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Abstract A zirconium-modified zeolite (ZrMZ) was pre-
pared, and then, humic acid (HA) was immobilized on the
ZrMZ surface to prepare HA-loaded ZrMZ (HA-ZtMZ).
The obtained ZrMZ and HA-ZrMZ were characterized by
energy dispersive X-ray spectroscopy, elemental analyzer,
N, adsorption/desorption isotherms, pH at the point of zero
charge, and X-ray photoelectron spectroscopy. The adsorption
characteristics of phosphate on ZrMZ and HA-ZrMZ were
comparatively investigated in batch mode. The adsorption
mechanism of phosphate on ZrMZ and HA-ZrMZ was inves-
tigated by ionic strength effect and *'P nuclear magnetic res-
onance. The mechanism for phosphate adsorption onto ZrMZ
was the formation of inner-sphere phosphate complexes at the
solid/solution interface. The preloading of HA on ZrMZ re-
duced the phosphate adsorption capacity, and the more the HA
loading amount, the lower the phosphate adsorption capacity.
However, the preloading of HA on ZrMZ did not change the
phosphate adsorption mechanism; i.e., the formation of inner-
sphere phosphate surface complexes was still responsible for
the adsorption of phosphate on HA-ZrMZ. The decreased
phosphate adsorption capacity for ZrMZ after HA coating
could be attributed to the fact that the coating of HA on
ZrtMZ reduced the amount of binding active sites available
for phosphate adsorption, changed the adsorbent surface
charges, and reduced the specific surface areas and pore vol-
umes of ZtMZ.
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Introduction

Eutrophication has become one of the most severe threats to
the health of aquatic ecosystems in freshwater bodies such as
rivers, lakes, and reservoirs all over the world, especially in
developing countries (Liirling et al. 2014; Smith et al. 1999;
Zhang et al. 2015; Zhu et al. 2013). Phosphorus (P) is a vital
element to freshwater aquatic ecosystems, and excessive P
concentration of overlying waters can cause eutrophication
of freshwater bodies (Correll 1998; Smith et al. 1999).
Therefore, in order to combat eutrophication of freshwater
bodies, it is of great importance to reduce the concentration
of P in overlying waters.

The main sources of P in overlying waters include external
loading and internal loading. In order to restore the eutrophic
freshwater bodies, it is essential for the reduction of the exter-
nal P loading (Reitzel et al. 2003). However, after a reduction
in P external loading, the restoration of eutrophic freshwater
bodies is usually delayed by the internal P loading, i.e., the
release of P from sediments into overlying waters (Jeppesen
et al. 2005; Sendergaard et al. 2003). Therefore, in order to
control eutrophication, it is recommended to apply in situ P
control technique besides reducing P external loading (Funes
et al. 2016).

In situ P control requires both removal of P from overlying
water and control of P release from sediment (Liirling et al.
2014). Recently, several solid phase P-sorbents have been
proposed for in situ P control, including lanthanum-modified
bentonite clay (Liirling et al. 2014; Liu et al. 2016b; Reitzel
et al. 2013), aluminum/ferrum-based drinking water treatment
residuals (WTRs) (Wang and Pei 2013), natural calcium-rich
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sepiolite (NCSP) (Yin et al. 2013), Z2G1-modified zeolite
(Gibbs and Ozkundakei 2011), calcite (Berg et al. 2004),
calcite/zeolite mixture (Lin et al. 2011b), magnetic micropar-
ticles (Funes et al. 2016), water clarifier sludge (Ichihara and
Nishio 2013), lanthanum-modified soils (Dai and Pan 2014),
cationic surfactant-modified sediments (Song et al. 2014),
granulated coal ash (Yamamoto et al. 2013), and zirconium-
modified zeolite (ZrMZ) (Yang et al. 2014, 2015). Among
these P-sorbents, ZrMZ could be an attractive P-sorbent
choice for in situ P control because zirconium oxides in
ZrMZ had good chemical stability, low solubility in water,
and no toxicity, and ZrMZ exhibited a high adsorption capac-
ity for phosphate ions in water and sediment-water systems
(Cui et al. 2012; Liu et al. 2008; Rodrigues et al. 2012; Su
et al. 2013; Yang et al. 2015).

Humic acid (HA), as an important natural organic mat-
ter (NOM), is formed by the microbial breakdown of plant
and animal residues and has been found to be widely
distributed in natural aquatic systems (Erhayem and
Sohn 2014; Wang et al. 2015b). HA contains several
functional groups such as carboxyl, phenol, and amine
groups (Kumar et al. 2011). HA is known to interact with
several metal oxides such as titanium dioxide (Chen et al.
2012), iron oxide (Chekli et al. 2013; Wang et al. 2015b;
Yan et al. 2016; Zhou et al. 2014), alumina (Kumar et al.
2011), and silicon dioxide (Liang et al. 2011). HA is also
known to interact with zirconium (Stern et al. 2014).
When ZrMZ is applied to natural aquatic systems for in
situ P control, it may interact with abundant HA. The
ZrMZ-HA interaction may alter the surface properties of
ZrMZ, and these changes may affect the adsorption be-
havior of phosphate on ZrMZ. However, there are few
studies on the effect of HA coating on the adsorption of
phosphate on ZrMZ.

The objective of this study was to determine the effect
of HA coating on the adsorption of phosphate from water
on ZrMZ. To achieve this goal, two HA-coated ZrMZ
(HA-ZrMZ) samples with different HA loading amounts
were first prepared. Then, the original ZrMZ and synthe-
sized HA-ZrMZ were comparatively characterized by en-
ergy dispersive X-ray spectroscopy (EDX), elemental ana-
lyzer, N, adsorption/desorption isotherms, pH at the point
of zero charge (pHpzc), and X-ray photoelectron spectros-
copy (XPS) to explore the influence of HA coating on the
surface area, porosity, surface chemical composition and
state, etc. Finally, in order to find out the effect of HA
coating on adsorption of phosphate onto ZrMZ, the adsorp-
tion characteristics and mechanism of phosphate on ZrMZ
and HA-ZrMZ were comparatively investigated using
batch experiments and solid-state *'P nuclear magnetic res-
onance (NMR) spectroscopy. Results of this work will be
helpful for the application of ZrMZ to remove P from
overlying water and to prevent P release from sediments.
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Materials and methods
Materials

The original zeolite employed in this work, whose diameter is
less than 0.075 mm, was provided from a company in Jinyun
County, Zhejiang Province, China. Humic acid was obtained
from Aldrich Chemical Company, USA, and used as received.
Analytical-grade chemicals used for this study including
ZrOCl,8H,0, KH,PO,4, NaOH, HCI, NaCl, KCl, CaCl,,
MgCl,, NaHCOs3, Na,SOy, and Na,Si0; were obtained from
Sinopharm Chemical Reagent Co., Ltd., China, and used
without further purification. Deionized water was chosen to
prepare all solutions. The ZrMZ sample was fabricated ac-
cording to the method reported in our previous study (Yang
et al. 2014). The working phosphate solutions with desired
concentration were prepared by diluting KH,PO, stock solu-
tion to appropriate volumes with deionized water, and their
concentrations were all expressed in P.

Preparation of HA-ZrMZ

Two HA-ZrMZ samples were prepared in this study. The HA-
ZrMZ sample with relatively low loading amount of HA was
prepared as follows. First, 5 g of ZrMZ was mixed with 1 L of
HA solution with an initial concentration of 100 mg/L (pH 7)
in a 2-L conical flask, and then, the suspension was stirred at
25 °C for 48 h. After that, the suspension was centrifuged at
4000 rpm and the supernatant was poured out. The residue
was then washed with deionized water many times to remove
freely dissolved HA. Finally, the obtained HA-ZrMZ was air-
dried and stored in a closed bottle for further use. Hereafter,
the obtained HA-ZrMZ with relatively low loading amount of
HA was named as HA-ZrMZ-1.

The ZrMZ sample with relatively high loading amount
of HA was prepared as follows. First, the HA-ZrMZ-1
sample was prepared by shaking 5 g of ZtMZ in 1 L of
HA solution as described above. Then, the HA-ZrMZ-1
was mixed with 1 L of HA solution with an initial con-
centration of 100 mg/L (pH 7) in a 2-L conical flask.
After that, the suspension was stirred at 25 °C for 48 h.
Then, the residue was obtained by centrifugation and
washed with deionized water many times to remove freely
dissolved HA. Finally, the obtained HA-ZrMZ was air-
dried and stored in a closed bottle for further use.
Hereafter, the obtained HA-ZrMZ with relatively high
loading amount of HA was named as HA-ZrMZ-2.

Characterization of adsorbent materials
An INCA X-Act EDX analyzer (Oxford Instruments, UK)

was used to determine the chemical local compositions on
the surfaces of ZrMZ, HA-ZrMZ-1, and HA-ZrMZ-2. The



Environ Sci Pollut Res (2017) 24:12195-12211

12197

contents of C and N in HA, ZrMZ, HA-ZrMZ-1, and HA-
ZrMZ-2 were measured using a Vario EL cube elemental
analyzer (Elementar, Germany). The N, adsorption/
desorption isotherms of the original zeolite, ZrMZ, HA-
rMZ-1, and HA-ZtMZ-2 at 77 K were gotten using an
ASAP 2020 surface area and porosity analyzer
(Micromeritics, USA). Based on the N, adsorption iso-
therm data, the Brunauer-Emmett-Teller (BET) specific
surface areas, total pore volumes, and Barret-Joyner-
Halenda (BJH) pore diameter distributions of the original
zeolite, ZtMZ, HA-ZrMZ-1, and HA-ZrMZ-2 were calcu-
lated. The pHpyc values for ZrMZ, HA-ZrMZ-1, and HA-
ZrMZ-2 were determined through the pH drift method
(Guaya et al. 2015). Brief, an exact 25 mg of adsorbent
(ZrMZ, HA-ZrMZ-1, or HA-ZrMZ-2) was added into
20 mL of 0.01 mol/L NaNO; solutions with initial pH
(pH;) values ranging from 3 to 11, and then, the suspen-
sion was shaken for 72 h at 25 °C under interrupted os-
cillation condition. The final pH (pHy value of solution
was determined using a pH meter, and the pHpc value of
adsorbent was determined as the pH value at which the
addition of adsorbent did not result in a change in the pH
value of solution, i.e., pHy — pH; = 0. A Kratos Axis
Ultra®™P spectrometer (Kratos Analytical-A Shimadzu
group company) equipped with the monochromatic Al
K, anode radiation source (1486.6 ¢V) was used to obtain
the XPS spectra of ZrMZ and HA-ZrMZ-2, which were
further used to determine the semi-quantitative chemical
composition and surface chemical states of ZrMZ and
HA-ZrMZ-2. The C 1-s signal of an adventitious carbon
was used as reference at a binding energy of 284.8 eV. A
nonlinear least squares curve fitting program
(XPSPEAKA41 software) was employed to fit the peak of
XPS spectra.

Batch adsorption experiments

Batch adsorption experiments were carried out to study the
influence of contact time, initial P concentration, reaction tem-
perature, ionic strength, solution pH, and coexisting electro-
lyte concentration on the adsorption of phosphate on ZrMZ,
HA-ZrMZ-1, and HA-ZtMZ-2.

Adsorption kinetics

To investigate the adsorption kinetics, 15 mg of adsorbent
was added into 100-mL conical flask, and 25 mL of 3 mg
P/L phosphate solution (pH 7) was also added into this
conical flask. Then, the conical flask was transferred into
a temperature controlled shaker and shaken at 25 °C and
150 rpm for predefined contact time. After that, the aque-
ous sample was filtered quickly, and the residual concen-
tration of P in the filtrate was determined on a UV-Vis

spectrometry by using the molybdenum blue method with
a detecting wavelength of 700 mm. The phosphate ad-
sorption capacity for adsorbent at any time ¢ was calculat-
ed according to Eq. (1):

(Co—Cy)V
q: = o (1)
where ¢, (mg P/g) is the phosphate adsorption capacity for
adsorbent at any time #; Cy and C, are the concentrations of
phosphate in solution at initial time and at any time ¢, respec-
tively (mg P/L); m (g) is the weight of the adsorbent; and V (L)
is the volume of phosphate solution.

Adsorption isotherm

To investigate the adsorption isotherm, an exact 15 mg of
adsorbent was added into 50 mL of phosphate solution
with initial P concentration of 0.2-4.0 mg/L (pH 7). The
suspension was then shaken in a temperature-controlled
shaker at 25 °C and 150 rpm for 24 h. After that, the
adsorbent particles were removed by centrifugation and
the residual concentration of P in the supernatant was
determined spectrophotometrically. The amount of phos-
phate adsorbed per unit weight of adsorbent at equilibri-
um was calculated according to Eq. (2):

(Co—Ce)V
qe = T (2)
where g. (mg P/g) is the amount of adsorbed phosphate per
unit weight of adsorbent at equilibrium, Cy (mg P/L) is the
initial phosphate concentration, C, (mg P/L) is the equilibrium
concentration, V (L) is the volume of phosphate solution, and
m (g) is the weight of the adsorbent.

Effect of temperature, ionic strength, pH, and coexisting
electrolyte on adsorption

The effect of temperature was studied by shaking 15 mg
of adsorbent in 50 mL of phosphate solutions with an
initial concentration of 4 mg P/L (pH 7) at 15, 25, and
35 °C for 24 h, respectively. The effect of ionic strength
was studied by shaking 15 mg of adsorbent in 50 mL of
solutions with different concentrations of NaCl (0, 10, 50,
200, 400, and 600 mmol/L) and an initial phosphate con-
centration of 3 mg P/L (pH 7) at 25 °C for 24 h. The
effect of pH was studied by shaking 15 mg of adsorbent
in 50 mL of 3 mg P/L phosphate solutions with different
pH values (3, 4, 5, 6, 7, 8, 9, 10, and 11) at 25 °C for
24 h. The effect of coexisting electrolyte was studied by
shaking 15 mg of adsorbent in 50 mL of solutions with an
initial electrolyte concentration of 0 or 2 mmol/L and an
initial phosphate concentration of 3 mg P/L (pH 7) at
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25 °C for 24 h. After equilibrium, the adsorbent particles
were removed by centrifugation. The residual phosphate
concentration was determined spectrophotometrically, and
the amount of phosphate adsorbed per unit mass of adsor-
bent was calculated according to Eq. (2).

The *'P NMR analyses of ZrMZ and HA-ZrMZ
after phosphate adsorption

Solid-state *'P magnetic angle spinning (MAS) NMR spec-
trometer (Avance 111 400 MHz, Bruker Corporation,
Germany) was used to measure °'P NMR spectra of
phosphate-adsorbed ZrMZ and phosphate-adsorbed HA-
ZrMZ-2. The *'P chemical shifts are calibrated using external
KH,POy,.

Results and discussion
Characterization of ZrMZ and HA-ZrMZ
EDX spectra

The EDX spectra of ZrtMZ, HA-ZrMZ-1, and HA-ZrMZ-2
are reported in Fig. 1. The weight percentage (Wt%) of
elements present in ZrMZ, HA-ZrMZ-1, and HA-ZrMZ-2
determined by EDX are also represented in Fig. 1. The
EDX analysis results showed that the major elemental
composition on the ZrMZ surface were Si, Al, Zr, O, Fe,
K, Na, Ca, Mg, and C, whose weight percentages were
22.36, 6.32, 8.28, 51.88, 1.61, 1.04, 1.46, 1.01, 0.27, and
5.64%, respectively. Zr element was present on the ZrMZ
surface (Fig. 1), but it was absent on the surface of the
original zeolite (Yang et al. 2015), confirming the loading
of zirconium oxides/hydroxides in ZrMZ after the modifi-
cation of the original zeolites with zirconium. Compared
with the weight percentage of C element in ZrMZ, the
weight percentage of C element in HA-ZrMZ-1 and HA-
ZrMZ-2 markedly increased (Fig. 1), suggesting the occur-
rence of HA loaded onto the ZrMZ surface after the contact
of ZrMZ with HA solution.

Elemental analysis

The contents of carbon and nitrogen in HA, ZrMZ, HA-
ZrMZ-1, and HA-ZrMZ-2 determined by elemental analyzer
are reported in Table 1. It was shown that the contents of C and
N were in the following order: HA > HA-ZrMZ-2 > HA-
ZtMZ-1 > ZrMZ, validating that HA had been successfully
loaded on the ZrMZ surface after the contact of ZrMZ with
HA solution. According to the contents of C in HA, ZtMZ,
HA-ZrMZ-1, and HA-ZrMZ-2, the loading amounts of HA in
HA-ZrMZ-1 and HA-ZrMZ-2 were determined to be 2.42 and

@ Springer

Si (a) zzMz
o Element | wt%
C 5.64
(0] 51.88
Na 1.46
Mg 0.27
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(c) HA-ZrMZ-2
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Zr 6.39
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Fig. 1 EDX spectra and surface elemental compositions of a ZrMZ, b
HA-ZtMZ-1, and ¢ HA-ZtMZ-2

7.79 mg/g, respectively. It was obvious that the loading
amount of HA in HA-ZrMZ-2 was much higher than that in
HA-ZrMZ-1.
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Table 1 Carbon and nitrogen contents of humic acid, ZrMZ, HA-
ZrMZ-1, and HA-ZrMZ-2

Element Humic acid ZrMZ HA-ZrMZ-1 HA-ZrMZ-2
C 37.23% 0.35% 0.44% 0.64%

N 0.81% 0.00% 0.02% 0.04%

N> adsorption/desorption isotherms

The N, adsorption/desorption isotherms and corresponding
BJH pore diameter distributions plots for the original zeolite,
ZtMZ, HA-ZrMZ-1, and HA-ZrMZ-2 are presented in Fig. 2.
It was shown that the N, adsorption took place at a relative
pressure less than 0.995 P/P. In comparison, the amounts of
N, adsorbed on ZrMZ at different relative pressures were
higher than those of the original zeolite, and also higher than
those of HA-ZrMZ (e.g., HA-ZtMZ-1 and HA-ZrMZ-2); es-
pecially, the N, adsorption capacity for ZrMZ was obviously
higher than those for the original zeolite, HA-ZrM-1, and HA-
ZrMZ-2 at the relatively pressure of 0.450-0.995 P/P,.
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Additionally, the N, adsorption/desorption isotherm shapes
of the original zeolite, ZtMZ, HA-ZrMZ-1, and HA-ZtMZ-2
were similar, and all these isotherms showed an obvious hys-
teresis loop at a relative pressure of 0.450-0.995 P/Py,.

The BET surface areas of the original zeolite, ZtMZ, HA-
ZrMZ-1, and HA-ZrMZ-2, as calculated from the N, adsorp-
tion isotherm data, were found to be 19.0185, 71.8310,
56.2882, and 50.6104 m*/g, respectively. According to the
N, adsorption isotherm data, the total pore volumes of the
original zeolite, ZtMZ, HA-ZtMZ-1, and HA-ZrMZ-2 were
calculated to be 0.033406, 0.067646, 0.0048469, and
0.049404 cm?/g, respectively. It was obvious that the surface
area and pore volume of ZrMZ were much higher than those
of the original zeolite, suggesting that the ZrMZ could be
more suitable to be used as an adsorbent for removing pollut-
ants from aqueous solution than the original zeolite. The in-
crease of BET surface area and total pore volume after zirco-
nium modification might be attributed to the fact that the load-
ed zirconium oxide particles on the zeolite surface provided a
higher surface area and a higher pore volume than the original
zeolite (Chitrakar et al. 2006; Zong et al. 2016). Moreover, the
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Fig. 2 N, adsorption/desorption isotherm of a natural zeolite, b ZrMZ, ¢ HA-ZtMZ-1, and d HA-ZtMZ-2
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surface areas and pore volumes of HA-ZrMZ-1 and HA-
ZrMZ-2 were less than those of ZrMZ, reflecting that the
coating of HA can decrease both the surface area and pore
volume of ZrMZ. Similar trend of HA coating effect on the
surface area has been observed for iron oxide (Wang et al.
2015b; Yan et al. 2016).

According to the classification of pore size made by the
International Union of Pure and Applied Chemistry
(TUPAC), the diameters of micropores, mesopores, and
macropores are less than 2 nm, between 2 and 50 nm, and
more than 50 nm, respectively. In the N, adsorption isotherm,
the relative pressure less than 0.1 P/Py was related to micro-
pores, 0.1-0.8 P/P, was related to mesopores, while 0.8-10
P/P, was related to macropores (Wang et al. 2015a). The N,
adsorption/desorption isotherms of the original zeolite, ZtMZ,
HA-ZrtMZ-1, and HA-ZrMZ-2 all were categorized as type [V
isotherm with a distinct hysteresis loop observed in the range
of 0.45-0.99 P/P,, indicative of the presence of abundant
mesopores in the original zeolite, ZtMZ, HA-ZrMZ-1, and
HA-ZtMZ-2 (Zhang et al. 2012). Furthermore, it was seen
that the hysteresis loop shifted approach relative pressure
(P/Pg) = 1, suggesting the existence of macropores in the orig-
inal zeolite, ZtMZ, HA-ZrMZ-1, and HA-ZrMZ-2 (Zhang
et al. 2012). These results were in good agreement with the
BJH pore diameter distributions of the original zeolite, ZrtMZ,
HA-ZrMZ-1, and HA-ZrMZ-2. The significant decrease of
the N, adsorption capacity at the relative pressure of 0.450—
0.995 P/P, demonstrates that the decrease of pore volume can
be attributed to the decrease of mesopore and macropore
volumes.

Point of zero charge

As shown in Fig. 3, the pHpyzc values of ZrMZ, HA-
ZrMZ-1, and HA-ZrMZ-2 were 7.73, 7.23, and 6.85, re-
spectively. The surface charges of ZrMZ, HA-ZrMZ-1,

5. —0—7ZtMZ
—0— HA-ZrMZ-1
X —A— HA-ZIMZ-2
= 0
=
=
[=9 _1 -
pHp,c of ZtIMZ =773
2 pHp, of HA-ZIMZ-1=17.23
3 pH,, . of HA-ZIMZ-2 = 6.85
4 T T T T T T T T T

Fig.3 Determination of pHpzc of ZtMZ, HA-ZtMZ-1, and HA-ZtMZ-2

@ Springer

and HA-ZrMZ-2 were highly dependent upon solution
pH. When solution pH is below pHpzc, the surface
charges of ZrMZ, HA-ZrMZ-1, and HA-ZrMZ-2 are pos-
itive, which is beneficial for the adsorption of the nega-
tively charged phosphate anions. However, when solution
pH is above pHpyc, the surface charges of ZrMZ, HA-
ZrMZ-1, and HA-ZrMZ-2 are negative. In this case, a
barrier will be created by the electrostatic repulsion inter-
action between the negatively charged adsorbent and the
negatively charged phosphate anion, which will inhibit
the adsorption of phosphate anions on the negatively
charged adsorbent.

Two principal adsorption mechanisms have been proposed
for HA adsorption onto metal oxides, i.e., electrostatic attrac-
tion and ligand exchange (Liu et al. 2014; Sun and Lee 2012).
At solution pH 7, the HA molecules could be considered as
anions and they were partially negatively charged because
carboxylic groups of HA usually dissociates at pH >4, where-
as phenolic groups of HA usually dissociates at pH >8 (Sun
and Lee 2012). The ZrMZ surface was positively charged at
solution pH 7 (Fig. 3). Therefore, at solution pH 7, the neg-
atively charged HA would be adsorbed on the positively
charged ZrMZ surface due to the electrostatic attraction.
The occurrence of specific chemical reaction between the
adsorbent surface and the adsorbate can change the surface
charge of the adsorbent, but there is no change in the surface
charge of adsorbent when no specific chemical reaction be-
tween the adsorbent surface and the adsorbate takes place
(Chen et al. 2013; Su et al. 2013). Therefore, the formation
of outer-sphere complexes on the adsorbent surface cannot
change the pHpyc value of the adsorbent, but inter-sphere
complex formation can change the pHp,c value (Chen et al.
2013; Su et al. 2013). The decrease in the pHpyc value of
ZrMZ induced by HA coating could be attributed to the for-
mation of anionic negatively charged inner-sphere surface
complexes via a ligand exchange process (Chen et al.
2013). Therefore, the decrease of pHp,c demonstrated that
the specific chemical reaction rather than the purely electro-
static attraction existed between the HA molecules and the
ZrMZ surface to form anionic negatively charged inner-
sphere surface complexes. Thus, it was proposed that the
interaction between HA and ZrMZ at solution pH 7 was
firstly initiated by the electrostatic attraction between the neg-
atively charged HA and the positively charged ZrMZ surface,
and then, the hydroxyl groups of ZtMZ (e.g., Zr-OH and Zr-
OH,") interacted with the deprotonated functional groups of
HA (e.g., —COO") via a ligand exchange process to form
surface complexes. Similar adsorption mechanisms have
been proposed for HA adsorption onto TiO, microsphere
(Sun and Lee 2012) at solution pH below their pHpyc values.
The suggested mechanisms for the interaction of ZrMZ with
HA will be proven conclusively by the analysis of XPS spec-
tra in the “XPS spectra” section.
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XPS spectra

XPS is a useful tool for determining the composition of ad-
sorbents as well as the chemical state of elements on the ad-
sorbent surface. Figure 4a shows the wide scan XPS spectra of
ZtMZ and HA-ZrMZ-2. The presence of the peaks of Al 2p,
Si2s,Zr3d,0 1s,and Na 1 s in the XPS wide scan spectra of
ZrMZ and HA-ZrMZ-2 indicates that the ZrMZ and HA-
ZrMZ-2 contain Al, Si, Zr, O, and Na. The presence of the
C 1-s peak in the XPS spectrum of ZtMZ was attributed to the
adventitious carbon used for calibrating the binding energy
which did not change during adsorption. The presence of the
C 1-s peak in the XPS spectrum of HA-ZrMZ-2 was attributed
to the adventitious carbon or both the adsorbed HA and ad-
ventitious carbon.

Figure 4b, ¢ shows the decomposition of high-resolution
scan of O 1-s XPS spectra for ZrtMZ and HA-ZrMZ-2, respec-
tively. As shown in Fig. 4b, the high-resolution scan of O 1-s
XPS spectrum for ZrMZ could be divided into three compo-
nent peaks of the O species in the form of metal oxide (0*),
hydroxyl group bonded to metal (—OH), and adsorbed water

Ols
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(H,0), whose binding energy (BE) values were 530.52,
531.71, and 532.57 eV, respectively. As shown in Fig. 4c,
the high-resolution scan of O 1-s XPS spectrum for HA-
ZrtMZ-2 could be divided into four component peaks of the
O species in the form of O, carboxylic functional groups
(—COO"), —OH, and H,O, whose BE values were 530.16,
531.14, 531.98, and 532.93 eV, respectively. A peak assigned
to O in carboxylic functional groups was found in the high-
resolution scan of O 1-s XPS spectrum of HA-ZrMZ-2, dem-
onstrating that HA had been successfully loaded on the ZtMZ
surface after the contact of ZrMZ with HA solution. The
fitting parameters of different O 1-s peaks for ZrMZ and
HA-ZrMZ-2 are summarized in Table 2. It was shown that
the —OH percentages for ZrMZ and HA-ZrMZ-2 were 55.35
and 43.70%, respectively. This demonstrated that large
amounts of hydroxyl groups existed on the surface of ZrMZ
and HA-ZrMZ-2, which were beneficial for the adsorption of
phosphate through a ligand exchange mechanism.

The high-resolution scan of Zr 3d spectra for ZtMZ and
HA-ZrMZ-2 are presented in Fig. 4d. It was shown that the
binding energy of Zr 3d was shifted to the higher value after
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Fig. 4 XPS spectra of ZrMZ and HA-ZrMZ-2. a Wide scan spectra. b O 1-s spectrum of ZtMZ. ¢ O 1-s spectrum of HA-ZrMZ-2. d Zr 3d spectra
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Table 2 Fitting parameters of O

1-s peak of ZrtMZ and HA-ZrMZ- Samples Peak Binding energy (eV) FWHM Area Percentage (%)
2 ZrMZ H,O 532.57 1.85 8,088.75 21.20
—OH 531.71 1.57 21,123.97 55.35
(O 530.52 1.70 8,949.97 2345
HA-ZtMZ-2 H,O 532.93 1.60 5,176.05 13.66
—OH 531.98 1.31 16,552.41 43.70
—-COO~ 531.14 1.24 10,815.61 28.55
o* 530.16 1.41 5,335.99 14.09

the coating of HA on ZrMZ, suggesting that the Zr element in
the ZrMZ took part in the HA coating process. Before the HA
coating, great amounts of hydroxyl groups existed on the sur-
face of zirconium oxides in ZrMZ. Previous studies have
shown that the functional carboxylic groups (—COOH) and
phenolic hydroxyl groups (—OH) of HA are considered to be
active and can interact with the surfaces of many metal oxides
(Sun and Lee 2012; Yan et al. 2016; Zhou et al. 2015). At
solution pH 7, the dissociation of carboxylic groups is expect-
ed to occur, whereas the dissociation of phenolic hydroxyl
groups does not occur (Sun and Lee 2012). Therefore, the
carboxylic group would play an important role in the coating
of HA on the ZrMZ surface at solution pH 7. After the HA
coating, the hydroxyl groups bounded to Zr (i.e., Zr—OH and
Zr-OH,") would be partially replaced by the deprotonated
functional carboxylic groups (—COO") of HA via a ligand
exchange process and the surface inner-sphere complexes
(i.e., Zr-O—C(0)) would be formed. The reaction between
ZrMZ and HA molecules could be described as follows
(Sun and Lee 2012):

HA-COOH = HA-COO™ + H* (3)
Zr-OH + HA-COO~ = Zr-0—C(0)-HA + OH™ (4)
Zr-OH; + HA-COO™ = Zr-O-C(O)-HA + H,0  (5)

Due to the fact that the electronegativity value of C was
higher than that of H, the negative charge density of Zr in Zr—
0-C(O) was lower than that in Zr—O-H, leading to an in-
crease in the binding energy of Zr 3d in ZrMZ after the HA
coating. Therefore, the results obtained from the analysis of Zr
3d spectra confirmed the formation of Zr—O—C(O) bond on
the ZrMZ surface.

Adsorption kinetics

The time-resolved adsorption curves of phosphate on ZrMZ,
HA-ZrMZ-1, and HA-ZtMZ-2 are depicted in Fig. 5. It was
shown that the adsorption kinetic processes of phosphate on
ZtMZ, HA-ZrMZ-1, and HA-ZrMZ-2 were divided into two
stages: (i) an initial fast adsorption stage in which most (more
than 80%) of phosphate was adsorbed within the first 6 h of
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contact and (ii) a slow adsorption stage in which the adsorp-
tion slowly reached an equilibrium stage with the increase of
contact time after 6 h. Furthermore, the amount of phosphate
adsorbed on HA-ZrMZ-1 or HA-ZrMZ-2 was lower than that
on ZrMZ under the condition of the same reaction time, indi-
cating that the preloading of HA inhibits the phosphate ad-
sorption. In addition, the amount of adsorbed phosphate on
HA-ZrMZ-2 was lower than that on HA-ZrMZ-1, indicating
that the more the HA preloading amount is, the less the phos-
phate adsorption capacity is.

In an attempt to further evaluate the adsorption kinetics, the
pseudo-second-order kinetic model was used to fit the kinetic
data. The linear form of pseudo-second-order kinetic model is
described as Eq. (6) (Ho and McKay 1999):

t t 1
Lot L ©
q; qe kzqg

where g, (mg/g) and ¢, (mg/g) are the phosphate adsorption
capacity for adsorbent at any time 7 and at equilibrium, respec-
tively, and &, (g/(mg min)) is the rate constant of pseudo-
second-order kinetic model adsorption. If the pseudo-
second-order kinetic model gives a good fit to the kinetic data,
the plot of #/q, against ¢ should provide a linear relationship.
The values of g, and &, were determined from the slope and
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Fig. 5 Adsorption kinetics of phosphate on ZrMZ, HA-ZtMZ-1, and
HA-ZtMZ-2
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Table 3  Pseudo-second-order and intra-particle diffusion kinetic model parameters for phosphate adsorption onto ZrMZ, HA-ZtMZ-1, and HA-

ZtMZ-2
Samples Pseudo-second-order kinetic model Intra-particle diffusion model

Ge2 (mglg)  ky(gfmgmin)  (mg/gmin)  fp(min) R’ ky (mg/g min®?) G (mglp) R’
ZtMZ 3.18 0.00999 0.101 315 0.999 0.0645 1.57 0.969
HA-ZtMZ-1 3.06 0.00798 0.0749 40.9 0.999 0.0743 1.21 0.980
HA-ZtMZ-2 2.87 0.00653 0.0539 533 0.999 0.0689 0.889 0.981

intercept of the linear plot of #/q, against ¢. The calculated ¢,
and k, were further used to calculate the initial adsorption rate
h (mg/(g min)) and half-adsorption time ¢, (min) according
to Egs. (7) and (8), respectively (Pan et al. 2009):

h = k>’ (7)
1
t1/2 :W (8)
€

where ¢. (mg/g) is the phosphate adsorption capacity for ad-
sorbent at equilibrium and 4, (g/(mg min)) is the rate constant
of pseudo-second-order kinetic model adsorption.

The calculated parameter values of pseudo-second-order
model along with the correlation coefficients (R?) are repre-
sented in Table 3. The very high values of R* indicated the
good applicability of the pseudo-second-order kinetic model
to describe the adsorption kinetic process, suggesting that the
adsorption of phosphate on ZrMZ and HA-ZrMZ is a chem-
ical sorption process which involves valency forces through
exchange or sharing of electrons between ZrMZ and phos-
phate, i.e., the replacement of surface hydroxyl groups by
phosphate anions to form inner-sphere phosphate complexes
on the ZrMZ surface. This conclusion will be further
discussed in the adsorption mechanism studies in the follow-
ing sections including isotherm, ionic strength effect, and *'P
NMR studies. The 4 values of HA-ZrMZ-1 and HA-ZtMZ-2
were lower than that of ZrMZ, while the #,, values of HA-
ZtMZ-1 and HA-ZrMZ-2 were higher than that of ZrMZ,
indicating that the preloading of HA on ZrMZ can reduce
the phosphate adsorption rate. Furthermore, the 4 value of
HA-ZrMZ-2 was lower than that of HA-ZrMZ-1, while the
t1, value of HA-ZrMZ-2 was higher than that of HA-ZrMZ-1,
indicating that the ZrMZ with more HA loading amount ex-
hibits a lower phosphate adsorption rate. The HA coating
would block the internal pores of adsorbents, thereby resulting
in the reduction of the phosphate adsorption rate (Wang et al.
2015b).

The adsorption kinetics of phosphate from aqueous solu-
tion on ZrMZ and HA-ZrMZ in a well-mixed batch system
consists of three consecutive steps: (i) film diffusion of phos-
phate from the bulk solution through the boundary layer to the
surface of the adsorbent, (ii) intra-particle diffusion of

phosphate into the internal pore of the adsorbent, and (iii)
phosphate adsorption at sites. To identify whether or not the
intra-particle diffusion is the rate-controlled step, the Weber
and Morris intra-particle diffusion model was applied to ana-
lyze the kinetic data. The intra-particle diffusion model given
by Weber and Morris is described as follow (Weber and
Morris 1964):

q: = kptOAS +C; (9)

where k&, (mg/(g min®®) is the intra-particle diffusion rate con-
stant and C; (mg/g) is the constant of the intra-particle diffu-
sion model which is related to the thickness of boundary layer.
The larger the C; value is, the greater the contribution of
boundary layer effect to the rate-controlling step is (Gheju
et al. 2016). If the intra-particle diffusion is the rate-limited
step during the adsorption process, the plot of ¢, versus °
will be linear. If the intercept of the linear plot of g, versus 1°
is zero, the rate of adsorption is only controlled by the intra-
particle diffusion. If the linear plot of g, versus * deviates
from origin, the intra-particle diffusion is not the sole rate-
limited step. The fitted results of the experimental data for
phosphate adsorption onto ZrMZ, HA-ZrMZ-1, and HA-
ZrMZ-2 are shown in Fig. 6. It was seen that the adsorption
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Fig. 6 Intra-particle model for phosphate adsorption onto ZrMZ, HA-
ZrMZ-1, and HA-ZrMZ-2
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kinetics of phosphate on ZtMZ, HA-ZrMZ-1, and HA-ZtMZ-
2 was controlled by three different stages. The first region was
the instantaneous external surface adsorption stage, which was
related to the film diffusion or boundary layer diffusion. The
second region was a gradual adsorption stage where the intra-
particle diffusion was the rate-controlled step. The third region
was a final equilibrium stage where the intra-particle diffusion
began to slow down because of the low phosphate concentra-
tion left in the solution as well as the less number of available
adsorption sites on the adsorbent surface (Lin et al. 2011a; Liu
etal. 2013). The values of &, and C; calculated from the slope
and intercept of the second portion of g, versus °~ plot are
shown in Table 3. As shown in Table 3, the intra-particle
diffusion was not the sole rate-limited step during the gradual
adsorption stage because the intercept of the second port of ¢,
versus plots was not zero, and the external diffusion and
intra-particle diffusion simultaneously controlled the adsorp-
tion of phosphate on ZrMZ, HA-ZrMZ-1, and HA-ZrtMZ-2
during the gradual adsorption stage. The C; values of HA-
ZrMZ-1 and HA-ZrMZ-2 were lower than that of ZrMZ,
and the C; value of HA-ZrMZ-2 was lower than that of HA-
ZrMZ-1, suggesting that the contribution of film diffusion or
boundary layer diffusion to the rate-limiting step during the
gradual adsorption process became less important with in-
creasing the HA preloading amount of ZrMZ. A similar result
has been found for the effect of HA coating on the kinetics of
phosphate adsorption onto ferrihydrite (Wang et al. 2015b).

Adsorption isotherms

The adsorption isotherms of phosphate on ZrMZ, HA-ZrMZ-
1, and HA-ZrMZ-2 are given in Fig. 7. As shown in Fig. 7, the
amount of phosphate adsorbed on ZrMZ and HA-ZrMZ in-
creased with the increase of the equilibrium phosphate con-
centration. Furthermore, the amount of phosphate adsorbed on

q, (mg/g)
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24 —4&— HA-ZtMZ-1
—O— HA-ZrMZ-2

0 T T T T T T
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Fig. 7 Adsorption isotherms of phosphate on ZtMZ, HA-ZrMZ-1, and
HA-ZtMZ-2
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HA-ZrMZ was less than that of ZrMZ, and the amount of
phosphate adsorbed on HA-ZrMZ decreased with increasing
the HA preloading amount. This indicates that the preloading
of HA on ZrMZ inhibits the adsorption of phosphate, and the
more the HA loading amount is, the lower the phosphate ad-
sorption capacity is.

Adsorption isotherm models are commonly used to de-
scribe adsorption behaviors as well as study its micro-
scopic adsorption mechanisms. In this study, three widely
used isotherm models including Langmuir, Freundlich,
and Dubinin-Redushkevich (D-R) models were chosen
to fit the adsorption equilibrium experimental data. The
nonlinear form of Langmuir isotherm model is expressed
as (Langmuir 1916):

o quLCc

_ mBLCe 10
%=1 K.C. (10)

where ¢, is the amount of adsorbate adsorbed per unit mass of
adsorbent at equilibrium (mg/g), C. is the concentration of
adsorbate in solution at equilibrium (mg/L), ¢, is the saturated
adsorbate adsorption capacity for adsorbent to form a com-
plete monolayer on the adsorbent surface (mg/g), and K is the
constant for Langmuir isotherm model which is related to the
adsorption energy (L/mg). Furthermore, the K1 value can be
used to predict whether the adsorption is favorable or not. A
dimensionless separation factor (R ), which can be applied to
express the characteristics of the adsorption isotherm, is de-
fined based on the following equation (Seliem et al. 2016):

1

Ri=—
1+ K.Cy

(11)

where K is the constant for Langmuir isotherm model (L/mg)
and C, is the initial adsorbate concentration (mg/L). The value
of Ry, indicates the favorability of adsorption: (1) Ry, > 1 for
unfavorable adsorption, (2) Ry = 1 for linear adsorption, (3)
0 < Ry < 1 for favorable adsorption, and (4) Ry, = 0 for irre-
versible adsorption (Seliem et al. 2016).

The Langmuir fitting results are represented in Table 4. The
high correlation coefficients (R* = 0.938-0.953) suggest that
the adsorption isotherms of phosphate onto ZrMZ and HA-
ZrMZ can be well described by the Langmuir isotherm model.
The Ry values in this study were in the range of 0—1, indicative
of favorable adsorption of phosphate on ZrMZ, HA-ZrMZ-1,
and HA-ZrMZ-2. The Ry values of HA-ZrMZ-1 and HA-
ZrMZ-2 were higher than those of ZrMZ, indicating that phos-
phate adsorption on HA-ZrMZ appears less favorable than on
ZtMZ. The g, values of ZtMZ and HA-ZrMZ were in the
following order: ZtMZ > HA-ZtMZ-1 > HA-ZrMZ-2. This
indicates that the preloading of HA on ZrMZ reduces the
maximum monolayer phosphate adsorption capacity, and the
ZrMZ with a higher HA preloading amount exhibits a lower
maximum phosphate adsorption capacity.
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Table 4 Isotherm parameters for
phosphate adsorption onto ZrMZ, Isotherm model Parameter ZtMZ HA-ZrMZ-1 HA-ZtMZ-2
HA-ZtMZ-1, and HA-ZrMZ-2
Langmuir qm (mg/g) 5.96 5.37 421
K (L/mg) 491 443 4.30
Ry 0.0485-0.505 0.0534-0.530 0.0549-0.538
R 0.953 0.949 0.938
Freundlich Kr 4.62 4.02 3.11
1/n 0.352 0.350 0.330
R 0.940 0.940 0.943
D-R qo (mg/g) 25.3 223 15.9
Kp (mol’/kJ%) 0.00257 0.00258 0.00246
E (kJ/mol) 13.9 13.9 14.3
R 0.966 0.952 0.954

The nonlinear form of Freundlich isotherm model is
expressed as follows (Freundlich 1926):

q :KFCel/n 12
€

where ¢, is the amount of adsorbate adsorbed per unit mass of
adsorbent at equilibrium (mg/g), C. is the concentration of
adsorbate in solution at equilibrium (mg/L), and K and 1/n
are the Freundlich constants which are related to the adsorp-
tion capacity of the adsorbent and the adsorption density, re-
spectively. If the value of 1/n is in the range of 0.1 to 1, it
indicates favorable adsorption of adsorbate on adsorbent
(Islam et al. 2013).

The Freundlich fitting results are represented in Table 4.
The high correlation coefficients (R* = 0.940—0.943) suggest
that the Freundlich isotherm model fits well to the adsorption
equilibrium experiment data of phosphate on ZrMZ and HA-
ZrMZ. The 1/n values in this study were between 0.1 and 1,
indicative of favorable adsorption of phosphate on ZrMZ,
HA-ZrMZ-1, and HA-ZrMZ-2. The values of Ky varied in
the following order: ZrMZ > HA-ZtMZ-1 > HA-ZtMZ-2,
suggesting that the preloading of HA on ZrMZ reduces the
phosphate adsorption capacity, and the ZrMZ with a higher
HA preloading amount exhibits a lower phosphate adsorption
capacity.

The nonlinear form of D-R isotherm model can be written
as (Lin et al. 2011a)

ge = qoexp(—Kpe?) (13)

where ¢, is the amount of adsorbate adsorbed per unit mass of
adsorbent at equilibrium (mg/g), g, is the maximum adsorbate
adsorption capacity for adsorbent (mg/g), and ¢ is the Polanyi
potential, and it is equal to R7In(1 + 1/C,), where C, is the
concentration of adsorbate in solution at equilibrium (mol/L),
R is the universal gas constant (kJ/(mol K)), T is the temper-

ature of adsorption reaction (K), and Kp, is the constant for D-
R isotherm model related to the mean free energy of

adsorption (mol®/kJ?). The mean free energy of adsorption
(E; kJ/mol) can be calculated as follows (Lin et al. 2011a):

1
V2Kp

The magnitude of £ can predict the adsorption mechanism,
i.e., physical or chemical adsorption. If the £ value is below
8 kJ/mol, the adsorption process is physical in nature, and if
the E value is higher than 8 kJ/mol, the adsorption type is a
chemical adsorption (D’Arcy et al. 2011).

The D-R fitting results are represented in Table 4. The high
correlation coefficients (R2 = 0.952-0.966) indicates that the
adsorption isotherms of phosphate on ZrMZ and HA-ZrMZ
can be fitted well by the D-R isotherm model. The £ values
obtained from this study were 13.9, 13.9, and 14.3 kJ/mol for
ZtMZ, HA-ZtMZ-1, and HA-ZtMZ-2, respectively, which
were all higher than 8 kJ/mol. This indicates that the adsorp-
tion of phosphate on ZtMZ, HA-ZrMZ-1, and HA-ZtMZ-2 is
a chemisorption process rather than a physical adsorption pro-
cess. This conclusion is in accordance with that made from the
kinetic study.

E:

(14)

Effect of temperature on phosphate adsorption
and thermodynamic parameters

Figure 8 shows the effect of temperature on the adsorption of
phosphate on ZrMZ, HA-ZrMZ-1, and HA-ZrtMZ-2. As
shown in Fig. 8, the amounts of phosphate adsorbed on
ZrMZ, HA-ZrMZ-1, and HA-ZrMZ-2 increased with increas-
ing reaction temperature, indicating favorable adsorption pro-
cess at higher temperature. Furthermore, the amount of phos-
phate adsorbed on HA-ZrMZ-1 or HA-ZrMZ-2 at different
reaction temperatures was less than that of ZtMZ (Fig. 8),
indicating that HA preloading onto ZrMZ reduces the phos-
phate adsorption. In addition, the amount of phosphate
adsorbed on HA-ZrMZ-2 was less than that of HA-ZrMZ-1,
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Fig. 8 Effect of temperature on phosphate adsorption onto ZtMZ, HA-
ZrMZ-1, and HA-ZrMZ-2

indicating that the more the HA preloading is, the less the
phosphate adsorption capacity is.

The thermodynamic parameters, including Gibbs free en-
ergy of adsorption (2 G®), enthalpy change (2 H®), and entropy
change (45°), were calculated by using the experimental data
of phosphate adsorption onto ZrMZ and HA-ZrMZ at 288,
298, and 308 K. The equilibrium constant K, (mL/g) can be
calculated using Eq. (15) (Lu et al. 2015):

9e
K, === 15
c Ce ( )
where g. (mg/g) is the amount of phosphate adsorbed per
unit mass of adsorbent at equilibrium and C, (mg/mL) is the
concentration of phosphate in aqueous solution at equilibrium.

The values of 2G° at different temperatures can be calculated
using Eq. (16) (Gheju et al. 2016; Lu et al. 2015):

AG" = —RTIn(K,) (16)

where K. is the adsorption equilibrium constant, R (8.314 J/
(mol K)) is the universal gas constant, and 7 (K) is the tem-
perature of adsorption reaction. The values of 2H° and 2S5°
can be calculated from the slope and intercept of the linear plot
of In(K,) versus 1/T as follows (Lu et al. 2015):

_AST AH

In(K.) R RT (17)

The calculated thermodynamic parameters are given in
Table 5. The values of 2G° at different temperatures were
negative, suggesting the spontaneous nature of phosphate ad-
sorption onto ZtMZ, HA-ZrMZ-1, and HA-ZrMZ-2. The de-
crease of 24G° with an increase in reaction temperature implies
the increase of spontaneity at higher temperatures. The values
of 24 H® are positive, revealing that the adsorption of phosphate
on ZrMZ, HA-ZrMZ-1, and HA-ZrMZ-2 is endothermic in

@ Springer

Table 5 Thermodynamic parameters for phosphate adsorption onto
ZtMZ, HA-ZtMZ-1, and HA-ZtMZ-2

Samples AG'(kJ/mol) AH"(kJ/mol) AS"(J/(mol - K))
288 K 298 K 308 K

ZMZ -183 -194 -204 11.6 104

HA-ZrMZ-1 -17.5 -18.8 -19.8 157 115

HA-ZtMZ-2 —16.5 —-17.8 —18.7 154 111

nature and the adsorbed amount at equilibrium increases with
increasing temperature. The positive values of 25° suggest
that the adsorption of phosphate on ZrMZ, HA-ZrMZ-1, and
HA-ZrMZ-2 results in an increased disorder at the solid/liquid
interface.

Effect of ionic strength on phosphate adsorption

To further explore the microscopic mechanisms for phosphate
adsorption onto ZrMZ, HA-ZtMZ-1, and HA-ZrtMZ-2, the
effect of ionic strength on the phosphate adsorption was eval-
uated in this study. The ionic strength was adjusted by adding
different amounts of NaCl into the phosphate solution. The
effect of ionic strength on phosphate adsorption onto ZrMZ,
HA-ZtMZ-1, and HA-ZrMZ-2 is presented in Fig. 9. At low
ionic strength, an increase in ionic strength from 0 to
50 mmol/L enhanced the adsorption of phosphate on ZrMZ,
HA-ZrMZ-1, and HA-ZrMZ-2, while further increasing ionic
strength did not result in a further increase of the phosphate
adsorption capacity (Fig. 9). This indicates that the adsorption
of phosphate on ZtMZ, HA-ZtMZ-1, and HA-ZrMZ-2 is en-
hanced by ionic strength.

Two main adsorption processes including outer-sphere
complex formation and inner-sphere complex formation have
been suggested for phosphate adsorption onto metal oxides
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Fig. 9 Effect of ionic strength on phosphate adsorption onto ZrtMZ, HA-
ZrMZ-1, and HA-ZrMZ-2
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(Wang et al. 2016b). The former involves the purely electro-
static attraction interaction between the negatively charged
phosphate anion and the positively charged metal oxide sur-
face, while the latter involves a ligand exchange process be-
tween adsorbent and adsorbate (Wang et al. 2016b). It is well
known that a strongly negative influence of ionic strength on
phosphate adsorption is typical for outer-sphere complexation
rather than inner-sphere complexation (Liu et al. 2008; Su
et al. 2013; Su et al. 2015). If phosphate formed outer-
sphere surface complexes at the solid/liquid interface, the
phosphate adsorption capacity would decrease with increasing
ionic strength (Liu et al. 2008; Su et al. 2013; Su et al. 2015).
However, if phosphate formed inner-sphere surface com-
plexes at the solid/liquid interface, the phosphate adsorption
capacity would either increase or not change with increasing
ionic strength (Liu et al. 2008; Su et al. 2013; Su et al. 2015).
The results obtained from Fig. 9 suggested that the adsorption
of phosphate on ZrMZ, HA-ZtMZ-1, and HA-ZrMZ-2 at so-
lution pH 7 mainly obeyed the inner-sphere complex mecha-
nism rather than the purely electrostatic attraction mechanism.
The increased phosphate adsorption for ZrMZ and HA-ZrMZ
by ionic strength could be due to the fact that the negatively
charged complexes formed by the adsorption of phosphate via
an inner-sphere complexation mechanism could be efficiently
compensated by the adsorption of electrolyte cations, thereby
promoting the adsorption of phosphate (Tang et al. 2012; Yan
et al. 2016).

The *'P NMR spectra

To further explore the microscopic mechanisms for phos-
phate adsorption onto ZrMZ and HA-ZrMZ2, the solid-
state *'P NMR spectra of phosphate-adsorbed ZrMZ and
phosphate-adsorbed HA-ZrMZ-2 were determined, and
the results are shown in Fig. 10. The *'P NMR spectrum
for ZrMZ contained one major resonance signal centered
at isotropic chemical shift = —6.802 ppm plus additional
spinning sidebands (ssb). The *'P NMR spectrum for HA-
ZrMZ-2 contained one main resonance signal centered at
isotropic chemical shift = —6.048 ppm plus additional ssb.
Solid-state *'P NMR spectroscopy is a good tool for iden-
tifying the chemical environment of phosphate adsorbed
on metal oxides/hydroxides as well as for distinguishing
inner-sphere complexes and outer-sphere complexes
based on their chemical shifts (Li et al. 2013). Previous
literatures have shown that the *'P isotropic chemical
shifts for solid alkaline phosphates and solution H,PO,*
* are in the range of 0-10 ppm (Kim and Kirkpatrick
2004; Mortlock et al. 1993). The outer-sphere phosphate
surface complexes may have similar chemical environ-
ment to solid alkaline phosphates and solution H,PO,*,
and their isotropic chemical shifts may be between 0 and
10 ppm (Li et al. 2013). In the *'P NMR spectrum,

-6.802

(a) P-adsorbed ZrMZ

T T T T T T
200 150 100 50 0 -50 -100  -150  -200
ppm

-6.048
(b) P-adsorbed HA-ZrMZ-2

T T T T T T 1
200 150 100 50 0 -50 -100  -150  -200

ppm

Fig. 10 The *'P NMR spectra of a phosphate-adsorbed ZrMZ and b
phosphate-adsorbed HA-ZrMZ-2

resonance signals in the range of dp.3; = 0 to —6 ppm
are typical for inner-sphere phosphate complexes on the
aluminum (hydr)oxide surfaces (Li et al. 2013; Yan et al.
2015). Thus, the results obtained from Fig. 10 suggested
that the adsorption of phosphate on ZrMZ and HA-ZrMZ
at solution pH 7 mainly obeyed the inner-sphere
complexing mechanism. For the *'P NMR spectrum of
zirconium phosphate, the resonance signals centered at
=7, —14, and —21 were attributed to (=ZrO)PO(OH),,
(£Zr0),PO(OH), and (=ZrO);PO, respectively (Zhang
et al. 2010). In the *'P NMR spectra of ZtMZ and HA-
ZrMZ-2, the *'P NMR signals assigned to the surface
phosphate complexes were mainly located at 0 to
—21 ppm, suggesting that the phosphate ions were mainly
chemisorbed by one zirconium center and by bridging two
zirconium centers to form monodentate surface complexes
(e.g., (EZrO)PO(OH), and (ZrO)PO,(OH)) and bidentate
binuclear surface complexes (e.g., (ZrO),PO(OH)), re-
spectively, after the adsorption of phosphate on ZrMZ
and HA-ZrMZ at solution pH 7.
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Proposed mechanisms for phosphate adsorption
onto ZrMZ and HA-ZrMZ

From all the experimental results that have been discussed
above, it was suggested that the microscopic mechanism for
phosphate adsorption onto ZrMZ and HA-ZrMZ at pH 7 was
mainly the replacement of surface hydroxyl groups with phos-
phate anions and the formation of inner-sphere phosphate com-
plexes at the solid/solution interface. This mechanism can be
expressed as follows (Wang et al. 2016b; Zong et al. 2013):

=7r-OH + H,PO, = (EZI'*O)PO3H2 + OH" (18)
=7r-OH + HPO,* = (=Zr—0)PO;H + OH~ (19)
2(=Zr-OH) + HPO4* = (=Zr—0),PO,H +20H  (20)

Effect of solution pH on phosphate adsorption

The effect of solution pH on phosphate adsorption onto ZrMZ,
HA-ZtMZ-1, and HA-ZrMZ-2 is presented in Fig. 11. It was
shown that the adsorption of phosphate on ZrMZ, HA-ZtMZ-1,
and HA-ZrMZ-2 highly relied on solution pH. The phosphate
adsorption capacities for ZtMZ, HA-ZrMZ-1, and HA-ZtMZ-2
decreased with increasing solution pH from 3 to 11 (Fig. 11),
which is very similar to previous reports on phosphate adsorp-
tion onto other zirconium-containing adsorbents such as
zirconia-functionalized graphite oxide (Zong et al. 2013),
zirconia-functionalized SBA-15 (Tang et al. 2012), zirconium
hydroxide (Johir et al. 2016), mesoporous ZrO, (Liu et al.
2008), zirconium(IV)-loaded, cross-linked chitosan particles
(Liu et al. 2016a), and zirconia-loaded lignocellulosic butanol
residue (Zong et al. 2016). Such a negative impact of pH in-
crease on phosphate adsorption could be well explained by the
electrostatic interaction between the phosphate anion and adsor-
bent as well as the ligand exchange mechanism. Under the

11

104
94
8
7
64
5

q, (mg/g)

44
34
24

Fig. 11 Effect of solution pH on phosphate adsorption onto ZrMZ, HA-
ZrMZ-1, and HA-ZrMZ-2
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investigated pH range (pH 3—11), phosphate existed in anionic
forms (e.g., H,PO, and HPO,%), whereas the surface charge
of ZtMZ, HA-ZtMZ-1, and HA-ZrMZ-2 changed with solution
pH. The surface charges of ZtMZ, HA-ZrMZ-1, and HA-
ZrMZ-2 were positive at solution pH below their pHpyc, and
in this case, the positively charged Zr-OH,"* and neutral Zr-OH
groups prevailed on the adsorbent surface. An increase in solu-
tion pH from 3 to the pHpyc of ZrMZ or HA-ZrMZ led to the
decrease in the amount of the highly reactive, positively charge
active adsorption sites (i.e., Zr-OH,") (Wang et al. 2016b), thus
giving rise of a decrease of phosphate adsorption capacity with
increasing solution pH from 3 to the pHpzc of ZtMZ or HA-
ZtMZ. The ZtMZ, HA-ZtMZ-1, and HA-ZrMZ-2 were nega-
tively charged at solution above their pHpyc. The electrostatic
repulsive interaction between the negatively charged adsorbent
and phosphate anions could decrease the phosphate adsorption
capacity, and this negative effect increased with the increase of
solution pH from the pHpzc of the adsorbent to 11.
Furthermore, a rise in solution pH generally led in the increase
of the amount of HPO,>~ but the decrease of the amount of
H,PO, . Since H,PO, is favorable for ligand exchange be-
cause of its lower adsorption free energy, a decreasing adsorp-
tion took place with increasing solution pH (Wang et al. 2016b).
Additionally, since OH  ions could compete with phosphate
ions for the adsorption active sites on the adsorbent surface,
an increase in solution pH resulted in the increase of OH con-
centration, and this in turn led to a lower phosphate adsorption
capacity at higher pH values (Wang et al. 2016a).

Figure 11 also shows that the amounts of phosphate
adsorbed on HA-ZrMZ-1 and HA-ZrMZ2 at different pH
values were higher than that of ZrMZ, suggesting that the
preloading of HA on ZrMZ reduces the phosphate adsorption.
Furthermore, the amounts of phosphate adsorbed on HA-
ZrMZ-2 at different pH values were lower than that of HA-
ZrMZ-1, suggesting a lower phosphate adsorption for HA-
ZrMZ with a higher HA preloading amount.

Effect of coexisting cations and anions on phosphate
adsorption

In natural water, there exist many cations and anions such as
K*, Na*, Mg”*, Ca®*, CI", HCO; ", SO,*", and SiO5*~ which
might influence the adsorption of phosphate on ZrMZ, HA-
ZrMZ-1, and HA-ZrMZ-2. In order to understand their ef-
fects, the effect of different electrolytes such as NaCl,
Na,S0,, NaHCO3, Na,SiO;, CaCl,, MgCl,, and KCl on the
adsorption of phosphate on ZrMZ, HA-ZrMZ-1, and HA-
ZrMZ-2 was investigated, and the results are presented in
Fig. 12. It was shown that the presence of electrolytes such
as NaCl, Na,SQ,, CaCl,, MgCl,, and KCI enhanced the ad-
sorption of phosphate on ZrMZ and HA-ZrMZ, and the pos-
itive effect was in the following order:
CaCl, > MgCl, > KCl1 > Na,SO,4 or NaCl. This indicated that
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Fig. 12 Effect of coexisting electrolytes on phosphate adsorption onto
ZtMZ, HA-ZtMZ-1, and HA-ZtMZ-2

coexisting anions such as CI” and SO4*  had no negative
effect on the adsorption of phosphate on ZrMZ and HA-
ZrMZ. Similar observations have been reported in previous
literatures for the phosphate adsorption onto amorphous zir-
conium oxide nanoparticles (Su et al. 2013) and magnetite
core/zirconia shell nanocomposite (Wang et al. 2016b). In
contrast, coexisting cations such as Na*, K*, Mg?*, and Ca**
have a positive effect on the phosphate adsorption, and the
positive effect was in the following order:
Ca®* > Mg** > K* > Na'. The positive effect of cations such
as Na*, K*, Mg?*, and Ca”* on the phosphate adsorption could
be attributed to the neutralization of the negative surface
charge on the phosphate inner-sphere complexes by the
coadsorbed electrolyte cations (e.g., Na*, K*, Mg”*, and
Ca’") (Tang et al. 2012; Yan et al. 2016). The mechanism
for the coadsorption of coexisting cations (e.g., K, Na*,
Ca**, and Mg®*) and phosphate species (e.g., HPO4>") on
ZtMZ and HA-ZrMZ could be described by the following
equations (Yan et al. 2016):

=7r-OH + HPO,* + K" = (=Zr-O)PO;H K™ + OH  (21)
=Zr—OH + HPO,*> + Na' = (=Zr—O)PO;H Na* + OH  (22)
=Zr—OH + HPO,* + Ca’" = (=Zr-0)PO;H Ca’" + OH  (23)
=Zr—OH + HPO,> 4 Mg’* = (=Zr—O)PO;H Mg’* + OH (24)

Figure 12 also shows that the presence of electrolytes such
as NaHCOj; and Na,SiOj; inhibited the adsorption of phosphate
on ZrMZ and HA-ZrMZ, and the inhibited effect was in the
following order: Na,SiO; > NaHCOs. Since coexisting Na*
had a positive effect on the phosphate adsorption on ZrMZ
and HA-ZrMZ, coexisting HCO5~ or SiO5* should had a neg-
ative effect on the phosphate adsorption. Furthermore, the neg-
ative effect of SiOs> was much larger than that of HCO; . A
similar observation has been reported in a previous literature

for the phosphate adsorption onto magnetite core/zirconia shell
nanocomposite (Wang et al. 2016b). This phenomenon is prob-
ably due to the fact that the presence of HCO; or SiOs5%
competes with phosphate for the adsorption active sites on
the adsorbent surfaces, thus lowering the phosphate adsorption
capacity (Huang et al. 2015; Wang et al. 2016b).

Figure 12 also shows that the amounts of phosphate
adsorbed on HA-ZrMZ in the presence of different electro-
lytes such as NaCl, Na,SO4, NaHCO3, Na,SiO;, CaCl,,
MgCl,, and KCI were lower than those of ZrMZ, indicating
that the preloading of HA on ZrMZ inhibits the phosphate
adsorption in the presence of cations (e.g., Na*, K*, Ca®*,
and Mg2+) and anions (e.g., Cl', S0,>, HCO; , and SiO5>
7). The amounts of phosphate adsorbed on HA-ZrMZ-2 in the
presence of different electrolytes such as NaCl, Na,SOy,
NaHCOs3, Na,SiO;, CaCl,, MgCl,, and KCI were lower than
those of HA-ZrMZ-1, indicating that the HA-ZrMZ with a
higher HA loading amount exhibits a lower phosphate adsorp-
tion capacity in the presence of cations (e.g., Na*, K*, Ca*",
and Mg2+) and anions (e.g., Cl, SO,*, HCO5, and SiO;%).

Proposed mechanisms for effect of HA coating
on phosphate adsorption

The preloading of HA on ZrMZ will influence the adsorption
of phosphate in three ways. Firstly, since the ZrMZ surface had
the same binding active sites for the adsorption of HA and
phosphate, the preloading of HA on ZrMZ reduced the amount
of binding active sites available for phosphate adsorption,
resulting in the decreased phosphate adsorption capacity after
the HA preloading. Secondly, the coating of HA would de-
crease the pHpyc of ZrMZ, which would increase the amount
of surface negative charge at pH higher the pHp, or decrease
the amount of surface positive charge at pH lower than the
pHpzc. This would result in a reduction of the phosphate ad-
sorption capacity due to the decrease of electrostatic attraction
or due to the increase of electrostatic repulsion. Thirdly, the
coating of HA would result in the decrease of the surface areas
and pore volumes of ZrMZ. This indicated that the preloaded
HA molecules not only could block the pores of adsorbents but
also could cover some binding active sites available for phos-
phate adsorption, resulting in the decrease of the phosphate
adsorption capacity after the HA coating.

Conclusion

Based on all the results discussed above, the main conclusions
were drawn as follows: (1) the adsorption equilibrium data of
phosphate on ZrMZ and HA-ZrMZ could be well described
by the Langmuir, Freundlich, and D-R isotherm models; (2)
the adsorption kinetic data of phosphate on ZrMZ and HA-
ZrMZ well fitted with the pseudo-second-order kinetic model;
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(3) the adsorption of phosphate on ZrMZ and HA-ZrMZ was a
spontaneous and endothermic in nature; (4) the phosphate
adsorption capacity for ZrMZ and HA-ZrMZ decreased with
increasing pH from 3 to 11; (5) the adsorption of phosphate on
ZrMZ and HA-ZrMZ could be inhibited by the presence of
HCO5 and SiO5”", but it could not be inhibited by the pres-
ence of C1” and SO, ; (6) the presence of Na*, K*, Ca®*, and
Mg>* enhanced the adsorption of phosphate on ZrMZ and
HA-ZrMZ, and the positive effective was in the order of
Ca** > Mg** > K" > Na*; (7) the mechanisms for phosphate
adsorption onto ZtMZ and HA-ZrMZ were mainly the forma-
tion of inner-sphere phosphate complexes at the solid/solution
interface; (8) the preloading of HA on ZrMZ reduced the
adsorption of phosphate, and the more the HA loading amount
is, the lower the phosphate adsorption capacity is; and (9) the
decreased phosphate adsorption capacity for ZrMZ could be
due to the fact that the coating of HA on ZrMZ reduced the
amount of binding active sites available for phosphate adsorp-
tion, changed the adsorbent surface charges, and reduced the
specific surface areas and pore volumes of ZrMZ.
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