active site and the concentration of the metal ion in the 
solution. Therefore, it is inferred that the chemical reaction 
obeyed a pseudo-second-order reaction kinetic equation, 

 

Fig. 5. Cross-sectional SEM micrograph (a,b) and surface SEM micrograph (c) of PAN-PEI fiber; cross-sectional SEM micrograph 
(d,e) and surface SEM micrograph (f) of PAN-PNa fiber; cross-sectional SEM micrograph (g) and P mapping (h) of PAN-PNa fiber.

 Fig. 6. Adsorption of metal ions by PAN-PNa. Adsorption con-
ditions: initial concentration of metal ions 400 mg/L; pH: 5.5; 
temperature: 25°C.

Table 2
Kinetic parameters

Pseudo-first-order fitting parameters Pseudo-second-order fitting parameters

qe (mmol/g) k1 (s–1) R2 qe (mmol/g) k2 [g·(mmol·s)–1] R2

Ca2+ 2.934 0.0168 0.9080 3.096 0.0116 0.9998
Mg2+ 2.916 0.0212 0.8562 3.145 0.0128 0.9998
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which is also confirmed by the pseudo-second-order fit-
ting results shown in Table 2.

3.4. Adsorption capacity test

It can be seen from Fig. 7 that the equilibrium adsorp-
tion amount of aminophosphonic acid fibers for Ca2+ and 
Mg2+ increased with their equilibrium concentrations in 
solution, and then reached a plateau value, which represents 
the saturation of the active adsorption sites (that are avail-
able for metal ions) on PAN-PNa. The measured saturated 
adsorption capacities for Ca2+ and Mg2+ were as high as 
3.07 and 3.12 mmol/g, respectively, which are significantly 
higher than those of existing aminophosphonic acid resins 
(about 1 mmol/g) [46]. The concentration of Ca2+/Mg2+ ions 
reached saturation at very low concentrations (both below 
10 mg/L), indicating the suitability of PAN-PNa fiber for Ca2+ 
and Mg2+ adsorption at low concentrations. This also proves 
that the phosphoramidate group is very suitable for the 
adsorption of Ca2+ and Mg2+ at low concentrations.

3.5. Effect of pH on metal binding

As shown in Fig. 8, the adsorption amount of Ca2+ was 
almost 0 when the pH value of the aminophosphonic acid 
fiber was less than 2, and optimal adsorption amount was 
attained when the pH reached 3. Moreover, the optimal 
adsorption amount was maintained in the pH range of 3–11. 
The pH value was not raised above 11 due to the possibility 
of precipitation. On the other hand, the adsorption amount 
of Mg2+ was almost 0 at pH < 2 whereas the optimal absorp-
tion was attained at pH = 5.83% of the optimal adsorption 
amount was achieved at pH = 3, and this increased to 93% 
at pH = 4 until it reached its peak absorption at pH = 5. 
Subsequently, the absorption amount was maintained in 
the pH range of 5–10. As with the former, the pH was not 
raised above 10 due to the presence of precipitates.

Summarily, the aminophosphonic acid fibers did not 
show adsorption abilities below pH 2, but its optimal 
adsorptions of Ca2+ and Mg2+ were maintained in a wide pH 
range of 3–11 and 3–10, respectively.

3.6. Analysis of high-speed fiber adsorption mechanism

Compared with other ion exchange fibers, the high-
speed adsorption of Ca2+ and Mg2+ is the biggest advantage 
of this material. A schematic representative structure of the 
aminophosphonic acid fiber is presented in Fig. 9 in order 
to analyze its high-speed adsorption mechanism based on 
the characterization and analytical results. From the fig-
ure, a chelating fiber composed of nano tows and pores is 
displayed, with the surface of the nano tow being covered 
with macromolecular amino phosphate groups (the amino-
phosphonic acid group of the material used was obtained 
by the phosphonation of polyethyleneimine macromole-
cules). The size of a tow is about 70 nm, and they are linked 
to each other through some physical and/or chemical con-
nections, with several hundred nanometers of channels 
between them (up to the micron level when swelling).

When the Ca2+ and Mg2+ in solution were exchanged 
with sodium and amino phosphate ions from the fiber, the 
whole reaction process went through five stages: First is the 
membrane diffusion process. The fibers were surrounded 
by a stationary liquid film, and the ions must pass through 
the membrane to reach the solid surface. This is called the 

 

Fig. 7. Adsorption capacity of the PAN-PNa for metal ions. 
pH: 5.5; temperature: 25°C.

 Fig. 8. Effect of pH on adsorption of metal ions on PAN-PNa. 
Metal ions concentration: 400 mg/L; temperature: 25°C.

 Fig. 9. Schematic representation of the physical structure of 
PAN-PNa fiber.



71D.-X. Liu et al. / Desalination and Water Treatment 295 (2023) 64–72

membrane diffusion process. Secondly, the Ca2+ and Mg2+ 
moved from the surface of the fiber into the interior of the 
fiber and entered the exchange position. This is the intra 
diffusion process. Thirdly, the Ca2+ and Mg2+ are chemically 
exchanged with sodium ions. Fourthly, the sodium ions 
travel from the inner part of the fiber to the surface. Finally, 
the sodium ions were diffused from the surface of the fiber 
through the liquid membrane and into the external solution.

While steps 1 and 5 are membrane diffusion processes, 
steps 2 and 4 are inner pore diffusion processes. Due to the 
high speed of step 3, the whole process is mainly controlled 
by either the inner pore diffusion or membrane diffusion.

The general coordination adsorption is mainly con-
trolled by the inner pore diffusion. The pore size of the 
crosslinked gel resin was between 0.5–5 nm, most of which 
were micropores. However, the fiber existed in a non-cross-
linked gel state, composed of microfibers as shown in the 
figure. During swelling in water, its spaces reached the 
level of a uniform macropore, and the internal diffusion 
rate became fast. Moreover, the diameter of the fiber was 
10 microns, which is tens to one percent of the resin. The 
inner diffusion distance was short; hence the inner diffusion 
rate was very fast.

In addition, at very low ion concentration, the exchange 
rate was controlled by membrane diffusion. The mem-
brane diffusion rate was mainly inversely proportional to 
the particle size, not only because the diameter of the fiber 
was small, but also because of the presence of microfibers, 
and the non-smooth surface reduced the diffusion film 
thickness, resulting in higher membrane diffusion rate. 
The concentration of surface charges also creates electro-
static attraction [47], which encourages the ions to move 
quickly. Amino phosphonic acid fibers are rich in negative 
electric groups around the surface and internal microfibers, 
which can further promote the movement of calcium and 
magnesium ions.

For the above reasons, amino phosphate fibers can 
quickly adsorb calcium and magnesium ions at very low or 
low concentrations, and this was confirmed by the exper-
imental results, which showed that the amount of adsorp-
tion in the first 20 s reached more than 60% of the saturated 
adsorption amount. In addition, with the waning influence 
of the internal diffusion resistance, the adsorption rate 
became solely dependent on the chemical reaction rate, 
that is, the reaction rate was proportional to the products of 
the concentration of the target ions in the solution and the 
concentration of the unreacted functional groups, which 
is confirmed by the perfect fit of the adsorption rate to the 
pseudo-second-order reaction equation. In a nutshell, the 
superfast adsorption rate and high adsorption capacity of 
the fiber may be accounted for by the nano-tow networked 
structure formed inside the aminophosphonic acid chelating 
fiber and the uniform distribution of the effective functional 
groups on the surface of the nano-tow.

4. Conclusion

In order to meet the growing demand for the deep 
removal of Ca2+ and Mg2+ in the chlor-alkali industry, an ami-
nophosphonic acid chelating fiber (PAN-PNa) was prepared 
from an amine-based fiber, PAN-PEI, by Kabachnik-Fields 

one-pot reaction with the existence of phosphorous acid and 
formaldehyde. The obtained PAN-PNa had a high adsorption 
capacity for Ca2+ and Mg2+ at low concentrations, and more 
importantly, it also exhibited a superfast adsorption rate, 
ensuring that its adsorption performance was fully achieved. 
Characterization of the fiber revealed that a nano-tow struc-
ture in the fiber which increased the effective adsorption area 
and shortened the diffusion path, may have been the main 
reason for the superfast adsorption rate of PAN-PNa for Ca2+/
Mg2+. With the outstanding results of this study, PAN-PNa is 
expected to receive increased application for the deep purifi-
cation of Ca2+ and Mg2+ in water in the chlor-alkali industry.
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