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a b s t r a c t

In this paper, the dynamic and static adsorption performance of phosphate in the water on the zir-
conium modified zeolite (Cl2OZr/zeolite) was investigated. Batch adsorption experiments were per-
formed to evaluate the adsorption conditions and selectivity. The experimental results agree well 
with the pseudo second-order kinetic model. The effects of the dynamic adsorption of phosphate 
on Cl2OZr/zeolite were studied. The results indicate that the breakthrough time is 480 min and the 
phosphate removal rate reaches 95% under the optimal conditions. The curves of dynamic adsorption 
could be fitted by the Thomas model. Cl2OZr/zeolite can be reused and applied to the actual waste 
water treatment. Comparing previous studies on phosphate removal with different adsorbents, we 
can see that the Cl2OZr/zeolite has the advantages of wide pH range, relatively short adsorption 
equilibrium time and reusability.
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1. Introduction

Phosphorus is an important ingredient for all living 
organisms and its application in agriculture as a fertilizer 
is necessary for production of food. The mining and use 
of phosphate rock has begun increased dramatically 
around the mid-to-late 19th century [1,2]. The data 
of substance flows analysis (SFA) through the food 
system by Cordell et al. [3] revealed that only one-fifth 
of applied phosphate fertilizer is assimilated by plants 
and animals [4–6]. Therefore, most of the phosphate is 
lost along the way of flow through the food production 
and consumption system, causing serious environmental 
problems particularly the worldwide eutrophication 
of lakes, reservoirs, estuaries, and parts of the oceans 
[7,8]. Phosphate is growth-nutrient for microorganisms 
present in water bodies. However, increased emissions of 

phosphate result in the excessive growth of photosynthetic 
aquatic micro- and macro-organisms and ultimately 
become a primary cause of eutrophication [9]. Thus, it 
is necessary to develop new methods for the removal 
of phosphate to prevent eutrophication. Heretofore, 
various methods have been developed for reduce of the 
phosphate in sewage discharge [10,11]. The phosphate 
removal techniques fall into three main categories 
physical, chemical, and biological. Physical methods 
have proven to be either too expensive (reverse osmosis 
and electrodialysis), or inefficient (removing only 10% 
of the total phosphorus (TP) [12]. Optimized biological 
treatment can remove up to 97% of TP; however, this 
efficiency can be highly variable because of operational 
difficulties, i.e. the trouble of maintaining the ideal 
anaerobic or aerobic state [13]. Additionally, the need to 
dispose large amounts of waste activated sludge limits 
the development of enhanced biological phosphorus (P) 
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removal techniques. Chemical removal techniques, such 
as adsorption and precipitation [57], have been considered 
as the most effective techniques for nutrient removal. 
Adsorption is one of the most investigated technologies 
for removal and recovery of phosphate from wastewater 
as recently studied [14–16], because of their relatively 
low costs, abundant adsorbent source materials (such as 
activated carbon [17–19,53], natural zeolites [20], and steel 
slag [21,58] and so on), and their simplicity of application 
to P recovery [22]. For this technique, phosphate is 
removed from wastewater via selective adsorption to a 
solid phase (adsorbent). The adsorbent may be reused 
again for phosphate capture after regeneration. Various 
coated adsorbents have been developed to remove 
phosphorous. However, the application of conventional 
adsorbent materials is limited by their low adsorption 
capacities, complicated implementation, and potential 
environmental risks. For example, the adsorption 
performances of granulated ferric hydroxide and activated 
aluminum oxide adsorbents are strongly dependent upon 
pH, and several anions (such as Cl– and SO4

2–) coexisting 
with phosphate in sewage [23]. The Cl2OZr/zeolite was 
obtained by introducing zirconium and hydrated zirconia 
into the inner and outer surfaces of the zeolite to form an 
anionic active adsorption center. Therefore, the functional 
treatment of zeolite increases the adsorption capacity of 
anions [24].

In this study, a novel Cl2OZr/zeolite is prepared 
for removing phosphate from Wastewater by static and 
dynamic adsorption tests. The influencing factors of contact 
time, pH of the solution, temperature, zeolite dose and 
co-existing anions on the batch adsorption behavior were 
studied. The kinetics of adsorption was analyzed using 
pseudo-first-order and pseudo-second-order kinetics 
models. The influences of the quantity of adsorbent, the 
filler particle size and flow rate in the fixed-bed column 
on dynamic adsorption performance were studied. The 
breakthrough curves for the adsorption of phosphate were 
analyzed by using Thomas model. In addition, reusability 
of the Cl2OZr/zeolite was estimated. The Cl2OZr/zeolite 
was also applied to the removal of phosphate in actual 

wastewater with satisfied results. Table 1 compares previous 
studies on phosphate removal with different adsorbents, we 
can see that the Cl2OZr/zeolite has the advantages of wide 
pH range, relatively short adsorption equilibrium time and 
reusability. 

2. Experiment

2.1. Materials

Natural zeolite was collected from Wenshan (Yunnan, 
China). Zirconium oxychloride octahydrate was 
purchased from Shanghai Chemical Reagent Company. 
Tartaric acid antimony potassium was obtained 
from Shanghai Heng Yuan Biotechnology Co., Ltd. 
Ammonium molybdate tetrahydrate was purchased from 
Shantou Xilong Chemical Factory. Lanthanum chloride 
heptahydrate (Tianjin Jinnan District salt water industrial 
park), Hexahydrate was obtained from Sinopharm Group 
Chemical Reagent Co., Ltd. Potassium dihydrogen 
phosphate was purchased from Tianjin Institute of Fine 
Chemical Industry. All other reagents were of analytical 
grade and used as received. Ultrapure water obtained 
from a Millipore filtration system was used throughout all 
experiments. The Cl2OZr/zeolite was prepared according 
to our previous report [30]. 

2.2. Static adsorption studies

Batch experiments were carried out in the adsorption 
flask. The different amount of adsorbent was added into 
50 mL 10 mg L–1 of phosphorus-containing wastewater. 
The pH of the aqueous solution was adjusted by 1 mol 
L–1 NaOH or 1 mol L–1 HCl and measured by a pH meter. 
The batch experiments were carried out at a thermostatic 
shaker for 60 min at 25ºC. After centrifugation, the residual 
amount of phosphate in the supernatant was determined by 
molybdenum antimony scandium spectrophotometry.

Removal efficiency of phosphate was measured using 
following equation:

Table 1
Compare previous studies on phosphate removal with different adsorbents [25–29]

Adsorbent 
used

Type of 
wastewater used

Temp. pH Time Percentage 
removal

Regeneration 
rate

Reference

Phosphate 
modified 
calcite

Synthetic 
solution

303K 
313K
323K

5–7 2 h 72% – [21]

La(III)-loaded 
SOW

Synthetic 
solution

35ºC 5–7 15 h 98.5% 85% [22]

DETA-PES-
Cu(II)

Synthetic 
solution

288K
298K
308K

5.1 300 min – – [23]

CP-Fe-I Actual water 30ºC 2–5 200 min −- − [24]

Cl2OZr/
zeolite

Actual water 25ºC
35ºC
45ºC

2–8 2 h 81.56% 87.91% Present study
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where C0 is initial concentration (mg L–1), Ct is residual 
phosphate concentration after adsorption (mg L–1) in 
solution.

The phosphate adsorption capacity Q (mg g−1) was 
calculated by equation:
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where V is the volume of waste water (mL), m is the amount 
of adsorbent (g).

2.2.1. Adsorption kinetic

The mechanism of the adsorption process is investigated 
through adsorption kinetics [31,32]. Two kinetic models, 
namely pseudo-first-order and pseudo-second-order 
models were used to test the experimental data [33]. The 
pseudo-first-order model is on the following assumption: 
the sorption rate abates linearly with the adsorption 
capacity. The pseudo-second-order kinetic model is usually 
utilized to elucidate a chemical sorption. 

i. The pseudo-first-order kinetic model

The pseudo-first-order kinetic model was successfully 
applied to describe the kinetics of many adsorption systems. 
The pseudo-first-order rate equation is represented as below:

In (Qe – Qt) = In Qe – k1t (3)

where Qe and Qt are the amount of phosphate adsorbed (mg 
g−1) at equilibrium and at t min, respectively. And k1 (min−1) 
is the rate constant of pseudo-first-order adsorption. 

ii. The pseudo-second-order kinetic model

The adsorption kinetics may also be described by a 
pseudo-second-order kinetic model. The linearized integral 
form of the model is represented as:

t
Q

t
Q k Qt e e

= +
1

2
2  (4)

where k2 (g mg−1 min−1) is the equilibrium rate constant 
of pseudo-second-order adsorption. The pseudo-second-
order model was based on the following assumptions [34]: 
(1) the adsorption followed the Langmuir isotherm, and 
(2) the limiting rate process is chemical adsorption, (3) the 
rate of occupation of adsorption sites is proportional to the 
square of number of unoccupied sites. 

2.3. Dynamic adsorption studies

The fixed bed is adopted for the dynamic adsorption 
of the phosphate in water. It could not only improve the 

efficiency of the wastewater treatment, but also control 
the whole adsorption process via adjusting the quantity 
of adsorbent, the filler particle size, and flow rate. Column 
was packed with different amount of 10, 15 and 20 g of 
Cl2OZr/zeolite as adsorbent. Furthermore, the effect of 
the filler particle size on removing rate of phosphate was 
investigated. The influent of flow rate (0.5, 2.0 and 3.0 mL 
min–1) was also optimized. 

The analysis of breakthrough curve data obtained 
from the bed dynamic process is essential in constructing 
an industrial wide range of adsorption process [35]. 

Breakthrough time was calculated at the point where 
effluent concentration (Cout, mg L–1) was about 1% of the 
influent concentration (Cint, mg L–1) [36,37]. The adsorption 
capacity of phosphate was calculated by the breakthrough 
curve according to Eq. (5).
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where Qt is the amount of adsorption at time t (mg g–1), Cint 
is influent phosphate wastewater concentration (mg L–1), 
Cout is effluent phosphate concentration (mg L–1), t is 
adsorption time (min), v is flow rate (mg min–1), ∫0

t Cout  
is 

the area under the curve penetrated by t min.

It is assumed that there is no axial dispersion in column 
adsorption, so that the rate driving force obeys second order 
reversible kinetics. The model also estimates the relationship 
between concentration and time. The linearized form of the 
model is expressed as equation:
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where KTh and Qe are the Thomas kinetic constant (mL 
min–1 mg–1) and equilibrium uptake capacities (mg g–1), 
respectively. The values of KTh and Qe can be calculated 
from the plot of ln(Cint/Cout – 1) vs. time.

2.4. Desorption and reusability experiments

Because of OH influenced P adsorption to a great 
degree. Therefore, different NaOH concentrations were 
chosen to investigate the efficiency of desorption [38]. 
Saturated Cl2OZr/zeolite was desorbed with the different 
concentrations of NaOH for regeneration. And the 
regenerated Cl2OZr/zeolite was reused in adsorption 
experiment, and the regeneration process was repeated for 
two times.

3. Results and discussion

3.1. Static batch adsorption experiments

3.1.1. Effect of adsorbent dosage

The effect of zeolite dose on phosphate removal was 
explored at different dosages from 2 to 20 g L–1. It is seen 
from Fig. 1 that the amount of phosphate adsorbed on 
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Cl2OZr/zeolite increased with increasing zeolite dose and 
reached an equilibrium value at 7 g L–1 beyond which no 
more phosphate is further adsorbed from the solution. 
Phosphate removal was reduced from 10 mg L–1 to 1.2 mg 
L–1 with a dose of zeolite of 7 mg L–1. The adsorption process 
is rapid at initial and became slow after the equilibrium. 
This might be due to increases in surface area of the 
adsorbent with increase in adsorbent dosage [39,52]. Greater 
availability of active sites and increment in surface area of 
the adsorbent with increase in adsorbent amount was also 
reported by Deng and Shi [40]. At this point, the amount 
of phosphate desorbed from Cl2OZr/zeolite is in a state 
of dynamic equilibrium, which can meet the requirements 
of secondary emission standards of China’s urban sewage 
treatment plant emission standards. Further, it was noticed 
that increased in adsorbent dose does not show any increase 
in removal efficiency. This may be due to fact that all active 
sites maybe occupied by the adsorbate at increase in dose 
[41]. The removal rate is increased slowly and flattens out 
gradually after a dosage of 7 g L–1. Therefore, 7 g L–1 Cl2OZr/
zeolite was selected as the optimal amount of phosphorus-
containing wastewater treatment experiments.

3.1.2 Effect of contact time and temperature

Fig. 2 shows the effect of contact time on phosphate 
adsorption with three different initial phosphate 
concentrations of 10, 50, 100 mg L–1 at 25ºC. There is a 
fast phosphate adsorption during the first 60 min, which 
leads to a removal percentage of over 80% to three initial 
phosphate concentrations. The adsorption rate becomes slow 
subsequently, and reaches a plateau value. This is because 
the surface adsorption sites approach saturation as the 
contact time increases. In order to ensure that the amount of 
adsorption is closest to the equilibrium value, 120 min was 
selected as the equilibrium adsorption time [56,61,62]. The 
effect of temperature was also investigated at the 25ºC, 35ºC, 
and 45ºC with an initial phosphate concentration of 10 mg L–1 
as shown in Fig. 3. The temperature exhibits a little effect on 
the adsorption capacity and the equilibrium time. Thus, the 
temperature of 25ºC was selected for further experiments.

3.1.3. Effect of pH 

The effect of the pH of the solution on phosphate removal 
is shown in Fig. 4. When the pH value is between 2.0 and 8.0, 
the amount of phosphate adsorbed on the Cl2OZr/zeolite 
keeps higher adsorption ability and does not significantly 
change. When the pH > 8.0, the adsorbed amount was 
decreased quickly and reached the lowest value at the pH > 
11.0. Higher adsorption capacity at lower pH can be because 
of the presence of H+ ions [42,43]. On the other hand, at 
higher pH, decrease in adsorption could be attributed to 
higher concentration of Hydroxide ions and also due to 
Electrostatic attraction between the negatively charged ions 
[44–47,59]. Cl2OZr/zeolite exhibits high phosphate removal 
efficiency over a wide pH range of 2.0–8.0. 

3.1.4 Effect of co-existing ions

In general, phosphate contaminated water contains 
several other common anions like nitrate, carbonate, sulfate, 

Fig. 1. The effect of the amount of Cl2OZr/zeolite on the phos-
phate removal (experimental conditions: 50 mL 10 mg L–1 phos-
phorous-containing wastewater, 25ºC, 200 rpm, shaking for 60 
min).

Fig. 2. The effect of contact time at different concentrations (ex-
perimental conditions: 50 mL 10 mg L–1 phosphorous-contain-
ing wastewater, 25–200 rpm, shaking for 10–240 min).

Fig. 3. The effect of contact time at different temperatures (ex-
perimental conditions: 50 mL 10 mg L–1 phosphorous-contain-
ing wastewater, 7 g L–1 Cl2OZr/zeolite, 200 rpm, shaking for 
10–240 min.
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fluoride and chloride which can compete with phosphate 
in the adsorption process. In order to illustrate the effect of 
interfering anions, adsorption studies were carried out by 
varying the initial concentrations of co-existing anions from 
50 to 500 mg L–1. Adsorption of phosphate was studied in 
the presence of anions viz., F–, Cl–, CO3

2–, SO4
2−, and NO3

−

at given experimental conditions and results are shown in 
Fig. 5. The F– and CO3

2– display a competitive effect on the 
removal of phosphate by Cl2OZr/zeolite, and other anions 
have no effect [63,64]. The CO3

2– ion has effect on phosphate 
removal because CO3

2– forms HCO3
– in acidic water and 

competes with H2PO4
– [48]. And F– has a strong electro-

negativity and it is easily combined with the protonated 
adsorbent surface. Therefore, the adsorption capacity of 
phosphate is reduced [49,50,55].

3.1.5. Adsorption kinetic

The kinetic experiments were carried out under 
different phosphate concentration and temperature. The 
experimental data of Figs. 2 and 3 were fitted by the models 

of the pseudo-first-order kinetic model and the pseudo-
second-order kinetic model. The results were listed in Table 
2. All the experimental data showed excellent compliance 
by the pseudo-second-order kinetic model with good 
correlation coefficients (R > 0.9992). 

The adsorption kinetic followed the pseudo-second-
order equation indicating that the limiting process of 
adsorption rate was chemical sorption [54]. The pseudo-
second-order kinetic model contains all the processes such 
as liquid film diffusion, surface adsorption and intraparticle 
diffusion of phosphate adsorbed on the Cl2OZr/zeolite. 
The initial adsorption rate constant sharply increases with 
the initial concentration increases. This is because Cl2OZr/
zeolite contains a large number of active sites in the early 
stage of adsorption. The greater the concentration gradient 
in solid-liquid systems with greater the concentration of 
adsorbates, so phosphate can easily propagate through the 
liquid film to the surface of Cl2OZr/zeolite. The surface 
adsorption sites are nearly saturated with the reaction time 
increases. After this process, the adsorption rate decreases, 
due to the large mass transfer resistance.

3.2. Dynamic adsorption experiments

3.2.1. Effect of the filler particle size

Effect of particle size of Cl2OZr/zeolite on the removal 
efficient of phosphate was investigated. The adsorption 
breakthrough curves were recorded with different particle 
size at amount of 10 g of adsorbent, flow rate of 3 mL min–1, 
and phosphate concentration of 10 mg L–1. It can be seen 
from Fig. 6 that more adsorption capacity of the Cl2OZr/
zeolite for the phosphate was observed at smaller particle 
size. The breakthrough time is 120, 300 and 390 min, and 
the penetration volume is 357, 890 and 1165 mL for particle 
sizes of 0.6–2.0, 0.30–0.45 and 0.2–0.3 mm, respectively. 
The effluent concentration of phosphate was below 1 mg 
L–1 and the corresponding penetrating adsorption capacity 
was 0.36, 0.87 and 1.15 mg g–1, respectively. The equilibrium 
of adsorption was reached when the effluent concentration 

Fig. 4. Effect of the pH on the phosphate removal of Cl2OZr/zeo-
lite-experimental conditions: 50 mL 10 mg L–1phosphorous-con-
taining wastewater, 7 g L–1 Cl2OZr/zeolite, 1 mol L–1 NaOH and 
1mol L–1 HCl.

Fig. 5. Effect of co-existing anions on phosphate removal of 
Cl2OZr/zeolite (experimental conditions: 50 mL 10 mg L–1 phos-
phorous-containing wastewater, 7 g L–1 Cl2OZr/zeolite).

Fig. 6. Adsorption breakthrough curves at different particle siz-
es (experimental conditions: 50 mL 10 mg L–1 phosphorous-con-
taining wastewater, 10 g Cl2OZr/zeolite, the flow rate 3 mL 
min–1).
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was below 95% of the initial concentration. The equilibrium 
times for adsorbent with different particle sizes were 
480, 720 and 900 min, and the corresponding equilibrium 
adsorption capacities were 0.7, 1.36 and 1.65 mg g–1, 
respectively. The shorter breakthrough time indicates that 
the packed column has low adsorption capacity. The strong 
adsorption capacity for small adsorbent particle size can be 
ascribed to more adsorption sites on adsorbent surface. So 
the smaller particle exhibits higher adsorption capacity and 
longer breakthrough time. The larger particle size displays 
a short breakthrough time because the porosity of the fixed-
bed becomes larger and the resistance becomes smaller. 
Therefore, the filler particle size of 0.30–0.45 mm is selected 
in this experiment.

3.2.2. Effect of the quantity of adsorbent

Phosphate adsorption in a fixed-bed column system 
was associated with the quantity of adsorbent. In order to 
obtain phosphate removal effect at the different adsorbent 
quantity, the column was packed with 10, 15 and 20 g of 
Cl2OZr/zeolite, respectively. The adsorption experiments 
were conducted using 10 mg L–1 phosphate solution. The 
breakthrough curves are shown in Fig. 7. A typical S curve 
was observed as the quantity of adsorbent grew larger. With 
the increase of the adsorbent quantity, the breakthrough 
time increased accordingly. The total adsorption capacity 
for three adsorbent quantities was 0.88, 0.96 and 1.05 mg g–1. 
The adsorption capacity of the fixed-bed was increased with 
the increasing adsorbent quantity. This is due to the more 
specific surface of the adsorbent and more fixation binding 
sites. Basically, the increase of the adsorbent quantity in 
column would provide a larger effective area, which lead 
to an increase in the transfer zone from the entrance to the 
exit of the bed. Therefore, the increase in the quantity of 
adsorbent would broad the mass transfer zone and create 
a longer distance to reach the exit resulting in an extended 
breakthrough time. Comparing 15 g and 20 g of Cl2OZr/
zeolite increased the amount of adsorbent and the removal 
capacity was relatively small. Therefore, in this experiment, 
adsorbent quantity of 15 g was selected as the amount of 
filler in the adsorption column. 

3.2.3. Effect of the flow rate

The flow rate of phosphate in a column affects the 
uptake capacity of the phosphate. In this study, the effect 
of flow rate was studied at the particle size is 0.30–0.45 mm, 
the quantity of 15 g and initial phosphate concentration of 
10 mg L–1. The breakthrough curves are presented in Fig. 8. 
According to Fig. 8, the breakthrough time were 690, 480 
and 120 min, the breakthrough volumes were 675, 1430 
and 2385 mL and the adsorption capacity was 1.36, 0.96 
and 0.23 mg g–1, respectively. The equilibrium adsorption 
time of the Cl2OZr/zeolite were 1080, 930 and 480 min 
and the adsorption capacity were 1.64, 1.42 and 0.51 mg 
g–1 at flow rates of 1.0, 3.0, and 5.0 mL min–1, respectively. 
At higher flow rates, the phosphates stay in the column 
for a relatively shorter time resulting in less efficient in 
contacting and reacting with the Cl2OZr/zeolite and early 
breakthrough and saturation of the column. So, the Cl2OZr/
zeolite capacity decreases with increasing flow rate due to 
the insufficient residence time of phosphate in the column, 
which indicates that better column performance can be 
obtained at a lower flow rate. However, too small flow rate 

Table 2
Correlation parameters of pseudo-first-order kinetic equation and pseudo-second-order kinetic equation

Variable Measured
Qe

(mg g–1)

Pseudo-first-order kinetics 
equation

Pseudo-second-order kinetics equation

Qe

(mg g–1)
k1

(min–1)

R2 Qe

(mg g–1)
h
(mg/g 
min–1)

k2

(g (mg 
min) –1)

R2

Phosphate 
concentration 
(mg L–1)

10 1.373 0.818 0.0351 0.9657 1.420 0.19 0.0945 0.9995

50 3.964 1.404 0.0186 0.9559 4.087 0.49 0.0295 0.9996

100 5.485 1.677 0.0121 0.9858 5.556 0.71 0.0231 0.9992

Temperature (K) 298 1.334 0.409 0.0276 0.9687 1.369 0.25 0.1351 0.9999

308 1.392 0.366 0.0244 0.9600 1.421 0.28 0.1406 0.9999

318 1.432 0.489 0.0254 0.9474 1.457 0.30 0.1417 0.9999

Fig. 7. Adsorption breakthrough curves at different quantity of 
adsorbent (experimental conditions: 50 mL 10 mg L–1 phospho-
rous-containing wastewater, the filler particle size of 0.30–0.45 
mm, the flow rate 3 mL min–1).
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results in small amount of wastewater treatment and long 
processing time [51]. Therefore, we selected 3 mL min–1 as 
the flow rate.

3.2.4. The Thomas model

The breakthrough curves for the absorption of phosphate 
onto Cl2OZr/zeolite were analyzed using the Thomas model. 
The parameters KTh and Qe and correlation coefficient (R) were 
determined and as shown in Table 3. From Table 3, the KTh 
value decreases with the particle size and flow rate decreases 
and the quantity of adsorbent increases. The calculated value 
Qe from the Thomas model is close to the experimental value 
Q. Thus, the linearized Thomas model can be used to describe 
the experimental breakthrough data adequately. Excellent 
R values from Thomas model indicate a good applicability 
of Thomas model. There is a good agreement between 
experimental and calculated adsorption capacities. These 
results indicate that the Thomas model perfectly described 
the phosphate breakthrough curve model.

3.3. Regeneration

3.3.1. Effect of the NaOH concentration

The saturated Cl2OZr/zeolite can be regenerated by 
NaOH solution. The effect of NaOH concentration from 
0.05 to 1.0 mol L–1 on the regeneration is shown in Fig. 9. It 
can be clearly seen that the regenerated capacity of Cl2OZr/
zeolite increases with the increase of NaOH concentration 
and reaches the maximum at 0.3 mol L–1 NaOH with 
regeneration capacity of 0.959 mg g–1 and regeneration rate 
of 63.37%. After optimal concentration of 0.3 mol L–1 NaOH, 
the regeneration capacity decreases because the regeneration 
ambient is destroyed by the excessive alkalinity, resulting a 
low regeneration performance. In subsequent experiments, 
0.3 mol L–1 NaOH was selected for Cl2OZr/zeolite.

3.3.2. Effect of the regeneration time

The effect of the regeneration time on the regenerated 
capacity of saturated Cl2OZr/zeolite is shown in Fig. 10. 
According to Fig. 10, the regeneration capacity gradually 

Fig. 8. Breakthrough curves at different flow rates (experimental 
conditions: 50 mL 10 mg L–1 phosphorous-containing wastewa-
ter, the filler particle size of 0.30–0.45 mm, 15 g Cl2OZr/zeolite).

Table 3
Thomas model fitting related parameters of different particle size, quantity of adsorbent and flow rate

Size v m KTh Qe Experiment R2

(mm) (mL min) (g) (mL (mg·min) –1) (mg g–1) Q (mg g–1)

0.60–2.0 3 10 1.21 0.81 0.76 0.9844

0.30–0.45 3 10 1.00 1.37 1.36 0.9906

0.20–0.30 3 10 0.98 1.65 1.65 0.9923

0.30–0.45 3 10 1.07 1.38 1.35 0.9849

0.30–0.45 3 15 1.01 1.40 1.42 0.9902

0.30–0.45 3 20 0.78 1.58 1.63 0.9725

0.30–0.45 1 15 0.99 1.62 1.64 0.9768

0.30–0.45 3 15 1.01 1.40 1.42 0.9903

0.30–0.45 5 15 1.30 0.55 0.51 0.9793

Fig. 9. Effect of the NaOH concentrations (experimental condi-
tions: 25 g L–1 Saturated Cl2OZr/zeolite, Solid-liquid ratio – 1:40 
(g mL–1), regeneration – 1 h).
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increased with the regeneration time, and tends to be 
equilibrium after 2 h. The regeneration capacity was 1.331 
mg g–1 and the regeneration rate was 87.91%. In this study, 
2 h was selected as the regeneration time of Cl2OZr/zeolite.

3.3.3. Elution curve

The recycling of adsorbent is very important for practical 
application. The regeneration capacity of the Cl2OZr/zeolite 
as shown in Fig. 11. Phosphate solution was flowed through 
the Cl2OZr/zeolite column with a constant flow rate of 1 
mL min–1 and an inlet phosphate concentration of 10 mg L–1. 
Then saturated Cl2OZr/zeolite was subjected to desorption 
with 0.3 mol L–1 NaOH solution as the eluting agent. It is 
seen from Fig. 11 that the elution process is complete within 
4 h and the ion exchange rate is fast. Low concentration of 
exit phosphate indicates that the saturated Cl2OZr/zeolite 
column was eluted and regenerated.

3.3.4. Recycle column

The dynamic adsorption test was carried out after first 
and second regeneration of Cl2OZr/zeolite column with 15 

g Cl2OZr/zeolite at flow rate of 3 mL min–1 and phosphate 
wastewater concentration of 10 mg L–1. It can be seen 
from Fig. 12 that penetration time shifts to the left with 
increasing regenerative times. The breakthrough time was 
390 and 360 min for 1st and 2nd times regeneration, and the 
corresponding penetration absorption capacity was 0.78 and 
0.71 mg g–1, respectively. The equilibrium adsorption time 
was 660 and 540 min, and the corresponding equilibrium 
adsorption capacity was 1.02 and 0.87 mg g–1, respectively. 
The adsorption capacity decreased slightly compared with 
a fresh Cl2OZr/zeolite column. This result indicates an 
excellent performance of regeneration for Cl2OZr/zeolite 
column [60].

3.4. Practical application 

To evaluate the practicality and usability of developed 
Cl2OZr/zeolite column for phosphate removal, real water 
samples are investigated. The water samples are collected 
from the Chenggong Sewage Treatment Plant incoming and 
outgoing water in Kunming. The experimental results are 
listed in Table 4. It can be seen from Table 4 that the Cl2OZr/
zeolite column exhibits good removal rate for phosphorus-
containing sewage. After treatment with Cl2OZr/zeolite, 
the phosphate concentration of water samples is less 
than 0.5 mg L–1, which lower the first-grade standard 
in the “Discharge Standard of Pollutants for Municipal 
Wastewater Treatment Plants” (GB18918-2002) and requires 
the water quality standard of reused landscape water (CJ/
T95 -2000).

Fig. 10. Effect of regeneration time (experimental conditions: 25 
g L–1 Saturated Cl2OZr/zeolite, 0.3 mol L–1 NaOH).

Fig. 11. Elution curve of the Cl2OZr/zeolite column dynamic 
(experimental conditions: 25 g L–1 Saturated Cl2OZr/zeolite, 0.3 
mol L–1 NaOH, the flow rate 1 mL min–1).

Fig. 12. Effect of regeneration times (experimental conditions: 
50 mL 10 mg L–1 phosphorous-containing wastewater, the filler 
particle size of 0.30–0.45 mm, 0.3 mol L–1 NaOH, regeneration 
time 2 h).

Table 4
Results of removing phosphate in waste water using ZrO2/
zeolite

Samples pH Cint Cout Removal rate

(mg L–1) (mg L–1) (%)

Incoming water 7.22 3.04 0.37 87.84

Outgoing water 7.24 0.44 0.08 81.56
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4. Conclusions

In this work, dynamic and static removal of phosphate 
from water was investigated based on Cl2OZr/zeolite 
composite material. Cl2OZr/zeolite exhibits high 
adsorption capacity and excellent regeneration property 
for removal phosphate. The experimental conditions, 
including adsorbent dosage, contact time and temperature, 
solution pH, co-existing ions, filler particle size, quantity 
of adsorbent, and flow rate were optimized. The pseudo-
second-order kinetic can well describe the behavior of 
the Cl2OZr/zeolite for phosphate adsorption. And the 
dynamic adsorption behavior of the Cl2OZr/zeolite can be 
described by the Thomas model. Regeneration performance 
of Cl2OZr/zeolite column, including NaOH concentration, 
regeneration time, elution time, and recycle times were 
also studied. The experimental results indicate that 
Cl2OZr/zeolite exhibits excellent adsorption capacity and 
regeneration properties. Cl2OZr/zeolite was successfully 
applied for the removal of phosphate from real water 
samples with satisfied results.
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