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Zeolite supported amorphous metal oxide nanolayers with high specific surface area, abundant adsorption
sites, and excellent reusability hold a bright prospect in the efficient removal of contaminants, yet it is
proven to be still challenging to precisely regulate and control their synthesis. Herein, we reported
a facile synthetic strategy for rational design and achieving the uniform and firm in situ growth of an
amorphous ZrO, layer decorated on the surface of zeolite (ZEO@AZ) for enhanced phosphate
adsorption. The Langmuir isotherm model and pseudo-second order kinetic equation well described the
adsorption process towards phosphate solution, and the synthetized ZEO@AZ exhibited an excellent
maximum adsorption amount of 24.98 mgp gfl. Furthermore, the adsorption of phosphates on ZEO@AZ
was confirmed to be chemisorption, endothermic and spontaneous. This approach for fabricating
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1. Introduction

With the rapid development of industrialization, urbanization
and agricultural modernization in today's world, as the main
limiting nutrient discharged into fresh water, excess phos-
phorus, even if its concentration is exceeding 0.05 mg L™, will
also severely affect the balance of original nutrients in water and
become a critical factor, resulting in water eutrophication.’?
Meanwhile, the global phosphate resources are currently facing
an increasingly tight shortage situation from years of over-
exploitation, which is due to phosphorus mineral resources
with indispensable, irreplaceable, unrecyclable and non-
renewable characteristics, as well as broad applications.?
Therefore, it is of great significance to develop an effective
phosphate adsorption and recycling technology for the treat-
ment of eutrophic water bodies and renewable utilization of
phosphorus. Among various approaches for removing phos-
phates from wastewater, adsorption has been generally
considered as the most facile and promising method because of
its convenient operation, low-cost, high efficiency, and wide-
spread application without secondary pollution.** However, the
adsorption efficiency of phosphates depends greatly on the
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composites with superb phosphate adsorption performance.

adsorbents. Numerous studies have revealed that the metal
oxides,”"* MOFs,""* along with minerals’* and biomate-
rials®®"” have attracted considerable attention. However the
inherent limitations of the above adsorbents on phosphate
removal, such as low adsorption sites, poor adsorption kinetics,
and the potential danger of secondary pollution, limit their
industrial application.*®

Many researchers have reported that ZrO,, a typical bi-
functional material with both acidic and basic sites, displays
significant adsorption effects of phosphates."”?' Zr species
actually easily generate a large quantity of hydroxyl ions and
water molecules by hydrolysis, which are involved in the
exchange of ligands with phosphate ions in target solution.*
Moreover, the competitive cost advantage and environmental
friendliness and compatibility of ZrO, also enhance its
economy and application feasibility in environmental gover-
nance. Nevertheless, there still have been some choke-points
that restrict the application of crystal ZrO,, such as limited
adsorption sites, low capacity density, and narrow modulation
range of composition and structure.”*>* Amorphous materials
show good potential in phosphate adsorption due to their
abundant unsaturated defect sites and high active centre
density; it is thus imperative to conduct the design, synthesis
and practical inquiry of amorphous ZrO,. In practice, however,
the application of pure ZrO, still faces a myriad of problems,
such as high cost, low specific surface area, poor stability, and
ticklish recycling.”® Based on the above reasons, it is a preferred
solution to construct a robust substrate supported amorphous
ZrO, composite material for phosphorus removal. Among them,
zeolites have attracted much attention as ideal adsorbent
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substrates owing to their well-ordered porous structure,
extremely high specific surface area, superior absorbability and
good sedimentation.”® Therefore, we have sufficient reasons to
believe that zeolites have a satisfactory cooperative relationship
with amorphous ZrO,.

Herein, we described a facile method for fabricating an
amorphous ZrO, layer decorated on the surface of zeolite
(ZEO@AZ) by a conformal growth strategy, and the application
of the ZEO@AZ as a recyclable adsorbent towards phosphate
removal from aqueous water was systematically investigated.
Although several published literature studies on crystalline
ZrO, and its utilization as an adsorbing material have been
reported,>”® to date, the studies about amorphous ZrO, with
unique conformal growth structures and abundant adsorption
sites still are limited. Thereby, the adsorption isotherms, kinetic
models and thermodynamic parameters were applied to inves-
tigate the phosphate adsorption performance from synthetic
solution on ZEO@AZ and the counterparts by batch experi-
ments. The effects of water quality conditions (i.e. solution pH,
ion strength and co-existing ions) on phosphate adsorption
were further analysed in detail. Our findings demonstrated that
ZEO®@AZ had superior phosphate adsorption performance and
good recycling performance. This research presented here can
inspire more applications towards an advanced adsorption
technology that requires heterogeneous structures enabled by
such amorphous metallic oxide nanomaterials.

2. Materials and methods

2.1. Materials

Tris(hydroxymethyl)aminomethane (C,H;;NO;, =99.8%), zir-
conyl chloride octahydrate (ZrOCl,-8H,0, =99.9%), zeolite
(ZEO, =97%) and potassium phosphate monobasic (KH,POy,,
=99.5%) were purchased from Shanghai Macklin Biochemical
Co., Ltd, and hydrochloric acid (HCI 36.0-38.0%), ethyl alcohol
(CHO, =99.5%), sodium hydroxide (NaOH, =96%), sodium
chloride (NaCl, =99.8%), sodium nitrate (NaNOjz, =99%),
sodium sulfate (Na,SO,;, =99%) and sodium bicarbonate
(NaHCO3, =99.5%) were obtained from Sinopharm Chemical
Reagent Co., Ltd. All reagents were used without any further
refinement.

2.2. Synthesis of adsorbents

ZEO@AZ adsorbent was prepared according to the method
proposed previously with appropriate modifications.> Briefly,
0.6057 g C,;H;;NO; and 0.33 pL HCI were dissolved in 50 mL
deionized water with magnetic stirring at 500 rpm for 10 min,
and then 0.2 g zeolite and 0.0483 g ZrOCl,-8H,0 powders were
added to the solution with magnetic stirring at 500 rpm for
10 min and ultrasonic treatment for 15 min, respectively. The
well-dispersed suspension was further transferred to an ice-
water bath at 4 °C for 2 h and an oil bath at 60 °C for 4 h
under continuous stirring, respectively. After centrifugation,
washing and drying, the products were dissolved in 20 mL ethyl
alcohol in a hydrothermal reactor at 80 °C for 12 h to acquire the
ZEO@AZ. For comparison, the products after centrifugal
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collection were calcined in a muffle furnace at 450 °C for 2 h to
obtain the crystalline zirconia layer decorated on zeolite
(ZEO@CZ), and the same synthetic procedure as ZEO@AZ
except for the step of adding zeolite was performed to obtain the
non-loaded amorphous and sheet-like ZrO, (AZ).

2.3. Characterization

The morphology of adsorbents was examined using a scanning
electron microscope (SEM, Shimadzu JEOL 7600F) and trans-
mission electron microscope (TEM, Shimadzu JEOL JEM-
2100F). The functional groups were characterized with an
infrared spectrometer (IR, Thermo Nicolet NEXUS-470). The N,
adsorption-desorption isotherms were obtained using a surface
area & pore size analyser (Micromeritics ASAP 2460). The zeta
potentials of adsorbents at different pH levels were measured
using a potentiometric analyzer (Zetasizer Nano ZS90).

2.4. Batch adsorption experiments

As one of the main phosphate sources leading to eutrophica-
tion, KH,PO, was selected as an adsorption target to examine
the adsorption behaviour of phosphates on ZEO@AZ and its
counterparts by batch experiments.

For the adsorption isotherms, 50 mL KH,PO, solution with
different initial phosphate concentrations ranging from 0 to
80 mg L' (calculated by the mass of phosphorus) were oscil-
lated with 80 mg adsorbents in a thermostatic oscillator at 25 °C
at a speed of 200 rpm for 24 h. For the adsorption kinetics,
320 mg adsorbents and 200 mL 50 mg L~ KH,PO, solution
were put into a conical flask which was placed in a thermostatic
oscillator at 25 °C at a speed of 200 rpm for 24 h. At regular time
intervals (2 min, 5 min, 10 min, 30 min, 60 min, 120 min,
240 min, 480 min, 720 min, 1080 min, and 1440 min), the
samples were taken out for phosphate concentration analysis.
For the adsorption thermodynamics, 50 mL of KH,PO, solution
with the phosphate concentration of 50 mg L™ " were oscillated
with 80 mg adsorbents in a thermostatic oscillator at different
temperatures (25 °C, 35 °C, and 45 °C) at a speed of 200 rpm for
24 h.

To evaluate the practicability of the as-prepared adsorbents,
the adsorption performance of ZEO@AZ and the counterparts
toward different types of water quality, as well as the recycling
performance were systematically investigated. The effect of
solution pH and ionic strength on phosphate adsorption was
studied by a similar procedure mentioned above. KH,PO,
solution (50 mL, 50 mg L~") with 0 mol L™, 0.01 mol L™" and
0.5 mol L' NaCl was mixed with 80 mg adsorbents at an initial
pH of 3-11, which was adjusted by adding 0.1 mol L™ HCI or
NaOH solution. Four types of co-existing anions, including the
sodium salt forms of chloride, nitrate, sulfate and bicarbonate,
were taken as examples to evaluate the adsorption selectivity of
various adsorbents. KH,PO, solution (50 mL, 20 mg L~ ') with
different initial concentrations of NaCl, NaNO;, Na,SO, and
NaHCO; was vibrated with 80 mg adsorbents in the oscillator,
respectively. To investigate the recycling performance, the
adsorbents with adsorbed phosphates were immersed into
0.1 mol L' NaOH solution to dissolve phosphates several

© 2022 The Author(s). Published by the Royal Society of Chemistry
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times. The regenerated adsorbents were used to measure
phosphate adsorption performance for another new cycle. The
adsorption-desorption-regeneration experiments were per-
formed five times.

Phosphate concentrations in liquid samples were analysed
by Mo-Sb anti-spectrophotometry method, and more details are
provided in ESI appendix.f The adsorptive capacity towards
phosphates was calculated based on the equation of Q, = (Cy —
C)VIm, where Q, (mg g ') is the adsorptive capacity at the
designated time; C, (mg L") and C, (mg L") are the concen-
trations of phosphates at the initial and designated time,
respectively; V (L) is the solution volume; m (g) is the weight of
the adsorbent. Unless stated, all concentrations involved in our
text refer to the phosphate concentrations, which are calculated
by the mass of phosphorus in the solution.

3. Results and discussion

3.1. Characterization of adsorbents

The representative micrograph of the as-prepared ZEO@AZ at
low magnification in Fig. 1a reveals that ZEO@AZ retains the
original morphology as that of the pristine zeolite (Fig. S2).The
adsorbent particles can be uniformly dispersed in aqueous
solution without any agglomeration with an average diameter of
2.41 pm (see more details in ESI appendix, Fig. S31). Fig. 1b
clearly depicts the layered depositional surface and resulting
crumples after in situ growth of a zirconia layer on zeolite. As
exhibited in Fig. 1c, the TEM image of ZEO@AZ shows a distinct
thin layer with a thickness of about 10 nm decorated on the
surface of incipient zeolite. The selected area electron diffrac-
tion (SAED) image displays a noticeable scattered and hazy halo,
which demonstrates that the zirconia layer is in an amorphous
state.**** The high-resolution TEM (HR-TEM) image discloses
no distinct lattice fringes or regular arrangement of atoms at the
edges of the composite, which has directly and strongly
demonstrated the amorphous feature of the zirconia layer and
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is consistent with the result of SAED pattern. The energy-
dispersion spectroscopy (EDS) result indicates the presence of
0, Na, Al, Si, Ca and Zr elements in the ZEO@AZ adsorbent with
an O/Na/Al/Si/Ca/Zr weight ratio of about
47.63:0.44 :5.91:38.24 : 1.83 : 5.95 (Fig. 1e and f), which is
basically in accordance with the additive proportion in the
synthetic process. Furthermore, the EDS element mappings in
Fig. 1g and h demonstrate the uniform distribution of Zr and Al,
suggesting the relatively homogeneous distribution of the
amorphous ZrO, layer anchored with the surface of zeolite. XRD
pattern of the ZEO@AZ composite is presented in Fig. S4.1 The
characteristic peaks of ZEO@AZ are consistent with those of the
initial zeolite, whereas the peaks of ZrO, cannot be observed.
This result reveals that the amorphous zirconia is mainly
responsible for no zirconia peak observed in the ZEO@AZ,
which is well in agreement with the HR-TEM result.

The in situ growth of the amorphous ZrO, layer on zeolite
constructs the hierarchical structure, endowing the ZEO@AZ
adsorbent with dramatically high specific surface area. The N,
adsorption-desorption isotherm was measured to analyse the
specific surface area and pore distribution. As illustrated in
Fig. 2, the isotherm of ZEO@AZ is identified as type IV in the
Brunauer classification, in accordance with that of pristine
zeolite (Fig. S5at). The type IV isotherm verifies the presence of
diversified adsorptive behaviours, involving monolayer
adsorption, multilayer adsorption and capillary condensation,*
which are characteristics of mesoporous materials. Observably,
the isotherm of ZEO@AZ exhibits a narrow hysteresis loop over
the region of 0.4 < P/P, < 1, demonstrating the persistent
capillary evaporation and condensation on N, during the
adsorption processes.” The pore-size distribution (inset in
Fig. 2) obtained from the adsorption branch of N, isotherms by
the Barrett-Joyner-Halenda (BJH) method indicates that the
pore sizes are mainly from 2 to 50 nm in ZEO@AZ and the
average pore diameter is 4.38 nm. These pores mainly arise
from the open-framework structure of zeolite, which can be

(c)

Zeolite

Amorphous
ZrO0, layer

10 nm

Fig.1 SEM images of ZEO@AZ at different magnifications (a and b), TEM images of ZEO@AZ at different magnifications (c and d), the illustration
in (c) shows the corresponding SAED pattern, EDS image and result analysis of ZEO@AZ (e and f), and EDS elemental mappings of ZEO@AZ

derived from (e) (g and h).
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Fig. 2 N, adsorption—desorption isotherm and BJH pore-size distri-
bution plots (inset) from the adsorption branch of the isotherm of
ZEO@AZ.

confirmed by the inset in Fig. S5a.f Moreover, the BET specific
surface area of ZEO@AZ, calculated from the N, isotherm at
—196 °C, is found to be as much as about 290 m”> g~ '. By
contrast, the AZ sample with the feature of type II isotherm has
only a negligible surface area of 4.19 m> g~ ', which can be
assigned to the physical adsorption on nonporous or macro-
porous materials (Fig. S5bt). Accordingly, in situ growth of the
amorphous ZrO, layer on zeolite plays in no significant
reducing the inherent BET specific area of zeolite and further
expose the adsorption sites of zirconia for subsequent phos-
phate removal.

3.2. Adsorption isotherms

We tested the adsorption isotherms of phosphates on four types
of adsorbing materials (i.e., ZEO@AZ, ZEO@CZ, AZ and ZEO).
All the adsorbing materials were characterized by the same
adsorption procedure and evaluated in 50 mL of KH,PO, solu-
tion with the initial phosphate concentrations ranging from 0 to
80 mg L. The adsorption capacity Q. (mg g ') is of paramount
importance in estimating the adsorption abilities of materials.
As can be seen from Fig. 3, the adsorption capacity of phos-
phates originally multiplies with the increase of initial phos-
phate concentrations in the range of 0-20 mg L' and
eventually tends to be balanceable after it approaches the
maximum adsorption capacity. It is the powerful driving force
between adsorbents and adsorbates under higher initial
concentrations of phosphates that may be responsible for the
enhanced adsorption capacity, while the gradually saturated
adsorptive sites of adsorbents make the absorption level out
after the initial ramp-up. Remarkably, the composite adsor-
bents (i.e., ZEO@AZ and ZEO®@CZ) show better phosphate
adsorption ability than the single material (i.e., ZEO and AZ),
which may be attributed to the sufficient exposed area
(confirmed by Fig. 2) and abundant adsorption sites after the
conformal growth of the ZrO, layer decorated on zeolite. Of
these, ZEO@AZ exhibits a higher adsorption capacity of 25.0 mg
g~ ' than the relevant ZEO@CZ, substantiating the important
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Fig.3 Phosphate adsorption isotherms with results fitted to Langmuir,
Freundlich and Sips equations of ZEO@AZ and its counterparts (T =
298 K, t =24 h).

role in phosphate removal played by the amorphous ZrO, layer
with a unique disordered structure and abundant defects. The
conclusion presented above is consistent with previous
reports,>?** where amorphous nanomaterials with flexible
adjustment and control of structure and high-density active
sites exhibited superior adsorption activity in comparison with
their crystalline counterparts for the past few years.

More importantly, the phosphate adsorption process is
further fitted by two typical adsorption isotherm models, i.e.,
Langmuir and Freundlich equations, which are described in

eqn (1) and (2), respectively.
C. 1 1
— = —Ce+—— 1
Qe Qm Qm Ky ( )

In Q. =In K¢ + lln C. (2)
n

where C. (mg L") is the phosphate concentration at adsorption
equilibrium; Q. (mg g~ ") is the adsorption capacity; Q,, (mg g ™)
is the maximum theoretical adsorption capacity; the values of
Ky (L mg™") and Kr (mg g~ ') are Langmuir and Freundlich
adsorption constants, respectively; n is the equilibrium
constant.

The fitted results for phosphate adsorption derived from
Langmuir and Freundlich isotherm models are displayed in
Table 1, and the relevant parameters are calculated from the
slope and intercept of linearized plots (ESI appendix, Fig. S6T).
It is demonstrated that the Langmuir model is preferable to
describe the process of phosphate adsorption owing to its
higher correlation coefficient (R* of 0.985-0.999) than that of
Freundlich (R* of 0.883-0.970). The successful fitting by Lang-
muir model indicates the mechanism of a monolayer adsorp-
tion on the surface of adsorbing materials, and the negligible
interactions between Zr(iv) and phosphate anions.** Similar
results have been reported when ZrO, NPs/SiO, membrane,*
Fe;0,@ZrO, composite,”” PANI-ZrO, composite,® etc. were
employed as adsorbents to adsorb phosphates. In particular,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Isotherm parameters for phosphate adsorption by different adsorbents derived from Langmuir, Freundlich and Sips models
Langmuir Freundlich Sips

Adsorbent Om (mgg™) Ky, (Lmg ™) R Kp (mg g™ n R Ag K n R
ZEO@AZ 25.4065 1.1056 0.9991 12.9487 5.0161 0.8832 19.3781 0.7383 0.8840 0.9081
ZEO@CZ 15.8705 0.6175 0.9960 7.4499 5.0615 0.8851 3.5905 0.2214 1.1681 0.9283
AZ 6.9575 0.0550 0.9849 0.4300 1.5315 0.9314 0.1707 0.0290 1.4085 0.9968
ZEO 11.0791 0.2195 0.9898 3.2097 3.3072 0.9701 2.7659 0.2010 0.6831 0.9704

the theoretical maximum adsorption capacities, normally
inaccessible by experiment methods, towards phosphates on
ZEO@AZ, ZEO@CZ, AZ and ZEO are calculated to be 25.4 mg
g, 15.9mgg ", 6.96 mgg ' and 11.1 mg g ' by the Langmuir
model, which are much closer to experimental values (22.9 mg
g, 142 mg g ", 5.06 mg g " and 9.66 mg g ).

Further, in the Langmuir model, the constant K;, related to
interaction energy can be applied for analysing the bonding
strength between adsorbents and adsorbates. The K;, values of
four types of adsorbents follow the sequence of ZEO@AZ >
ZEO®@CZ > ZEO > AZ, which is consistent with the variation of
Qm. This suggests that ZEO@AZ exhibits the strongest binding
with phosphates among all the materials to the benefit of
phosphate adsorption removal. Besides, the affinity of the
ZEO®@AZ adsorbent for phosphates is predicted by a dimen-
sionless separation factor Ry -calculated from Langmuir
constant Ki, as shown in eqn (3).

1

R = —
LTI KG

(3)
where C, (mg L") is the highest initial concentration of phos-
phates in solution. It is reported that R, = 0,0 <Ry <1,R, =1
and R;, > 1 mean that the adsorption isotherms are irreversible,
favourable, linear and unfavourable, respectively.*® According to
the parameter Ki, the calculated Ry value of 0.0112 indicates
a favored adsorption of phosphates on ZEO@AZ.

Next, the Sips model, an optimization based on Langmuir
and Freundlich isotherm equation, is employed for further
determining the absorbing type of the adsorptive surface, as
displayed in eqn (4).

_ As-Ks-C"

Q.= 1+ Ks-C.r

@)
where Kg and Ag are Sips model constants; 7 is an exponential
factor, related to adsorption intensity or surface heterogeneity.
The correlation coefficients of the Sips model for phosphate
sorption are higher than 0.91, suggesting that the Sips model is
acceptably applied to fit the experiment process in our study.
Thereinto, the closer the model index n, as an evaluation
criterion of adsorbent heterogeneity, is to 1, the more homo-
geneous the adsorbent surface is.>” Among all the tested mate-
rials, the n value for ZEO@AZ is nearer to 1 than those of others,
demonstrating its highly homogeneous surface and substan-
tially favourable adsorption. This may be attributed to the
evenly distributed adsorption sites derived from the isotropic
properties of amorphous materials in chemical environments,
in good agreement with previous studies.®®

© 2022 The Author(s). Published by the Royal Society of Chemistry

3.3. Adsorption kinetics

In order to identify the kinetic mechanism of the adsorption
process, the concentration of phosphates in solution was then
monitored by the same adsorption procedure at designed time
intervals. The adsorption kinetics curves on various adsorbing
materials are illustrated in Fig. 4. As expected, the adsorption
quantity of phosphates rapidly increases within the initial
60 min, which accounts for 84.4-87.5% of the adsorption
capacity at equilibrium. Afterwards, the phosphate adsorption
gradually slows down and ultimately achieves the saturation.
The fast adsorption originally can be attributed to the adequate
adsorption sites on the surface of adsorbents, while the
consumption little by little of adsorptive sites results in a diffi-
culty in the adsorption of phosphates.

Three widely accepted kinetic models, i.e., pseudo-first-
order, pseudo-second-order and Elovich equations, were con-
ducted to simulate the kinetics of phosphate adsorption, as
shown in eqn (5), (6) and (7), respectively.

In(Qe — 0) =In Q. — kit (5)
t 1 t
— = 4 6
0 k02 Q. ©
ln(aEbE) 1
= —EE L ing 7
0= T4 )
25
20 - - Pseudo-first-order
Pseudo-second-order
—— Elovich
- 15 A A
@ &
o0
£
~ 10 - = °
<
5L - -
n ZEO@WAZ o AZ
A ZEO@CZ e ZEO
1 L 1 1 1 L 1 L 1 L 1 n 1 i
0 200 400 600 800 1000 1200 1400 1600
Time (h)

Fig. 4 Phosphate sorption kinetics with results fitted to pseudo-first-
order and pseudo-second-order models (T = 298 K, C. = 50 mg LY.
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where Q. (mg g~ ') and Q, (mg g~ ') are the adsorption amount at
equilibrium and designed intervals, respectively; ¢ (h) is the
adsorption time; k; (g mg " h™"), &k, (gmg " h ") and k; (mgg ™"
h®®) are the rate constants, respectively; a (mg g * h™") is the
initial adsorption rate; by (g mg™') is related to the surface
coverage and activation energy of chemisorption.

Kinetic parameters for phosphate adsorption of the three
models, calculated from the linearized phosphate sorption
kinetics plots (Fig. S71), are exhibited in Table 2. It clearly
reveals that the pseudo-second-order model is more suitable for
depicting the adsorption kinetics with relatively higher corre-
lation coefficients with R* values of 0.999. The results confirm
that the adsorption of phosphates on the adsorbents is mainly
dominated by chemisorption.**** The high consistency of the
pseudo-second-order model for test kinetic data is also in
agreement with earlier findings where the pseudo-second-order
model can satisfactorily describe the adsorption kinetics of
phosphates on aluminium oxide,” zirconium oxide,** zinc
hydroxide,*” modified minerals,* etc. Moreover, the theoretical
adsorption capacities at equilibrium on ZEO@AZ, ZEO@CZ, AZ
and ZEO adsorbents (23.4 mgg ', 14.5mgg *,5.13 mgg ' and
9.80 mg g ) calculated from the pseudo-second-order model
are substantially consistent with experimental results.

The Weber-Morris model was performed to elucidate the
mass transfer and analyse the intra particle diffusion mecha-
nism between adsorbents and adsorbates during the adsorption
process, which can be depicted by eqn (8).

0 =k + G (8)

where Q, (mg g ") is the adsorption capacity at designed time; k;
(mg g~' h®®) is the rate constant; C; (mg g~ ') is the Weber-
Morris model constant, related to the thickness of the boundary
layer.

According to the intraparticle diffusion model,” the plots of
Q; vs. t*° should be linear if the intraparticle diffusion is
involved in the adsorption process; the adsorption is controlled
only by intraparticle diffusion if the curves of Q, vs. t° pass
through the origin, whereas the deviation represents that
intraparticle diffusion is not the only rate-controlling step; the
larger the C; value is, the greater the contribution of the
boundary layer effect on speed-control steps is; two or more
slopes could occur in a multi-step adsorption process. As shown
in Fig. 5, the adsorption kinetics of phosphates on ZEO@AZ and
its counterparts are controlled by a three-step procedure with
multi-linear features. It is noteworthy that the first stage is
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Fig. 5 Linearized adsorption kinetics based on the Weber—Morris
model.

assigned to the rapid mass transfer of phosphate ions from the
bulk solution to the surface of adsorbents, whereas the second
and third stages are attributed to the gradually intraparticle
diffusion of phosphates into the pores of adsorbents for some
time and the final adsorption equilibrium, respectively. The
model rate constants for three stages in Table 3 follow the
relationship of k; > k, > k3 and k; is much greater than k&, and 3,
indicating the fast and vigorous mass transfer of phosphates in
the first stage, while the relatively gradual intraparticle diffu-
sion is not the only rate controlling step involved. The intercept
C, observably away from the origin confirms the conclusion
above as well. It is reasonable to infer that both external and
intraparticle diffusion control the adsorption of phosphates.

3.4. Adsorption thermodynamics

The influence of ambient temperature ranging from 298 K to
318 K of the phosphate adsorption on various adsorbents is
investigated and the results are shown in Fig. 6a. The adsorp-
tion capacity at equilibrium of phosphates greatly increases
when the reaction temperature rises from 298 K to 308 K,
whereas the increment in adsorption capacity at equilibrium
grows only a little as the temperature further rises to 318 K. It is
well-known that the increasing temperature is beneficial to the
diffusion of phosphates in aqueous solution, and enhances the
interaction forces between phosphate ions and absorbing
materials.” Consequently, the higher temperature can provide
phosphates sufficient energy to overcome the resistance of the

Table 2 Kinetics parameters for phosphate adsorption of pseudo first-order, pseudo second-order and Elovich kinetics models

Pseudo-first-order

Pseudo-second-order

Elovich

Adsorbent Q. (mgg™) k(b R* Q. (mgg™) k, (gmg 'h™) R* ag (mgg 'h™) bg (g mg™") R?

ZEO@AZ 8.1446 0.3658 0.9228 23.3590 0.2179 0.9999 688.90 0.3307 0.8812
ZEO@CZ 3.5186 0.1733 0.6434 14.5033 0.3755 0.9997 1367.51 0.6195 0.7417
AZ 1.6024 0.2699 0.8628 5.1253 1.0244 0.9999 331.83 1.6964 0.8558
ZEO 3.1288 0.3325 0.7052 9.8020 0.5596 0.9999 276.68 0.7780 0.8603
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Table 3 Kinetics parameters for phosphate adsorption of the intraparticle diffusion model

First stage Second stage

Third stage

Adsorbent &, (gmg 'h*’) ¢, (mgg") R k(gmg 'h*)  C,(mgg") R k3 (gmg'h®?)  C;(mgg ") R

ZEO@AZ 43.8987 —5.5008 0.9999 8.8870 9.5535 0.9172 0.4622 21.1805 0.9152
ZEO@CZ 40.5107 —5.8701 0.9538 2.5603 10.0720 0.9929 0.2599 13.1927 0.9621
AZ 12.0002 —1.4451 0.9992 0.9448 3.0964 0.9635 0.0653 4.7872 0.9682
ZEO 11.4777 0.5933 0.9985 2.4181 5.8696 0.9685 0.1367 9.1174 0.8952

hydrated ion layer and ultimately reach the interior of adsor-
bents to interact with adsorption sites.

The thermodynamic parameters, involving Gibbs free
energy, enthalpy and entropy, are usually utilized to further
explain the relationship between temperature and phosphate
adsorption, which can be obtained from the following eqn

9)-(11).

Ky= = )

AG* = —RTIn Ky (10)
AH® AS

where Ky (mL g™ ") is the distribution coefficient; Q. (mg g™ ")
and C. (mg L") are the adsorbing capacity and phosphate
concentration at equilibrium, respectively; AG* (k] mol ") is the
change of Gibbs free energy; R (8.314 J mol ' K ') is the
universal gas constant; T (K) is the absolute temperature; AH*
(kJ mol™") and AS* (k] mol™" K™') are the change of enthalpy
and entropy, respectively.

In detail, the change of enthalpy (AH*) and entropy (AS*) can
be determined by the slope and intercept of plots of In Ky vs. 1/T
(Fig. 6b), respectively. The thermodynamic parameters of
phosphate adsorption on ZEO@AZ and the counterparts are
presented in Table 4. The results show that the values of Gibbs
free energy variation AG* from phosphate adsorption using the
four adsorbents involved are negative (—11.9 to —20.7 k] mol™")
at various temperatures, indicating that the phosphate

adsorption can occur spontaneously. Furthermore, the absolute
values of AG* for each type of adsorbent are positively associ-
ated with the reaction temperature, which means the enhanced
spontaneous tendency of phosphate adsorption with the
increase in temperature. The positive enthalpy change AH*
(9.27-15.9 k] mol ") of all adsorbing materials reveals that the
phosphate adsorption is substantially endothermic, verifying
the conclusion proposed above that the temperature increases
in favour of phosphate adsorption (Fig. 6a). In particular, the
positive entropy change AS* (0.0744-0.115 k] mol™' K™)
manifests the enhancive randomness or disorder at the solid-
liquid interface during phosphate adsorption.

3.5. Effect of water quality on phosphate adsorption

The water quality conditions, involving solution pH, ionic
strength and co-existing ions, significantly affect the surface
charges, adsorbent ionization and speciation of anions, playing
a critical role in adsorption of phosphates. The effect of solution
pH varying from 2 to 12 and ionic strength with NaCl concen-
trations of 0.00 mol L™, 0.01 mol L™! and 0.50 mol L™ on
phosphate adsorption of the ZEO@AZ and ZEO@CZ was
studied by batch-scale experiments, as exhibited in Fig. 7a.
Remarkably, the phosphate adsorption using ZEO@AZ
embodies a strong dependency upon solution pH. Acidic
conditions with a pH of less than 6 favour the adsorbent in
adsorbing phosphates, whereas sharp declines of adsorption
capacities occur within the solution pH ranging from about 6 to
11.5. Meanwhile, the ionic strength is also a crucial benchmark
to determine the effect of the electrolyte formed by dissociation

(a)2s

20
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ZEO@CZ AZ
Sample

ZEO

m ZEO@AZ
A ZEO@CL

- y=1915.1333x+13.8470

2
R'=0.9423 y=-1115.09863+10.0565

L R’=0.8581

* AZ
e ZEO

L y=-1190.7998x+9.6580

L R=0.8102
y=-1239.5927x+8.9487

I R2=0.9883
1 1 1 1 1

0.00315 0.00320 0.00325 0.00330 0.00335
UT (K™Y

Fig.6 Effect of ambient temperature on phosphate adsorption on different adsorbents (a), and plots of In Kq vs. 1/T (b) (t =24 h, Co =50 mg L ™).
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Table 4 Thermodynamic parameters of phosphate adsorption
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AG* AH* AS*
Adsorbent T (K) Q. (mgg™) Ce (mg L™ Kq(mL g™ (kJ mol™") (kJ mol ™) (kJ mol ' K1)
ZEO@AZ 298 22.64 13.78 1642.78 —18.35 15.92 0.1151
308 24.21 11.27 2147.85 —19.66
318 24.91 10.14 2456.85 —20.65
ZEO@CZ 298 14.54 26.74 543.66 —15.61 9.27 0.0836
308 15.92 24.53 648.95 —16.59
318 16.36 23.82 686.92 —17.28
AZ 298 5.03 41.96 119.76 —11.86 10.31 0.0744
308 5.70 40.88 139.43 —12.65
318 6.23 40.04 155.47 —13.35
ZEO 298 9.71 34.46 281.85 —13.98 9.30 0.0803
308 11.09 32.25 343.99 —14.96
318 11.46 31.67 361.74 —15.58

of NaCl in an aqueous solution on phosphate solubility. It is
noteworthy that a similar variation tendency in adsorbing
capacity with pH levels is observed at varied ionic strengths. The
high ionic strength remarkably enhances the adsorption
capacity of phosphates under neutral and alkaline solvent
environments, but has no apparent effect on acidic pH levels.
Moreover, the similar results using ZEO@CZ as adsorbents
(Fig. S81) also support the above-mentioned conclusions.
Meanwhile, the enhanced phosphate adsorption on Zr-
containing adsorbents by increasing the ionic strength under
neutral or alkaline conditions has been reported by previous
literature studies. For instance, Wu et al. pointed out that the
0.5 mol L™' NaCl can promote high efficiency removal of
phosphates from water of one-step synthesis of a magnetite
core/zirconia shell nanocomposite.** Xu's group also got similar
results on the magnetic Fe;0,@C@ZrO, adsorbent.® In addi-
tion, almost negligible phosphate adsorption on both sorbents
is detected at pH 11, indicating that the phosphorus-saturated
adsorbents are expected to be regenerated under alkaline pH
conditions.

The dependency of phosphate adsorption on solution pH
value and ionic strength can be assigned to the dual-functional
characteristics of the zirconia surface and the complicated

(a) !
- 1
én § ol ° A:. A
1 ®
20 | 4
I
I =
) i %
015 i
\E/ ! LI
o?a I
1
0 . s,
1
= 0.00 moVL NaCl ! L
5| ® 0.01 moVL NaCl | o
4 0.50 mol/L NaCl 1
2 4 6 8 10 12

pH

1.2 T
(b) pK,,=12.31

species distribution of phosphates at different pH levels. Zeta
potential measurements as a function of pH were conducted to
determine the surface charge state of adsorbents (ESI appendix,
Fig. S9t). Apparently, the zeta potential of the ZEO@AZ adsor-
bent (—26.6-32.2 mV) remarkably increases compared with that
of initial zeolite (—46.7 to —18.8 mV) as the pH ranges from 2 to
11, demonstrating that the conformal growth of amorphous
ZrO, changes the electronegativity of the zeolite surface. Actu-
ally, the positively charged ZEO@AZ adsorbent provides a better
choice to the adsorption of anionic pollutants such as phos-
phates due to the favourable electrostatic affinity after the
modification of the initial zeolite. Furthermore, the isoelectric
point (IEP) for ZEO@AZ is obtained at pH 6.10, which suggests
that the surface of ZEO@AZ is negatively charged by the process
of deprotonation at pH above the IEP and positively charged
derived from the protonation process when solution pH is
adjusted to below IEP. The deprotonation and protonation
processes are shown in eqn (12) and (13), respectively.

Zr-OH + OH™ = Zr-O~ + H,0 (12)

Zr-OH + H' = Zr-OH," (13)

Fraction

Fig. 7 Effect of solution pH and ionic strength on phosphate adsorption of ZEO@AZ (a), and existence form of phosphate at different pH levels

(b) (Co =50mg LY, T=298K, t =24 h).
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where Zr-O~ and Zr-OH?*" represent the negatively charged and
positively charged groups on the surface of the zirconia layer,
respectively.

Furthermore, the pH plays a vital role in the existence form
of phosphate species in aqueous solution. In general, phos-
phates are present in water as the species of PO,*>~, HPO,>",
H,PO,  and H;PO,, and the dissociation constants are shown
as follows: Ky = 7.11 x 10>, Kyp = 6.34 x 10~ %, and K,; = 4.79
x 10~ '3, Based on the dissociation equilibrium principle of
acids, the curves of fraction for phosphate species with pH
variation are displayed in Fig. 7b. It is finally known from the
above analysis that monovalent and electronegative H,PO, " is
the predominantly formed phosphate anions in solution when
the pH ranges from 2.12 to 6.10, which can be adsorbed by the
positively charged ZEO@AZ with electrostatic attraction.
Meanwhile, a small fraction of neutral H;PO, contributes little
to the phosphate adsorption. Then, the surface charge of
ZEO®@AZ starts to transform from positive to negative, while the
phosphates exist as both electronegative HPO,>~ and H,PO,~
species throughout the pH ranges from 6.10 to 7.21. The iden-
tical electro negativities thus cause the repulsion between
ZEO@AZ and phosphates. Besides, the gradual transition of
solution to be neutral leads to a rise in the concentration of
OH ", which competes for the adsorption sites on ZEO@AZ with
HPO,> and H,PO, " together, resulting in a lowered adsorption
capacity. With the pH level moving forward, the same charges of
both parties involved, as well as further strengthened compe-
tition of OH™ concentration have combined to pull the phos-
phate adsorption capacity down continuously.

In the actual natural/waste water, various species of anions,
such as Cl7, NO;~, SO,>~ and HCO;~, survive together to
compete for the finite adsorption sites with phosphates,
resulting in reduced adsorption ability of adsorbents to targeted
pollutants. The four anions mentioned above with different
concentrations were chosen as competitors to investigate the
selectivity of ZEO@AZ for phosphates. The concentrations of co-
existing anions vary from 50 mg L™ to 800 mg L™, which is 2 to
30 times that of the initial phosphates. The results are displayed
in Fig. 8, which illustrates that the coexistence of CI~ and NO;™
in solution shows slight or no obvious effect on phosphate
adsorption as the concentration of co-existing anions goes up
from 50 mg L™ to 800 mg L™, whereas the existence of SO,>~
and HCO;~ prominently decreases the phosphate adsorption
on both adsorbents, even if their concentrations reach only
50 mg L' in aqueous solution. This could be attributed to the
fact that CI” and NO; ™~ form only weaker bonds by outer sphere
complexes, while SO, and HCO;~ can generate both outer-
and inner-sphere complexation with Zr*" in the surface of
adsorbents and inhibit the adsorption of phosphates. It can
thus be seen that the affinities of competing anions for
adsorption sites have a significant impact on phosphate
adsorption. Furthermore, the influence of coexisting ions on pH
is also critical.*®** The addition of HCO;~ makes the initial
solution pH gradually turn to neutral or even alkaline condition,
also leading to the decreasing adsorption capacity to some
extent. Considering the much higher concentrations of coex-
isting anions than phosphates, these results still demonstrate

© 2022 The Author(s). Published by the Royal Society of Chemistry
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clearly such good selectivity of the ZEO@AZ adsorbent for
phosphate removal from the practical wastewater, even at
unusually high concentrations of competing anions.

3.6. Recycling adsorption performance

Recycling adsorption performance is of paramount importance
to practical water governance. Bench-scale experiments with
five cycles were conducted to systematically investigate the
reusability of the as-prepared ZEO@AZ. Each cycle followed the
adsorption-desorption-regeneration process, wherein the
adsorbents after adsorption equilibrium were immersed into
0.1 mol L™ " NaOH solution to dissolve the adsorbed phosphates
for regeneration and then started a new cycle. As illustrated in
Fig. 9, the results depict that the adsorption amount loss
towards phosphates on ZEO@AZ is only less than 5% after five
repeated cycles, thus indicating favourable adsorption ability of
the regenerated adsorbents. The recycling performance of
ZEO@AZ may be ascribed to the conformal growth based on
zeolite, providing the amorphous ZrO, layer more robust and
scattered adsorptive sites and endowing the ZEO@AZ adsorbent
with superior recyclability for practical applications.

3.7. Adsorption mechanism towards phosphates

According to the above analysis, we attribute the adsorption
mechanism of phosphates on ZEO@AZ to the interaction of
phosphates with the amorphous zirconia layer, where poly-
phosphates or other species have a negligible impact on the
sorption process (see more details in ESI appendix, Fig. S10%).
Previous studies**® have suggested that the zirconium exists in
the form of tetrameric ion [Zr(OH),-4H,0],*" with the addition
of ZrOCl,-8H,0 in the pre-made Tris-HCI solution at pH 7.5.
The precursor formation of the amorphous ZrO, layer relies on
a two-step temperature controlled strategy of low temperature
adsorption (4 °C) and nucleation and heterogeneous growth of
metal ions by hydrolysis at a relatively high temperature (60 °C).
During the hydrolytic reaction, some of the coordinated water
in [Zr(OH), 4H,0],*" is replaced by hydroxide radicals and
forms the precursor for ZrO, uniformly distributed on the
surface of the zeolite matrix. Finally, the amorphous ZrO, layer
conformally grown on the surface of zeolite is obtained in the
subsequent dehydration treatment (mixed with some ethyl
alcohol at 60 °C for 12 h). Compared with the crystalline
counterpart ZEO@CZ, the ZEO@AZ is well situated to benefit
from the abundant defects of the amorphous ZrO, layer, which
are in favour of the ion exchange in phosphate adsorption.”>*
Furthermore, the high specific surface area of ZEO@AZ derived
from the zeolite support (certified by the results of Sgrr) endows
the composite adsorbent with more evenly distributed active
adsorption sites. Therefore, it is the synergistic effect between
the zeolite support and amorphous ZrO, layer that results in the
enhanced phosphate adsorption properties.

The favourable selective adsorption on phosphates using the
ZEO®@AZ adsorbent in the presence of high concentrations of
coexisting ions (Fig. 8) further indicates that the formation of an
inter-sphere complex, ie. ligand exchange, dominates the
removal mechanism of phosphates. The variation of isoelectric
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Fig. 9 Recycling adsorption performance of the ZEO@AZ adsorbent
towards phosphates (Co = 50 mg g%, T =298 K, t = 24 h).

point (IEP) helps to distinguish the formation of outer and
inner spheroidal complexes, based on the fact that the gener-
ation of the former cannot change the IEP value due to the lack
of chemical reactions between the adsorbent surface and
phosphates that might alter the surface charge state. Zeta
potential measurements of the ZEO@AZ composite before and
after phosphate adsorption were conducted and the results are

16760 | RSC Adv, 2022, 12, 16751-16762

shown in Fig. 10a. It's clear that the zeta potential of ZEO@AZ
markedly decreases after the phosphate adsorption over the
whole pH tested region. The IEP value shifts from ~6.10 to ~2.7
after treatment with 50 mg L™ phosphates solution. Thus, zeta
potential strongly supports the ligand exchange mechanism.
The ligand exchange mechanism by the inter-sphere complex
was also confirmed by the FTIR spectra of ZEO@AZ before and
after the sorption of phosphates under acidic conditions with
a pH of 4.6 (Fig. 10b). The broad absorption band centred at
around 3480 cm ™' and the narrow peak at 1634 cm ™" of both
curves could be ascribed to the O-H stretching and bending
vibrations caused by hydroxyl groups and physically adsorbed
water, respectively.”® Before adsorption reaction, a character-
istic peak at 1463 cm ' and a wide absorption band at
1348 cm ™' can be observed due to O-H bending vibrations on
the metal oxide surface.***” But after adsorbing phosphates,
they are distinctly weakened in the red spectrum compared with
that of fresh ZEO@AZ. Moreover, new adsorptive peaks at
1057 cm ' and 824 cm ' emerge in the relatively low wave-
number region (750-1250 cm™ '), resulting from the stretching
vibration of adsorbed P-OX, where X represents the hydrogen or
metal atom bonded with phosphates.*** Notably, these bands
provide direct evidence for the formation of zirconia and
phosphate complex, which is consistent with the results of zeta
potential. Consequently, it is the inter-sphere complexation
mechanism that dominates the adsorption reaction of phos-
phates on the ZEO@AZ adsorbent.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Zeta potential (a) and FTIR spectra (b) of the ZEO@AZ composite before and after phosphate adsorption.

4. Conclusions

In summary, we have first presented a facile liquid phase
synthesis to achieve the conformal growth of an amorphous
ZrO, thin layer decorated on the surface of zeolite, fabricating
the heterostructured ZEO@AZ compound adsorbent. The as-
prepared ZEO@AZ adsorbent exhibited favourable adsorptive
performance towards phosphates with a theoretical maximum
adsorption amount of 25.41 mgp g~ '. The adsorption process
can be well fitted by the Langmuir model and pseudo-second-
order model, and also proved to be chemisorption, endo-
thermic and spontaneous by thermodynamics analysis.
Furthermore, the adsorption ability of ZEO@AZ was highly
dependent on the solution pH and remained efficient and
stable at pH < 6. Favourable selectivity and reusability illus-
trated that the ZEO@AZ could be reutilized as a high-efficiency
and eco-friendly adsorbent for the treatment and recycling
utilization of phosphates in practical wastewater. Besides, the
inter-sphere complex mechanism proposed in our research
probably helps to further regulate the synthesis of compound
adsorbents for more effective phosphate adsorption and
recovery.
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