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A B S T R A C T

Achieving ultralow levels of phosphorus (P) concentrations to prevent eutrophication is an important goal of
surface water management. Hence, a highly efficient and economical adsorbent for phosphate removal is ur-
gently required to meet the increasingly stringent water quality standards. This study investigated the phosphate
adsorption performance of zirconium (Zr)-modified calcium-montmorillonite (Zr-CaMs). Batch experiments
were conducted to obtain the adsorption isotherms, kinetics, and the influences of dosage, solution pH, and
coexisting anions. The results demonstrated that Zr was successfully introduced to the surface and interlayer of
raw CaM in the presence of the [SieO]…[HOeZr^] hydrogen bond and that it increased the specific surface
area. The adsorption isotherms obeyed the Langmuir nonlinear model. The calculated maximum phosphate
adsorption capacity was 22.37 mg/g, which was more than twice that of Phoslock. The Elovich model fit the
kinetics data well, which was indicative of chemical adsorption. An optimum dosage of 100/1–150/1 and wide
pH range (4–8.5) are recommended for practical applications. The coexistence of HCO3

− slightly inhibited the
adsorption capacity, whereas Cl− and SO4

2− had a positive impact. The adsorption mechanism was primarily
the ligand exchange between the surface hydroxyl groups and phosphate resulting from the formation of inner-
sphere coordination complexes. This study demonstrated that Zr-CaMs can serve as a prospective adsorbent for
phosphate removal from contaminated surface water.

1. Introduction

Since the industrial revolution, the phosphorus (P) cycle has been
massively altered by anthropogenic activities (Peñuelas et al., 2012;
Koppelaar and Weikard, 2013). P flow has been migrated from the
ground to the surface, from the basin to the catchment, resulting in
global surface water enrichment and subsequent eutrophication (Smil,
2000; Maavara et al., 2015). Studies have demonstrated that P con-
centrations above 0.02 mg/L can accelerate water eutrophication and
algae propagation (Heathwaite and Sharpley, 1999; Copetti et al.,
2016). Thus, the United States Environmental Protection Agency set the
stringent limit of total P (TP) 0.05 mg/L for inflowing rivers
(Loganathan et al., 2014). China also defines a cut-off TP below this
threshold as safe for natural lakes and reservoirs (EQSSW, 2002).
However, traditional techniques, such as chemical precipitation and
biological treatments, do not easily satisfy such stringent discharge
requirements (Loganathan et al., 2014; Wu et al., 2020).

Sorption is a preferable approach for phosphate removal due to its
simple design, high performance and efficiency even at low P

concentrations, and great potential for resource recovery (Loganathan
et al., 2014; Wu et al., 2020). Currently, clay minerals are the most
commonly used and effective adsorbents for pollutant removal in con-
taminated surface waters (Wendling et al., 2013; Gan et al., 2016). Of
these minerals, montmorillonite is one of the most promising candi-
dates due to its abundance, low cost, large specific surface area (SSA),
and structural adjustability (Huang et al., 2015; Pandey, 2017). It be-
longs to a typical 2:1 cationic layered silicate clay, with its greater
negative surface charge preventing an affinity towards phosphate
(Wendling et al., 2013; Huang et al., 2015). To improve its phosphate
removal performance, a series of metals, such as iron (Fe), aluminum
(Al), lanthanum (La), or mixed La/Al and Zr/Al, have been employed to
modify raw montmorillonite (Borgnino et al., 2009; Tian et al., 2009;
Huang et al., 2015; Wu et al., 2020). In particular, La-doped bentonite,
commercially known as Phoslock, was invented by the Australian
Commonwealth Scientific and Industrial Research Organisation to trap
phosphate from aqueous solutions in the mid-1990s (Haghseresht et al.,
2009). It has undergone extensive development and testing at the la-
boratory, mesocosm, and even field scale (Robb et al., 2003; Ross et al.,
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2008; Spears et al., 2013; Copetti et al., 2016). However, beyond
15,000 RMB/ton, it is economically impracticable for removing phos-
phate (Marquez-Pacheco et al., 2013; Reitzel et al., 2013a). Moreover,
the removal rate is undesirable for certain water bodies and under
certain conditions, such as at ultralow P concentrations or in alkaline
and saline waters (Ross et al., 2008; Reitzel et al., 2013a; Dithmer et al.,
2016), because of its moderate P adsorption capacity of 9.5–10.5 mg/g
(Haghseresht et al., 2009; Zamparas et al., 2015). Additionally, high
concentrations of leaching La3+ may cause potential ecological risks to
benthic organisms (Reitzel et al., 2013b; Spears et al., 2013; Copetti
et al., 2016). Therefore, a substantial research effort should be devoted
to finding an economical P adsorbent with both high recovery effi-
ciency and environmental safety (Copetti et al., 2016; D'Haese et al.,
2019).

Zirconium (Zr) is the fourth transition metal, with an abundance of
0.016% in the rocks forming the earth's crust (Wu et al., 2020). Pre-
vious studies confirmed that Zr oxides are chemical stable, non-toxic,
low water solubility, well resistant to acids/bases and strongly ad-
sorption of phosphate (Chitrakar et al., 2006; Rodrigues et al., 2012; Su
et al., 2013). Although Zr-pillared montmorillonite was synthesized
using ZrOCl2·8H2O as the pillaring agent nearly forty years ago
(Yamanaka and Brindley, 1979), it has recently regained attention in
the pollution remediation field. Zr-modified natural minerals, such as
montmorillonite, bentonite, and zeolite have been utilized for phos-
phate removal from simulated wastewater with high P concentrations
(Huang et al., 2015; Zhan et al., 2017; Lin et al., 2018). The maximum
phosphate adsorption capacities were 13.1 mg/g for Zr-pillared mon-
tmorillonite and 17.2 mg/g for Zr/Al-pillared, respectively (Huang
et al., 2015). Recently, Lin et al. (2018) prepared a Zr-loaded bentonite
composite and found that its efficient in phosphate removal. Based on
their dominant exchangeable cations, natural montmorillonites can be
categorized into three types: Na-based montmorillonites, Ca-based
montmorillonites, and Mg-based montmorillonites (Zhang et al., 1990;
Lin et al., 2018). Currently, China ranks first in the world in terms of
proven reserves of montmorillonite (approximately 5 billion tons), and
Ca-montmorillonite (CaM) accounts for more than 90% of those re-
serves. To the best of our knowledge, there has not yet been an ex-
ploratory study on phosphate removal from polluted surface water
using Zr-modified CaM. Therefore, this study attempted to synthesize a
series of Zr-loaded CaMs (Zr-CaMs) through a hydrothermal method
and then characterize their chemical compositions and surface
morphologies. Phosphate adsorption performances and mechanisms
were also investigated by combing batch experiments with isothermal
and kinetic models.

2. Materials and methods

2.1. Materials

The raw CaM used in this study was purchased from Ningcheng
County, Inner Mongolia Autonomous Region, China. Phoslock was
supplied by the Beijing branch of the Phoslock Company in China for a
comparative study. Chemical reagents including zirconium oxychloride
octahydrate (ZrOCl2·8H2O, purity of 99.0%), potassium dihydrogen
phosphate (KH2PO4), sodium hydroxide (NaOH), hydrochloric acid
(HCl), bicarbonate (NaHCO3), sodium chloride (NaCl), sodium sulfite
(Na2SO4), potassium antimony tartrate (C8H4K2O12Sb2), ammonium
molybdate (H8MoN2O4), and ascorbic acid (C6H8O6) were all obtained
from Shanghai Sinopharm Chemical Reagent Co., Ltd., and they were
all analytical grade. Deionized water was used to prepare all the solu-
tions in the experiment.

2.2. Preparation of Zr-CaMs

The raw CaM was modified using different addition amounts of
ZrOCl2·8H2O with the mass ratios of 0.1, 0.5, and 1 to CaM,

respectively, based on previous studies (Huang et al., 2015; Lin et al.,
2018). These solutions were horizontally shaken in conical flasks for 1 h
at 25 °C and 160 rpm. Afterwards, the mixtures were adjusted to a pH of
10.0 with 1 mol/L of NaOH solution, and they reacted for 24 h. The
precipitate was separated from the slurry using centrifugation and then
rinsed repeatedly with deionized water until there was no Cl in the
supernatant as determined by an AgNO3 test, and a circumneutral
condition was achieved. The solid products were oven dried at 105 °C
and then crushed to a 0.15 mm particle size with a mortar. A series of
Zr-CaMs were produced, namely, the adsorbents Zr-CaM0.1, Zr-
CaM0.5, and Zr-CaM1.

2.3. Determination of physicochemical properties of raw CaM, Zr-CaMs,
and Phoslock

The basic physio-chemical properties of raw CaM and Phoslock,
such as the pH value, SSA, cation exchange capacity (CEC), anion ex-
change capacity (AEC), and TP content, were determined using stan-
dard procedures (Zhang et al., 1990; Ruban et al., 2001), and more
detailed information can be found in the Supplementary Content Text
S1.

The phase structures of raw CaM, Zr-CaMs, and Phoslock were
characterized using X-ray diffraction (XRD, Empyream, Panalytical B.
V) with Cu-Kα radiation of 40 kV and 20 mA. Their particle surface
morphology was studied using scanning electron microscopy (SEM,
JSM-7800F, JEOL) at 5 kV. The main chemical compositions of these
materials were determined by X-ray fluorescence spectrometry (XRF,
Axios PW4400, Empyream, Panalytical B. V). The trace element con-
tents were measured by inductively coupled plasma (ICP) mass spec-
trometry (ELAN DRC-e, Perkin Elmer) followed by digestion with mixed
hydrofluoric acid and nitric acid.

2.4. Batch adsorption tests

Adsorption experiments were carried out to compare the phosphate
removal by Zr-CaMs with Phoslock. Potassium dihydrogen phosphate
was used to prepare 50 mg P/L stock solution. The initial solution was
then diluted to three different P concentration gradients of 0.05 mg/L,
0.1 mg/L, and 0.2 mg/L to stimulate Class III, IV, and V, P thresholds,
respectively, for lakes and reservoirs in China (GB3838-2002).
Experiments were conducted in duplicate in a water bath shaker at
160 rpm and at a constant temperature of 25 °C to investigate phos-
phate adsorption as a function of the initial P concentration and contact
time. After a certain reaction time, the supernatant was filtered, and
then the P concentration was determined by the ascorbic acid method
with a detection limit of 0.01 mg/L (APHA, 2017).

2.4.1. Static adsorption experiment
The adsorbent dosage was fit to the mass ratio of 100/1 of adsorbent

to TP content in the aqueous solution, which is the recommended ratio
for Phoslock (Reitzel et al., 2013a). Different dosages (7.5 mg, 15 mg,
and 30 mg) of adsorbents were successively added to the simulated
solutions. After stirring for 1 h, the P concentration in the solution was
monitored at different intervals until the adsorption equilibrium was
reached.

2.4.2. Adsorption isotherm experiment
The initial P concentration range of 1–50 mg/L was set for the

isotherm study, with a volume of 50 mL and adsorbent dosage of
25 mg/L. An oscillation experiment was performed for 24 h, and the
adsorption capacity at equilibrium was calculated according to the
following formula:

= ×q c c V
m

( )
e

e0
(1)

where qe represents the equilibrium adsorption capacity, mg/g; c0 and
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ce are the P concentrations before and after the adsorption process,
respectively, mg/L; V is the solution volume, L; and m is the quality of
adsorbents, g.

The experimental data were fitted using three nonlinear isotherm
models, including the Langmuir, Freundlich, and Dubinin–Radushkevich
(D–R) models (Langmuir, 1916; Freundlich, 1926; Lin et al., 2018). Their
specific equations are expressed in the Supplementary Content Text S2.

In addition to determining the correlation coefficient (R2), mean
relative error (MRE) and normalized standard deviation (Δq) were also
employed to determine the best-fitting model using Eqs. (2) and (3)
(Yazdani et al., 2017; Lin et al., 2018).

=MRE
n

q q
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where qe,cal and qe,exp are the calculated equilibrium uptake and theo-
retical adsorbate value, respectively, (mg/g). n represents the number
of data points.

2.4.3. Adsorption kinetics experiment
Batch experiments were performed by mixing 30 mg of adsorbent

with 1.5 L of phosphate solution with an initial P concentration of
0.2 mg/L for reaction times ranging from 30 min to 4320 min. The
kinetic data were further fitted with three typical nonlinear kinetic
models (pseudo-first-order, pseudo-second-order, and Elovich models)
and an intraparticle diffusion linear model using Origin software (Ho
and McKay, 1999; Choi et al., 2016; Lin et al., 2018). The corre-
sponding formulas can be found in the Supplementary Content Text S3.

2.4.4. Effects of influencing factors on phosphate adsorption
Parallel experiments were conducted in a water bath shaker at

160 rpm and at a constant temperature of 25 °C to investigate the in-
fluence of adsorbent dosage, solution pH, and coexisting anions on
phosphate adsorption, and the detailed experimental procedures can be
seen in Supplementary Content Text S4.

3. Results and discussion

3.1. Sample characterizations

Selected properties of raw CaM and Phoslock are listed in Table 1.
The pH value of both materials was close to neutral. The SSA and total
micropore volume of CaM were twice those of Phoslock. The measured
SSA and micropore volume of Phoslock were consistent with those
(39.3 m2/g and 0.171 cc/g) claimed by the manufacturer (Haghseresht
et al., 2009). Accordingly, the CEC and AEC of CaM were significantly
higher than those of Phoslock, suggesting the superior surface adsorp-
tion properties of CaM. This is probably due to the higher purity of
montmorillonite than bentonite, which is supported by their respective
ethylene blue adsorptions of 49 g/100 g and a little amount. The TP
content in CaM was slightly lower than that in Phoslock (Table 1).
Hence, the original montmorillonite appeared to pose a lower risk of P

release to the ambient environment than that of Phoslock when dis-
solved in water.

The XRD spectra of CaM, as-prepared Zr-CaMs, and Phoslock are
presented in Fig. 1. The raw CaM exhibited a strikingly sharp peak
centered at 5.71° and a number of weaker peaks at 17.18°, 19.76°,
27.92°, 35.33°, and 54.89°, corresponding to the characteristic mon-
tmorillonite crystal structure. Other distinct peaks were attributed to
the impurities of the diaspore and quartz (Huang et al., 2015; Lin et al.,
2018). Phoslock is typically manufactured by patent using an ion ex-
change process with a bentonite and La solution (Robb et al., 2003;
Haghseresht et al., 2009). Bentonite is a type of clay mineral composed
of more than 75% montmorillonite. Hence, Phoslock exhibited a similar
XRD pattern, but its peak strength was weak for the impurity, compared
to that of the raw CaM. The intensities of most of the peaks decreased
after the addition of Zr, although the positions of the major diffraction
peaks remain unchanged in the Zr-CaMs. In contrast to the raw CaM,
one remarkable peak presented at 5.71°, and two other marginal peaks
disappeared at 17.18° and 27.92° for Zr-CaM0.5 and Zr-CaM1, instead
of a wider peak occurring near 7°. This peak was attributed to amor-
phous zirconia (Zong et al., 2016) because of the introduction of the Zr
source. Additionally, the basal surface spacing of the raw CaM was
1.59 nm based on the Bragg equation (2d sinθ= nλ), which is slightly
less than that of Zr-pillared montmorillonite (1.79 nm) (Huang et al.,
2015).

The SEM micrographs of CaM, Zr-CaMs, and Phoslock are shown in
Fig. 2. The CaM surface was uneven and porous with large honeycomb-
like blocks. The SEM images of Zr-CaM0.1 also appeared non-uniform
with adherent block particles, whereas Zr-CaM0.5 and Zr-CaM1 ex-
hibited clear layer stripping and large numbers of small lamellar
structures with high dispersities. These Zr-CaMs morphology transfor-
mations caused an increase in the SSA and total pore volume. It has
been proved that the SSA values were determined to be 173.92 m2/g
and 192.33 m2/g for Zr-CaM0.5 and Zr-CaM1, respectively, in the fol-
lowing study. Thus, the Zr loaded onto montmorillonite dramatically
facilitated its affinity towards phosphate. Huang et al. (2015) found
that the SSA and total micropore volume of Zr-pillared montmorillonite
were 5 and 17 times larger than those of the pristine montmorillonite,
respectively. They further pointed out that Zr primarily entered into the
interlayer through cation exchange and then bound with the skeleton,
[Si4O10]n, of the raw montmorillonite. The Zr modification did not
completely destroy the montmorillonite structure, according to the XRD
spectra results, but it contributed to the phosphate adsorption perfor-
mance due to the increase in the number of active adsorption sites on
the surface and inner pore channels. Phoslock displayed similar a SEM
micrograph to that of Zr-CaM0.1. In comparison, Phoslock has a smaller
SSA, as determined in the present study (Table 1) and previous reports

Table 1
Basic physio-chemical properties of raw CaM and Phoslock.

Physico-chemical properties CaM Phoslock

pH 7.9 7.2
Specific surface area (m2/g) 78 39
Micropore volume (cc/g) 0.18 0.09
CEC (mmol 100/g) 117 85
AEC (mmol 100/g) 0.58 0.09
P (mg/kg) 384 491

Fig. 1. X-ray diffraction patterns of (a) CaM, (b) Zr-CaM0.1, (c) Zr-CaM0.5, (d)
Zr-CaM1 and (e) Phoslock.
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(Haghseresht et al., 2009; Yin et al., 2016), which may constrain its
phosphate adsorption capacity from wastewater.

The chemical compositions of CaM, Zr-CaMs, and Phoslock are

presented in Table 2. SiO2, Al2O3, MgO, CaO, and Fe2O3 were the main
components of CaM, with small amounts of Na2O, K2O, TiO2, and MnO.
It can be deduced that Mg2+ and Ca2+ are major exchangeable cations

Fig. 2. SEM micrographs of (a, b) CaM, (c, d) Zr-CaM0.1, (e, f) Zr-CaM0.5, (g, h) Zr-CaM1 and (i, j) Phoslock.
The micrographs on the left represented 10,000 times magnification, and right parts magnified 40,000 times.
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in the montmorillonite layers. The XRF analysis showed that the re-
lative contents of Si, Al, Mg, Fe, and Ca decreased with an increasing Zr-
loading ratio, whereas those of Zr and Na increased. This also indicated
that Zr was successfully loaded onto the surface and interlayer of the
montmorillonite by exchanging with free Mg2+ and Ca2+ cations. The
Zr-loading rates of Zr-CaM0.1, Zr-CaM0.5, and Zr-CaM1 were ap-
proximately 2.74%, 10.91%, and 19.24%, respectively, as calculated
from the relative contents of ZrO2 (Table 2). The increasing proportion
of Na was attributed to the intervention during pH regulation. Like
CaM, Phoslock was also predominately composed of SiO2, Al2O3, MgO,
CaO, and Fe2O3, corresponding to the bentonite matrix.

Trace elemental compositions of CaM, Zr-CaMs, and Phoslock were
analyzed by ICP-MS, as shown in Table 3. The results also supported
that the Zr loading was significantly related to the preparation of Zr-
CaMs. Additionally, the Zr content in Phoslock was comparable to that
in CaM, whereas the La content was three orders of magnitude higher
than that in other materials. As one of the rare earth elements, the
dissolution of La from Phoslock is potentially hazardous to benthic in-
fauna, e.g., chironomids, Daphnia magna, and dubia (Reitzel et al.,
2013b; Copetti et al., 2016). A recent bioaccumulation investigation
stated that over 20 μg/L La3+ ions are lethal to the hairy marrons,
crustaceans, and some other phyla (Svatos, 2018). Previous studies
have confirmed that Zr4+ did not leak from Zr-modified montmor-
illonite in a pH range of 3.0–9.0, indicating the sufficient stability and
ecological security of the Zr-CaMs (Huang et al., 2015). Moreover, the
harm of Zr to aquatic organisms has not been reported on previously.

3.2. Static adsorption of phosphate

The variation trends of phosphate adsorption by CaM, Zr-CaMs, and
Phoslock under designed initial P concentration conditions are shown
in Fig. 3, with adsorption capacities in the order of Zr-CaM1>Zr-
CaM0.5, Phoslock>Zr-CaM0.1>CaM. Zr-CaM0.5, Zr-CaM1, and
Phoslock, which nearly synchronously reached the adsorption equili-
brium after 17 d. CaM had nearly no adsorption effect on the three P-

containing solutions due to the small SSA and pore volume (Table 1).
The increasing P concentration in the initial experimental stage fol-
lowing the addition of CaM was probably because the montmorillonite
particles quickly dispersed after they encountered water and partially
released inherent P into the ambient aqueous solution. High Zr loading
ratios in Zr-CaM1 have superior phosphate adsorption performance to
those of Zr-CaM0.5 and Zr-CaM0.1. For the three types of simulating
solutions, the equilibrium concentrations was reduced to 0.014 mg/L,
0.022 mg/L, and 0.046 mg/L after the addition of Zr-CaM1, and

Table 2
Chemical compositions (wt%) of different materials determined by XRF.

Compounds CaM Zr-CaM0.1 Zr-CaM0.5 Zr-CaM1 Phoslock

SiO2 64.08 52.47 42.12 34.70 63.01
Al2O3 15.69 13.28 10.73 9.15 14.90
MgO 4.21 3.84 3.14 2.72 3.16
CaO 2.96 2.32 1.85 1.63 3.07
Fe2O3 2.90 2.14 1.73 1.48 3.18
Na2O 0.55 1.59 1.73 1.80 0.91
K2O 0.37 0.34 0.26 0.20 1.29
TiO2 0.23 0.20 0.17 0.15 0.30
MnO 0.06 0.06 0.05 0.04 –
ZrO2 – 3.71 14.75 26.01 –
Others 0.29 0.26 0.43 0.55 0.17
LOI 8.66 19.79 23.04 21.57 10.01

– below the detect limit.
Others represent some metallic oxides at trace amount.

Table 3
Contents (μg/g) of trace elements in different materials analyzed by ICP-MS.

Elements CaM Zr-NM-CaM0.1 Zr-NM-CaM0.5 Zr-NM-CaM1 Phoslock

Zr 140 19968 70440 133455 139
La 33.5 36.1 26.1 26.2 45500
Cr 43.5 51.2 31.6 35.2 22.0
Ni 10.9 12.9 8.52 8.29 11.7
Cu 7.00 8.99 6.28 6.53 24.7
Zn 46.3 45.1 35.3 38.7 75.3
As 3.46 4.11 1.07 0.97 5.18
Cd 0.27 0.34 0.87 1.59 0.32
Pb 26.2 29.0 20.8 24.3 28.5

Fig. 3. Static adsorption of phosphate by different adsorbents as a function of
contact time. Experimental condition: solution initial P concentration 0.05 mg/
L, 0.10 mg/L, and 0.20 mg/L, dosage ratio of 100/1, pH 7 and temperature
298 K.
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0.026 mg/L, 0.047 mg/L, and 0.062 mg/L after the addition of Phos-
lock. As a result, the removal rates of P by Zr-CaM1 exceeded 72%,
which were higher compared to those of Phoslock (48–69%). Reports
have pointed out that Phoslock is far from satisfactory for controlling P
in low concentrations in field tests, especially that below 0.05 mg/L
(Moss et al., 2014; Dithmer et al., 2016). Thus, Phoslock has been re-
commended to be repeatedly dosed in certain field studies to guarantee
phosphate removal and algal bloom inhibition (Moss et al., 2014;
Copetti et al., 2016).

3.3. Adsorption isotherms

The adsorption isotherms of Zr-CaM0.5, Zr-CaM1, and Phoslock
were investigated; the results are shown in Fig. 4, and the corre-
sponding parameters and R2, MRE, and Δq values are provided in
Table 4. The R2 obtained from the Langmuir model for Zr-CaM0.5 and
Zr-CaM1 were the highest of the three models. Additionally, MRE and
Δq were determined to quantitatively compare the model applic-
abilities. Based on the results of the nonlinear plot (Fig. 4 and Table 4),
the Langmuir model sufficiently described the adsorption data with the
lowest MRE values of 1.656% and 0.256% for Zr-CaM0.5 and Zr-CaM1,
respectively. The qe,cal calculated from this model was closer to qe,exp,
resulting in a lower Δq. Accordingly, the phosphate adsorption by Zr-
CaMs can act as homogeneous monolayer coverage. These findings
were similar to those of previous reports that used other Zr-modified
adsorbents (Huang et al., 2015; Lin et al., 2018). However, unlike that
of Zr-CaMs, the better fit of the Freundlich model to the experimental
data suggested that phosphate adsorption by Phoslock occurred on the
heterogeneous composite surface. The maximum adsorption capacities
of Zr-CaM1, Zr-CaM0.5, and Phoslock via the Langmuir nonlinear
model were 22.37 mg/g, 21.53 mg/g, and 8.58 mg/g, respectively. The
value of KL also decreased in the same order.

The phosphate adsorption performances of Zr-related adsorbents in
the literature are summarized in Table 5, including those of zirconia
hydrate (Rodrigues et al., 2012), mesoporous zirconia (Liu et al., 2008),
amorphous nano-zirconia (Su et al., 2013), Zr-modified zeolite (Zhan
et al., 2017), Zr-modified bentonite (Lin et al., 2018), and Zr/Al-pil-
lared montmorillonite (Huang et al., 2015). Clearly, the adsorption
capacities of Zr-CaM0.5 and Zr-CaM1 prepared in this study were su-
perior to those of the other Zr-modified aluminosilicate minerals and
were slightly lower than those of the Zr based oxides, such as meso-
porous zirconia and amorphous nano-zirconia.

3.4. Adsorption kinetics

The phosphate adsorption capacities of Zr-CaM0.5 and Zr-CaM1 as a
function of reaction time and their adsorption kinetics fits are shown in
Fig. 5a and Table 6. The pseudo-second-order model exhibited a higher
R2 and a lower MRE and Δq than those of the pseudo-first-order model;
however, the Elovich model best fit the experimental data, particularly
for Zr-CaM0.5. This further supported that the observed adsorption
feature may be a chemisorption process, which agreed with the iso-
therm results described above.

The entire adsorption process can be divided into three distinctive
stages (Fig. 5b). The first stage is rapid adsorption on the Zr-CaM0.5
and Zr-CaM1 surface within the initial 12 h, and then it slowed during
the next 12–36 h in the second stage, and the adsorption reached
equilibrium around the third day. For the 0.20 mg/L P solution, over
half of the phosphate was absorbed by Zr-CaM1 within the initial 3 h.
This excellent removal rate was because of the rapid membrane diffu-
sion of phosphate to the active sites on the adsorbent surface (Lin et al.,
2018). Afterwards, the active point decreased with an increased reac-
tion time, resulting in the slower adsorption rate. After 72 h, the
sorption process reached equilibrium, and the remaining P concentra-
tion was reduced by 0.02 mg/L, corresponding to the TP threshold of
Class II surface water for China within the safe water quality standard.

3.5. Influencing factors

3.5.1. Effect of adsorbent dosage
Zr-CaM1 was selected for the dosage test of Zr-CaMs for phosphate

adsorption. The adsorption capacities varied with different dosages and
are shown in Fig. 6. The adsorption rate of phosphate increased from
16.8% to 92.3%, while the adsorption capacity decreased by 50%,
when the Zr-CaM1 dosage increased from 0.004 g/L to 0.04 g/L. This
was because the unsaturated sites on the adsorbent surface increased
with the addition of Zr-CaM1, whereas the unit adsorption capacity
decreased. Considering the cost and the adsorption performance of Zr-
CaM1, the optimum dosage, from 100/1 to 150/1, is recommended for
practical applications for phosphate removal from surface water with
low P concentrations. This ratio is roughly the same as that of Phoslock
(Reitzel et al., 2013a).

3.5.2. pH effect on phosphate adsorption
The phosphate adsorption capacity of Zr-CaM1 changed with dif-

ferent solution pHs as shown in Fig. 7. Remarkably, the adsorption
performance of Zr-CaM1 fluctuated marginally in the range of

Fig. 4. Isotherms of phosphate adsorption by Zr-CaM0.5, Zr-CaM1, and
Phoslock.
The experimental data and predicted curves of the adsorption capacities at
equilibrium fitted by nonlinear regression of Langmuir, Freundlich, and D–R
models.

Table 4
Adsorption isotherm parameters for phosphate adsorption by Zr-CaM0.5, Zr-CaM1, and Phoslock calculated from nonlinear models.

Adsorbent Langmuir Freundlich Dubinin-Radushkevich

qm (mg/g) KL (L/mg) R2 MRE (%) Δq KF ((mg(1–1/n)L1/n)/g) 1/n R2 MRE (%) Δq qDR (mmol
/g)

KDR (mol2/kJ2) R2 MRE (%) Δq

Zr-CaM0.5 21.53 0.102 0.984 1.656 0.076 4.15 0.398 0.901 4.051 0.210 16.09 4.68 × 10−6 0.894 5.089 0.264
Zr-CaM1 22.37 0.161 0.993 0.256 0.031 5.84 0.342 0.951 1.771 0.118 17.14 1.78 × 10−6 0.812 1.230 0.175
Phoslock 8.58 0.084 0.650 0.219 0.085 5.11 0.148 0.936 0.032 0.038 8.05 3.38 × 10−7 0.409 0.675 0.106
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4.61–5.20 mg/g at the adsorption equilibrium when the solution pH
increased from 4 to 8.5. However, it dramatically dropped to 3.66 mg/g
at a pH of 10.0. It is well-known that the form of phosphate depends on
the solution pH. The ionization constants (pKa) of H2PO4

−, HPO4
2−,

and PO4
3− are 2.16, 7.20, and 10.30, respectively (Haghseresht et al.,

2009). When the pH value of the aqueous solution varied from 4 to 8.5,
the relative proportion of H2PO4

− diminished gradually following an
elevated contribution of HPO4

2−. Many researchers have demonstrated
that H2PO4

− is more vulnerable to coordination exchange than HPO4
2−

and is subsequently adsorbed by the Zr-based adsorbents (Su et al.,
2013; Huang et al., 2015). When further increasing the solution pH, the
Zr-CaM1 surface becomes more negatively charged. Hydroxide ions
compete with phosphate for the effective adsorption sites on the ad-
sorbent. Relevant studies have pointed out that the adsorption capa-
cities of Zr/Al-modified montmorillonite and Zr-modified bentonite are
strongly pH-dependent, and they are reduced by 36–56% and 50–64%
from pH 4 to 10, respectively (Huang et al., 2015; Lin et al., 2018).
Phoslock was also affected by the pH restrictions of the solution (Ross
et al., 2008; Haghseresht et al., 2009; Zamparas et al., 2015). Therefore,
Zr-CaM1 had a wide pH range compatibility for phosphate removal
from natural water.

3.5.3. Effect of the coexisting anions
The impacts of SO4

2−, Cl−, and HCO3
– on phosphate adsorption

onto Zr-CaM1 are presented in Fig. 8. When the HCO3
– concentration of

the aqueous solution increased from 0 mmol/L to 3.3 mmol/L, the
phosphate adsorption capacity decreased from 4.26 mg/g to 2.32 mg/g,
indicating a great inhibiting effect. In contrast, the presence of Cl− and
SO4

2− can promote the adsorption process. HCO3
– is extensive in sur-

face waters, as an important component of water alkalinity (Han and
Liu, 2004; Li et al., 2019). It can elevate the initial solution pH and
interfere with phosphate adsorption (Tian et al., 2009; Huang et al.,

2015). HCO3
– and CO3

2– also exerted a substantial influence on the
phosphate adsorption by Phoslock (Reitzel et al., 2013a; Dithmer et al.,
2016). In addition to HCO3

−, Cl− and SO4
2− can increase ionic

strength, further improving the affinity of Zr-CaM1 towards phosphate,
which is similar to previous reports on Zr-modified Ca-based bentonite
(Lin et al., 2018).

3.6. Proposed mechanisms for phosphate adsorption onto Zr-CaMs

Significant effort has been undertaken to unravel the removal me-
chanism of phosphate by Zr-modified clay minerals (Huang et al., 2015;
Lin et al., 2018; Wu et al., 2020). Two major mechanisms are proposed
for phosphate removal by these adsorbents: electrostatic attraction and
inner sphere complex formation (Lin et al., 2018; Wu et al., 2020). The
surface charge of an adsorbent is highly dependent on the solution pH.
When the solution pH is lower than pHPZC (pH at the point of zero
charge), then the adsorbent surface is positively charged. However,
when the solution pH is higher than pHPZC, the adsorbent surface car-
ries a net negative charge. It was speculated that the pHPZC of Zr-CaMs
exceeds 7.0 based on a previous investigation of a similar Zr-modified
zeolite (pHPZC = 8.0, Zhan et al., 2017) and bentonite (pHPZC = 7.83,
Lin et al., 2018). This may indicate that the Zr-CaMs were positively
charged by the protonation of surface hydroxyl groups at a solution pH
of 7. In this case, the adsorption of phosphate by Zr-CaMs may be
achieved through electrostatic attraction. However, because the phos-
phate adsorption in this study is a chemisorption-dominated process
(based on the adsorption isotherms and kinetics studies), the con-
tribution of the purely electrostatic attraction mechanism to the phos-
phate adsorption appears insignificant.

In this study, Zr was introduced to the surface and interlayer of raw
CaM, as supported by the results of both the XRF and ICP-MS (Tables 2
and 3). This introduction also dramatically changed the surface

Table 5
Summary of maximum phosphate adsorption capacities of Zr-CaMs and other Zr-related adsorbents reported in the literature.

Adsorbent Initial phosphate concentration (mg/L) Adsorption capacity (mg/g) Ref.

Mesoporous ZrO2 0–300 29.71 Liu et al., 2008
Hydrous zirconium oxide 100–150 53 Rodrigues et al., 2012
Amorphous zirconium oxide nanoparticles 5–50 99.01 Su et al., 2013
Zr-modified zeolite 0.2–4 5.96 Zhan et al., 2017
Zr-modified Ca2+-pretreated bentonite 2–35 13.4 Lin et al., 2018
Zr-pillared montmorillonite 20–50 13.1 Huang et al., 2015
Zr/Al-pillared montmorillonite 20–50 17.2 Huang et al., 2015
Zr-CaM0.5 1–50 21.53 This study
Zr-CaM1 1–50 22.37 This study

Fig. 5. Kinetics of phosphate adsorption by Zr-CaM0.5 and Zr-CaM1 fitted by (a) pseudo-first-order, pseudo-second-order, and Elovich kinetic nonlinear models, (b)
Three adsorption stages differentiated by an intra-particle diffusion linear model.
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morphologies and microporous structures of Zr-CaMs, especially for Zr-
CaM0.5 and Zr-CaM1, which was evident from the XRD and SEM
characterization (Figs. 1 and 2), thus improving their phosphate ad-
sorption capacities.

It has been proven that Zr4+ can be combined with the silicon-
oxygen tetrahedron of montmorillonite in the presence a stable [SieO]
…[HOeZr] hydrogen bond (Huang et al., 2015). Previous studies
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Fig. 7. Effect of solution pH on the phosphate adsorption capacity of Zr-CaM1.

Fig. 8. Effect of the co-existing anions on the phosphate adsorption capacity of
Zr-CaM1.
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confirmed that Zr-modified montmorillonite has a sufficient affinity
towards phosphate through the replacement of hydroxyl groups
(^ZrOH) on the adsorbent surface and the subsequent formation of
mononuclear monodentate and binuclear bidentate inner-sphere com-
plexes (Su et al., 2013; Huang et al., 2015; Wu et al., 2020). These
processes can be explained as Eqs. (4)–(6).

+ = +Zr OH H PO Zr (H PO ) OH2 4 2 4
– (4)

+ = +Zr OH HPO Zr (HPO ) OH4
2

4
– (5)

+ = +2( Zr OH) HPO Zr (HPO ) 2OH4
2

2 4 (6)

4. Conclusion

This study demonstrated that Zr was successfully loaded onto the
surface and interlayer of CaM by the addition of ZrOCl2·8H2O, thus
greatly facilitating the removal efficiency of phosphate. The adsorption
isotherm fit the Langmuir model better than the Freundlich and D-R
models. The maximum P adsorption capacities of Zr-CaM0.5 and Zr-
CaM1 obtained from the Langmuir nonlinear model reached 21.53 mg/
g and 22.37 mg/g, which were significantly higher than those of
Phoslock and ZrCaBT. The kinetics behavior agreed with the Elovich
kinetic model results, suggesting a chemical adsorption process. The
mechanism for phosphate adsorption by Zr-CaMs was largely ascribed
to the ligand exchange of surface hydroxyl groups with phosphate.
Moreover, Zr-CaM1 had a wide pH range (4–8.5) applicability for
phosphate adsorption performance and thus can be considered a highly
effective, economic, and environmentally safe adsorbent for phosphate
removal from contaminated surface water, especially for ultralow P
concentrations.
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