¢ Desalination and Water Treatment
www.deswater.com

() doi: 10.5004/dwt.2023.29939

312 (2023) 158-165
November

Exceptional adsorption properties of amino-carboxylic acid chelating fibers for

calcium, magnesium, and strontium ions

Da-Xin Liu®, Gang Xu®%, Zhao-Wen Chen®, Li Wang®, Ming-Hong Wu**

“School of Environmental and Chemical Engineering, Shanghai University, Shanghai 200444, P.R. China,
emails: mhwu@shu.edu.cn (M.-H. Wu), 1967145467@qq.com (D.-X. Liu), xugang@shu.edu.cn (G. Xu)
"Purification Equipment Research Institute of CSIC, Zhanlan Road 1, Handan 056027, P.R. China,
emails: 18634101913@163.com (Z.-W. Chen), wangli2607@163.com (M.-H. Wu)

“Key Laboratory of Organic Compound Pollution Control Engineering, Ministry of Education, Shanghai 200444, P.R. China

Received 19 April 2023; Accepted 30 August 2023

ABSTRACT

In the chlor-alkali industry, the thorough purification of calcium (Ca?), magnesium (Mg?), and stron-
tium ions (Sr*) presents a considerable challenge. In this context, we developed novel amino car-
boxylic acid fibers in this study by using laboratory-synthesized polyacrylonitrile-polyethyleneimine
amino fibers as the matrix. The amino carboxylation process was achieved by introducing chloroace-
tic acid under mild alkaline and heating conditions, resulting in the desired amino carboxylic acid
fibers (PAN-C-Na). Adsorption experiments demonstrated that the PAN-C-Na fibers reached adsorp-
tion equilibrium within 30 s. Additionally, they effectively adsorbed Ca* and Mg* ions at ultralow
concentrations (<0.02 mg/L), exhibiting outstanding adsorption capacities of 0.40 and 0.36 mmol/g,
respectively, and exceeding 50% of their saturation adsorption capacities. Moreover, compared to
amino-phosphonic acid fibers, which are another type of calcium-magnesium adsorptive fibers, the
PAN-C-Na fibers exhibited twice the selectivity for Sr** adsorption and proved effective in elimi-
nating residual Sr** in brine. These findings highlight the potential of PAN-C-Na fibers as a prom-
ising material for the thorough purification of Ca*, Mg*, and Sr* ions in the chlor-alkali industry.
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1. Introduction

To address the urgent issue of global climate change,
China, a leading carbon emitter, has introduced its “dual car-
bon” strategy to peak CO, emissions by 2030 and attain carbon
neutrality by 2060. To meet these ambitious goals, optimiz-
ing and modernizing energy-intensive industries is essential
to enhance energy efficiency and reduce carbon emissions.
Among these industries, caustic soda production has under-
gone substantial upgrades and transformations, resulting in
reduced energy consumption and emissions. China has now
fully transitioned its caustic soda production to ion-mem-
brane technology, but this shift has resulted in stricter quality
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requirements for saltwater purification. Ensuring high-qual-
ity saltwater is critical as low-quality saltwater can shorten
the lifespan of ion membranes. Moreover, if contaminants
such as Ca?", Mg?, and Sr* are not efficiently removed during
the saltwater purification process, they can cause severe dam-
age to the ion-membrane caustic soda electrolysis equipment
[1-3]. Additionally, maintaining the appropriate concentra-
tion of Ca?* and Mg?* is vital for achieving a high current
efficiency at elevated current densities. Prolonged exposure
to saltwater with high impurity levels can lead to increased
membrane resistance, elevated cell voltage, reduced
current efficiency, and enhanced energy consumption.
Consequently, reducing the concentration of Ca* and Mg*
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in purified saltwater has become an urgent matter requiring
immediate attention.

Numerous techniques, including the use of ion exchange
resins [4-14], reverse osmosis [15-19], electrodialysis [20-24],
lime softening [25,26], nanofiltration [27-31], chelating res-
ins [32], membrane separation technology [33-36], and dis-
tillation [37-39], have been developed for the removal of
Ca? and Mg?* from water. Each of these approaches oper-
ates uniquely and possesses its own set of advantages and
limitations. In the brine secondary refining process used
in the chlor-alkali industry, chelating resins are commonly
employed to remove Ca* and Mg?* ions with concentrations
of 1 ppm or less from large volumes of water. The primary
chelating groups used in these resins are amino carboxylic
acids and aminophosphonic acids.

Existing research and improvements, such as those
involving Lewatit ion-exchange resins from Lanxess, have
focused on increasing the specific surface area or altering the
bead diameter of existing resins [40]. However, the effective-
ness of these enhancements is limited. Consequently, we pro-
pose the use of chelating fibers instead of resins. Chelating
fibers represent the next generation of materials after resins
and are particularly well-suited for the effective treatment of
low-concentration ions. Compared to resin matrices, fibers
have smaller diameters, which facilitate faster membrane
and intraparticle diffusion. These fibers can be prepared by
modifying matrix fibers using spinning technology, allow-
ing for adjustments in fiber structure and morphology by
controlling parameters such as spinning temperature and
stretching rate, which in turn affect their surface proper-
ties. In contrast to resins, wherein functional groups are
evenly distributed, chelating fibers have more concentrated
functional groups on their surface, granting them rapid
adsorption capabilities. In cases requiring trace-ion removal,
kinetic performance takes precedence over reaction equilib-
rium constants, as processing time is typically prioritized.
Therefore, reaching adsorption equilibrium rapidly is cru-
cial to ensure sufficient removal efficiency. While resins gen-
erally exhibit high exchange capacities but low exchange
rates, fibers provide relatively low adsorption capacities
under equivalent volumes but boast high adsorption rates.
Chelating fibers show exceptional promise as a material
for brine secondary refining in the chlor-alkali industry,
especially considering that the concentration of ions such
as Ca®, Mg*, and Sr*" in incoming water is in the parts-per-
million range. This necessitates a relatively low adsorption
capacity while emphasizing removal efficiency.

Our laboratory has a strong focus on research related
to ion-exchange fibers and chelating fibers. In our previous
work, we successfully developed high-amino-containing and
high-performance amino fibers [41,42]. Notably, we also pre-
pared a high-amino-containing phosphoric acid fiber based
on these amino fibers, demonstrating exceptional capabil-
ities for removing Ca? and Mg?* ions [43]. Despite these
promising results, we observed that the adsorption selectiv-
ity of this fiber for Sr** was not satisfactory during practical
applications. Therefore, our current objective is to overcome
this limitation by developing an enhanced amino carbox-
ylic acid fiber with improved adsorption performance and
verify its adsorption efficiency for the target ions, namely
Ca?, Mg*, and Sr*".

2. Experiments
2.1. Materials and methods

The laboratory-made amino fiber polyacrylonitrile-poly-
ethyleneimine (PAN-PEI), as well as NaHCO,, Na,CO,, H(],
NaOH, and chloroacetic acid, were used as received in this
study. Additionally, sodium bicarbonate (AR), sodium car-
bonate (AR), hydrochloric acid (AR), and sodium hydroxide
(AR) were procured from Tianjin Ou Boke Chemical Reagent
Products Sales Co., Ltd., Tianjin, China. Furthermore, chlo-
roacetic acid (AR) was purchased from Shanghai Macklin
Biochemical Co., Ltd., Shanghai, China.

2.2. Synthetic route and reaction mechanism
2.2.1. Synthetic route

The amino fiber PAN-PEI, prepared following the
method described in the literature [41,42], was employed
as the substrate for the amino-carboxylation reaction to
produce the amino-carboxyl fiber. The reaction principle
underlying the transformation from PAN-PEI to the ami-
no-carboxyl fiber PAN-C-Na is shown in Fig. 1.

2.3. Preparation of amino acid—carboxylic acid fibers

The PAN-C-Na fibers were prepared: 40 g of PAN-PEI
fibers were accurately weighed and placed in a 20 L round-bot-
tom flask. Subsequently, 69.4 g of pure chloroacetic acid was
dissolved in a 10% NaHCO, solution (1 L) to release CO,, fol-
lowed by the addition of 200 mL of 20% Na,CO, solution to
the mixture. The resulting solution was carefully poured into
the flask, and 9 L of deionized water was added. The reac-
tion was conducted under boiling conditions for 5.5 h, fol-
lowed by the cessation of heating. After natural cooling, the
fibers were removed from the flask and washed three times
with distilled water. Subsequently, the fibers were soaked in
1 mol/L HCl for cleaning and then washed with deionized
water. The fibers were further immersed in approximately 4 L
of 0.5% NaOH solution, washed again with deionized water,
and then dried through centrifugation. This process resulted
in the formation of chelating fibers of iminodiacetic-acid-type
amino acid—carboxylic acid sodium (PAN-C-Na).

2.4. Characterization
2.4.1. Elemental analysis (EA)

CHNSO analysis was performed using the vario EL
cube method on a Elementar elemental analyzer (Germany).
The presence of Na was measured using the Agilent
ICPOES 730 (United States) instrument combined with an
American inductively coupled plasma (ICP) atomic emission
spectrometer.

2.4.2. Fourier-transform infrared spectroscopy

Fourijer-transform infrared spectroscopy analysis was
conducted onPAN-PEI, PAN-PEI-Na, PAN-C,and PAN-C-Na.
Each sample was ground with KBr at a weight ratio of 1:100,
pressed into tablets, and then subjected to Fourier-transform
infrared spectroscopy (Spectrum Two, Manufactured
by Perkin Elmer, USA) in the range of 4,000-500 cm™.
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Fig. 1. Schematic diagram of the reaction’s pathway from PAN-PEI to PAN-C-Na.

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

Scanning electron microscopy (SEM) and energy-dis-
persive X-ray spectroscopy analyses were performed on the
fibers using a Hitachi SU8010 cold field emission SEM (Japan)
with a Sedona SD Detector (Model: SDD3030-300C+) (Sedona
Technologies, U.S.-Based Company). Prior to surface mor-
phology analysis, the fibers were mounted on a conductive
adhesive and gold sputtered. For cross-sectional morphology

scanning, fiber samples were embedded in hot-melt adhe-
sive, cut into slices with a blade, and then carefully separated
and cut into 1-mm-thick sections. These sections were subse-
quently attached to conductive adhesive and gold sputtered.

2.4.4. Thermal analysis

A thermogravimetric analysis of PAN-PEI and PAN-
C-Na was conducted using an STA 449 F5/F3 Jupiter
(Netzsch, Germany). These measurements were performed
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at a constant heating rate of 10°C/min in a temperature
range of 30°C-600°C under a nitrogen flow of 50 mL/min.

2.5. Fiber adsorption testing of Ca*, Mg*, and Sr**

Solutions containing the desired concentrations of Ca* or
Mg?*" were prepared by directly dissolving calcium chloride
(CaCl)) or magnesium chloride hexahydrate (MgCl-6H,O)
in deionized water. Adsorption rate experiments were
conducted by suspending 0.75 g of PAN-C-Na in 250 mL
solutions containing Ca* or Mg* at room temperature
under continuous stirring. Isothermal adsorption experi-
ments were performed by suspending 0.30 g of PAN-C-Na
in 100 mL solutions containing Ca* or Mg* at room tem-
perature under continuous stirring. Competitive adsorption
experiments for Ca?’/Mg?*/Sr** were conducted by suspend-
ing 0.30 g of PAN-C-Na or PAN-PNa in 100 mL solutions
containing Ca?, Mg*, and Sr*" at room temperature under
continuous stirring. The concentration of metal ions in the
water phase was measured using an inductively coupled
plasma atomic emission spectrometer (ICAP 7000 Series,
Thermo Fisher Scientific, American Company). The adsorp-
tion amount of metal ions was calculated using Eq. (1):

Q:(co—q)xvme

where Q is the chelation adsorption capacity (mmol/g),
C, is the concentration of Ca*/Mg* before adsorption (mg/L),
C, is the concentration of Ca*/Mg* 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).

3. Results and discussion
3.1. Elemental analysis results

The elemental composition distribution for two fiber
types, PAN-PEI-Na (sodium-type precursor of PAN-PEI)
and PAN-C-Na, before and after carboxylation, is presented
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in Table 1. Notably, a substantial increase in the propor-
tion of oxygen (O) was observed, indicating the successful
conversion of amines to carboxylic acid.

3.2. Infrared comparative analysis

The infrared spectra in Fig. 2 reveal that both PAN-
PEI and PAN-PEI-Na exhibit a broad absorption peak in
the 1,120-1,030 cm™ range before the reaction, primarily
attributed to stretching vibrations of the C-N bond in ter-
tiary and secondary amines within the fibers. Following
the reaction, the secondary amine peak at 1,120-1,110 cm™
diminished substantially, accompanied by the emergence of
a sharper peak at 1,071 cm™. This shift resulted from the sub-
stitution of two hydrogens of the primary amine by carbox-
ylic acid, thereby forming OOC-N(R)-COO and new tertiary
amines. Simultaneously, a few of the hydrogen atoms of the
secondary amine were replaced by carboxyl groups, gener-
ating N(R1,R2)-COO tertiary amines. Consequently, there
was a marked increase in tertiary amines and a decrease in
secondary amines. The successful formation of amino car-
boxylic acid groups was confirmed by the infrared analysis.

3.3. SEM results and analysis

Fig. 3 presents the cross-sectional energy-dispersive
spectra of the PAN-C-Na fiber before and after Ca* adsorp-
tion. Fig. 3A—C depict the elemental distribution of the fiber
before adsorption. Fig. 3A presents a SEM image of the fiber
cross-section, Fig. 3B illustrates the Na distribution, and

Table 1
Elemental analyses of PAN-PEI-Na, PAN-C-Na fibers

Sample C/% H/% N/% O/% Na
(m/m) (m/m) (m/m) (m/m)

PAN-PEI-Na 52.37 7.48 19.58 18.79 1.78

PAN-C-Na 47.33 6.42 13.9 28.45 3.90

30«4 PAN-PEI-Na
|y

PAN-PEI

24 1120 1030

T
1200 800

Fig. 2. Infrared spectra of P, PAN-C-H, PAN-C-H, PAN-PEI-Na, and PAN-PEI-Na.
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Fig. 3C depicts the Ca distribution. On comparing Fig. 3B and
C, it is evident that before Ca*" adsorption, Na was densely
distributed across the fiber cross-section, whereas Ca was
sparsely and randomly distributed, resembling noise.
Fig. 3D-F display the elemental distribution of the fiber after
Ca?" adsorption; specifically, the figures present an SEM
image of the fiber cross-section, the Na distribution, and the
Ca distribution, respectively. Furthermore, upon comparing
Fig. 3E and F, it becomes apparent that after Ca*" adsorption,
Na was sparsely distributed in the fiber cross-section, while
Ca was more densely distributed, exhibiting a discernible
pattern.

Fig. 4 presents the SEM images of the surface and
cross-section of the PAN-C-Na fiber. Specifically, Fig. 4A and
B depict SEM images of the fiber surface, and Fig. 4C and D
present SEM images of the fiber cross-section. Notably, the
fiber cross-section exhibits a dumbbell shape, with a width
of approximately 10 um at both ends of the dumbbell and
a length of approximately 20 pm. Under high magnifica-
tion, dense grooves are visible on the fiber surface, and the
internal porosity can be clearly observed in the cross-section.
Additionally, the fiber demonstrates considerable volume
expansion when wetted, indicating that upon exposure to
the fiber, the solvent infiltrated its internal pores, causing
swelling.

3.4. Analysis of thermal analysis results

Fig. 5 displays the differential thermogravimetry curves
for PAN-PEI and PAN-C-Na. Notably, PAN-C-Na loses
moisture between 30°C-130°C, and further thermal degra-
dation owing to polymer decomposition was observed over
a wide temperature range, from 260°C to 450°C for PAN-
C-Na with a peak at 354.4°C and from 300°C to 450°C for
PAN-PEI with a peak at 374.3°C. This indicates that both
the precursor material and the modified amino-carboxylic
acid fibers possess high thermal stability below 260°C.

3.5. Adsorption rate

During the initial stage of adsorption, samples were
taken every 30 s, and the results demonstrated that reaction
equilibrium was attained within 30 s of the adsorption pro-
cess (Fig. 6). Furthermore, the adsorption rate was exception-
ally high, indicating the suitability of this material for rapid
ion adsorption. This favorable kinetic behavior is crucial
for efficient deep processing and purification, as it ensures
that the performance of the material can be fully harnessed
without significant losses due to slow reaction equilibrium.

The high adsorption rate of the chelating fiber is pri-
marily attributed to the concentrated presence of effective
functional groups on the fiber surface. Additionally, the
hydrophilic swelling property of the modified fiber creates
flexible and large pore channels within the swollen fiber,
significantly enhancing ion diffusion.

The exchange process of Ca* and Mg? ions with sodium
and amino phosphate ions on the fiber proceeded through
five stages. First, the ion exchange process was initiated
through a membrane diffusion process, in which the ions
passed through a stationary liquid film surrounding the
fibers before reaching the solid surface. Second, the Ca*
and Mg?" ions migrated from the surface of the fiber into the
interior, reaching the exchange position. This is referred to
as the intra-diffusion process. Third, the Ca?" and Mg?* ions
underwent a chemical exchange with sodium ions. Fourth,
the sodium ions moved from the inner region of the fiber to
the surface. Finally, the sodium ions diffused through the
liquid membrane from the fiber surface and into the exter-
nal solution. While Steps 1 and 5 in the ion adsorption pro-
cess were controlled by membrane diffusion, Steps 2 and 4
entailed inner pore diffusion. As Step 3 proceeded rapidly,
the entire process was primarily controlled either by inner
pore diffusion or membrane diffusion. Notably, owing to the
flexible and highly connected diffusion channels of the che-
lating fiber, inner pore diffusion was substantially enhanced.

Fig. 3. Cross-sectional energy-dispersive X-ray spectroscopy of PAN-C-Na before and after adsorption for Ca*.
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Fig. 5. Differential thermogravimetry curves for PAN-PEI and
PAN-C-Na.

Furthermore, the internal swelling generated numerous
microfibers that formed a secondary structure, and the
rough fiber surface reduced the diffusion film thickness,
thereby promoting the membrane diffusion rate [43]. Thus,
because of its small diameter and the presence of microfibers
that reduce resistance to membrane diffusion, the chelating
fiber exhibited excellent ion-adsorption performance.

3.6. Adsorption capacity

The Ca*/Mg?* adsorption capacity of PAN-C-Na at
various equilibrium concentrations is shown in Table 2.
For Ca*, the observed saturation adsorption capacity was
approximately 0.80 mmol/g. Notably, when the equilibrium

! —=—Ca(ll)
054 —e—Mg(l)

Adsorbed Metal lons(mmol/g)

0.1 A | M | 2 LI L) 9, L)
0 500 1000 1500 2000 2500 3000 3500 4000
Adsorption Time(s)

Fig. 6. Adsorption rates of metal ions by PAN-C-Na. Adsorp-
tion conditions: initial concentration of metal ions 400 mg/L;
pH: 5.5; temperature: 25°C.

concentration was below 0.02 mg/L, the adsorption capac-
ity remained relatively high, reaching at least 0.40 mmol/g.
Thus, even at ultralow ion concentrations, PAN-C-Na
maintained a high adsorption capacity. Similarly, for Mg?*,
the measured saturation adsorption capacity was approx-
imately 0.70 mmol/g. Even for equilibrium concentra-
tions below 0.02 mg/L, an adsorption capacity of at least
0.36 mmol/g was maintained, demonstrating a consistently
high adsorption capacity.

The adsorption of calcium and magnesium ions on
the amino carboxylic acid fibers is governed by chelation,
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Fig. 7. Comparison of metal ion adsorption capacities on PAN-
C-Na. pH: 5.5; initial concentrations of metal ions: 400 mg/L;
temperature: 25°C.

wherein the adsorption is directly proportional to the num-
ber of active sites available on the fiber. Consequently, the
equilibrium adsorption is akin to monolayer adsorption,
and the process aligns with Langmuir adsorption [42]. The
high chelation constant leads to a large Langmuir adsorp-
tion constant, enabling the system to approach saturation
even at low concentrations and maintain robust adsorption
even at ultralow concentrations.

3.7. Selective adsorption of Ca*', Mg*, and Sr**

As depicted in Fig. 7, when exposed to a mixed solu-
tion with an initial concentration of 400 mg/L, the adsorp-
tion capacities of PAN-C-Na for Ca, Mg, and Si were found
to be 0.38, 0.35, and 0.17, respectively. On the other hand,
the adsorption capacities of PAN-PNa for Ca, Mg, and Si
were higher, measuring 1.32, 1.21, and 0.29, respectively.
The adsorption ratios were found to be 1:0.92:0.44 for PAN-
C-Na, compared to 1:0.92:0.22 for PAN-PNa. In the context
of the chlor-alkali industry, calcium-magnesium solutions
typically contain a certain amount of Sr*, necessitating
thorough purification. Notably, PAN-C-Na demonstrates
twice the selectivity for Sr** adsorption compared to the
Sr?* selectivity of PAN-PNa. As a result, PAN-C-Na proves
to be more effective in adsorbing residual Sr** ions in prac-
tical applications. To achieve optimal results, this material
can either be utilized independently or in conjunction with
amino-phosphonic acid fibers.

4. Conclusion

Through the application of amine carboxylation to
lab-synthesized PAN-PEI fibers, we successfully developed
amine carboxyl fibers with uniform functional groups. These
fibers exhibit exceptional performance by achieving equilib-
rium adsorption for Ca* and Mg?* ions within a remarkable
30 s timeframe, maintaining high adsorption capacities even
at ultralow concentrations below 0.02 mg/L. Additionally,

the fibers demonstrate a significant advancement in Sr*
adsorption selectivity compared to amino-phosphonic acid
fibers, making them an ideal material for deep purification
in the chlor-alkali industry. This industry demands mate-
rials with high adsorption capacities, ultrafast adsorption
rates for Ca** and Mg?, and the selective removal of resid-
ual Sr*. Future research should focus on increasing the
functional group density to further enhance adsorption
capacity and optimize the performance of this promising
material in real-world applications.
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