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Abstract A novel absorbent, PVA/SA-CFZ, was developed by jointly enveloping nanostructured

hydrated ferric-zirconium binary oxide and clinoptilolite in the cross-linking of polyvinyl alcohol

(PVA)/sodium alginate (SA). As a result, the cation exchange capacity of clinoptilolite and electro-

static attraction capacity of hydrated ferric-zirconium binary oxide can be integrated for the simul-

taneous removal of nitrogen and phosphorus from wastewater. The adsorption behavior of PVA/

SA-CFZ for the co-existing ammonium and phosphate was primarily investigated by batch exper-

iments. Over a wide pH range (4 ~ 11), PVA/SA-CFZ always showed the excellent adsorption per-

formance both for the low-concentration ammonium (<5 mg/L) and phosphate (<0.5 mg/L),

which reflected the well adaptability towards unfavorable environmental conditions. The kinetic

analysis indicated that the pseudo-second-order kinetic model could quantitatively describe the

adsorption process optimally. The mechanistic investigation revealed that ammonium was captured

through the cation exchange reaction with clinoptilolite. The electrostatic attraction, inner sphere

complexation with Fe/Zr-O-OH groups, and formation of phosphate precipitation jointly
eering,
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contributed to the fixation of phosphate byPVA/SA-CFZ.Generally, it is believed that PVA/SA-CFZ

can serve as apromising composite absorbent for the simultaneous deep removal of nitrogen andphos-

phorus, and support for the advanced treatment of wastewater containing low-level nutrients.

� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Nitrogen and phosphorus are two essential nutrients for plant
and microbial growth, however, the excess nitrogen and phos-
phorus could cause adverse impact on the water quality and
the balance of aquatic ecosystem, thus resulting in eutrophica-

tion (Liu et al., 2018). Hence, the effective reduction of nitro-
gen and phosphorus is of considerably significance to
counteract the occurrence of eutrophication, especially in some

environmentally sensitive regions requiring ultra-low pollution
loads. Currently, several valuable technologies for removing
nitrogen and phosphorus have been proposed, including bio-

logical nutrient removal (Adrian et al., 2007), chemical precip-
itation (Lin et al., 2015), and adsorption (Ko et al., 2016). It is
reported that the efficiency of conventional biological nutrient
removal could be highly vulnerable to operational conditions,

and chemical precipitation consumes a large amount of unre-
cyclable chemicals and is unable to remove phosphorus below
100 lg/L (Bacelo et al., 2020; Blaney et al., 2007). On the con-

trary, the adsorption has been proven to be the ideal supple-
ment to biological nutrient removal and chemical
precipitation due to its potentials in fairly simple operation,

relatively low dosage, abundant absorbent materials and effec-
tive adaptivity to varied environmental conditions (Bui et al.,
2018; Tu et al., 2019).

Developing eco-friendly, highly-efficient, and economical
absorbents is primarily essential for both adsorption-based
nutrient recovery and advanced treatment of wastewater
towards ultra-low discharge standards. Recently, numerous

materials have been explored as the nitrogen and phospho-
rus absorbents including zeolites (Wan et al., 2017), acti-
vated carbon (Qi et al., 2012), blast furnace slag (Gong

et al., 2009; Oguz, 2004), metal oxides (Hu et al., 2018),
and so on. However, the application of activated carbon
and blast furnace slag is limited by their operation cost

and potential environmental risks (i.e. the application of
blast furnace slag could lead to the increase in pH value).
Particularly, zeolites have been considered as promising

materials for water treatment owing to non-toxicity, high
removal efficiency, and economical advantages. As one of
the most abundant natural zeolites, clinoptilolite comprises
the microporous structure of a three-dimensional framework

of alumina and silica (Li et al., 2019). Distinctive spatial
structure endows clinoptilolite with some valuable physi-
cal–chemical properties such as cation exchange, catalysis,

and molecular sieving (Wan et al., 2017). Results of several
previous studies have also proposed clinoptilolite as excellent
absorbent material for ammonium and heavy metal removal

through cation exchange mechanism (Cui et al., 2006;
Vassileva and Voikova, 2009). However, the negatively-
charged framework of clinoptilolite restrains the affinity for
anionic species, for example, phosphate.

On the other hand, it has been verified that metal (hydro)
oxides (namely hydrous iron oxides, hydrous lanthanum oxi-
des, and hydrous manganese oxide) can be modified to develop

the effective and promising absorbent for remediating phos-
phate pollution (Lai et al., 2016; Rashidi Nodeh et al., 2017).
Metal (hydro) oxides exhibit preferential ligand sorption

towards phosphate through forming inner-sphere complexes
based on Lewis acid-base interactions (Acelas et al., 2015).
In comparison with other metal (hydro) oxides, hydrous iron
oxides and hydrous zirconium oxides have been proven to

have the higher sorption affinity for phosphate with the advan-
tage of innocuity and strong chemical stability (Bui et al., 2018;
Zhang et al., 2019a). Nevertheless, the application of these

metal (hydro) oxides in native form was restricted owing to
lack of mechanical strength and attrition resistance properties
(Blaney et al., 2007), and therefore appropriately loading metal

(hydro) oxides on the supporting structure is quietly
demanded.

The chemical cross-linking with polyvinyl alcohol (PVA)/-
sodium alginate (SA) and boric acid can be used as an effective

assembling approach for composites. As an immobilization
matrix, PVA is a synthetic water-soluble hydrophilic polymer
with desirable characteristics including chemical stability,

non-toxicity, and lower cost (Abd El-aziz et al., 2016; Shilin
et al., 2018). During the cross-linking process, boric acid acts
as cross-linker and boron bonds connected with four molecules

of PVA to form a monodiol type PVA-boric acid viscoelastic
gel, and the addition of SA would increase the surface area
and mechanical strength of synthesized gel products (Bae

et al., 2017). Nowadays, little research has been conducted
on the application of PVA/SA and boric acid to co-
immobilize natural zeolite materials and metal oxides. The
potential of composite integrating zeolite and metal oxides

for simultaneous nitrogen and phosphorus removal is worth
to be explored.

Based on the cross-linking process of PVA/SA and boric

acid, this study aimed to realize the co-immobilization of
clinoptilolite and hydrous iron-zirconium oxides, and accord-
ingly fabricate a novel absorbent named PVA/SA-CFZ. The

physiochemical properties of PVA/SA-CFZ including
microtopography, crystal constituents and pore structure were
primarily characterized. Furthermore, the performance of

PVA/SA-CFZ for simultaneous removal of aqueous nitrogen
and phosphorus was evaluated, and the in-depth investigation
on relevant mechanisms were also conducted. The superior
performance of PVA/SA-CFZ towards low-concentration

nitrogen and phosphorus was found in this study, which
should support its great potentials in advanced treatment of

http://creativecommons.org/licenses/by-nc-nd/4.0/


Low-level N and P adsorption 3
effluent of wastewater treatment plants for environmentally
sensitive areas.

2. Materials and methods

2.1. Chemicals

Clinoptilolite was available from Gongyi Mines Co., Henan,
China. After washed three times with deionized water and

dried in oven at 80 ℃ for 24 h, clinoptilolite was ground into
powders. All the chemicals used in this study were analytical
grade unless otherwise stated. Iron (Ⅱ) sulfate heptahydrate

(FeSO4&7H2O), ammonium chloride (NH4Cl), sodium
hydroxide (NaOH, slice), and calcium chloride anhydrous
(CaCl2) were purchased from Shanghai Maclin Biochemical

Technology Co., Ltd, Shanghai, China. Zirconyl chloride
octahydrate (ZrOCl2&8H2O), sodium phosphate monobasic
dehydrate (NaH2PO4&2H2O), polyvinyl alcohol (PVA),
sodium alginate ((C6H7O6Na)n, SA), and boric acid (H3BO3)

were provided by Aladdin Biochemical Technology Co., Ltd,
Shanghai, China. Exactly, 0.5032 g NaH2PO4&2H2O and
0.3820 g NH4Cl were added into 1 L ultrapure water for

preparing 100 mg P/L phosphorus stock solution and
100 mg N/L nitrogen stock solution, respectively. A mixture
solution of H3BO3 (5 wt%) and CaCl2 (2 wt%) was prepared

by dissolving 50 g H3BO3 and 20 g CaCl2 into 1 L ultrapure
water.

2.2. Preparation of PVA/SA-CFZ

The preparation of PVA/SA-CFZ was performed by cross-
linking process, which can be briefly stated as following: First,
PVA (10 g) and SA (2 g) were completely dissolving in 100 mL

hot water (100 ℃) with constantly stirring. Second, with con-
tinuous agitation and 60 ℃ hot-water bath, hydrated ferric-
zirconium binary oxide precipitate was generated by slowly

adding 1 mol/L NaOH into the mixture solution of FeSO4&7-
H2O (0.5 mol/L) and ZrOCl2&8H2O (0.5 mol/L) to allow the
complete hydroxylation. Third, the obtained hydrated ferric-

zirconium binary oxide precipitate and clinoptilolite powder
(20 g) were added into the above solution of PVA and SA.
After stirred uniformly, the resulted solution was dropped into
a mixed solution of H3BO3 (5 wt%) and CaCl2 (2 wt%) and

then the cross-linking process was induced, during which a
novel spherical absorbent named PVA/SA-CFZ could be
obtained.

2.3. Characterization of PVA/SA-CFZ

2.3.1. Transmission electron microscopy

Transmission electron microscopy (TEM, Tecnai G2 F20 S-
Twin, FEI Co., USA) was applied to analyze the micro-

morphology of raw clinoptilolite and PVA/SA-CFZ, which
were recorded at 200 kV and resolution of 0.24 nm. The
energy-dispersive spectroscopy (EDS, X-Max 80 T detector,
Oxford Instruments Ltd., UK) was used to analyze the elemen-

tal composition of raw clinoptilolite and PVA/SA-CFZ. The
image processing software, Nano measurer 1.2, was used to
determine the particle size distribution of nanoparticles identi-

fied in TEM images.
2.3.2. Porosity analysis

The porosities of raw clinoptilolite, synthesized PVA/SA-CFZ,

and used PVA/SA-CFZ were evaluated by N2 adsorption at
77 K using a Micromeritics model ASAP-2020 analyzer. The
samples were first degassed for 4 h at 573 K to remove any

moisture or adsorbed contaminants that might be present on
their surface. The surface area was calculated by Brunauer-
Emmett-Teller (BET) model. The total pore volume and pore

size were estimated using the manufacturer’s software by the
Barrett-Joyner-Halenda (BJH) method (Barrett et al., 1951).

2.3.3. X-ray diffraction

In order to identify the crystal compositions of PVA/SA-CFZ,
D8 ADVANCE powder diffractometer (Bruker AXS Inc.,
Germany) employing Cu Ka radiation (40 kV, 40 mA) was

used to record the X-ray diffraction (XRD) patterns at wave-
length of 0.154 nm. The 2h range was 10 ~ 90� and the scan-
ning speed was 0.1�/min. MDI Jade 6.0 software was used to
analyze the resulting diffractograms.

2.3.4. Fourier transform infrared spectroscopy

The functional groups of PVA/SA-CFZ were identified by

Fourier transform infrared spectroscopy (FT-IR, Nicolet
5700 FTIR Spectrometer) with the wavenumber range of
500 ~ 4000 cm�1 at a resolution of 4 cm�1.

2.3.5. X-ray photoelectron spectroscopy

Thermo Scientific K-Alpha+ XPS system (Thermo Fisher Sci-
entific Inc., USA) equipped with an Al Ka X-ray monochro-
mator was used to obtain X-ray photoelectron spectroscopy

(XPS) spectra of raw clinoptilolite, PVA/SA-CFZ, and
PVA/SA-CFZ post phosphate adsorption. The background
pressure was maintained at 10-6 Pa during data acquisition.

The high-resolution Fe2p, Zr3d and O1s region were recorded
at a pass energy of 200 eV. The spectra were fitted by XPS
peak 4.0 software.

2.4. Adsorption experiments

The adsorption behavior of nitrogen and phosphorous on

PVA/SA-CFZ was investigated through batch experiments.
In order to examine the adaptability of PVA/SA-CFZ for
the advanced treatment of effluent of wastewater treatment
plants, the common discharge limits, 0.5 mg phosphate/L

and 5 mg ammonium/L, were selected as the initial concentra-
tions for batch experiments in this study (Chinese Ministry of
Environmental Protection, 2002; Loos et al., 2012; USEPA,

2008; Weirich et al., 2011). Regarding to the effect of pH val-
ues, the investigated initial pH of target solutions containing
phosphate and ammonium was first adjusted to the pre-

determined values (3, 4, 5, 6, 7, 8, 9, 10 and 11) by using
1 mol/L NaOH and 1 mol/L HCl; then, 0.7 g PVA/SA-CFZ
was added into 100 mL of the above solution and the reaction

time was set as 12 h. For the effect of absorbent dosage on
nitrogen and phosphorus removal efficiencies, 0.2, 0.3, 0.4,
0.5, 0.6, 0.7, 0.8, 0.9 and 1.0 g PVA/SA-CFZ were used for
100 mL solution containing 0.5 mg phosphate/L and 5 mg

ammonium/L at the initial pH of 7 ± 0.5, respectively. The
kinetic experiments were also conducted at the initial pH of
7 ± 0.5; 6 g PVA/SA-CFZ was added into the 1 L solution
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containing 100 mg phosphate/L and 100 mg ammonium/L; the
samples were collected at the pre-determined time interval. All
the collected samples were immediately filtered through

0.45 lm Teflon filter cartridges and the concentrations of resid-
ual phosphate and ammonium were measured using Hach col-
orimetric assays (Hach Company, Loveland, CO) (Hach,

2002). The chemical species of aqueous nitrogen and phospho-
rus, including NH3&H2O, NH4

+, H3PO4, H2PO4
- , HPO4

2- and
PO4

3- under different pH values were simulated by Visual MIN-

TEQ software (US EPA). All the above experiments were con-
ducted in triplicate.

3. Results and discussion

3.1. Characterization of PVA/SA-CFZ

3.1.1. Microtopography

The microtopography and elemental composition of raw

clinoptilolite and PVA/SA-CFZ were investigated using
TEM and EDS, as shown in Fig. 1. The prismatic lamellar
crystal was the dominant feature of raw clinoptilolite. The typ-

ical layer-to-layer distance of raw clinoptilolite was observed
to be in the range of 0.8 ~ 1.7 nm (Fig. 1a). In term of PVA/
SA-CFZ, the cross-linking reaction between PVA and SA

resulted in the smooth coating layer for clinoptilolite, but some
nanoscale particles could be visually identified under coating
layer and filled in the gaps among clinoptilolite crystals. Based
on the scale of Fig. 1, the particle size distribution of nanopar-

ticles was determined to range from 70 to 240 nm, and the
average particle size was measured to be 120 nm. According
to the EDS results, the fractions of Fe and Zr at surface of

PVA/SA-CFZ could be as high as 8.32 wt% and 33.23 wt%,
respectively. The occurrence of Fe and Zr as the surface ele-
Fig. 1 TEM images and EDS spectra of (a) raw c
ments of these nanoscale particles in PVA/SA-CFZ reflected
the successful formation of hydrated ferric-zirconium binary
oxide, which was similar to our previous studies (Zhou et al.,

2018). The TEM images of PVA/SA-CFZ also verified that
the PVA/SA enveloping effect could realize the dispersion of
hydrated ferric-zirconium binary oxide on the surface of

clinoptilolite, which provided the adsorption sites for
phosphate.

3.1.2. Crystal constituent and surface functional group

The XRD pattern of the PVA/SA-CFZ with a 2h range
between 5� and 90� is depicted in Fig. 2a. The most significant
peaks at 2h = 9.872�, 11.171�, 13.090�, 26.318�, 28.203�,
30.035� and 32.753� were attributed to clinoptilolite, confirm-
ing that the major constituents of PVA/SA-CFZ were the typ-
ical Na, K and Ca clinoptilolite phases. Furthermore, the

peaks with 2h values of 26.988� and 36.236� could be observed,
which directed to the reflection of FeOOH. The peaks at 2h of
29.228� and 49.583� are assigned to ZrOOH, which verified the
successful synthesis of zirconium hydroxyl oxide.

The surface hydroxyl functional groups of PVA/SA-CFZ
were examined by FT-IR analysis. According to the spectrum
shown in Fig. 2b, the broad peak at 3400 cm�1 should corre-

spond to the stretching vibrations of hydroxyl group (–OH)
(Naushad, 2014). The strong peak at 1058.5 cm�1 could be
attributed to the bending vibration of the hydroxyl groups (–

OH) of iron/zirconium (hydro) oxides (Wang et al., 2020;
Zhang et al., 2007), which was consistent with the previous lit-
eratures related to hydroxyl oxides (Prabhu et al., 2017).

Hence, these results confirm that hydrated ferric-zirconium
binary oxide were successfully formed in the synthesized
PVA/SA-CFZ. The protonated surface hydroxyl group grafted
to ferric-zirconium atoms could be the complexing sites for
(a)

(b)

linoptilolite and (b) synthesized PVA/SA-CFZ.
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Fig. 2 XRD pattern (a) and FT-IR spectrum (b) of synthesized PVA/SA-CFZ.
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phosphorus fixation by electrophilic adsorption (Zhang et al.,
2019b).

3.1.3. Pore structure

Table 1 summarizes the microstructure information of raw
clinoptilolite and PVA/SA-CFZ. As compared with raw

clinoptilolite, the BET surface area of PVA/SA-CFZ before
adsorption (i.e. 48.722 m2/g) was higher than that of raw
clinoptilolite (i.e. 33.286 m2/g). The significant increase proved

that the cross-linking process of PVA and boric acid was able
to improve the surface feature of raw clinoptilolite and
strengthen the adsorption properties of the absorbent PVA/

SA-CFZ. Coupled with the rise of BET surface area, the pore
size of PVA/SA-CFZ slightly decreased after cross-linking pro-
cess as compared with raw clinoptilolite. This could be the
result of the immobilization of hydrous iron-zirconium oxides

in raw clinoptilolite.

3.2. Performance of PVA/SA-CFZ for aqueous nitrogen and
phosphorus removal

3.2.1. Effect of initial pH on nitrogen and phosphorus removal

The chemical species of aqueous nitrogen and phosphorus,
including NH3&H2O, NH4

+, H3PO4, H2PO4
- , HPO4

2- and
PO4

3-, significantly rely on pH. Consequently, it is quite
demanded to investigate the effect of pH on the simultaneous

removal of nitrogen and phosphorus by PVA/SA-FZC. Fig-
ure S1 of Supplementary Materials depicts the distribution of
nitrogen and phosphorus species under different pH condi-

tions. As shown in Figure S1a, the pKa value of ammonium
is 9.25. Under the acidic condition, ammonium nitrogen
mainly occurs in the ionic form (NH4

+) (approximately

100%); with the solution pH above pKa, ammonium nitrogen
exists in the molecular form (NH3&H2O) more than the ionic
form (NH4

+). Accordingly, the removal efficiencies of nitrogen

under acidic conditions were significantly higher than those
under alkaline conditions (Fig. 3a). The removal efficiency of
ammonium reached the maximum value at pH of 7, and when
pH further rose, the removal efficiency of nitrogen gradually
Table 1 Porosity of raw clinoptilolite and PVA/SA-CFZ.

BET surface area (m2/g)

Raw clinoptilolite 33.286 ± 1.295

PVA/SA-CFZ 48.722 ± 2.510
decreased. This could be attributed to the conversion from
NH4

+ into NH3&H2O�NH3&H2O was hardly fixed by the mod-

ified clinoptilolite based on the mechanism of cation exchange.
On the contrary, the phosphorus removal efficiency increased
constantly with the increasing pH value. Under alkaline condi-

tions, the dissociation of phosphate makes it negatively
charged, which should be in favor of the electrophilic adsorp-
tion by the protonated hydroxyl group of ferric-zirconium (hy-
dro) oxides (Zhou et al., 2018).

3.2.2. Effect of absorbent dosage on nitrogen and phosphorus
removal

The removal efficiencies of nitrogen and phosphate with differ-
ent PVA/SA-CFZ dosages are illustrated in Fig. 4a. The
removal efficiencies of nitrogen rose from 42.1 ± 3.5% to
99.0 ± 4.3% as the dose of PVA/SA-CFZ increased from

2 g/L to 8 g/L, which was due to the increase in ion-
exchange sites for NH4

+. Also, the adsorption rate should
increase with the rising dosage of PVA/SA-CFZ. Therefore,

within a specific reaction time (12 h), the substantial increase
of nitrogen removal efficiency was observed with PVA/SA-
CFZ dosage increasing from 7 g/L to 8 g/L. Similarly, the

increase of phosphate removal efficiency was also observed
with the dosage of PVA/SA-CFZ increasing from 2 g/L to
6 g/L. However, no significant change in phosphorus removal
efficiency was found with PVA/SA-CFZ dosages higher than

5 g/L. Accordingly, the adsorption capacity of PVA/SA-CFZ
for phosphate could be calculated as 0.125 ~ mg phosphate/g
PVA/SA-CFZ towards the low-concentration phosphorus

(~0.5 mg/L), which was higher than those of adsorption exper-
iments conducted under similar conditions (Chen et al., 2015;
Xi et al., 2021). That phenomenon confirmed the superior per-

formance of PVA/SA-CFZ for advanced treatment of
wastewater.

3.2.3. Kinetic test

Theoretically, the adsorption process is comprised of four
steps: external diffusion, intra-particle diffusion, adsorption,
and equilibrium (Zong et al., 2017). Kinetic experiments were
Pore volume (cm3/g) Pore size (nm)

0.110 ± 0.009 8.211 ± 0.541

0.098 ± 0.003 5.044 ± 0.197
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conducted to identify the rate-controlling step of the nitrogen

and phosphorus adsorption. Since the nitrogen and phospho-
rus should be excessive relative to the absorbent (PVA/SA-
CFZ) in the kinetic experiments, the results were fitted with

two widely used models including pseudo-first-order model
and pseudo-second-order model (Fig. 5) (Hill and Root,
2014; Table 2 displayed the corresponding fitting parameters.

Based on the correlation coefficients (R2), the pseudo-
second-order model (R2 = 0.9809–0.9923) simulated the nitro-
0 50 100 150 200 250 300 350
0

10

20

30

40

 Pseudo-first-order model

 Pseudo-second-order model

q t
(m

g/
g)

Time (min)

(a) Ammonium

Fig. 5 Adsorption kinetics of (a) ammonium and (b) phosphate

ammonium and 100 mg/L phosphate in water; the dosage of PVA/SA

represent min/max values observed for duplicate experiments (too sm
gen and phosphorus adsorption better than the pseudo-first-

order model (R2 = 0.9428–0.9920), which reflected that the
nitrogen and phosphorus adsorption on PVA/SA-CFZ was
primarily controlled by the chemical adsorption instead of

the physical adsorption (Wang and Guo, 2020). In addition,
the observation of Fig. 5 showed that the nitrogen adsorption
process took less time to reach the adsorption equilibrium than

the phosphorus adsorption process, which could be attributed
to that the rate of cation exchange for ammonium fixation was
0 50 100 150 200 250 300 350
0

10

20

30

40

 Pseudo-first-order model

 Pseudo-second-order model

q t(m
g/

g)

Time (min)

(b) Phosphate

by PVA/SA-CFZ. Experimental conditions: initially, 100 mg/L

-CFZ was 6 g/L; the reaction time was 0 ~ 360 min. Error bars

all if not shown).



Table 2 Kinetic parameters for nitrogen and phosphorus removal on PVA/SA-CFZ. Reaction conditions: initially, 100 mg/L

ammonium and 100 mg/L phosphate in water; the dosage of PVA/SA-CFZ was 6 g/L; the reaction time was 0 ~ 360 min.

Pseudo-first-order model Pseudo-second-order model

qe (mg/g) k1 (mg/(g&min) R2 qe (mg/g) k2 (g/(mg&min) R2

Nitrogen 29.99 ± 0.97 0.02094 ± 0.00252 0.9428 34.41 ± 0.07 0.00079 ± 0.00001 0.9809

Phosphorus 32.91 ± 1.21 0.00611 ± 0.00048 0.9920 47.62 ± 2.50 0.00009 ± 0.00001 0.9923

Low-level N and P adsorption 7
higher than that of the complexation between phosphate and
metal hydroxide.

3.3. Mechanism investigation

XPS analysis was used to investigate the mechanism for P

adsorption by PVA/SA-CFZ. O1s spectra can be generally
deconvoluted into three peaks at 530.90 eV (O2–), 532.32 eV
(Hydroxyl group, M�OH) and 533.03 eV (H2O) (He et al.,

2016; Ma et al., 2015). Normalized relative intensities (%) of
XPS O1s peaks showed that the fraction of O2– increased from
Fig. 6 XPS spectra of PVA/SA-CFZ with (a, c, e) and without (b, d, f

L ammonium and 100 mg/L phosphate in water; the dosage of PVA/
17.36% to 25.65% after the P adsorption, instead, the relative
intensity of M�OH decreased from 59.12% to 53.09%

(Fig. 6a, b), which indicated that the complexation between
surface hydroxyl group with P converted M�O�OH into
M�O�P (He et al., 2016; Xiong et al., 2015). The hydroxyl

group on the surface of PVA/SA-CFZ should be the coordina-
tion site for P adsorption from aqueous phase. In terms of Fe
2p spectra of PVA/SA-CFZ with and without P adsorption,

the peaks at 711.5 eV (Fe 2p 2/3) and 724.3 eV (Fe 2p 1/2)
jointly confirmed the presence of FeOOH (Tan et al., 1990)
(Fig. 6c). After the P adsorption, the peaks of Fe 2p 2/3 and
) phosphate adsorption. Experimental conditions: initially, 100 mg/

SA-CFZ was 6 g/L; the reaction time was 360 min.
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Fe 2p 1/2 shifted to the 712.2 eV and 724.9 eV, respectively,
which corresponded to FePO4 (Bacelo et al., 2020; Li et al.,
2020) (Fig. 6d). The chemical shift of Fe 2p peaks to the higher

energy binding should be due to the increased formation of Fe-
O-P on the surface of PVA/SA-CFZ (Guaya et al., 2016). The
four sub-peaks were identified in the spectra of Zr XPS profiles

(Fig. 6e, f). The peaks at 182.65 eV and 185.00 eV were attrib-
uted to zirconium oxide and zirconium hydroxyl oxide, respec-
tively. After the phosphorus adsorption, these two peaks were

found to shift to 182.00 eV and 184.45 eV (Rumble et al.,
1992), respectively, since the formation of Zr-O-P would shift
the Zr-O peaks to the lower binding energy zone (Fang et al.,
2017).

According to the above analysis, the reaction pathways for
P fixation by PVA/SA-CFZ are proposed. Primarily, the pres-
ence of clinoptilolite in PVA/SA-CFZ provides cation-

exchange sites, which should dominate the removal of ammo-
nium from aqueous phase (Du et al., 2005). The hydroxyl
groups are introduced on the surface of PVA/SA-CFZ through

the formation of FeOOH and ZrOOH. The electrophilicity of
metal atom (Fe or Zr) would provide the coordination sites for
the lone electron pair of oxygen in phosphate (Wu et al., 2019).

As a result, the aqueous phosphate can be captured by the gen-
eration of complex unit, M�O�P bonds. This reaction of
ligand exchange is the main pathway for phosphate removal.
Additionally, the change of pH may lead to the solubilization

of Fe/Zr. According to the XPS analysis (Fig. 6d), the forma-
tion of FePO4 precipitates also partially contributed to the
phosphorus adsorption from aqueous phase (Zhang et al.,

2018).
4. Conclusions

In this study, a novel composite absorbent, PVA/SA-CFZ, was
successfully synthesized by immobilizing hydrated ferric-
zirconium binary oxide precipitate and clinoptilolite powder

in the cross-linking of polyvinyl alcohol-alginate covalent. It
is confirmed that PVA/SA-CFZ exhibited the excellent perfor-
mance in both nitrogen and phosphorus removal from aque-

ous phase over a wide range of pH (4 ~ 11). The adsorption
of nitrogen and phosphorus both followed the pseudo-
second-order model with the maximum adsorption capacities
of 34.41 mg-N/g PVA/SA-CFZ and 47.62 mg-P/g PVA/SA-

CFZ, respectively. The mechanism investigation indicated that
the removal of ammonium from aqueous phase should be
mainly due to the ion-exchange property of clinoptilolite. In

contrast, the electrostatic attraction, the inner sphere complex-
ation with M�O�OH groups, and the formation of phosphate
precipitation jointly contributed to the fixation of phosphorus

by PVA/SA-CFZ. To sum up, PVA/SA-CFZ can serve as a
highly effective composite absorbent for the simultaneous
removal of aqueous ammonium and phosphate, and would
provide a novel option for the enrichment of low-

concentration nutrients from wastewater.
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