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A B S T R A C T   

This study aims to document the phosphate ion (PO4
3− ) adsorption capacity of a novel zirconium- 

based adsorbent. The physicochemical properties of the adsorbent are investigated using an array 
of methods and metrics such as electron microscopy, X-ray diffraction, thermal analysis, specific 
surface area, pore volume, pH point of zero charge (pHpzc), and surface hydroxyl groups. The 
batch method is used to elucidate PO4

3− adsorption capacity. Results suggested that the adsorption 
of PO4

3− was based on an internal diffusion and a monolayer adsorption. We also clarified that the 
pH of the solution significantly impacted the adsorption. Moreover, the adsorbent shows the 
ability to not only adsorb but also desorb PO4

3− for at least five cycles, based on an adsorption 
mechanism that we document. These findings indicate that this adsorbent could serve as a major 
industrial PO4

3− adsorbent.   

1. Introduction 

Phosphorus is used pervasively in modern society, such as in fertilizers and detergents, and it is expected that global phosphorus 
demand will continue to increase as the global population continues to rise [1,2]. However, in countries such as Japan, almost all 
phosphorus must be imported because there is no domestic phosphorus resource [3]. Recently, the prospect of global exhaustion of 
phosphorus resources has aroused substantial fear [4]. Therefore, an urgent problem is to build systems of phosphorus recovery and 
reuse. At the same time, phosphorus that is not recycled but rather leaked into the environment, primarily as aqueous PO4

3− , acts as a 
pollutant by inducing eutrophication [5]. Hence, removal of surplus phosphorus from the aqueous environment is a vital task from 
multiple perspectives. Building PO4

3− recovery systems will contribute not only to the recycling of finite phosphorus resources, but also 
to the improvement of the aqueous environment. 

PO4
3− recovery systems operating via several methods have been reported in previous studies [6–8]. Particularly, adsorption 

method is used widely because it is simple and it can be carried out effectively at small scales. Various types of adsorbents (e.g. steel 
slag, clay minerals, and polyglutamic acid) have been indicated to be useful PO4

3− adsorbents so far [9–11]. Activated carbon is one of 
the most famous adsorbents for various adsorbate, and PO4

3− is no exception. Many types of activated carbon had been investigated the 
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abilities of PO4
3− adsorption [12,13]. However, Bacelo et al. [14] said activated carbon usually had a negative charge and it was not 

suitable to adsorb anionic adsorbate such as PO4
3− . In recent, a new type of activated carbon for PO4

3− adsorption, modified by metal 
and its compounds (such as lanthanum, pyrolusite and Zr–Al type double hydroxide), have been reported [15–17]. In other words, it is 
considered that the existence of metal such as aluminum (Al) and zirconium (Zr) in adsorbents is one of the most important factors to 
adsorb PO4

3− . Our previous studies have also reported that various metal hydroxides had excellent PO4
3− adsorption capacity [18–21]. 

Among these metal complex hydroxide materials, zirconium hydroxide particularly shows high selectivity for PO4
3− [22]. Chitrakar 

et al. [23] reported that zirconium(IV) oxide exhibited a capacity for PO4
3− adsorption from seawater more than thrice those of oxides 

of Fe, Al, and Mn. Moreover, Zr has very little toxicity and high stability [24], making it ideal for PO4
3− recovery applications. However, 

only a few reports have studied the PO4
3− adsorption capacity of Zr compounds. In the present study, we created a novel adsorbent with 

Zr (Novel Zr compound: NZC) to adsorb PO4
3− more efficiently and investigated its properties. Moreover, we also elucidated the PO4

3−

adsorption capacity of NZC and evaluated its performance under repeated adsorption–desorption cycles. 

2. Materials and methods 

2.1. Materials 

NZC was provided by the BIRCH Lab (Tokushima, Japan). The NZC was prepared by the following procedures. In briefly, 0.42 mol/ 
L zirconium oxychloride solution and 1.7 mol/L sodium carbonate solution were mixed, and subsequently heated at 100 ◦C for 15 min. 
After reaction, the residue was washed with distilled water and dried at 100 ◦C for 9 h. The particle size of obtained NZC was <500 μm. 
Standard reagents zirconium(IV) hydroxide (Zr(OH)4) and zirconium(IV) oxide (ZrO2) were obtained from Sigma-Aldrich Japan G.K. 
(Tokyo, Japan) and FUJIFILM Wako Pure Chemical Co. (Osaka, Japan), respectively. The test solution including PO4

3− was prepared 
using potassium dihydrogen phosphate (KH2PO4, FUJIFILM Wako Pure Chemical Co., Osaka, Japan). 

Surface morphology was measured using an SU1510 unit (Hitachi High-Technology). Crystallinity was measured using a MiniFlex 
II unit (Rigaku). Elemental analysis was performed using a JXA-8530F unit (JEOL). Binding energy was measured using an AXIS-NOVA 
unit (Shimadzu). Thermal analysis was performed using a TG8120 unit (Rigaku). Specific surface areas and pore volumes were 
analyzed using a NOVA 4200e unit (Yuasa Ionics). The evaluations of pHpzc [25] and hydroxyl group surface density were carried out 
using methods drawn from previous studies [26,27]. 

2.2. Adsorption kinetics study of PO4
3− using NZC 

A total of 0.05 g of NZC was added to 50 mL of PO4
3− test solution at a concentration of 153.4 mg/L (i.e., 50 mg phosphorus per 

liter). Each such mixture was shaken at 100 rpm at 25 ◦C for a period lasting between 1 and 24 h. After shaking, the solution was 
filtered with a 0.45-μm membrane filter. The absorbance of filtrate was analyzed at a wavelength of 610 nm using a DR/890 absorption 
spectrometer (HACH, USA). The amount of PO4

3− adsorbed was calculated according to  

qa = (C0 − Ce)V/W                                                                                                                                                                    (1) 

Where qa is the amount of PO4
3− adsorbed (mg/g); C0 and Ce are the initial and the equilibrium concentration of PO4

3− (mg/L), 
respectively; V is the volume of test solution (L); and W is the weight of NZC (g). The data were reported as mean ± standard error (S. 
E.). 

2.3. Adsorption isotherms of PO4
3− using NZC 

PO4
3− test solutions with concentrations ranging from 3.1 to 153.4 mg/L (i.e., from 1 to 50 mg phosphorus per liter) were prepared. 

A total of 0.05 g of NZC was added to 50 mL of each solution. Each mixture was shaken at 100 rpm for 24 h at a temperature of 7 ◦C, 
25 ◦C, or 45 ◦C. After shaking, each solution was filtered using a 0.45-μm membrane filter, and the filtrate was analyzed using the DR/ 
890 absorption spectrometer. The amount of PO4

3− adsorbed was calculated using Eq. (1), and the data were reported as mean ± S.E. 

2.4. Effect of solution pH for the adsorption of PO4
3− using NZC 

PO4
3− test solutions with a concentration of 153.4 mg/L (i.e., 50 mg phosphorus per liter) was prepared, and the pH of each solution 

was adjusted to a value between 2 and 12. A total of 0.05 g of NZC was added to 50 mL of each solution, and each mixture was shaken at 
100 rpm at 25 ◦C for 24 h. After shaking, each solution was filtered with a 0.45-μm membrane filter, and the filtrate was analyzed using 
the DR/890 absorption spectrometer. The amount of PO4

3− adsorbed was calculated using Eq. (1), and the data were reported as mean 
± S.E. 

2.5. Effect of the coexistence anion for the adsorption of PO4
3− using NZC 

Test solutions were prepared, each including 153.4 mg/L of PO4
3− and 153.4 mg/L of one of the coexistence anions; chloride (Cl− ), 

sulfate (SO4
2− ), or nitrate (NO3

− ). 0.05 g of NZC was added to 50 mL of each complex solution. Each mixture was shaken at 100 rpm at 
25 ◦C for 24 h. After shaking, each solution was filtered with a 0.45-μm membrane filter. PO4

3− and other coexistence anions in the 

Y. Uematsu et al.                                                                                                                                                                                                      



Heliyon 10 (2024) e29649

3

filtrate were analyzed using the DR/890 absorption spectrometer and a Dionex ICS-900 ion chromatograph (Thermo Fisher Scientific 
Inc., Japan). The ion chromatography conditions were as follows. The mobile phase was 2.7 mmoL/L sodium carbonate +0.3 mmol/L 
sodium bicarbonate. The regenerant was 12.5 mmol/L sulfuric acid. The flow rate was 1.5 mL/min. The sample volume was 10 μL. 
Elution times under the experimental conditions were 2.1 min for Cl− , 10.7 min for SO4

2− , and 7.1 min for NO3
− . The amount adsorbed 

in each case was calculated using Eq. (1), and all data were reported as mean ± S.E. 

2.6. Adsorption and desorption study of PO4
3− using NZC 

A total of 0.9 g of NZC was added to 900 mL of a PO4
3− test solution with a concentration of 153.4 mg/L (i.e., 50 mg phosphorus per 

liter). The mixture was shaken at 100 rpm at 25 ◦C for 24 h. After shaking, each solution was filtered with a 0.45-μm membrane filter. 
The filtrate was analyzed using the DR/890 absorption spectrometer, and the amount of PO4

3− adsorbed was calculated using Eq. (1). 
All post-filtration residues were completely dried at 50 ◦C. 

The desorption process was carried out as follows. Sodium hydroxide (NaOH) solutions were prepared at concentrations of 1, 10, 
100, and 1000 mmol/L 0.05 g of residue was added to 50 mL of each solution. Each mixture was shaken at 100 rpm at 25 ◦C for 24 h. 
After shaking, each solution was filtered with a 0.45-μm membrane filter. Each filtrate was analyzed using the DR/890 absorption 
spectrometer. The amount of PO4

3− desorbed and the desorption rate in each case were calculated using Eq. (2) and Eq. (3), respec-
tively. Equations are shown as  

qd = VCe/W                                                                                                                                                                              (2)  

Rd = qd/qe × 100                                                                                                                                                                      (3) 

Where, qd and qe are the amount of PO4
3− desorbed and adsorbed (mg/g), respectively; Rd is the desorption rate (%); V is the volume of 

test solution (L); and W is the weight of NZC (g). All data were reported as mean ± S.E. 

3. Results and discussion 

3.1. Properties of adsorbents 

Fig. S1 shows the morphological properties of NZC and the standard reagents Zr(OH)4 and ZrO2. The scanning electron microscopy 
image (Fig. S1(a)) of NZC was broadly similar to that of Zr(OH)4. The X-ray diffraction pattern of NZC in Fig. S1(b) showed no sharp 
peaks, and the pattern was more similar to that of Zr(OH)4 than that of ZrO2. These findings together suggest an amorphous structure 
for NZC. 

The thermal analysis of NZC is shown in Fig. 1. These results show that the thermogravimetric (TG) curve of NZC decreased be-
tween 100 ◦C and 200 ◦C and was flat beyond approximately 200 ◦C. The final residual rate of NZC after analysis was 74.7 %. Dif-
ferential thermal analysis (DTA) peaks indicated that an endothermic reaction occurred at around 100 ◦C and an exothermic reaction 
occurred around 400 ◦C. Together, these TG and DTA peaks and thermal analysis results enable estimation of which reaction(s) 
occurred at each temperature. We interpret the TG and DTA peaks between 100 ◦C and 200 ◦C as representing a dehydration reaction 
eliminating moisture adhering to NZC. Alternatively, the exothermal reaction at around 400 ◦C suggests an NZC crystallization re-
action. This interpretation is similar to those reported for Zr(OH)4 and ZrO(OH)2 in a previous study [28,29]. Theoretically, both Zr 
(OH)4 and ZrO(OH)2 undergo calcination reactions to yield ZrO2 via the following reaction formulas:  

Zr(OH)4 → ZrO2 + 2H2O                                                                                                                                                                 

Fig. 1. Thermal analysis of NZC under an air atmosphere.  
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ZrO(OH)2 → ZrO2 + H2O                                                                                                                                                                

The residual rates of the above reactions are approximately 67 % and 84 %, respectively. Based on these results, we considered NZC 
likely to consist of a mixture of Zr(OH)4 and ZrO(OH)2. In this study, we did not analyze the FT-IR spectrum of NZC because we 
considered that it was not to need for discussion of this study. However, it can be deduced that NZC’s FT-IR spectrum could be similar 
to the one in the previous study [29]. At a moment, detailed of components of NZC have not be fully clarified this compositional 
question and we have to investigate more detail as a future issue to investigate. 

The physicochemical properties of NZC are shown in Table S1. NZC exhibited a high specific surface area (234.3 m2/g) but had low 
numbers of surface hydroxyl groups (0.78 mmol/g). NZC exhibited various types of pores. In the International Union of Pure and 
Applied Chemistry classification of pore types by diameter, micropore diameters are less than 2 nm, mesopore diameters are between 2 
and 50 nm, and macropore diameters are greater than 50 nm [30]. In this framework, NZC exhibited primarily mesopores (18.9 cc/g) 
rather than micropores (4.27 cc/g) or macropores (1.24 cc/g). As reported in Table S1, the pHpzc of NZC was 4.0. Generally, the 
adsorbent acquires a positive charge when solution pH < pHpzc condition because the adsorbent behaves as an acid by adsorbing OH− . 
Conversely, in solution pH > pHpzc condition, the adsorbent acquires a negative charge because the adsorbent behaves as a base by 
adsorbing H+ [31,32]. With these results as a starting point, we elucidated the detailed properties of the novel adsorbent NZC. 

3.2. Adsorption kinetics study of PO4
3− using NZC 

Fig. S2 shows the PO4
3− adsorption kinetics of NZC. Equilibrium PO4

3− adsorption was reached within 18–24 h after shaking began. 
The equilibrium amount of PO4

3− adsorbed at 24 h was 38.1 mg/g. 
Many aqueous-phase adsorption reactions can be fitted to one of two kinetics models: a pseudo-first-order model (PFOM) or a 

pseudo-second-order model (PSOM). The linear equations representing PFOM and PSOM can be shown in Eq. (4) and Eq. (5), 
respectively [33,34].  

ln (qe,exp − qt) = ln qe,cal − k1t                                                                                                                                                    (4)  

t/qt = t/qe,cal + 1/(k2⋅qe,cal
2 )                                                                                                                                                          (5) 

Where, qe,exp and qe,cal are the maximum amounts of PO4
3− adsorbed (mg/g) according to the experiment and calculation, respectively; 

qt is the amount adsorbed (mg/g) at any time t (h); and k1 and k2 are constants for PFOM (1/h) and PSOM (g/mg/h), respectively. The 
experimental data for an adsorption reaction with a surface adsorption mechanism are expected to be well fitted by PFOM, while those 
for an adsorption reaction with an internal diffusion mechanism are expected to be well fitted by PSOM [35,36]. 

Table 1 provides the results of these model fittings. For NZC the correlation coefficients of PFOM and PSOM were found to be 
approximately equal. However, the experimental qe,cal value was closer to that of PSOM than that of PFOM. This observation suggests 
an internal diffusion mechanism for the adsorption of PO4

3− onto NZC. 

3.3. Adsorption isotherms of PO4
3− using NZC 

Fig. S3 shows PO4
3− adsorption isotherms of NZC. The amount of PO4

3− adsorbed tended to increase as the temperature increased. In 
general, aqueous-phase adsorption isotherms can be fitted to one of two popular models: the Langmuir isotherm model and the 
Freundlich isotherm model [37,38]. The linear equations representing these two isotherm models can be shown in Eq. (6) and Eq. (7), 
respectively  

1/q = 1/qmax + 1/(KLqmaxC)                                                                                                                                                        (6)  

log q = log KF + (1/n) log C                                                                                                                                                      (7) 

Where, q is the amount of PO4
3− adsorbed (mg/g), C is the equilibrium concentration (mg/L), qmax is the maximum amount adsorbed as 

calculated from the Langmuir isotherm model (mg/g), KL is the Langmuir constant (L/mg), and KF and 1/n are the dimensionless 
constants of the Freundlich isotherm model. The value of 1/n indicates the difficulty of adsorption by the adsorbent; 1/n values be-
tween 0.1 and 0.5 indicate good adsorptive capacity, whereas 1/n values exceeding 2 indicate poor adsorptive capacity [39]. 

Table 2 shows the Langmuir and Freundlich constants derived from our experiments. In every condition, the correlation coefficient 
of Langmuir isotherm model was higher than the one of Freundlich isotherm model. These results suggested that adsorption isotherms 
in this study were well fitted by Langmuir isotherm model, with monolayer adsorption as the mechanism for NZC’s PO4

3− adsorption. In 
results of the Freundlich isotherm constants, the 1/n value ranged from 0.68 to 0.39, which suggested that NZC is a moderately good 
PO4

3− adsorbent. 

Table 1 
Parameters of adsorption kinetics for the adsorption of PO4

3− .  

Adsorbents qe,exp (mg/g) Pseudo-first-order model Pseudo-second-order model 

k1 (1/h) qe,cal (mg/g) r k2 (g/mg/h) qe,cal (mg/g) r 

NZC 38.1 0.13 30.7 0.989 6.0 × 10− 3 42.9 0.989  
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3.4. Surface analyses of NZC before and after PO4
3− adsorption 

Fig. 2(a) provides a qualitative analysis of the NZC surface, while Fig. 2(b) shows the binding energy of NZC surface. In Fig. 2(a), the 
intensity of phosphorus increased from 20 before adsorption to 48 after adsorption. Moreover, in Fig. 2(b)–a phosphorus-derived peak 
around 130 eV was detected in the graph only after adsorption. These results confirm the presence of PO4

3− on the NZC surface after 
adsorption. 

3.5. Effect of solution pH on the PO4
3− adsorption capacity of NZC 

Fig. 3 shows the amount of PO4
3− adsorbed by NZC at various solution pH conditions. As a result, the amount of PO4

3− adsorbed was 
significantly enhanced under pH 2− 3 conditions and decreased with pH 4− 7 situations. Conversely, under basic conditions (pH ≥ 8), 
the amount of PO4

3− decreased more notably. These findings can be explained by phosphoric acid dissociation behavior. 
Phosphoric acid has three pKa points (pKa1 = 2.1, pKa2 = 7.2, and pKa3 = 12.7). The valence of the phosphate ion changes with pH 

conditions. In acidic conditions, phosphoric acid exists as the molecular form H3PO4 or dissociates into the monovalent ionic form 
H2PO4

− ; with increasing solution pH, the acid dissociates further to HPO4
2− and then to PO4

3− . On the other hand, according to the pHpzc 
data, NZC exists as a cationic form at pH < 4 but in an anionic form at pH > 4 [40]. Therefore, we consider the ionic attraction between 
negatively charged H2PO4

− and positively charged NZC in acidic conditions to be responsible for inducing such voluminous PO4
3−

adsorption. These results demonstrate that key factors determining NZC adsorption of phosphate included the pH-induced charge on 
NZC and the identity of the phosphorus-bearing ion in the aqueous phase. 

3.6. Effect of coexistence anions on the adsorption of PO4
3− using NZC 

In real-world aqueous environments, many anions co-occur with PO4
3− . For this reason, the PO4

3− adsorption selectivity of NZC was 
evaluated by examining the effect of coexistence anions on PO4

3− adsorption by NZC. In particular, Cl− , SO4
2− , and NO3

− were used as 
coexistence anions. Fig. 4 shows the amounts of PO4

3− adsorbed by NZC in the presence of each of these anions. The presence of Cl−

barely affected the amount of PO4
3− adsorbed. In contrast, the presence of SO4

2− or NO3
− caused PO4

3− adsorption to be lower than in 

Table 2 
Langmuir and Freundlich isotherm constants for the adsorption of PO4

3− .  

Adsorbents Temperature (◦C) Langmuir isotherm model Freundlich isotherm model 

qmax(mg/g) KL (L/mg) r 1/n KF r 

NZC 7 ◦C 47.1 0.03 0.997 0.68 1.44 0.978 
25 ◦C 26.8 2.69 0.976 0.39 5.06 0.840 
45 ◦C 34.8 1.37 0.989 0.42 5.85 0.822  

Fig. 2. Surface analysis of NZC before and after PO4
3− adsorbed (a): Quantitative analysis, (b): Binding energy.  
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their absence. We also evaluated amounts of each anion adsorbed onto NZC under same conditions. As a result, Cl− and NO3
− were not 

adsorbed onto NZC but SO4
2− was adsorbed onto NZC (approximately 3.4 mg/g). 

PO4
3− and SO4

2− have almost the same ionic radius (2.12 Å and 2.19 Å, respectively), and under certain pH conditions their 
dissociation products have the same ion valence [40]. Moreover, these anions have different structures; the tetrahedral structure (PO4

3−

and SO4
2− ) and the plane triangle structure (NO3

− ), respectively. These similarities explain why SO4
2− most strongly affected PO4

3−

adsorption by NZC. However, the decrease in the amount of PO4
3− adsorption by NZC associated with the presence of other anions was 

not substantial. These observations suggest that NZC may exhibit high selectivity of adsorption with respect to PO4
3− in the presence of 

many other anions occupying the aqueous environment. In addition, we also have to investigate the detail effect NO3
− on PO4

3−

adsorption with NZC in the future. 

3.7. Adsorption and desorption studies of PO4
3− using NZC 

Phosphorus, especially in the form of PO4
3− , is a key planetary resource. Therefore, a desirable PO4

3− adsorbent is one that excels not 
only at adsorbing but also desorbing PO4

3− for reuse, to the benefit of society and the planet. In the results reported above, we found 
that NZC could not adsorb PO4

3− under alkaline conditions. Consequently, NZC has the inherent potential to desorb PO4
3− under 

alkaline conditions. Hence, we investigated the possibility of PO4
3− desorption by NZC in solutions with various concentrations of 

NaOH, with results as shown in Fig. 5. The amount of PO4
3− desorbed from NZC was greater in solutions with higher concentrations of 

NaOH. These results suggest that NZC adsorbed PO4
3− under acidic conditions and released it under alkaline conditions. 

Continuing in this motivation, we considered NZC’s ability to repeatedly adsorb and desorb PO4
3− . Fig. 6 depicts the amounts of 

PO4
3− adsorbed and desorbed up to five cycles. From cycle 2 onward, amounts adsorbed and desorbed decreased substantially 

compared to those in cycle 1. Alternatively, cycles 2–5 yielded roughly constant results in terms of not only the amounts of PO4
3−

adsorbed and desorbed but also the desorption rate. Results suggested that there were two types of PO4
3− adsorption site on NZC: 

desorbable sites and un-desorbable sites. In other words, it was considered that PO4
3− adsorption by NZC might occur via a combination 

Fig. 3. Amount of PO4
3− adsorbed onto NZC at different pH Initial concentration: 153.4 mg/L, pH in solution: 2− 12, solvent volume: 50 mL, 

adsorbent: 0.05 g, contact time: 24 h, temperature: 25 ◦C, agitation speed: 100 rpm. 

Fig. 4. Amount of PO4
3− adsorbed under the coexistence with other anions Initial concentration: 153.4 mg/L, solvent volume: 50 mL, adsorbent: 

0.05 g, contact time: 24 h, temperature: 25 ◦C, agitation speed: 100 rpm. 
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of two different adsorption mechanisms: a reversible mechanism and an irreversible mechanism. However, at the moment, the detail 
mechanism of PO4

3− adsorption onto NZC hasn’t been elucidated yet. Therefore, we have to continue investigating the adsorption 
capacity of NZC to PO4

3− . 

4. Conclusion 

We investigated PO4
3− adsorption by a NZC in aqueous phase. Measurable properties indicated that NZC may be a mixture of Zr 

(OH)4 and ZrO(OH)2. NZC achieved PO4
3− adsorption equilibrium within 18–24 h, likely via an adsorption mechanism of internal 

diffusion. Isotherms of PO4
3− adsorption by NZC indicated that monolayer adsorption was involved. NZC adsorbed PO4

3− especially well 
at low pH and showed high selectivity of PO4

3− adsorption even in the presence of several other anions. Various factors affected NZC’s 
PO4

3− absorbance, including the pH-induced charge on NZC and the identity of the phosphorus-bearing ion in the aqueous phase. 
Furthermore, NZC successfully repeatedly adsorbed and desorbed PO4

3− in response to changes in pH conditions. In conclusion, NZC, a 
novel Zr-based adsorbent, shows great potential as a PO4

3− adsorbent. This study paves the way for further advances in phosphorus 
recycling technology. 

Data availability statement 

Data included in article/supplementary material/referenced in article. 

Fig. 5. Amount of PO4
3− adsorbed and desorbed onto NZC. ■: amount adsorbed, □: amount desorbed, ○: desorption rate. (Adsorption) Initial 

concentration of PO4
3− : 153.4 mg/L, solvent volume: 900 mL, adsorbent: 0.9 g, contact time: 24 h, temperature: 25 ◦C, agitation speed: 100 rpm. 

(Desorption) Initial concentration of NaOH: 1− 1000 mmol/L, solvent volume: 50 mL, adsorbent: 0.05 g, contact time: 24 h, temperature: 25 ◦C, 
agitation speed: 100 rpm. 

Fig. 6. Repeatedly adsorption and desorption of PO4
3− using NZC. ■: amount adsorbed, □: amount desorbed, ○: desorption rate. (Adsorption) Initial 

concentration of PO4
3− : 153.4 mg/L, solvent volume: 500 mL, adsorbent: 0.5 g (cycle 1), whole amount (cycle 2− 5), contact time: 24 h, temperature: 

25 ◦C, agitation speed: 100 rpm. (Desorption) Initial concentration of NaOH: 1000 mmol/L, solvent volume: 500 mL, adsorbent: whole amount, 
contact time: 24 h, temperature: 25 ◦C, agitation speed: 100 rpm. 
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