
Introduction

As a limiting nutrient for water eutrophication, 
a phosphorus concentration of 0.2 mg/L [1] can 
induce water eutrophication [2]. Since the discharge 
of phosphorus-containing sewage is a major source of 
phosphorus pollution in the water environment [3], the 
requirements for phosphorus removal from wastewater 
are becoming increasingly stringent worldwide.

The general methods for phosphorus removal from 
wastewater include chemical precipitation [4], biological 
absorption [5], and medium adsorption, among which 

medium adsorption proves to be efficient, easy to 
operate, and cost-effective. Medium adsorption is 
particularly suitable for high-phosphorus wastewater, 
which often comes from industries related to phosphate 
rock, phosphate chemicals, and phosphogypsum, and is 
usually acidic.

Recently, the efficient adsorption of phosphorus by 
layered double hydroxides (LDHs) has garnered 
considerable attention [6, 7]. LDHs have a layered 
structure similar to brucite, consisting of positively 
charged lamellae and interlayer anions. The chemical 

formula is ( )2+ 3+ n-
1-x x 2 2x/n

M  M (OH) A mH O⋅ . Where 

M2+ is a divalent cation, M3+ is a trivalent cation; An-  
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Abstract

Phosphorus is a crucial contaminant in controlling water eutrophication. In this study, 
concrete-based layered double hydroxides (C-LDH/C-LDO) were synthesized to remove phosphorus 
from water. The main factors influencing phosphorus removal – such as initial pH, contact time, 
and coexisting anions – were examined, and the removal mechanism was analyzed. Results indicated 
that C-LDH and C-LDO performed better in acidic conditions, with C-LDO showing superior 
phosphorus uptake, achieving a maximum adsorption of 164.01 mg/g at 20°C. CO3

2- competitively 
inhibited phosphorus removal by C-LDH and C-LDO, while NO3

-, Cl-, and SO4
2- had less impact. 

The phosphorus removal mechanisms of C-LDH and C-LDO include electrostatic attraction, interlayer 
anion exchange, complexation, and chemical precipitation. Overall, C-LDH and C-LDO offer 
inexpensive and sustainable options for phosphorus removal.
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is an intercalated anion between laminates; the range of 
x is usually between 0.2 and 0.33. The laminates of 
LDHs are positively charged, which attract interlayer 
An- through electrostatic attraction. In addition,  
the laminates can also bind with interlayer OH- and H2O 
molecules through hydrogen bonding, thereby 
maintaining the LDHs’ electrical neutrality [8, 9]. LDHs 
have a large specific surface area and strong anion 
exchange performance, making them promising 
adsorbents for phosphorus removal [10, 11]. However, 
most studies used chemical reagents to synthesize 
LDHs, and the synthesis conditions are relatively strict, 
which limits the application of LDHs. Therefore, lower 
material costs and simple synthesis methods are 
significant.

The hardened concrete’s chemical composition 
includes essential elements like Ca and Al, vital for 
LDHs synthesis. It is an ideal, low-cost material for 
LDHs preparation. However, there is no reported 
research, either domestically or internationally, on this 
topic. Hence, in this study, C-LDH was synthesized 
from waste concrete for phosphorus removal to decrease 
phosphorus removal costs. The study investigated 
phosphorus removal characteristics, primary influencing 
factors, and the phosphorus removal mechanism of 
C-LDH.

Materials and Methods

Materials

Waste concrete is collected from the local civil 
engineering laboratories after years of crushing and 
stockpiling. The solution was prepared with ultrapure 
water to avoid contamination, and the chemicals used 
were analytically pure.

Synthesis of C-LDHs

The waste concrete underwent a process where it was 
crushed, and the primary components, such as O, Ca, Si, 
Mg, Al, and Fe, comprised 36.8%, 28.2%, 11.6%, 5.2%, 
4.8%, and 3.4% respectively. The waste was sieved 
through a 200-mesh sieve, mixed with 1 M hydrochloric 
acid at a solid-liquid ratio of 1:20, and combined  
with 1/6 of the concrete mass in AlCl3·6H2O.  
The mixture was stirred at 40ºC and 180 r/min for  
8 hours. Subsequently, the mixture was filtered using  
a 0.22 μm filter membrane to separate the slag from 
the filtrate. The filtrate was then transferred to  
a three-necked bottle containing distilled water, where 
the pH was maintained at 12 by adding the filtrate 
and 2 M NaOH solution drop by drop simultaneously. 
After titration, stirring was continued for 1 hour.  
The precipitate was washed, filtered, dried, and milled 
at 65ºC to obtain C-LDH. Finally, the C-LDH was baked 
at 450ºC to yield the C-LDO product.

Phosphorus Removal

Adjust the raw water series containing 250 mg/L 
using either 0.1 M HCl or 0.1 M NaOH solution 
to achieve varying pH levels. Introduce C-LDH to  
the raw water at different initial pH levels based on a 
solid-liquid ratio of 1:1000. Allow adsorption to occur 
at 293 K and 200 r/min for 24 hours to assess residual 
phosphorus concentration and determine the optimal 
pH. Explore the coexistence of ions, adsorption kinetics, 
and adsorption isotherms at the identified optimum pH 
for further analysis. Phosphorus adsorption is calculated 
as follows:

	

0 )e
e

V(C CQ
M
−

=
	 (1)

where V is the volume of the water sample (L), C0 and Ce 
are the raw water phosphorus concentration and residual 
phosphorus concentration (mg/L), respectively, and M is 
the sample mass (g).

Consequential Extraction of Phosphorus

When comparing Williams [11] and Sommers [12] 
in a bypass extraction method, the phosphorus removal 
products of C-LDH and C-LDO were sequentially 
extracted. Initially, exactly 0.8 g of phosphorus 
hydrotalcite sample was taken and combined with 100 
mL of 0.5 M NaHCO3 solution. The extraction was 
done by shaking at 20ºC and 150 r/min for 16 hours. 
The filtrate was filtered, and the residue was washed 
with KCL solution and distilled water, respectively. 
The filtrate was then combined with the washing 
solution to determine the phosphorus concentration. 
This total extracted phosphorus was noted as loosely 
bound phosphorus (W-P). The residue from the previous 
centrifugation step was added to the NaOH solution 
and further extracted by shaking. The same extraction 
method was repeated to obtain iron/aluminum-bound 
phosphorus (Fe/Al-P). The hydrochloric acid solution 
was then added to the residue from the previous 
centrifugation step, and the extraction was repeated  
to obtain calcium/magnesium-bound phosphorus  
(Ca/Mg-P). Finally, the residue was dried, moved 
to a beaker containing concentrated hydrochloric 
acid, and extracted by shaking at 80ºC and 150 r/min 
for 20 minutes. The extraction was continued at room 
temperature for 1 hour to obtain strongly bound 
phosphorus/stabilized phosphorus (S-P).

Analytical Method

P concentration was determined by molybdenum 
antimony resistance spectrophotometry [13]. The 
morphology of C-LDH/C-LDO was observed by 
scanning electron microscopy (SEM, Zeiss Supra55(VP), 
Germany), and X-ray diffraction (XRD) spectra were 
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obtained by D/MaX2500PC X-ray diffractometer under 
40 kV,100 mA, Cu/kα radiation. Fourier transform 
infrared (FTIR) spectra of the samples were recorded by 
the KBr method (IRaffini-1S, Japan).

Results and Discussion

Adsorption Properties

Influence Factors

pH conditions and coexisting anions are the 
major factors affecting phosphate removal [14].  
The rises or declines in pH value cause deprotonation 
or protonation, which results in the increased repulsion 
or attraction between the LDHs and phosphate anions, 
thereby affecting the adsorption of phosphate [15-18]. 
In addition, a strongly acidic environment will partially 
dissolve LDHs [19], as shown in reaction (2), resulting in 
decreased phosphorus removal. Phosphate anions often 
coexist with other inorganic anions such as NO3-, Cl-, 
SO4

2-, and CO3
2-, which often participate in the interlayer 

adsorption of LDHs. The selectivity of LDHs for anions 
is related to the ratio of charge to radius: anions with 
higher valence and smaller radius are more competitive 
[20]. CO3

2- and SO4
2- were considered to have higher 

selectivity to LDHs due to their smaller radius and 
higher charge density [21]. 

Fig. 1a) demonstrates that C-LDH exhibits a 
maximum phosphate adsorption capacity at pH 4, 
achieving a phosphate removal efficiency of 33%. 
As the initial pH increased, the phosphorus removal 
efficiency declined sharply and subsequently stabilized. 
C-LDO displayed comparable trends in phosphorus 
removal efficiency across varying pH conditions. The 
experimental results collectively indicate that C-LDH/
C-LDO systems exhibit broad pH adaptability, with 
superior phosphorus removal performance under 
acidic conditions compared to alkaline environments. 
This enhanced efficiency under acidic conditions is 

attributed to two synergistic mechanisms: Firstly, 
surface protonation under acidic conditions intensifies 
electrostatic attraction between the material surface 
and PO₄³⁻. Secondly, increased solubility at lower pH 
promotes the dissolution of multivalent cations, which 
subsequently enhances phosphate precipitation through 
chemical interactions (as described in reaction (2)).

	

	 	 (2)

Fig. 1b) shows that when the raw water phosphorus 
concentration is 250 mg/L, the phosphorus removal 
effects of C-LDH and C-LDO are less affected by NO3-, 
Cl-, and SO4

2-, but are affected by CO3
2-. It is obvious that 

a high concentration of CO3
2- will significantly weaken 

the phosphorus removal effect. 
It can be seen from formula (3) that a large amount 

of CO3
2- in the solution system will shift the ionization 

equilibrium to the right, thereby reducing the overall 
positive charge and weakening electrostatic adsorption, 
which is not conducive to phosphorus removal.

	 	 (3)

Significantly, even if 200 mg/L CO3
2- coexists, 

the phosphorus removal rate of C-LDH/C-LDO only 
decreases by about 10%, and the phosphorus removal 
effect is still significant.

Adsorption Kinetics

In kinetic studies, the adsorption capacity of  
the adsorbent was investigated as a function of time. 
The experimental data were fitted using the pseudo-first-
order kinetic Equation (4) and the pseudo-second-order 
kinetic Equation (5), and the corresponding expression 
is:  

Fig. 1. Influences of pH and coexisting ions on phosphorus removal. a) C-LDH and b) C-LDO. 
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	 e t e 1ln( ) lnQ Q Q k t− = − 	 (4)

	
2

t e 2 e

1t t
Q Q k Q

= +
	 (5)

where Qt is the adsorbed amount at time t (mg/g), Qe is 
the adsorbed amount at reaction equilibrium (mg/g), K1, 
K2 are the rate constants (min-1), and t is the adsorption 
time (h).

The pseudo-first-order and pseudo-second-order 
kinetic models were applied to fit the adsorption 
processes of C-LDH and C-LDO (Fig. 2). The kinetic 
parameters derived from the applied kinetic models are 
summarized in Table 1.

Fig. 2 and Table 1 show that the experimental data 
better match pseudo-second-order kinetics (R2>0.98), 
indicating that the phosphorus adsorption by C-LDH/
C-LDO was controlled by both physical adsorption 
and chemical adsorption [22]. It can be observed from 
Fig. 2 that the phosphate adsorption by C-LDH/C-
LDO occurs in two distinct stages. In the initial stage,  
the adsorption proceeds rapidly, while the rate 
decreases significantly in the subsequent stage. During 
the early phase of adsorption, phosphate ions are 
primarily adsorbed onto the surface of the concrete-
based hydrotalcite materials. As the process continues, 
the ions diffuse into the pore structure, adsorb onto the 
internal pore walls, and gradually fill the pore channels. 
With progressive saturation of the available adsorption 
sites, the concentration gradient diminishes, leading to  

a reduced adsorption rate [23]. The phosphorus adsorption 
behavior of C-LDH/C-LDO aligns more closely with 
pseudo-second-order kinetic models. This suggests that 
surface adsorption governed by chemical interactions 
may represent the primary rate-limiting mechanism 
influencing the overall adsorption process [24].

Adsorption Isotherms

The Langmuir model and the Freundlich model are 
classic isothermal adsorption models. The Langmuir 
model describes monolayer adsorption with uniformly 
distributed adsorption sites, while the Freundlich model 
simulates multi-layer physicochemical adsorption on 
heterogeneous surfaces. The Langmuir model assumes 
no interaction between the adsorbates, while the 
Freundlich model is an empirical model with limited 
applicability. The Langmuir-Freundlich model accounts 
for the interaction between adsorbates and applies to 
a wide range of adsorption systems [25]. The above 
models are defined as follows.
Langmuir model

	

m e
e

e1
Q bCQ

bC
=

+ 	 (6)

Freundlich model

	
1/n

e f eQ K C=
	  (7)

Langmuir-Freundlich model

	 1

n
m e

e n
e

Q bCQ
bC

=
+ 	 (8)

In the above equations, Qe and Qm are the equilibrium 
adsorption amount and the maximum adsorption 
capacity of the adsorbent, Ce refers to the equilibrium 
adsorbate concentration, b is the adsorption equilibrium 
constant, Kf is the Freundlich constant, and n is the 
heterogeneity index.

Table 2 presents the fitting results of the three models. 
In Table 2, the Langmuir-Freundlich model provided a 
better fit for the adsorption of phosphorus on C-LDH 
and C-LDO than the other two models, suggesting that 
the adsorption behavior was a physicochemical process. 
The n value of the two adsorbents was lower than 1, 
indicating that phosphate adsorption was favorable 
and heterogeneous [26]. The theoretical maximum 
adsorption capacity of C-LDO was 124.1 mg/g, almost 

Fig. 2. Kinetic fitting of phosphorus removal by CLDH and 
CLDO adsorption.
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Table 1. Kinetic parameters of different models.

Samples
Pseudo-first-order model Pseudo-second-order model

Qe (mg/g) K1 R2 Qe (mg/g) K2 R2

C-LDH 66.7 1.330 0.886 71.1 0.029 0.985

C-LDO 113.7 0.940 0.906 123.1 0.011 0.990
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( ) ( )*

*
*

edq E
F E

dE
= −

	 (11)

Equation (11) is a typical Gaussian-like distribution, 
where the mathematical expectation value (μ) and 
standard deviation (σ) are defined as Equations (12) to 
(14):

	 	 (12)

	 	 (13)

	 	 (14)

Fig. 3 shows the site energy and distribution of 
phosphorus on C-LDH or C-LDO calculated based 
on the Langmuir-Freundlich model. The integrated 
area under the curve corresponds to the maximum 
phosphorus adsorption capacity. As shown in Fig. 3b), 
the phosphorus adsorption energy distribution function 
F(E*) of C-LDH increased significantly after calcination, 
indicating that the number of C-LDO adsorption active 
sites formed after calcination significantly increased.  

twice that of C-LDH. The higher adsorption capacity of 
C-LDO may be attributed to the increase in the specific 
surface area of the material and the enhanced exposure 
of active sites following calcination.

Site energy distribution theory proposed the site 
energy and the corresponding energy distribution of 
the adsorbent surface, which assisted in explaining the 
adsorption mechanism of heterogeneous surfaces [27-
29]. The relationship between site energy distribution 
and adsorption capacity is as follows:

	
( ) ( ) ( )

0
q ,e e h eC q E C F E dE

∞
= ∫ 	 (9)

where qh(E, Ce) and F(E) are the homogeneous isotherms 
and site energy frequency distribution over local 
adsorption sites with adsorption energy E, respectively. 
𝐸 is the site energy.

According to site energy distribution theory, 
adsorption energy E* for a given adsorption site is the 
difference in adsorption energy between the adsorbate 
and solvent, which is defined by Equation (10) [30]

	 ( )* ln /e sE RT C C= −
	 (10)

where Cs is the maximum solubility of the adsorbate.  
As for the phosphorus concentration at 293 K, the value 
is 226000 mg/L. 

Based on the Langmuir-Freundlich model, the 
site energy distribution F(E*) was determined by 
differentiating the isotherm as Equation (11) [29].

Table 2. Fitting results of isotherm adsorption models.

Sample Langmuir model Freundlich model Langmuir-Freundlich model

Qm (mg/g) B (L/mg) R2 1/n Kf R2 Qm (mg/g) B (L/mg) n R2

C-LDH 73.4 0.077 0.974 0.224 18.7 0.903 76.1 0.121 0.808 0.981

C-LDO 121.0 0.109 0.992 0.246 27.7 0.901 124.1 0.138 0.860 0.994

Fig. 3. Site energy and its distribution of phosphorus onto C-LDH or C-LDO. a) site energy at different P loading; b) site energy 
distribution.
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Fig. 3a) is the relationship between E* and qe. It can 
be seen that as the adsorption amount increases, E* 
decreases rapidly, suggesting that C-LDH and C-LDO 
first occupy high-energy adsorption sites and only 
transfer to low-energy sites after saturation. After 
calcination, the heterogeneity is slightly reduced, the 
width of the site energy distribution is reduced, and 
the site energy distribution is more concentrated. 
This indicates that C-LDO has a better affinity for 
phosphorus.

 Removal Mechanism

Characterization and Analysis

Fig. 4 shows that, in addition to the typical lamellar 
structure of LDH, C-LDH also contains a large amount 
of amorphous substances (probably related to the large 
amount of silicon in concrete). The lamellar structure of 
C-LDO disappears after firing. The phosphorus removal 
products of C-LDH and C-LDO both contain a large 
amount of flaky substances, among which C-LDH-P has 
more flocculent substances.

XRD analysis (Fig. 4b)) shows that the crystallized 
product after phosphorus removal from C-LDH and 
C-LDO is mainly DCPD (CaHPO4-2H2O) (peaks 
020, 12-1, 040, 14-1, 121, 150, 200, 141, 22-2, 260). 
The absence of hydrotalcite in the XRD pattern after 
phosphorus removal may be attributed to the high 
concentration of raw water, which leads to significant 
precipitation of DCPD. The resulting DCPD may 
overlap with or obscure the hydrotalcite peak in the 
XRD spectrum.

FTIR (Fig. 4c)) showed that similar absorption 
peaks existed at 3488 cm-1,1625 cm-1 for C-LDH and  
1657 cm-1, 3568 cm-1 for C-LDO, which were caused 

by the stretching vibration of the structural OH group 
(νOH) and the bending vibration of interlayer water 
molecule H-OH-H (νH2O), in which the peaks of C-LDO 
at 3568 cm-1 were broadened and weakened, indicating 
that part of the interlayer water molecule and interlayer 
hydroxyl group were lost during the calcination process. 
Calcination changes the lattice vibration modes of 
M-OH (M: Ca, Al, and a small amount of Mg, Fe) 
to the stretching vibration of M-O and the bending 
vibration of M-O-M. These changes are reflected in 
the FTIR spectra, with C-LDH-P exhibiting absorption 
bands in the range of 427 to 1080 cm⁻¹ and C-LDO-P 
showing a broad band spanning from 461 to 1080 cm⁻¹.  
The disappearance of the peak at 1420 cm-1 after 
phosphorus removal by C-LDO may be due to the 
reaction of CO3

2- during phosphorus removal.
The infrared spectral analysis shows that the lamellar 

structure of C-LDH collapsed, and the M-OH vibration 
disappeared into M-O stretching and M-O-M bending 
vibration after calcination, but the M-OH lattice peaks 
reappeared after putting it into phosphorus solution for 
phosphorus removal, which represents that the lamellar 
structure was restored to a certain extent. The positions 
and intensities of the peaks indicate that the two 
phosphorus removers produce largely comparable yet 
distinguishable phosphorus-containing products after 
phosphorus removal, which is related to the amount 
of phosphorus removed and the binding affinity for 
phosphorus.

The phosphorus removal products of C-LDH  
and C-LDO were analyzed for acidic (initial pH 3)  
and neutral (initial pH 7) raw waters, respectively.  
The results are shown in Fig. 4d). Under acidic 
conditions, the phosphorus removal products were 
dominated by Fe/Al-P, while the proportion of Ca/Mg-P 
increased significantly as pH increased.

Fig. 4. a) SEM images, b) XRD, c) FTIR, and d) chemical extraction of C-LDH and C-LDO before and after phosphorus removal.
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Schematic Diagram of P Removal by C-LDH

The phosphorus removal mechanism of C-LDH/
C-LDO is shown in Fig. 5. The physical adsorption 
involves van der Waals force and electrostatic attraction 
between C-LDH/C-LDO and phosphate ions, as well as 
hydrogen bonding between adsorbent surface groups 
and adsorbate. In the sequential extraction test, the 
proportion of weakly bound phosphorus was 5-20%, and 
it was mostly physisorption. Interlayer anion exchange 
enables phosphate removal by replacing interlayer anions 
in Ca/Al-LDH with phosphate ions. In acidic conditions, 
Ca/Al-LDH dissolves, releasing Ca²⁺, Al³⁺, Fe³⁺, and 
Mg²⁺, which react with PO₄³⁻ to form precipitates like 
DCPD and AlPO₄. Additionally, insoluble Mg/Al-
LDH and amorphous Al(OH)₃ adsorb phosphorus via 
surface adsorption or ion exchange [31]. For example, 
as shown in Equation (16), hydrotalcite-like compounds 
decompose to release free Ca²⁺ ions. In acidic raw 
water, these Ca²⁺ ions can react with phosphate ions, 
primarily through the precipitation reaction described  
by Equation (17), while Equations (18) and (19) may also 
play a minor role.

	
2+ -

2 6 2 a 1-b 2a+2b 2 2Ca Al(OH) Cl 2H O Ca +Ca FeO (OH) xH O+OH +H O⋅ → ⋅		

	
2+ -

2 6 2 a 1-b 2a+2b 2 2Ca Al(OH) Cl 2H O Ca +Ca FeO (OH) xH O+OH +H O⋅ → ⋅ 	(16)

	
2+ 2-

4 2 4 2Ca +HPO +2H O CaHPO 2H O→ ⋅ 	(17)

	
2+ 3-

4 3 4 23Ca 2PO Ca (PO )+ → 	 (18)

2+ 3- 2-
4 4 8 2 4 68Ca 4PO 2HPO Ca H (PO )+ + → 	 (19)

Conclusions

C-LDH and C-LDO exhibited effective phosphorus 
removal performance in acidic phosphorus-containing 
raw water, with optimal pH values of 4 and 3, 
respectively. Under these conditions, the presence of 
coexisting anions had varying effects on phosphorus 
removal: NO₃⁻, Cl⁻, and SO₄²⁻ showed negligible 
interference, whereas the impact of CO₃²⁻ became 
more significant with increasing concentration.  
The phosphorus adsorption equilibrium was 
achieved within 12 to 16 hours, and the adsorption 
process followed a quasi-two-stage kinetic model.  
The phosphorus adsorption process by C-LDH/C-
LDO conformed to the Langmuir isotherm model, with  
a maximum adsorption capacity of 164.01 mg/g. The 
phosphorus removal mechanism of C-LDH/C-LDO 
primarily involved the precipitation and complexation 
of Ca²⁺, Mg²⁺, and Al³⁺ with phosphate ions, as well as 
electrostatic attraction and interlayer anion exchange. 
The phosphorus removal products mainly consisted 
of S-P, Ca/Mg-P, and Al-P, accounting for 99% of  
the total adsorbed phosphorus. At low pH, the proportion 
of Al-P in the products was relatively high; however, as 
the pH increased, the proportion of Ca/Mg-P increased 
significantly and became dominant.

Fig. 5. Mechanism of phosphorus removal by CLDH/CLDO.
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