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ABSTRACT: Sevelamer hydrochloride (SH), originally developed as an oral pharmaceutical for controlling blood phosphate levels,
is a polyallylamine resin that could be used in water treatments. Although it binds phosphates effectively, its adsorption capacity
suffers from a significant loss at high pH. Here, we modify SH with lanthanum oxalate to improve its phosphate adsorption in
alkaline environments. With less than 6.00 wt% in La content, the composite adsorbent (SH-1C-1La) exhibits an adsorption capacity
of 109.3 mg P ¢g”" at pH 8.0 and 100.2 mg P ¢g~" at pH 10.0, demonstrating significant enhancement from the original SH (86.3 mg P
g ' at pH 8.0 and 69.4 mg P g~ at pH 10.0). Besides its high adsorption capacity and rapid adsorption kinetics, SH-1C-1La is
capable of maintaining more than 78% of its capacity after four regeneration cycles, showing good durability in long-term
applications. Zeta-potential measurements and XPS analysis reveal that the lanthanum oxalate species increase the surface potential
to enhance the electrostatic adsorption while introducing chemical binding sites for phosphate ions. Both factors lead to the
improved adsorption properties. The modification by lanthanum oxalate species might provide a new alternative for improving the
phosphate adsorption properties of anion-exchange resins.

1. INTRODUCTION anion-exchange resin stores charge-balancing anions that could
exchange with the anion species in water.” For instance, D201
is a strong base anion-exchange resin widely used in pollutant
removal. Its phosphate adsorption mainly proceeds by the

Phosphorus (P) is a basic element of life and exists most
commonly as phosphate ions in aqueous environments.'
Generally, autotrophic organisms only adsorb phosphorus as
phosphates, making phosphate fertilization a significant factor
in plant growth and crop productions.”” However, with the
booming population, the ever-increasing agriculture scale leads
to largely excessive phosphate discharge into the environment,
causing adverse effects on the ecosystem. For example,
eutrophication induced by high phosphorus content results
in the well-known algae bloom, which consumes the dissolved
oxygen and causes the mass death of aquatic lives.* Therefore,
it is of great importance to control the phosphate level before
discharging.

Anion-exchange resins are a group of materials that are often
used to adsorb phosphates in water.”® The framework of
anion-exchange resins consists of hydrocarbon backbones,
forming a three-dimensional network after cross-linking. With
cationic functional groups anchored on the backbone, the

electrostatic force between the quaternary amine groups and
phosphate ions, through exchanging with the stored Cl” ions."
However, despite its wide application, D201’s adsorption
capacity for phosphorus is limited (i.e, 16.3 mg P g™' at the
phosphorus concentration of 10 mg P L7'), with the
adsorption equilibrium slowly reached in 6 h.” Additionally,
the common anion-exchange resins are mostly applied in acidic
or neutral environments. As the pH increases above 7, the
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anion-exchange resins will gradually translate into the charge-
neutral form, which shows limited adsorption for oxyanions.'’
Wrong et al. explain that the free base form of resin losses the
ion exchange function and could not bind phosphate at high
pH, which limits their application in alkaline conditions.

Sevelamer hydrochloric is an anion-exchange resin in the
chloride form, exhibiting high phosphate adsorption capacity
because of its high density of functional groups.'” It is
originally developed to remove the excess serum phosphate in
patients who are diagnosed with end-stage renal disease
(ESRD)."” The phosphate binding of SH is mainly through
physical adsorption, such as ion exchange and hydrogen
bonding.H_17 With its high density of amine groups, SH
exhibits rapid phosphate adsorption and large capacity.'* The
hydrogen bonding from multiple amine groups also greatly
improves the selectivity for phosphate adsorption.'®"'®
Currently, there are more and more research focusing on
further improving the adsorption characteristics of SH because
its patent expired in 2014.'®"” Nevertheless, the common
disadvantage of anion-exchange resins exists in SH, rendering
its adsorption performance decreasing dramatically at high pH.
In an alkaline environment, the amine groups will be
deprotonated, leading to the quickly declined adsorption
capacity.'”'"'*'> With the potential of being applied in water
treatments, it would be important to modify SH for
maintaining high phosphate adsorption under alkaline
conditions.

It is known that the metal oxide/hydroxide materials adsorb
phosphate ions through ligand exchange to form inner-sphere
complexation, which can proceed even in alkaline environ-
ments.'”** Over recent years, lanthanum has received
widespread attention because of its moderately abundant
reserves, low toxicity, and great affinity for binding
phosphates.””** Current examples include compositing
lanthanum compounds (e.g., La(OH);) with supporting
matrixes (e.§., carbon nanotubes, biochar, or anion-exchange
resins).”>*~>> However, simply transferring this strategy may
not be suitable for modifying SH. The reasons are mainly
twofold. First, the synthesis of La(OH); requires the use of a
strong basic compound, such as NaOH, which causes
deprotonation of amine functional groups and therefore may
significantly reduce the intrinsic adsorption property of SH.
Reprotonation can only be carried out in an acidic environ-
ment, which inevitably leads to the dissolution of lanthanum
components. Second, with metal oxide/hydroxide as the major
adsorbing component, the regeneration of the adsorbent may
be more challenging.”’

In this study, we synthesize a series of composite adsorbents
(SH-C-La) consisting of lanthanum oxalate and SH, aiming for
improving the adsorption property of SH in an alkaline
environment. As a lanthanum-containing compound, the
synthesis of lanthanum oxalate does not require basic
conditions, which avoids deprotonating the amine groups on
SH. The synthetic process is carefully tuned to maintain the
properties of SH, for rapid adsorption and facile regeneration.
To further investigate the adsorption behavior of SH-C-La
samples, a series of adsorption characterizations are conducted,
including pH stability, adsorption selectivity, adsorption
isotherm, and adsorption kinetics. The mechanism for P
adsorption is studied by X-ray diffraction (XRD), Fourier
transform infrared (FT-IR), scanning electron microscopy—
energy-dispersive X-ray spectroscopy (SEM-EDS), inductively
coupled plasma-optical emission spectroscopy (ICP-OES), and

X-ray photoelectron spectroscopy (XPS), to explain the effect
of lanthanum oxalate on the adsorption characteristics of SH.

2. MATERIALS AND METHODS

2.1. Chemicals. All chemicals used in this study were of
analytical grade. LaCl;-7H,0 and H,C,0,2H,0 were
purchased from Adamas. KH,PO,, Na,CO; NaOH,
NaHCO;, and NaCl were obtained from General Reagent.
SH was supplied by Hangzhou Bingochem Co. Ltd.

2.2. Synthesis of Lanthanum Oxalate-Modified SH.
SH (0.5 g) was dispersed in 20 mL of 2.5 mmol L™ H,C,0,
aqueous solution and stirred at room temperature for 12 h.
The solid material was then separated by filtration and added
to 20 mL of 100 mmol L' LaCl, solution for another 12 h of
stirring. During this process, the La ions react with the
preloaded oxalate to form precipitation. After the reaction, the
materials were filtered and washed thoroughly with deionized
water to remove the residual ions. The solid product was
vacuum-dried at 105 °C for 12 h and named “SH-0.025C-1La”
according to the molar ratio between C,0,>” and La** (the C/
La ratio) in the synthesis.

To investigate the effect of H,C,0, concentration on the
adsorbent properties, we fixed the LaCl; concentration at 100
mmol L™ and varied the concentration of H,C,0, to 5, 25, 50,
and 250 mmol L™, corresponding to the C/La ratios of 0.05:1,
0.25:1, 0.5:1, and 2.5:1. The as-obtained samples were denoted
as SH-0.05C-1La, SH-0.25C-1La, SH-0.5C-1La, and SH-2.5C-
1La, respectively.

On the other hand, to investigate the concentration effect of
La* solution, the H,C,0, concentration was set to 25 mmol
L™ when the La*" solution of different concentrations (15, 25,
50, 100, and 200 mmol L™') was added. The corresponding
products were named SH-1C-0.6La, SH-1C-1La, SH-1C-2La,
SH-1C-4La, and SH-1C-8La based on the ratio between the
C,0,* and La*.

For comparison, lanthanum oxalate (La-oxalate) was
prepared by reacting 20 mL of 25 mmol L™' H,C,0, solution
with 20 mL of 25 mmol L™ LaCl, solution. The solid product
was filtered, washed thoroughly with DI water, and then
vacuum-dried at 105 °C for 12 h.

2.3. Material Characterization. The crystallographic
information of the samples was obtained by XRD using a
powder X-ray diffractometer (Miniflex 600, Japan) equipped
with Cu Ka radiation (40 kV, 15 mA). The XRD patterns were
collected in the two-theta range of 5—60° with a scan rate of
5°/min. FT-IR spectra were recorded on a Nicolet iS 50
(Thermo Fisher, USA) in the range 500—4000 cm™" at room
temperature by averaging 16 scans. The morphology and
elemental distribution of the samples were characterized by a
SEM (Apreo, S LoVac, Czech Republic) instrument equipped
with an EDS attachment. To test the La leaching of the
adsorbent, ICP-OES (ULTIMA 2, France) was used to
determine the La concentration in the solution after the
adsorption process. The zeta-potential was measured using a
multiangle particle size and a high-sensitivity zeta-potential
analyzer (Omni, Brookhaven). During the Zeta-potential
measurement, the pH was adjusted between 2.0 and 11.0 by
adding 100 mmol L' NaOH or 100 mmol L™" HCI aqueous
solutions. XPS (AXIS SUPRA, Kratos, UK) was carried out
with the Al Ka anode radiation (v = 1486.6 eV, 150 W) as the
X-ray source. The binding energy values were referenced to the
C 1s peak at 284.8 eV, and the experimental data were
analyzed by the XPSPeak41 software.
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Figure 1. XRD patterns of SH, SH-1C-0.6La (3.19% La), SH-1C-1La (6.00% La), SH-2.5C-1La (16.24% La), and La-oxalate (a); FT-IR spectra of

SH, SH-1C-0.6La, SH-1C-1La, SH-2.5C-1La, and La-oxalate (b).

2.4. Static Adsorption Experiment. The traditional
bottle-point method was used to study the static adsorption
properties, where 0.50 g L™" adsorbent was used in all static
adsorption experiments. The adsorption process was per-
formed in a 150 mL flask with 100 mL of phosphate solution
(100 mg P L™") for 2 h to reach the adsorption equilibrium.
During the process, the flask was placed in an incubator shaker
(HY-5S, Shanghai Huaying) at 180 rpm (25 °C).

After adsorption, we used the antimony-molybdate reaction
with ascorbic acid to determine the residual P concentrations
in solution.”® The equilibrium adsorption capacity, Q, (mg P
g™"), was determined using eq 1:

(CO - Ce)
o 1)

where C, is the initial P concentration (mg P L™"), C, is the
residual concentration (mg P L™"), V is the volume of solution
(L), and m is the adsorbent mass (g).

2.4.1. Evaluation of the pH Stability and Selectivity of the
Adsorbent. To evaluate the phosphate adsorption capacity at
different pH, the pH of the phosphate-containing solution
(100 mg P L™") was adjusted from 2.0 to 11.0 by 100 mmol
L™ HCI or 100 mmol L™" NaOH before static adsorption
measurements. The equilibrium adsorption capacity of the
adsorbent and La leaching were determined after the static
adsorption experiment.

The effect of coexisting ions was tested by adding each of
the following compounds: NaCl, Na,SO,, NaNO;, Na,CO;,
and humic acid (as A7) to the phosphate-containing solution
(100 mg P L™"). The molar ratio between the competing ion
and the phosphate ion was set to 1:1. Static adsorption
experiments were conducted to evaluate the equilibrium
adsorption capacity of the adsorbent in these solutions. To
explore the adsorption under alkaline conditions, the experi-
ments were performed at pH 8.0 and 10.0.

2.4.2. Adsorption Kinetic and Isotherm Measurements.
To measure the adsorption isotherms, static adsorption
experiments were conducted with 100 mL solution of different
initial P concentrations, such as 0, 5, 10, 20, 30, 60, 100, and
120 mg L', with 0.50 g L™" adsorbents at pH 8.0 and 10.0.
The reaction time was set to 2 h, with the operation
temperature of 25 °C. The obtained isotherms were fitted by
Langmuir and Freundlich isotherm models.

The Langmuir model can be described as follows (eq 2):

Q.=

where Q. (mg g™") is the equilibrium adsorption capacity, Q,,
(mg g7') is the maximum adsorption capacity, K, (L mg™") is
the Langmuir isotherm content, and C, (mg L7') is the
equilibrium concentration of the phosphate ion.
The Freundlich model can be described as eq 3:
Q, =K 3)
where Q. (mg g™') is the equilibrium adsorption capacity, C,
(mg L") is the equilibrium concentration of phosphate, and
Kp (mg g') is the Freundlich isotherm content. Here, 1/n is a
parameter representing the strength of adsorption: the
adsorption becomes stronger with decreasing 1/n values.
Kinetic studies were conducted using 250 mg of adsorbents
in 500 mL of phosphate solution (100 mg P L™') at two
different pH values (8.0 and 10.0). The supernatant (1 mL)
was taken at various time intervals (5—480 min) to determine
the P concentration.
The pseudo-first-order model (eq 4) and pseudo-second-
order model (eq 5) were used to fit kinetic curves:

Q,=Q1-¢" (4)
_ kQl
£+ k,Q t (s)

where Q, (mg g™") represents the adsorption capacity at time ¢
(min), and Q. (mg g™') is the adsorption capacity at
equilibrium. Furthermore, k; (min ~') is the pseudo-first-
order rate constant and k, (g mg™' min~') is the pseudo-
second-order rate constant.

2.5. Regeneration Experiments. The regeneration of the
SH-C-La samples was conducted by dispersing 1.0 g of the
exhausted adsorbent into 100 mL of solution containing 1.0
mol L' H,C,0, and 2.0 mol L™' NaCl. The mixture was
heated at 60 °C and stirred at 800 rpm for 12 h. After stirring,
the adsorbent was filtered and rinsed thoroughly with
deionized water. Finally, the regenerated samples were
vacuum-dried for 12 h before application.

For regenerated samples, the regeneration efficiency (R, %)
was calculated from eq 6:

Q,
Q. (6)
where Q, (mg P g™) is the phosphate adsorption capacity after

R(%) =

QmKLCe : -1 :
=—— the nth regeneration. For example, Q, (mg P g™') is the
© T 1+ KC @) , : :
L% adsorption capacity after the first regeneration.
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Figure 2. P adsorption capacity values of various as-prepared adsorbents at pH 8.0 (a) and pH 10.0 (b). The dashed line represents the adsorption

value of SH at pH 7.0.

3. RESULTS AND DISCUSSION

3.1. Characterization of the Adsorbents. According to
the stoichiometry of lanthanum oxalate (La**:C,0,*” = 2:3),
we adopt a series of different C/La ratios (from 0.025 to 2.5)
during the synthesis to obtain different compositions. To verify
the successful synthesis of the targeted composites, we use a
suite of techniques including ICP-OES, XRD, FT-IR, and
SEM-EDS to characterize different samples. Table S1 lists the
La loading (in wt%) of various as-prepared SH-C-La samples
by ICP-OES measurements. We find that SH-1C-0.6La
contains the lowest La loading of 3.19% while SH-2.5C-1La
contains the highest La loading of 16.24%. The La loading of
other samples falls in between, for example, 6.00% for SH-1C-
1La.

The XRD patterns of SH, SH-1C-0.6La, SH-1C-1La, SH-
2.5C-1La, and La-oxalate are shown in Figure la. As we can
see, La-oxalate exhibits a diffraction pattern consistent with the
monoclinic La,(C,0,);-10H,0 (JCPDS 49-1255).””*® SH and
SH-1C-0.6La are amorphous according to the XRD patterns,
because no or low La loading is associated with these two
samples. In contrast, SH-1C-1La and SH-2.5C-1La exhibit
diffraction patterns that are similar to La-oxalate but with lower
diffraction intensity. This demonstrates that La,(C,0,);
10H,O is successfully composited with the SH matrix in
samples such as SH-1C-1La and SH-2.5C-1La.

FT-IR spectra are collected to analyze the functional groups
on SH, SH-1C-0.6La, SH-1C-1La, SH-2.5C-1La, and La-
oxalate (Figure 1b). SH exhibits the characteristic N—H
stretching vibration (3344 cm™') and N—H bending vibration
(1603 cm™").*” The absorption peaks at 2921 and 1452 cm™
belong to the asymmetric stretching v1brat10n and the bending
vibration, respectively, of —CH, groups.”® For La-oxalate, the
FT-IR spectrum first presents a broad peak at 3237 cm™’,
which can be assigned to the stretching vibration of —OH.
Next, the two sharp peaks at 1598 and 1311 cm™' are
attributed to the —C=0 and C—O vibration, originated from
the C,0,* groups. Another intense signal at 796 cm™" is likely
caused by the stretching vibration of La—0.”"**

After the lanthanum oxalate modification, SH-1C-0.6La
exhibits similar signals compared to SH, which is again
consistent with its low La loading. On the other hand, the FT-
IR signals of SH-1C-1La and SH-2.5C-1La possess the
characteristics of both SH and La-oxalate, but with lower
intensity. This also confirms the successful synthesis of
targeted composites.

19746

The surface morphologies of SH, SH-1C-0.6La, SH-1C-1La,
SH-2.5C-1La, and La-oxalate are studied by SEM. For SH, the
SEM image (Figure S1a) shows its bulklike morphology with a
smooth surface. La-oxalate particles, on the other hand, shows
prismlike structures similar to the previous studies (Figure
$2).27%% After the lanthanum oxalate modification, different
amounts of lanthanum oxalate particles appear on the surface
of SH (Figure S1b—S1d). The surface of SH-1C-0.6La (Figure
S1b) possesses very few particles, which further supports the
XRD and FT-IR observations of low La loading. With the
increasing La loading, improved particle coverage could be
observed on the surface of SH blocks. Compared to SH-1C-
1La (Figure Slc), the surface of SH-2.5C-1La is covered with
prismlike particles in a much higher density (Figure S1d).
Compositional analysis is conducted on SH-1C-1La by EDS
line scanning (Figure S3). Both of the La and O signals are
detected when scanning across the prismlike particles,
confirming that the attached particles are indeed lanthanum
oxalate.

3.2. Characterization of the Adsorption Capacity.
Because we aim to improve the alkaline adsorption of SH, it is
important to determine at which condition we shall measure
the static adsorption capacity. Figure S4 illustrates the P
adsorption capacity of SH at various pH values (2—11). It is
clear that the adsorption capacity of SH reaches the maximum
value of 153.4 mg P g™' at pH 3.0 and drops sharply in the
neutral-alkaline region from 86.3 mg P ¢! (pH = 8.0) to 69.4
mg P g7' (pH = 10.0). To directly compare the phosphate
adsorption of different samples under alkaline conditions, we
decide to conduct static adsorption experiments at pH 8.0 and
10.0 for different SH-C-La samples to determine the optimum
composition and the corresponding synthetic conditions.

Figure 2 shows the P adsorption capacities (at pH 8.0 and
10.0) of different adsorbents synthesized by varying the oxalic
acid concentration. At pH 8.0, compared with SH (86.3 mg P
g™') and La-oxalate (68.53 mg P g™'), the modified samples
exhibit increasing capacity with the C/La ratio increasing from
0.025:1 to 0.25:1 (e.g, 107.0 mg P g~' for SH-0.25C-1La).
When the C/La ratio continues increasing to 2.5:1 (i.e., 86.7
mg P ¢! for SH-2.5C-1La), the adsorption capacity decreases.
The excessive lanthanum oxalate deposition may prevent the
phosphate ions in the solution from contacting the active sites
(Figure S1d). Similarly, at pH 10.0, with the C/La ratio
changing from 0.025:1 to 0.25:1, the adsorption capacity
increases from 83.9 mg P g™' to 95.1 mg P g, significantly

https://doi.org/10.1021/acsomega.2c01520
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Figure 4. Adsorption capacity of SH and SH-1C-1La in the presence of competing anions at pH 8.0 (a) and pH 10.0 (b).

larger than the pure SH (69.4 mg P g™') and La-oxalate (63.56
mg P g_l).

To further explore the effect of La*" concentration on the
synthesis, we further characterized the adsorption capacity of
SH-1C-0.6La, SH-1C-1La, SH-1C-2La, SH-1C-4La, and SH-
1C-8La. Overall, the phosphate adsorption capacities of these
samples are significantly larger than that of SH. For example,
SH-1C-1La exhibits adsorption capacities of 109.3 and 100.2
mg P ¢! at pH 8.0 and pH 10.0, respectively. Meanwhile, the
adsorption capacity changes slightly between the C/La ratio of
1:1 and 1:4, at both pH values (Figure 2).

Interestingly, when the C/La ratio exceeds 1:12, no
precipitation forms on the SH surface. To further investigate
the reason for this phenomenon, we leave 5 mL of the
synthetic solution on the shelf for ambient evaporation and
obtain a lanthanum chloride oxalate trihydrate crystal, the
structure of which has been reported by predecessors.’’ It
appears that La** ions mainly exist as LaCI** in an acid solution
with high lanthanum and CI™ concentrations, which changes
the coordination environment and thus produces a soluble
structure.” Therefore, the concentration of La needs to be
controlled within a certain range to achieve the modification.

To achieve a high P adsorption capacity and minimize
lanthanum consumption, SH-1C-1La appears to be a good
choice. Its C/La ratio is 1:1, with the concentration of C2042_
and La*" both set to 0.025 mol L™" during the synthesis. In the
following sections, the properties of SH-1C-1La are
comprehensively characterized to compare its adsorption
behavior with SH and reveal the mechanism of adsorption
enhancement.

3.3. Effect of Initial pH on Static Adsorption. To
compare the adsorption properties between SH and SH-1C-
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1La, we characterize their static adsorption capacities in
various pH values (2.0~11.0), as shown in Figure 3a. At the
pH range of 2.0~7.0, although SH-1C-1La exhibits lower
adsorption capacity than SH, all measured capacity values are
larger than 120 mg P g™, which are high among the reported
adsorbents.”® When the pH keeps increasing and the solution
becomes basic, SH-1C-1La shows improved adsorption
capacity compared with pure SH (e.g, the adsorption
captaincy values of SH-1C-1La are 109.3 and 100.2 mg P
¢! at pH 8.0 and 10.0, respectively). We plot the ratio
between static adsorption capacities of SH-1C-1La and pure
SH (Figure SS). As a result, the adsorption enhancement effect
increases with the increasing pH.

Meanwhile, the La leaching of SH-1C-1La at different pH is
also characterized. From Figure 3b, we observe that the La
leaching only happens at a pH lower than 3.0 because the
excess hydrogen ions can dissolve the lanthanum oxalate. At a
pH above 3.0, SH-1C-1La is stable without observable La
leaching. This makes SH-1C-1La suitable for applications in
treating natural water reservoirs (typically with pH above 6.0).

3.4. Effect of Competing lons on the Phosphate
Adsorption. In water treatment processes, various anions may
exist and interfere with the adsorption of phosphate. Common
anions, such as CO;>~, SO,*~, NO,~, CI7, and A~ (humic acid
anions), are typically chosen as the competing anions to
explore the selectivity of adsorbents for phosphate adsorp-
tion.””” As we can see, at pH 8.0, in spite of the presence of
ClI” and NO;7, the P adsorption of SH and SH-1C-1La
remains uninfluenced (Figure 4a). This could be expected
because the monovalent ions (Cl~ and NO;~) have a lower
charge than phosphate ions and therefore do not compete
effectively for electrostatic interactions. On the other hand,
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Table 1. Adsorption Isotherm Parameters for Langmuir and Freundlich Models

Langmuir model

Freundlich model

pH Qumg g™ Ky L mg™
SH 8 84.29 455
SH 10 71.50 477
SH-1C-1La 8 105.62 479
SH-1C-1La 10 96.38 475

R, R* Ky mg g’ 1/n R?

0.0036 0.988 4524 0.16 0.919
0.0035 0.969 40.16 0.16 0.925
0.0035 0.982 55.22 0.18 0.946
0.0035 0.976 51.44 0.17 0.937

CO,;*™ and SO,*" affect phosphate adsorption on both SH and
SH-1C-1La at pH 8.0. These divalent ions (CO,*~ and SO,*7)
have high negative charge densities capable of competing with
phosphate for the active sites.”> Nevertheless, it is worth
noticing that under the interference by the same divalent ions
(CO4* or SO,>7), SH-1C-1La exhibits higher phosphate
adsorption than SH (i.e., the adsorption capacities of SH-1C-
1La are 91.7 and 77.3 mg P g in the presence of CO;*~ and
SO,>", respectively). Finally, the effect by A is somewhere
between the monovalent and divalent anions. It appears that
A~ might have more effect on SH-1C-1La than SH, which
could be ascribed to the formation of complexes between A~
and La*".**

When the pH increases to 10.0, the overall trend remains
similar (Figure 4b). Under the existence of CO;*", the
adsorption capacity of both samples suffers a greater loss than
the situation at pH 8.0. The reason might be that the CO,*", in
equilibration with HCO;™ to a much less extent at this pH, is
more competitive in occupying the active sites.” The
increasing valence of the competing ions will also decrease
the adsorption density on the adsorbent.”” The same negative
effect can also be observed in the presence of SO,*~. However,
in both cases (with CO;*” and SO,*”), SH-1C-1La again
exhibits a larger adsorption capacity than SH. For example,
with SO,*” as the competing ion, the adsorption capacity of
SH-1C-1La is 73.9 mg P g~', while that of SH is 54.0 mg P g™".

Opverall, SH-1C-1La exhibits similar P adsorption selectivity
as SH but exhibits higher adsorption capacity at all conditions.
With similar selectivity, SH-1C-1La is capable of removing
more phosphate ions than SH, which could also be considered
as an improvement on adsorption behavior in the presence of
competing ions.

3.5. Adsorption Isotherm. To further investigate the P
adsorption behavior of SH and SH-1C-1La, batch adsorption
experiments are conducted with different phosphate concen-
trations (Figure Sa). As we can see, the adsorption capacities of
both adsorbents increase rapidly with the initial P concen-
tration and reach maximum adsorption at the equilibrium
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concentration of 60 mg L' (corresponding to the initial P
concentration of 100 mg L™"). The adsorption isotherms of
SH and SH-1C-1La at different pH are fitted with the
Langmuir and the Freundlich isotherm models to study the
adsorption behaviors.’® The fitting parameters are listed in
Table 1.

Comparing the regression coefficient (R*) of the two
models, the Langmuir model demonstrates a better fit for
SH and SH-1C-1La at both pH. The maximum theoretical
adsorption value of SH-1C-1La at pH 8.0 and 10.0 are 105.6
and 96.4 mg P g™/, respectively, based on the Langmuir model.
They are more consistent with the experimental data (e.g,
109.3 mg P L™" at pH 8.0 and 100.2 mg P L™" at pH 10.0)
than THE Freundlich isotherm model. In addition, K in the
Langmuir isotherm model represents the strength of
interactions between the adsorbent and the adsorbate, and
higher values of K} imply stronger adsorption. The K| values of
both adsorbents exceed 4.5 L mg™', which may explain the
high capacities for adsorbing phosphate ions. The Langmuir
isotherm model indicates that the adsorption on both
adsorbents is likely a monolayer type, with the active sites
homogeneously distributed.”” Once an adsorption site is
occupied, it reaches saturation and cannot accept another
adsorbate. This is consistent with the characteristic of the
amidocyanogen-rich surface of these adsorbents.”*’

In addition, the separation factor (R,) is typically used to
describe the affinity between the adsorbent and the adsorbate.
It is a basic parameter of the Langmuir isotherm model, which
is defined by eq 7:

1

L= T o~y

(1 + K Co) (7)
where C, (mg L") is the initial concentration of phosphate
ions. The value of R; implies the adsorption isotherm to be
unfavorable (R; > 1), linear (R, = 1), favorable (0 < Ry < 1),
or irreversible (R, = 0).** In Table 1, we find that the R; values

https://doi.org/10.1021/acsomega.2c01520
ACS Omega 2022, 7, 19743—-19753


https://pubs.acs.org/doi/10.1021/acsomega.2c01520?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01520?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01520?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01520?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c01520?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 2. Adsorption Kinetic Fitting by Pseudo First-Order and Pseudo Second-Order Models

pseudo-first-order

pseudo-second-order

pH K, min~! Q. mg g_1 R? K, g mg_1 min~? Q., mg g_1 R*
SH 8 0.27 88.98 0.990 0.00686 91.42 0.999
SH 10 0.34 72.13 0.993 0.01263 73.53 0.997
SH-1C-1La 8 0.42 111.01 0.998 0.01325 112.48 0.999
SH-1C-1La 10 0.56 98.27 0.999 0.033 98.92 0.999
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Figure 6. P adsorption capacities of SH-1C-1La within four consecutive regeneration cycles at pH 8.0 (a) and pH 10.0 (b).
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Figure 7. XRD (a) and FT-IR (b) spectra of SH, SH-1C-1La, P-SH-1C-1La, R-SH-1C-1La, and La-oxalate.

are between 0 and 1 in all cases, confirming that the adsorption
of phosphates on SH and SH-C-La is favorable.

3.6. Adsorption Kinetics. We measure the adsorption
kinetic data of SH and SH-1C-1La (Figure Sb) and use the
pseudo-first-order and the pseudo-second-order models*” to fit
the experimental kinetic points (Table 2). It is clear that rapid
adsorption happens for both adsorbents. For example, SH-1C-
1La reaches adsorption equilibrium within 20 min and SH
spends 40 min to reach the equilibrium, both being less than 1
h. According to the kinetic data, pH has little influence on the
adsorption rates. It is worth noting that although the
correlation coefficient (R?) of the pseudo-second-order
model is slightly higher than that of the pseudo-first-order
model, both kinetic models fit well for the adsorbents. This is
also reflected by the similar Q. values provided by the two
models. Previous research has indicated that the better fitting
by the pseudo-second-order model might stem from its
mathematical basis.*' It may also be why the pseudo-second-
order model generally works better among other research.*”
Nevertheless, we need to point out that no matter using which
model fitting is performed, the adsorption kinetics remain
largely similar before and after the decoration. As a result, the
lanthanum oxalate loading effectively increases the adsorption
capacity of SH while having little effect on its rapid adsorption
behavior.
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3.7. Adsorbent Regeneration. The regeneration property
is a major factor in evaluating adsorbents for practical
applications.”** Because the oxalate acid could desorb the
phosphate ions by ligand exchange*>*® while regenerating
lanthanum oxalate species, we use H,C,0O, as a major
component in the regeneration solution. Figure 6 shows the
adsorption capacity of SH-1C-1La after four regeneration
cycles (see Table S2 for the regeneration efficiency) at two
different pH values. As a result, SH-1C-1La is capable of
maintaining more than 78 and 85% of its original capacity after
four regeneration cycles at pH 8.0 and 10.0, respectively. It is
worth pointing out that after the four regeneration recycles, the
La content only decreases by 0.49 wt % (overall) in SH-1C-
1La, with low La loading loss each time (Figure S6), again
confirming the superior stability of SH-1C-1La. The excellent
stability and good regeneration property make SH-1C-1La
potentially interesting for water treatment applications.

3.8. Mechanism for Adsorption Enhancement. To
explore the mechanism for adsorption enhancement, we need
to first investigate the mechanism for phosphate adsorption.
The SEM images of the SH-1C-1La after P adsorption (P-SH-
1C-1La) are presented in Figure S7. Compared with the
original SH-1C-1La, the surface species on P-SH-1C-1La have
changed to agglomerated granules of smaller sizes (Figure
S7)."” These granules are identified as LaPO,-0.5H,0 (JCPDS
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ACS Omega 2022, 7, 19743—-19753


https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c01520/suppl_file/ao2c01520_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c01520/suppl_file/ao2c01520_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c01520/suppl_file/ao2c01520_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c01520/suppl_file/ao2c01520_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c01520/suppl_file/ao2c01520_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01520?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01520?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01520?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01520?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01520?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01520?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01520?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01520?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c01520?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

46-1439) by XRD (Figure 7a), implying that the loading La-
oxalate could introduce chemisorption sties and improve the
specific binding of phosphate. On the other hand, the EDS
mapping indicates the homogeneous distribution of ClI
covering the surface of SH-1C-1La, while only P signals can
be observed across the entire surface of P-SH-1C-1La (Figure
S8). This indicates that the Cl” in the SH matrix may have
been completely exchanged by H,PO,” because of the
electrostatic interaction. After P adsorption, characteristic
peaks appear on the FT-IR spectrum of P-SH-1C-1La at
1020 and 614 cm™, corresponding to the asymmetric
stretching vibrations of P-O and the bending vibration of
O—-P—O (Figure 7b).*®

Next, after the first regeneration (sample: R-SH-1C-1La),
the XRD pattern changes dramatically (Figure 7a). Unlike SH-
1C-1La or P-SH-1C-1La, R-SH-1C-1La is largely amorphous,
indicating the loaded lanthanum species has either been
dissolved or transformed into other species. Because the
lanthanum leaching is small during regeneration (Figure S6), it
is likely that the lanthanum components have transformed to
other species (either amorphous or nanocrystalline). These
species are well-dispersed on the SH matrix but cannot be
detected by powder XRD. Meanwhile, we find a redshift on all
oxalate-related IR vibrations after the first regeneration (R-SH-
1C-1La vs La-oxalate, Figure 7b). The redshift is mainly
attributed to the carbonyl group accepting hydrogen bonds
from the amine group,” instead of binding to La**. This could
imply that the structure of the original La-oxalate changes
during the regeneration process. During the regeneration
process, the oxalate groups form several hydrogen bonds with
the N—H" and replace the phosphate ions. Hence, the EDS
mapping of the R-SH-1C-1La (first regeneration) shows no P
residual (Figure S8), confirming the effective regeneration of
SH-1C-1La by oxalic acid-containing solutions.

Because electrostatic interactions are a key driving force for
phosphate adsorption on anion-exchange resins, we character-
ize the zeta potential of different samples. As shown in Figure
8, the zeta potential of all samples, except P-SH, stays relatively
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Figure 8. Zeta potential of SH, SH-C-La, P-SH, P-SH-C-La, and R-
SH-1C-1La.

unchanged in the tested pH range (2.0~11.0). SH-1C-1La
exhibits zeta-potential values significantly higher than those of
SH, indicating the modification by lanthanum oxalate improves
the surface potential to strengthen the electrostatic inter-
actions. This might help explain the excellent adsorption of
SH-1C-1La in the high pH region.”" After P adsorption, the
zeta potential of SH and SH-1C-1La both decreases, which is
consistent with the anion (e.g., phosphate) adsorption on the

surface. The decrease in the zeta potential on SH-1C-1La may
also be an indication of inner-sphere complexation.’” It is
interesting that after regeneration, the surface potential of R-
SH-1C-1La is similar to that of P-SH-1C-1La and lower than
that of the original SH-1C-1La. This observation may imply
the transformation of lanthanum oxalate species during the
regeneration process. Meanwhile, the decrease in the zeta
potential could also explain the slightly decreased adsorption
capacity of R-SH-1C-1La in comparison with SH-1C-1La.

However, it is worth pointing out that, for SH, the zeta
potential is relatively stable across the whole pH range. Still, its
high pH adsorption capacity is significantly lower. If the zeta
potential is not the sole reason for adsorption enhancement,
what else could it be?

To provide further insight into the adsorption mechanism of
SH-1C-1La, XPS spectra are collected. Figure 9a shows the
XPS survey spectra of SH-1C-1La and P-SH-1C-1La. The
result clearly indicates the appearance of the P 2p signal (at
133.47 eV, see also Figure 9b) after P adsorption. The La XPS
signal can be divided into La 3ds/, and La 3d;/, implying the
existence of both bonding and antibonding states of La**.*”
Before the P adsorption, the La 3d;,, signals are located at
836.0 and 839.14 eV, while the signals at 852.85 and 856.0 eV
are assigned to La 3d;, (Figure 9¢,d). These signals can all be
attributed to the La—O bonding from lanthanum oxalate.*
After P adsorption, the XPS signals of La shift to lower binding
energy (Figure 9e,f). These results are consistent with the
strong affinity between La and phosphate, forming La—O—P
inner-sphere complexation.’”

The XPS spectra are also collected on R-SH-1C-1La before
and after the P adsorption (Figure S9). After regeneration, it is
clear that the La 3d;,, and 3dy/, signals restore to the patterns
similar to SH-1C-1La, confirming that the chemical interaction
between La and P has disappeared. The similar binding energy
indicates that lanthanum exists as oxalate species, but now
nanocrystalline or amorphous, so could not be detected by
XRD. Subsequently, after phosphate adsorption, new La—O—P
inner-sphere complexation forms, revealing that La is still
active for adsorbing phosphate ions although not in the form of
bulk lanthanum oxalate. This again confirms the beneficial
effect of lanthanum oxalate loading for the phosphate
adsorption process.

Overall, the above results confirm that lanthanum oxalate
species induce strong lanthanum-phosphate interactions
(through chemisorption) while increasing the zeta potential,
both of which are highly favorable for the phosphate
interaction and therefore enhance the high pH adsorption of
SH.

4. CONCLUSIONS

In this study, we synthesize a series of composite absorbents
consisting of an amidocyanogen-rich polymer SH and
lanthanum oxalate (SH-C-La). With less than 6 wt% in La
content, this simple modification significantly increases the
adsorption capacity of the SH matrix under alkaline conditions,
with the maximum adsorption capacity of the SH-1C-1La
being 109.3 mg P ¢! at pH 8.0 and 100.2 mg P g™ at pH 10.0,
respectively. Meanwhile, after four regeneration cycles, SH-1C-
1La retains more than 78 and 85% of its original capacities at
pH 8.0 and 10.0, respectively, showing its durability for long-
time running. We find that the lanthanum oxalate species
introduce strong lanthanum-phosphate interactions while
increasing the zeta-potential of the SH-based adsorbents,
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Figure 9. XPS spectra of SH-1C-1La and P-SH-1C-1La: survey spectra (a), P 2p spectrum (b), La 3d;/, and La 3d;, spectra of SH-1C-1La (c,d),

and La 3d;/, and La 3d;,, spectra of P-SH-1C-1La (e,f).

both of which contribute synergistically to enhance the
phosphate adsorption at high pH. With improved adsorption
capacity at high pH and excellent regeneration property, our
results may provide an alternative for improving the adsorption
behavior of anion-exchange resins via lanthanum oxalate
loading.

Meanwhile, although SH-1C-1La might be worth consider-
ing for wastewater treatment, its significant swelling after
soaking in water prevents us from evaluating the continuous
column treatment capability. Further studies are required to
minimize the swelling of resins, potentially via cross-linking
modifications. In addition, we used a simulated wastewater
with a high concentration of phosphate that does not exist in
natural aqueous environment for this research.”> Practical
wastewater samples need to be used to further evaluate the
feasibility of using SH-1C-1La in real-life conditions. These
future work will be provided in our forthcoming contributions.
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