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Fig. S1 XRD pattern of D301.

 
Fig. S2 EDS results of C, N, O, Ce, and P of D301-Ce+ after phosphate adsorption.
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Fig. S3 The pore size distributions of (A) D301; (B) D301-Ce; (C) D301-Ce+; (D) D301-Ce+-P.

Fig. S4 Point-line graph of lnKd and 1/T in the adsorption thermodynamic calculations.
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Fig. S5 Fitted point-line figure of lnQe vs of the D-R model.𝜀2 

Table. S1 Fitted parameters of the Langmuir, Freundlich, and D-R models.

Model Parameter Value

Qm 397.23

KL 0.002Langmuir model

R2 0.993

n 1.65

KF 4.83Freundlich model

R2 0.974

KDR -1.43×10-6

Xm 246.74

R2 0.76D-R model

          E          0.59

Table. S2 Fitted parameters of the Pseudo-first-order, pseudo-second-order kinetic models and 
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diffusion-based (particle diffusion, and pore diffusion) models.

Model Parameter 25 mg P/L 50 mg P/L

Qe 21.99 40.61

Kf 5.71  10-3 2.72  10-3Pseudo-first-order

R2 0.96 0.94

Qe 25.00 50.00

Ks 6.35  10-4 1.89  10-4

h 0.40 0.47

Pseudo-second-order

R2 0.99 0.98

Kd 3.81  10-3 1.87Particle 

diffusion R2 0.21 0.97

Ki 0.02 1.87Pore 

diffusion R2 0.98 0.97

Table. S3 The chi-square test and the sum of the squares of errors (SSE) of pseudo-first-order and 

pseudo-second-order models.

Model Parameter 25 mg P/L 50 mg P/L

Pseudo-first-order reduced chi-square 2.39 0.23

Pseudo-second-order SSE 19.20 4.80

Text. S1 Details of characterization methods and instruments.

The functional groups of the samples were detected by a Fourier transform 

infrared spectrometer (FTIR, Japan). The crystalline phase of the samples was 

recorded on an X-ray diffractometer with Cu Kα radiation (λ = 1.5418 Å) (Shimadzu 

XRD-7000S, Japan). The surface micromorphology of the samples was observed by a 

thermal field emission scanning electron microscope system (SEM, JSM-7800F, 
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Japan) equipped with an X-Max50 energy spectrometer and backscattered electron 

diffraction analyzer (EDS) from Oxford Instruments. The samples’ specific surface 

area and pore structure were analyzed by Brunauer-Emmett-Teller (BET) method 

with JW-BK222 (China) at 77 K. Thermogravimetric analysis (TGA) was conducted 

at the temperature ranging from 30 to 800 °C by TGA801 (USA). The samples’ 

element composition and element valence were confirmed by X-ray photoelectron 

spectroscopy (XPS, ESCALAB250, USA). The surface potentials of the samples at 

different pH values were detected by a Zetasizer (3000HSA, Japan). The element 

content in samples and solutions were detected by an inductively coupled plasma 

mass spectrometry (ICP-MS, Thermo Scientific™, USA)

Text. S2 Calculation equations of the thermodynamic parameters. 

Several thermodynamic parameters, viz., several thermodynamic parameters, e.g., 

enthalpy change (△H°, kJ/mol), entropy change (△S°, J/(mol·K)) and Gibbs free 

energy change (△G°, kJ/mol) are calculated by the follow equation1: 

(S1)
𝐾𝑑 =

𝑄𝑒

𝐶𝑒

                                      (S2)
lnKd =

ΔS°
R

‒
ΔH°

R
∙

1
T

                                           

(S3)                                            ΔG° = ΔH° - ΔS° ∙ T 

According to the Van’t Hoff equation, the equilibrium constant Kd is obtained 

from the slope of Qe against Ce at different temperatures. The values of △H° and △S° 

are determined from the slope and intercept of a plot of lnKd versus 1/T.

Text. S3 Equations of the Langmuir model, Freundlich model, D-R model, and the calculation 
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methods of related parameters.

Langmuir isotherm : 

Qe= (S4)

𝑄𝑚𝐾𝐿𝐶𝑒

1 + 𝐾𝐿𝐶𝑒

Freundlich isotherm : 

Qe = KF (S5)𝐶
1
𝑛
𝑒

Where Ce is the equilibrium concentration (mg/L) and Qe is the amount adsorbed 

per unit weight of adsorbent. Qm (mg P/g) represents the maximum adsorption 

capacity. Langmuir constant KL (L/mg) is related to intensity of adsorption. Values of 

Freundlich constants viz., KF (mg P/g) and n are calculated from the intercepts and 

slopes of the linear plots of log Qe vs log Ce.

D-R isotherm : 

(S6)𝑙𝑛 𝑄𝑒 = 𝑙𝑛 𝑋𝑚 - 𝐾𝐷𝑅𝜀2

Where Xm is the adsorption capacity (mg P/g) and KDR is the constant related to 

adsorption energy (mol2/kJ2). The values of KDR and Xm are computed from the slope 

and intercept of the plot ln Qe vs . Polanyi potential (  can be calculated using the 𝜀2 𝜀)

following equation:

(S7)
𝜀 = 𝑅𝑇𝑙𝑛(1 +

1
𝐶𝑒

)

where T is the temperature (K) and R is the gas constant (8.314 J/(mol·K)). The 

values of KDR are used to calculate the mean free energy E (kJ/mol) of the adsorption2.

(S8)𝐸 = ‒ (2𝐾𝐷𝑅) - 0.5
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Text. S4 Equations of the pseudo-first-order, pseudo-second-order, particle diffusion, intra-

particle diffusion, and the calculation methods of related parameters.

Pseudo-first-order: 

(S9)
log (𝑄𝑒 - 𝑄𝑡) = 𝑙𝑜𝑔𝑄𝑒 -

𝐾𝑓

2.303
𝑡

where Qe and Qt are the adsorption capacity at equilibrium and at time t, 

respectively (mg P/g), Kf is the rate constant of pseudo-first order adsorption (min-1). 

Linear plots of log (Qe − Qt) against t gives a straight line that indicates the 

applicability of pseudo-first-order model. Kf and Qe can be determined from the slope 

and intercept.

Pseudo-second-order: 

(S10)

𝑡
𝑄𝑡

=
1
h

+
𝑡

𝑄𝑒

in which Qt = Ks·t/(1 + Qe Ks·t) is the amount of anion on the surface of the 𝑄2
𝑒

sorbents at any time, t (mg P/g), Ks is the pseudo-second-order rate constant 

(g/(mg·min)), Qe is the amount of phosphate adsorbed at equilibrium (mg P/g), and 

the initial adsorption rate, h = Ks . The value of Qe (1/slope), Ks (slope2/intercept) 𝑄2
𝑒

and h (1/intercept) of the pseudo-second-order equation can be found out 

experimentally by plotting t/Qt against t.

Particle diffusion : 

(S11)
ln (|1 ‒

𝐶𝑡

𝐶𝑒
|) = ‒ 𝐾𝑝𝑡
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where Kp is the particle rate constant (min-1). The value of particle rate constant 

is obtained by the slope of ln (|1 – Ct /Ce|) against t.

Intra-particle diffusion : 

(S12)𝑄𝑡 = 𝐾𝑖𝑡
1/2

where Ki is the intra-particle diffusion coefficient (mg P/g min1/2). The slope of 

the plot of Qt against t1/2 will give the value of the intra-particle diffusion coefficient3.

Text. S5 The calculation equations of parameters on the adsorption experiment of adsorbent in 

simulated dynamic wastewater, and details of the Thomas and Adams-Bohart models.

The effluent volume (VE, mL), total amount of phosphate adsorbed (Qtotal, mg), 

empty bed contact time (EBCT, min), adsorbed phosphate amount at equilibrium (Qe, 

mg P/g) in the fixed-bed column experiments were calculated by the following 

equations:

VE = vte (S13)

Qtotal = (S14)

𝑉𝐸

∫
0

(𝑐0 ‒ 𝑐𝑡)𝑑𝑉

EBCT = (S15)

𝑏𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒
𝑣

Qe = (S16)

𝑄𝑡𝑜𝑡𝑎𝑙

𝑚

in which v (mL/min) and te (min) are the flow rate through the column and the time of 

the breakthrough point,  is the mass of D301 or D301-Ce+.𝑚

The Thomas model assumes that the adsorption process is controlled by mass 

transfer between phases, the formula is depicted as follow:
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 = (S17)

𝑐𝑡

𝑐0

1

1 + 𝑒

𝐾𝑇𝑄0𝑚

𝑣
 ‒  𝐾𝑇𝑐0𝑡

where Qo (mg P/g) is adsorption capacity, KT (L/(min·mg)) is Thomas constant, v 

(mL/min) is flow rate, c0 and ct is the primeval concentration of phosphate and 

concentration of the effluent solution at time t (min),  (g) is the mass of D301 or 𝑚

D301-Ce+. 

The Adams-Bohart model is usually applied to describe the front part of 

breakthrough curve, the formula is depicted as follow:

 = (S18)

𝑐𝑡

𝑐0 𝑒
𝐾𝐴𝐵𝑐0𝑡 ‒  𝐾𝐴𝐵𝑁0

𝑍
𝐹

where N0 (mg P/L) is the saturated concentration, KAB (L/(min·mg)) represents 

the dynamic constant, Z (cm) is the height of bed column and F (cm/min) is the 

superficial velocity4.
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