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end, different metal hydroxide (La, Zr and Fe) first was successfully loaded on chitosan mi-
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into the adsorbent by polymerization. By comparison of adsorption properties, chitosanLa(OH)3 -quaternary ammonium-20% (CS-La-N-20%) has strong adsorption to phosphate
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(160 mg/g) by immobilizing nano-sized La(OH)3 within a quaternary-aminated chitosan and
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it maintain high adsorption in the presence of salt ions. The pH results indicated that the

Chitosan-nanocomposite

CS-La-N-20% would effectively sequestrate phosphate over a wide pH range between 3 and 7

Metal hydroxide

without significant La3+ leaching. What’s more, adsorption capacity on the introduce of pos-

Quaternary ammonium

itively charged quanternary-aminated groups was significantly higher than that of the unmodified adsorbents at alkaline conditions. The column adsorption capacity reached 1300
bed volumes (BV) when phosphate concentration decreased until 0.5 mg/L at 6 BV/hr. The
column adsorption/desorption reveals that no significant capacity loss is observed, indicating excellent stability and repeated use property. Characterizations revealed that phosphate
adsorption on CS-La-N-20% through ligand exchange (impregnated nano-La(OH)3 ) and electrostatic attraction (positively charged quanternary-aminated groups). All the results suggested that CS-La-N-20% can serve as a promising adsorbent for preferable phosphate removal in realistic application.
© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Ecological restoration can be achieved by reducing anthropogenic materials (such as excess nutrients and hazardous
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metals ions) emissions (Akram et al., 2020). However, phosphorus is widely used in agriculture and industry, and excessive phosphorus in water system may cause eutrophication, which not only destroy the ecosystems but also result in
economic losses (Dong et al., 2020). In recent years, owing to
the significant rise of total phosphorous (TP) in natural water,
more and more people are paying attention to the problems
of the water quality and ecological balance (Lin et al., 2017a,
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2017b). The major point source for phosphate release comes
from industry, and the dominant non-point source comes
from agriculture (Drenkova-Tuhtan et al., 2013). Therefore, in
order to remove excessive phosphorus and recover relevant
resource, we need to design the effective water treatment
methods to solve the problem of eutrophic water (Wang et al.,
2016).
These methods of phosphate removal from wastewater
have been reported in the previous studies, such as membrane
filtration, adsorption, chemical precipitation and biological removal (Zhao et al., 2016). Thus, it can be seen that current technology can effectively remove phosphate from water system
to a certain concentration. Among many methods of phosphate removal, adsorption is one of the popular methods because of its economy, convenient operation and high adsorption performance (Guan et al., 2020; Hu et al., 2020). Owing to
these advantages of abundant, low cost and low secondarypollution risk, the biopolymer-based adsorbents have great
application prospect for phosphate removal (Kumar et al.,
2018). Base on many researches shows that natural polymer such as chitosan, cellulose, starch, and their derivatives
are widely used as adsorbents (Yang et al., 2019). Chitosan
(CS) is the deacetylated product of chitin and known to be
a biodegradable and nontoxic natural polymer (Long et al.,
2019). Generally, the chemical modification method could enhance the adsorption performance of adsorbent materials
through increasing the content of functional groups in adsorbents. Chitosan molecule has a lot of -OH and –NH2 groups,
which can introduce functional groups by etherification, esterification and amination. It is inevitable that the surface of
materials would influence the fix rate of functional groups by
above methods (Zong et al., 2016). By contrast, grafting copolymerization method provide an effective route to introducing
functional groups in adsorbent and enhancing adsorption capacity (Rashid et al., 2018; Zhang et al., 2017).
To the best of our knowledge, above sorbents for removing phosphate have low adsorption capacity and poor selectivity (Wang et al., 2018; Sowmya et al., 2014). Therefore, a high
adsorption capacity and high selectivity adsorbent for phosphate removal is urgent (He et al., 2015; Dong et al., 2017). Many
studies have been reported, which confirm the enhanced
phosphate removal of metals loaded biosorbents (DrenkovaTuhtan et al., 2017; Wu et al., 2017). During the last decades,
several different metal hydroxide including La(III), Zr(IV) and
Fe(III) hydroxide used as cationic binding site, have been developed as phosphate adsorbents. Among of these metal hydroxide, La(III) hydroxide as a kind of rare earth material,
which is environmentally friendly and has high phosphate
affinity could form a strong bond with phosphate (Wei et al.,
2020). What’s more, Lanthanum has the advantages of environmental friendly and low cost (Xu et al., 2017). When low
concentration of PO4 3− in water, lanthanum as Lewis acid can
complex with phosphate (Lewis base) which achieve the capture of pollutant (Zhang et al., 2016).
In general, this adsorbent could be prepared by embedding metal hydroxide nanoparticles into the adsorbent and
introduce ammonium functional group on the surface of the
adsorbent by grafting copolymerization. The obtained materials possess two kinds of adsorption active sites, -N(CH3 )3
groups and loaded metal hydroxides nanoparticles (Qiu et al.,

2017; Chen et al., 2016). The ammonium groups are beneficial to the pre-concentration and permeation of phosphate
in the nanocomposites, and the metal hydroxide nanoparticles mainly adsorb phosphate through inner-sphere complexation. In the presence of high concentration of anions, the adsorbents showed superior selective adsorption toward phosphate than conventional adsorbents.
Although the hydroxides of La, Zr and Fe exert different
degree specific affinity for phosphorus removal, but have poor
reusability is the dominant limitation in its direct application.
The biopolymer materials (chitosan), which has biodegradable and capable of phosphorus removal by functional groups
on the materials. The number and strength of functional
groups of it are the bottleneck causing the poor adsorption
performance. With the purpose of solving above mentioned
problems, the chemical precipitation and grafting copolymerization used to introduce two active sites were applied in
chitosan. The composite materials not only have a biological base material source of cheap, choose widely, renewable,
biodegradable, but also have more active site and selective adsorption effect of metal hydroxide (Shao et al., 2019; Yin et al.,
2019; Shu et al., 2020).
In this study, metal hydroxide loaded quaternary amine
chitosan composites was successfully synthesized and used
to effectively removal phosphate from the water system.
The isotherm and kinetics models give the best fit to the
adsorption experimental process. Different factor of effects
(such as pH, time, the phosphate concentration and temperature) were analyzed, so that the optimal adsorption conditions were acquired. In addition, different salt ions (e.g.,
Cl− , NO3 − , SO4 2− , CO3 2− , SiO3 2− , K+ , NH4 + , Ca2+ and Mg2+ )
influence phosphate adsorption performance on adsorbents
were explored by adsorption experiment. The adsorptionregeneration and column experiments proved chitosanLa(OH)3 -quaternary ammonium-20% (CS-La-N-20%) are stability and reusable for application of real water systems. The
depth adsorption mechanism was explored by a series of characterizations methods.

1.

Materials and methods

1.1.

Materials

The molecular weight and deacetylation degree of chitosan
are 2.0 × 105 g/mol and 95%, respectively. Purchase chitosan
from Shanghai Yuanye Biological Technol. Co. Ltd. Sinopharm
Chemical Reagent Co. Ltd provide all other chemical reagents.

1.2.

Preparation of CS-M (La, Zr and Fe)-N-x%

The flowchart of adsorbents has showed in Fig. 1. Chitosan
(2.43 g) was fully dissolved in 200 mL hydrochloric acid solution (1 vol.% HCl) and the metal salt (14.96 g of La(NO3 )3 •6H2 O,
6.15 g of ZrOCl2 and 5.60 g of FeCl3 ) were added to the viscous chitosan solution. And 60 g NaOH was added in 500 mL
ethanol-water (V(ethanol) :V(water) = 1:2) to obtain 3 mol/L NaOH
mixed solution. Then, chitosan solution was dripped into the
NaOH mixed solution by peristaltic pump. The obtained hydrogel beads were got out and rinsed with deionized water
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Fig. 1 – Flowchart of chitosan-metal hydroxide (CS-M) and x% -N(CH3 )3 groups modified chitosan-metal hydroxide
(CS-M-N-x%).

until neutral. By this time the hydrogel beads were added into
500 mL glutaraldehyde solution at about 0.5 g/L for continuous
crosslinking 24 hr at 25°C. The hydrogel beads were washed by
ethanol and distilled water, which were CS-M (M = La, Zr and
Fe).
CS-M (10 g) and 50 mL water were added in the beaker
maintain mechanical mixing under nitrogen atmosphere.
Subsequently, 2.5 mL K2 S2 O8 (0.05 g/mL) was dropped into the
above mixed solution in the breaker. After 5 min, pour quaternary ammonium monomer in the different proportions was
poured into the breaker by the separatory funnele. Then, the
mixture solution maintained mechanical stirred by 3 hr at
45°C under nitrogen atmosphere. After took out and repeated
several times until clean up, the hydrogel beads were named
CS-M-x% (x% represents the mass ratio of the monomer and
adsorbent CS-M).

and X-ray photoelectron spectroscopy (XPS) from a ULVAC-PHI
5000 VersaProbe XPS spectrometer (ULVAC-PHI, Japan). PO4 3−
concentration was measured in Cleverchem 380 (DeChemTech, Germany).
The remaining phosphate concentration in the solution
was measured after adsorption by the Cleverchem 380. By using this Formula (1), the adsorption capacity of phosphate was
calculated.

1.3.

1.4.

Characterization methods

This paper involves in a series of adsorbent characterization
methods including Fourier transform infrared (FTIR) spectra from a Bruker Tensor-27 FTIR spectrometer (BRUKER,
Germany), X-ray diffraction (XRD) from a Rigaku D/max
2500VL/PC X-ray diffractometer (Rigaku, Japan), scanning electron microscope (SEM) by a JEOL JSM-5610LV SEM (JEOL, Japan),

qe = (C0 - Ce ) × V/m

(1)

where qe (mg/g) is the phosphate adsorption capacity of adsorbents, C0 and Ce (mg/L) represent phosphate concentration
at the before and after adsorption respectively; the adsorbent
dosage (g) and the bulk volume (L) of the phosphate solution
represent m and V, respectively.

Batch adsorption experiments

At first, 100 mL a certain amount of phosphate solution was
poured into a batch of 150 mL conical flask. Each adsorbent
was maintained at 0.1 g/L. The mixed solution was kept at 25°C
and the conical flasks were continuous stirred at 240 r/min.
Phosphate adsorption isotherms were obtained at 30–70 mg/L
phosphate solution. The pH range of the experiment was set
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Fig. 2 – (a) Fourier transform infrared (FTIR) spectra, (b) X-ray diffraction (XRD) patterns and (c) thermo gravimetric analysis
(TGA) of CS-La and CS-La-N-20% before and after adsorption of phosphate.

as 3–11 to explore the effect of pH for adsorption phosphate
capacity. In order to analyze the effects of salt ions, the salt
ions species were consisted of Cl− , SO4 2− , CO3 2− , SiO3 2− , NO3 − ,
K+ , NH4 + , Ca2+ and Mg2+ , on adsorption phosphate capacity
were calculated (Lin et al., 2017a). And the salt ions concentration ranged from 0 to 200 mmol/L. The exhausted adsorbent was collected after reach to adsorption equilibrium. And
then, mixing the adsorbents with NaOH–NaCl desorption solution and continuous stirring at 60°C. In the end, the reusable
adsorbent was washed by deionized water continuous to be
used for adsorption experiments. Each measurement in the
adsorption experiments was triplicated.

1.5.

Fixed-bed column experiments

The glass columns specification and model of fixed-bed column was 130 mm (length) × 14 mm (diameter). What’s more,
for keeping stable solution temperature, the glass columns
equipped with a water bath. Wet adsorbent (5 mL) would fill
in the glass column. The composite polluted solution containing phosphate and salt ions flew through the adsorbent bed.
When the phosphate concentration drooped to 0.5 mg/L and
set as the breakthrough point, which according to the effluent
discharge standard from China GB18918–2002.

2.

Results and discussion

2.1.

Characterization

2.1.1.

FTIR

2.1.2.

2.1.3.

TGA

Thermogravimetric curves of adsorbents are displayed in
Fig. 2c. Both TG curves of adsorbents exhibited a minor weight
loss until 523 K. The main reason of the weight loss is the removal of water under 373 K, whereas the departure of free
groups from 373 to 523 K. The serious weight losses of these
adsorbents occurred at 523 to 773 K, which mainly due to the
decomposition of chitosan. When the temperature is between
773 and 1073 K, the weight of these adsorbents maintained
constant, which indicated that most organic substance has
been decomposed in this temperature phase. Due to CS-La-N20% comprised an additional quaternary ammonium groups,
so its weight losses would be higher than that of CS-La.

2.1.4.

In Fig. 2a, the peak at 630 cm−1 is probably ascribed to the
C–O-La bond and the peak at 3497 cm−1 is attributed to OH−
in La(OH)3 . The peak at 1637 cm−1 is assigned the –NH2 .
In addition, a new peak observed in CS-La-N-20% indicated
the quateary ammonium functional groups were successfully grafted onto the chitosan molecules at 1377 cm−1 (C–N)
(Yao et al., 2014; He et al., 2016). Most of the same peaks about
CS-Zr-N-20% and CS-Fe-N-20% appear in Fig. S1, and two new
peaks at 747 and 587 cm−1 are attributed to the vibrations of
Zr-O functional group and Fe-O stretching vibration of iron oxide, respectively. This result indicated that the preparation of
adsorbent material was successful.

XRD

In Fig. 2b and S2, the X-ray diffraction patterns for adsorbents are indexed. For the adsorbents, several characteristic diffraction peaks correspond to planes of La(OH)3 such as
the (100), (110), and (101) for CS-La and CS-La-N-20%, which
were located at 2θ = 16.6, 26.3, and 27.9°, respectively (Joint
Committee on Powder Diffraction Standards (JCPDS) card No.
83-2034) (Lurling et al., 2014). In addition, amorphous zirconium hydroxide and iron hydroxide were characterized in the
XRD spectrum of CS-Zr-N-20% and CS-Fe-N-20% based on the
broad peak centered at 30.8° (JCPDS card No. 78-1807) and 35.7°
(JCPDS card No. 39–1346), respectively, which indicated that
the formation of zirconium and iron hydroxide.

SEM

The microstructure of adsorbents was examined using SEM.
In Fig. 3a, the surface of adsorbent is rather neat and no clear
particles can be observed. After grafting polymer at CS-La, the
surface of CS-La-N-20% become rough. Therefore, it demonstrated that the surface of Cs-La-N-20% has a lot of polymer
chains and groups. The same phenomenon occurs about CSZr-N-20% and CS-Fe-N-20% in Fig. S3. It can be clearly that
a rough surface and a porous structure in these adsorbents.
The surface of particles become more and more rough with
the polymer chains, indicating that the polymer chains had
an important effect on surface roughness.

2.1.5.

Quantitative structural parameters analysis

To analyze and quantify pore size distribution and the specific
surface area of CS-La and CS-La-N-20% before adsorption, N2
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Fig. 3 – Scanning electron microscope (SEM) image of (a) CS-La and (b) CS-La-N-20% before adsorption and (c) CS-La and (d)
CS-La-N-20% after adsorption of phosphate.

adsorption-desorption isotherms were measured, as shown in
Fig. S4 and Table S1. According to the classification of International Union of Pure and Applied Chemistry (IUPCS), the adsorption isotherm of two adsorbents showed type-IV behavior
with a type-H3 hysteresis loop in the P/Po (Po : saturated vapor
pressure of adsorbent; P: equilibrium vapor pressure of adsorbent) range of 0.50–1.00, indicating the presence of mesopores
in samples. The BJH (Barret, Joyner and Halenda) adsorption
average pore width of CS-La and CS-La-N-20% were 7.365 and
6.712 nm, respectively. Compared with CS-La, the pore width
and pore volume of CS-La-N-20% is slightly reduced, which
may be due to the –N+ (CH3 )3 groups in the pores of CS-La-N20%. And the specific surface area of CS-La and CS-La-N-20%
were 42.795 and 49.352 m2 /g, respectively. These results indicated that the modification increased the specific surface area,
resulting in an increased number of adsorption sites. The content of functional groups in modified adsorbent CS-La-N-20%
is calculated according to the method described in Text S1,
based on the mass ratio of N/C and the content of La(OH)3 . As
listed in Table S1, CS-La-N-20% has 0.845 mmol/g -N+ (CH3 )3
groups and 62.58 wt.% La(OH)3 . However, CS-La has more high
content of La(OH)3 than CS-La-N-20%.

2.2.

Batch experiments

2.2.1.

Metal hydroxide and –N+ (CH3 )3 content

The adsorption capacity was highly enhanced depended on
metal hydroxide content and -N+ (CH3 )3 content. With the increase of metal hydroxide content from 0.0058 to 0.0345 mol,
the adsorption capacity of the adsorbent increases. However,
the adsorbent could not be prepared when metal hydroxide
content is higher than 0.0345 mol. The adsorbents contain
about 60% metal hydroxide content at most. To sum up, CSLa exhibited the highest adsorption capacity (153 mg/g) than
other CS-metal hydroxide adsorbent (Zr: 72 mg/g; Fe: 77 mg/g),
as illustrated in Fig. 4a. Thus, La(OH)3 are loaded onto the
CS is a promising approach to achieving excellent phosphate
removal performance. The effect of -N+ (CH3 )3 on its adsorption capacity was investigated in Fig. S5. As the content of N+ (CH3 )3 increases from 0 to 20 wt.% (dosage: 20 wt.%, functional group content: 0.845 mmol/g), its adsorption capacity
increases. This is because -N+ (CH3 )3 can adsorb phosphate
through electrostatic interaction. But too much -N+ (CH3 )3
(functional group content is more than 0.845 mmol/g) results
in active sites of metal hydroxide being covered and the adsorption capacity is decreased. Of all the adsorbent materials,
CS-La-N-20% shows the best adsorption capacity.

2.2.2.

Adsorbent dosage

The influence of dosage on the adsorption phosphate capacity of adsorbents shown in Fig. 4b. When adsorbent dosage increased from 0.1 to 0.5 g/L, the phosphate removal efficiency
would increase. This phenomenon probably because there are
more available adsorption active sites. However, the adsorption phosphate capacity would decrease with the increase of
adsorbent dosage. This decrease of the adsorption capacity
could be explained that the lower utillzation rate of the adsorption active sites.

2.2.3.

pH

Fig. 5a has exhibited that the adsorption capacity is obviously affected by the changes of the solution pH. CS-La-N20% has the best adsorption capacity in the whole pH range
compared with CS-La. It maintains stable phosphate adsorption performance at pH from 3 to 7. The fraction of phosphate
species at different pH was showed in Fig. 5b. But precisely
because of the existence of –NH2 , -N(CH3 )3 and -OH groups in
the chitosan molecule, adsorbent materials would have pHresponsiveness. In the whole pH range (3–11), CS-La-N-20%
shows positive electrical properties in its surface, which indicating it’s easier to adsorb ionic phosphate. At pH < 7, the
adsorption capacity of CS-La-N-20% has changed slightly increased. With the decreasing pH, negatively charged of phosphate (mainly H2 PO4 − or HPO4 2− ) would be reduced. On the
contrary, this leads to the formation of more H3 PO4 or H2 PO4 − ,
which weaken the electrostatic interaction between –N(CH3 )3
groups of CS-La-N-20% and phosphate (Gu et al., 2018). But under the higher pH conditions, a sharp fall in the adsorption
phosphate capacity as pH increases. At alkaline conditions,
there would be more multicharged phosphate anions (mainly
HPO4 2− and PO4 3− ). But OH− ions could produces a competitive adsorption, resulting in OH− occupies the adsorption active sites on the CS-La-N-20% surface. The modified adsorbent
CS-La-N-20% could adapt to widely pH range than unmodified adsorbent CS-La. What’s more, Cs-La-N-20% has more
higher adsorption capacity than CS-La at alkaline condition.
It’s obvious that electrostatic attraction is not the only way
to remove phosphate, and chelating with La(OH)3 play a decisive role in the adsorption process. La(OH)3 became negatively
charged and deprotonation at higher pH range. Hence, there
would is electrostatic repulsive forces occurs between La(OH)3
and phosphate. Thus, the alkaline conditions to the benefit of
desorption of adsorbed phosphate ions (Rashidi Nodeh et al.,
2017). According to analysis of the actual adsorption capacity
under different pH, the new synthetic nanocomposite adsor-
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Fig. 4 – Effects of (a) metal hydroxide content and (b) adsorbent dosage on the uptake of phosphate adsorption. qe : the
equilibrium adsorption capacity.

Fig. 5 – (a) Effects of pH value on the uptake of phosphate adsorption by CS-La and CS-La-N-20%; (b) fraction of phosphate
species at different pH and (c) zeta potential (ZP)-pH profiles of the different adsorbents. Standard deviation of each data is
less than 5%.

bent CS-La-N-20% can be employed in neutral or acidic phosphate wastewater. According to the calculate of La(OH)3 loading content on chitosan, the loading of La(OH)3 on chitosan
has the same adsorption capacity as La(OH)3 alone. Duo to
addition of chitosan, the adsorption capacity of the adsorbent
CS-La-N-20% is lower than that of La(OH)3 alone. But CS-La-N20% can deal with the problem of poor reusability on La(OH)3
alone. The stability and durability of adsorbents was one of
the important factors to investigate the adsorbent. The leaching of La species during different pHs and the cycle adsorption
should be analyzed. Fig. S6 shows the adsorbent CS-La-N-20%
has less than 2 wt.% La loss under all experiment conditions.
The results indicate that the CS-La-N-20% has higher stability
and durability in the adsorption process.

2.2.4.

Adsorption kinetics

Fig. S7 presents the contact time of phosphate uptake by different adsorbents. The phosphate adsorption capacity tended
to equilibrium within 5.5 hr for CS-La-N-20%, which has the
shortest equilibrium time than other adsorbents. The kinetic
data were fit to different kinetic models and compared, to provide analysis of adsorption mechanisms.

where qe and qt are the adsorption capacity in equilibrium and
at time t, respectively, and k1 and k2 are the pseudo-first-order
and pseudo-second-order constants, respectively. The model
parameters were represented in Table S1.
According to the model parameters in Table S2, the adsorption kinetics data is more consistent fitting with the pseudosecond-order model by the higher correlation coefficients. The
result indicated that phosphate adsorbed onto adsorbents
was ascribed to a chemisorption process (Bui et al., 2018). The
estimated qe of the adsorbents shown in Table S2. The k2 of
CS-La-N-20% was found to be the highest than the k2 of other
adsorbents, the estimated qe from the fitting of CS-La-N-20%
was relatively high compared to other adsorbents. This might
be due to the presence of –N+ (CH3 )3 and La(OH)3 in CS-La-N20%, which could adsorb phosphate via the electrostatic interaction and ligand exchange.

2.2.5.

Adsorption isotherms

The adsorption isotherm describes the adsorbent-adsorbate
relationship. The adsorption data were fitted with both Langmuir and Freundlich model as given in Eqs. (4) and (5), respectively:

log(qe – qt ) = lnqe – k1 × t/2.303

(2)

Ce /qe = 1/(KL × qmax ) + Ce /qmax

(4)

t/qt = 1/(k2 × qe 2 ) + t/qe

(3)

qe = KF × Ce 1/n

(5)
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where Ce (mg/L) is the phosphate concentration at equilibrium, KF and n are the Freundlich constants, KL is the Langmuir
constant, and qmax (mg/g) is the Langmuir monolayer adsorption capacity.
Individual adsorption parameters and the correlation coefficients of different isotherm models were shown in Table
S3. Clearly, the experimental data has shown in Fig. S8. In Table S4, according to higher coefficients for the Langmuir model
compared with Freundlich model, further confirming that this
adsorption process of phosphate onto adsorbents was a homogeneous adsorption, which was a monolayer adsorption
process (Fang et al., 2018). Additionally, qmax of CS-La-N-20%
are higher than that of CS-La. It was confirmed that electrostatic interaction between –N+ (CH3 )3 and phosphate to enhance the phosphate adsorption. What’s more, all n values
were larger than 1, indicating that between phosphate and
adsorbents exist a certain chemical affinity (Min et al., 2019;
He et al., 2020).
Calculations of Gibbs free energy (G) (kJ/mol), heat capacity (H) (kJ/mol) and entropy (S) (J/(mol•K)), are performed by
Eqs. (6)–(7):
G = -RT ln K

(6)

G = H – T S

(7)

where R (8.314 J/(mol•K)) is the gas constant; K (L/mol) is the
equilibrium constant and T (K) is stead of the temperature.
Because Langmuir model better fits the experimental data, K
is obtained by:
K = KL × Mw (P)

(8)

where Mw (P) (mg/mol) is the molar weight of P and KL is the
Langmuir constant.
The results in Table S4 demonstrate that adsorption process is spontaneous (G < 0); positive H values confirm the
endothermic process aforementioned; the spontaneous process is driven by entropy increase (S > 0).
qe of the optimal adsorbents at corresponding optimal pH
is then compared with other reported adsorbents (Table 1). For
phosphate removal, the largest qe value in this work is higher
than most of reported ones, demonstrating the large application potential of CS-La-N-20%.

2.2.6.

Ions competition

The competitive adsorption experiment was able to verify
the selectivity of adsorbents adsorb phosphate under different salt ions. Fig. 6a shows that Ca2+ ions can get a higher
the adsorption capacity compared with the presence of K+ ,
NH4 + and Mg2+ . It’s because between Ca2+ and phosphate
form co-precipitation of CaHPO4 (Lin et al., 2017b). As shown in
Fig. 6b, the presence of anions was not affected on the adsorption capacity of adsorbents. With the increase of anion concentration, the adsorption performance would decrease. CSLa-N-20% tend more to adsorb to phosphate than the above
co-existing anions, which was called its better affinity with
phosphate (Koilraj et al., 2017). Apart from electronstatic interaction, ligand exchange also describes the adsorption process, which was provided for support of the high selectivity
towards phosphate. But the presence of SiO3 2− can causes a
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sharp decrease in adsorption performance at any concentration. One possible reason is that it leads to an increase in negative charge density.

2.2.7.

Adsorption/desorption process

Easy desorption of the phosphate and reused are an important factor of adsorbent materials. The regeneration ability is
also evaluated and the results are shown in Fig. S10. CS-LaN-20% maintains 84% of the initial adsorption capacity after
seven consecutive adsorption/desorption recycles. However,
the desorption efficiency of CS-La-N-20% increases with the
increase of the cycle numbers. Because a small amount of
phosphate is adsorbed in core of the adsorbent in the early adsorption stage, which is difficult to remove. Therefore, the desorption efficiency is low in the early stage. In the later stage,
the active site inside core of the adsorbent is occupied, the
phosphate would occupy more active sites on the surface of
the adsorbent. Obviously, the phosphate on the surface of the
adsorbent is more easily removed. This is the reason that the
desorption efficiency increases with cycle numbers. Thus, we
think that CS-La-N-20% has a high potential as a high efficiency regenerated adsorbent for phosphate removal.

2.2.8.

Continuous sorption of phosphate

Continuous sorption verified the commercial viability of these
adsorbents for phosphate removal in the synthesis water.
A synthetic wastewater containing phosphate and different
competing anions in the continuous adsorption experiment
(Chen et al., 2015).
To accurate describe the adsorbents adsorption performance in the column experiment, use Thomas model (Eq. (9))
to fit the penetration curve.
CV /C0 = 1/(1 + exp(KT /F(QT × M – C0 × V × N)))

(9)

where, KT (mL/(min•mg)) is rate constant of Thomas model,
QT (mg/g) is theoretical maximum penetration adsorption of
Thomas model, F (mL/min) is solution flow rate, M (g) is mass
of adsorbent per unit bed volume, V (mL) is per unit bed volume, C0 (mg/L) is phosphate initial concentration, N is bed volume number, CV (mg/L) is concentration of phosphate in bed
volume (N).
The continuous phosphate sorption is shown in Fig. 7. The
effective treatment volume of CS-La-N-20% was ˜1300 BV at
6 BV/hr, whereas that of CS-La-N-20% was only ˜470 BV at 15
BV/hr. The column data was fitted well by Thomas model and
the model parameters (KT and QT ) was presented in Table 2.
The value of KT decreased with initial influent solution speed
increasing from 6 to 15 BV/hr. It was attributed to the driving
force for adsorption in the speed difference. Thus, the higher
speed would increase the adsorption of phosphate on the CSLa-N-20% column. These results are promising for the use of
these adsorbents for the treatment of largescale real water
streams or industrial effluents.

2.3.

Adsorption mechanisms

2.3.1.

FTIR

In Figs. 1a and S1, additional peaks corresponding to the PO (at 1066 cm−1 ) and O-P-O (at 540 cm−1 ) were identified after
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Table 1 – Adsorption capacities (qe ) of phosphate onto various reported adsorbents.
Adsorbents

qe of phosphate (mg/g)

References

Magnetic graphene-based lanthanum hydroxide nanocomposite
La(OH)3 /Fe3 O4 nanocomposites
Acrylic amine fiber
ZrO2 /SiO2 nanofibrous membrane
0.2La-UiO-66
Cerium-based adsorbent
Ca-biochar
Quaternized resin with acrylonitrile/divinylbenzene/vinylbenzyl chloride skeleton
Hydrous zirconium oxide-based nanocomposite
3D graphene-La2 O3
Zirconium hydroxide encapsulated in quaternized cellulose
Lanthanum hydroxide (LH) nanorods
CuFe2 O4 –2N-La
Lanthanum-impregnated zeolite
Acid-activated neutralized red mud
Nano-La(III) (hydr)oxides modified wheat straw
CS-La-N-20%

116
84
119
44
348
273
314
183
28
83
84
170
33
9
85
67
219

Rashidi et al., 2017
Wu et al., 2017
Wei et al., 2020
Wang et al., 2016
Min et al. 2019
He et al., 2020
Wang et al., 2018
Sowmya et al., 2014
Chen et al., 2015
Chen et al., 2016
Dong et al., 2020
Fang et al., 2018
Gu et al., 2018
He et al., 2016
Hu et al., 2020
Qiu et al., 2017
This study

Fig. 6 – Effects of coexistent ions ((a) cationic and (b) anionic ions) and ionic strength on phosphate adsorption. Standard
deviation of each data is less than 5%.

Table 2 – Breakthrough curve constants of adsorption in different flow rate.
Initial concentration
(mg/L)

Adsorption rate
(BV/hr)

KT (×
10−2 mL/(min•mg))

QT (mg/g)

R2

2.5
2.5
2.5

6
9
15

101.4
1.381
0.496

309.28
472.74
726.89

0.993
0.966
0.971

BV: bed volume; KT and QT : rate constant and theoretical maximum penetration adsorption of Thomas model.

adsorption phosphate. And OH bands disappeared completely
after adsorption compared with adsorbent. In addition, there
was a broad peak located at 3417 cm−1 , which would slightly
weaken after adsorption. These results indicated that the replacement of hydroxyl groups and water molecule occurred
during the phosphate adsorption process. The bands at 630,
747 and 587 cm−1 were related to P-O-La, P-O-Zr and P-O-Fe,
suggesting a ligand exchange process between phosphate and
-OH groups (La, Zr and Fe-OH) (Xu et al., 2019).

2.3.2.

XRD

After adsorption of phosphate, three additional diffraction
peaks are observed at 17, 25 and 28.5°, which can be assigned to LaPO4 in Fig. 1b. These observations clearly illustrated that phosphate is retained on the surface of adsorbents
and wherein converted to crystalline LaPO4 (Wu et al., 2019). In
Fig. S2, the diffraction peaks of CS-Zr-N-20% and CS-Fe-N-20%
had changed little. This conclusion proved that CS-La-N-20%
had highly efficient adsorption of phosphate was due to the
formation of LaPO4 .

journal of environmental sciences 106 (2021) 105–115

Fig. 7 – Fixed bed column experiment with simulated
wastewater effluent (EBCT (empty bed contact time) = 4,
20/3 and 10 min). CV /C0 : the concentration of phosphate in
bed volume/phosphate initial concentration.
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Fig. 9 – Schematic diagram of adsorption mechanism.

onto the surface of CS-La-N-20% and formed a layer of phosphate substance.

2.3.3.

SEM

Duo to adsorb phosphate, depositing tiny rounded particles
on adsorbents surface (Fig. 2c and d). What’s more, the particle size of the adsorbents was measured in Fig. S9. The particle size of adsorbent has no changes before and after adsorption, confirming that adsorbent has excellent stability. In Fig.
S3, the surface of CS-Zr-N-20% and CS-Fe-N-20% had very little depositing particles, which confirmed the adsorption capacity was lower than CS-La-N-20%. It was found that a lot
of small pores could be observed in the surface of the CS-LaN-20%, suggesting that CS-La-N-20% had higher specific surface area confirmed by the BET results, which was in favor of
large adsorption capacity. Meanwhile a number of thin lamellas formed a stacking structure decreased the size of the intraparticle voids. This indicated that phosphate was adsorbed

2.3.4.

XPS

The full-range XPS spectra of adsorbents were shown in Fig.
S11. The appearance of La3d, O1s, N1s and P2p peak indicated
that the surface of adsorbents adsorbed phosphate. All kinds
of atomic ratios on surface of adsorbents are listed in Table S5.
All atomic peaks were calibrated by using C1s (284.6 eV) as the
standard. All their peak areas (O1s and N1s) are normalized at
Table S6.
In Table S6, compared with before adsorption, CS-La and
CS-La-N-20% have a decrease at La and N atoms content, and
an increase at P atoms content. Besides, CS-La-N-20% has
more obvious changes than CS-La in La, N and P atoms content. These results indicated that CS-La-N-20% has higher adsorption performance than CS-La, and the adsorption mech-

Fig. 8 – (a-d) O1s and (e-h) N1s X-ray photoelectron spectroscopy (XPS) of CS-La and CS-La-N-20% before and after
adsorption of phosphate. B.E.: binding energy.
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anism are mainly in ligand exchange and electrostatic attraction.
The La3d spectra showed that the formation of new Lacomplexes after adsorption. Because the binding energy obviously shifted to higher values (Fig. S12a-d) (Fang et al., 2017).
That is existed the electron transfer between the valence band
of the ligand atom and the 4f orbital of the La atom. The
O1s spectra were analyzed in Fig. 8a-d. The O1s peak comes
down to four types peaks of M-OH, H2 O, C-O and P-O. After
adsorption of phosphate, the decreased of M-OH proved that
there are ligand exchange (monodentate or bidentate innersphere surface complex) between -OH group and phosphate
(Yang et al., 2015). As shown in Fig. 8e-h, the decreased quaternary nitrogen indicated that the electrostatic interaction between –N+ (CH3 )3 and H2 PO4 2− . Fig. S11e-f illustrates the P2p
spectra that the binding energy of LaPO4 (132.32–132.43 eV)
were higher than that by –N+ (CH3 )3 (131.47–131.61 eV). This
result implied that the La-O-P bind was stronger than electrical attraction between the –N+ (CH3 )3 and phosphate.

2.3.5.

Proposed adsorption mechanism

With the support of some characterization techniques like
FTIR, XRD, SEM and XPS, phosphate adsorption onto CS-LaN-20% has two kinds of adsorption mechanisms, the electrostatic interaction from –N+ (CH3 )3 groups and the ligand exchange from the immobilized La(OH)3 nanoparticles in the
Fig. 9. La participated in the adsorption process and confirmed the strong chemical interaction between La atoms
and phosphate ions through La-O-P bonds. Additionally, –
N+ (CH3 )3 groups could exert the Donnan membrane effect to
favor phosphate retention by La(OH)3 nanoparticles. What’s
more, the increase of OH− can weakens the electrostatic attraction under alkaline conditions and occupies part of the
adsorption site. Consequently, the ligand exchange might be
the mainly adsorption mechanism at a high pH value.

3.

Conclusions

In the present study, a new composite CS-La-N-20% is fabricated for preferable phosphate adsorption by La(OH)3 within
a quaternary-aminated chitosan. The adsorbent CS-La-N-20%
possesses much high adsorption capacity (160 mg/g) and high
selectivity for phosphate than other metal hydroxide based
quaternary-aminated chitosan when competing anions coexisted at higher levels. Phosphate ions can be effectively
captured between pH 3–7 without significant La3+ leaching
through bifunctional adsorption sites of CS-La-N-20%. Characterizations involving FTIR, XRD, SEM and XPS revealed that
phosphate adsorption on CS-La-N-20% through ligand exchange (impregnated nano-La(OH)3 ) and electrostatic attraction (positively charged quanternary-aminated groups). In addition, the phosphate adsorption process fitted better to the
pseudo-second-order kinetics model and Langmuir model.
CS-La-N-20% has good reusability (no significant capacity
losses for NaOH solution) and longstanding application (continuous column experiments) in phosphate adsorption. Above
all, the resultant CS-La-N-20% can be acted as a promising adsorbent candidate for efficient preferable removal from contaminated water.
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