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A B S T R A C T   

The global community is facing the dual problem of water eutrophication and a shortage of phosphate rock 
resources. In this study, carboxylated ZnAl-hydroxide-modified biochar (LDH/PMA/BC) was synthesised to 
remove and recover phosphorus (P) from water through highly selective adsorption and desorption of P. The 
results of adsorption experiments indicated that LDH/PMA/BC has an high removal rate for low concentrations 
of P, and the maximum capacity for adsorption of P was 109 mg g− 1. Furthermore, when a low concentration of P 
coexisted with a high concentration of competitive ions, LDH/PMA/BC could selectively adsorb P through 
hydrogen bonding, and its removal rate for P reached 99 %–100 % of its removal rate without competitive ions. 
In addition, LDH/PMA/BC maintained 85 %–93 % of its initial adsorption capacity in 10 adsorption–desorption 
cycles, and the P recovery rate reached 95 %. These results indicate the potential of LDH/PMA/BC as an 
adsorbent for removing and recovering P from wastewater.   

1. Introduction 

Water eutrophication is one of the environmental problems that 
urgently needs to be solved globally. P is the main element that causes 
the eutrophication of water bodies [1]. However, it is also one of the 
essential nutrients in ecosystems. Currently, phosphate rock is the pri
mary source of industrial phosphate production [2]. With the increase in 
the global population, the demand for phosphate rock in industry, e.g. 
agriculture, is increasing exponentially, and phosphate rock will be 
depleted within the next 50–100 years [3,4]. In addition, the increased 
use of P has caused increasing amounts of P to enter the water system 
through secondary pollution, such as industrial, city, and agricultural 
runoff and sewage sludge, of which approximately 80 % is discharged 
with sewage [5,6]. Therefore, developing technologies for recovering 
high-purity P from P-containing wastewater is the key to controlling P 
pollution and resolving the shortage of phosphate rock resources [7,8]. 

The previously reported methods for treating P pollution in waste
water mainly include biological processes, chemical precipitation, ion 
exchange, and adsorption [9]. Among these methods, the adsorption 
method has the advantages of low energy consumption, easy operation, 
and P recovery through desorption [6,10]. Therefore, it has broad 

application prospects in removing and recovering P from wastewater 
[11]. The primary forms of P in water are H2PO4

- and HPO4
2-, and com

mon anions coexisting with P include Cl-, SO4
2-, CO3

2–, HCO3
–, and NO3

–. 
Because these anions and P have similar chemical properties, the anions 
can compete with P, reducing the adsorption capacity of the adsorbent 
[12]. Therefore, the key to solving the problem of P pollution through 
adsorption is to develop an adsorbent with a highly adsorption capacity 
and selectivity to P and solve the problem of adsorption competition 
between coexisting anions and P [13]. The selectivity of an adsorbent 
towards P is determined by its adsorption mechanism. From a thermo
dynamic viewpoint, if the adsorbent has a high selectivity for adsorbing 
P, it has formed a strong chemical bond with P [14], which makes P 
desorption difficult. For example, lanthanum oxide (hydroxide) has a 
highly selective adsorption capacity because lanthanum can form a 
strong bond with P (LaPO4(s)). However, desorbing P from the surface of 
lanthanum oxide (hydroxide) is challenging [15], as confirmed by our 
previous research [9]. 

The development of adsorbents based on hydrogen bonding is a 
possible way to achieve highly selective adsorption and recovery of P 
[16]. The primary forms of P in sewage (H2PO4

- and HPO4
2-) contain -H 

and can function as hydrogen-bond donors. However, common ions 
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coexisting with P, such as Cl-, SO4
2-, NO3

–, and CO3
2–, exist in a deproto

nated state and can only be hydrogen-bond receptors. Hence, if the 
adsorbent contains hydrogen-bond acceptor groups, it can form 
hydrogen bonds with hydrogen-bond donors H2PO4

- and HPO4
2- without 

being affected by Cl-, SO4
2-, NO3

–, and CO3
2–. In addition, hydrogen bonds 

are easily destroyed; therefore, P adsorbed by a hydrogen bond is easily 
desorbed [12], which is conducive to P recovery and adsorbent regen
eration. A few relevant studies have partially indicated the effectiveness 
of this method. For example, Saha et al. [17] modified alkaline Al2O3 
with 1,3,5-benzenetricarboxylic acid (C9H6O6). The carboxylated Al2O3 
selectively adsorbed 90 % of H3PO4 from an H3PO4 solution containing 
Cl-, NO3

–, and Br-, and 100 % of the adsorbed P was desorbed from the 
surface of carboxylated Al2O3. 

Although the above research preliminarily confirmed that the ad
sorbent’s adsorption of P based on hydrogen bonding avoids the 
competition of many coexisting ions (Cl-, SO4

2-, NO3
–, and CO3

2–), some 
anions can be hydrogen-bond donors, competing with H2PO4

- and HPO4
2-. 

HCO3
– is a representative hydrogen-bond donor that is found in high 

concentrations in sewage. When HCO3
– coexists with H2PO4

- and HPO4
2-, 

it is unclear which preferentially forms hydrogen bonds with the 
hydrogen-bond receptor functional group on the adsorbent. In addition, 
the concentration of HCO3

– in actual wastewater is frequently several 
times higher than that of H2PO4

- and HPO4
2-; however, the effect of such a 

significant concentration difference on the ability of the adsorbent to 
selectively adsorb P is unclear. In addition, owing to the limited research 
on the adsorption of P via hydrogen bonding, the improvement of the 
adsorption capacity of the adsorbent based on hydrogen bonding to 
adsorb P is worthy of further research. 

In this study, we intended to use the carboxyl groups on pyromellitic 
acid (PMA) as hydrogen bonding acceptors to form hydrogen bonds with 
P; however, PMA is unstable in an aqueous solution and hence, is not 
suitable for use as an adsorbent. Therefore, we prepared stable adsor
bents (LDH/PMA) by intercalating PMA into the interlayer of Zn-Al-LDH 
through anion exchange. Moreover, to increase the number of exposed 
adsorption sites on LDH/PMA and facilitate separation from water, we 
doped LDH/PMA with wheat straw biochar (BC). The final synthesized 
sample is named LDH/PMA/BC. (LDH is a Zn-Al layered double hy
droxide, and LDH/PMA is a Zn-Al layered double hydroxide with PMA 
inserted). The adsorption mechanism of LDH/PMA/BC for P was 
investigated via characterisation of the surface functional groups of the 
adsorbent, adsorption kinetics, isotherms, and a thermodynamic anal
ysis. In addition, the effects of the type (hydrogen-bond acceptor or 
hydrogen-bond donor) and concentration of competitive ions on the 
selectivity of LDH/PMA/BC to P were investigated. These insights can 
contribute to the development of novel strategies for highly selective P 
removal and recovery. 

2. Materials and methods 

2.1. Materials and reagents 

Wheat straw was obtained from a farm in Yunnan Province, China. 
Pyromellitic dianhydride (PMDA; C10H2O6), zinc chloride (ZnCl2), and 
aluminium chloride hexahydrate (AlCl3⋅6H2O) were obtained from 
Aladdin Reagent Company, China. Hydrochloric acid (HCl) was pur
chased from Kelon Chemical Reagent Co., Chengdu, China. Sodium 
hydroxide (NaOH) was purchased from Tianjin Fengchuan Chemical 
Reagent Technology Co., Ltd., China. All reagents were used as received, 
without further purification. 

2.2. Synthesis of adsorbents 

2.2.1. Preparation of biochar 
Wheat straw was dried and ground into powder. An NaOH solution 

(45 mL, 2 M) was poured into a plastic beaker containing wheat straw 
powder (21 g), and placed in a tubular furnace. N2 was continuously 

injected into the tubular furnace to prevent biochar from being oxidised, 
and the temperature was increased to 800 ◦C at a rate of 10 ◦C min− 1. 
The heating was turned off after the temperature was maintained at 
800 ◦C for 2 h. The tubular furnace was naturally cooled to 25 ◦C, and 
the obtained samples were denoted as BC. Next, BC was added to ul
trapure water (500 mL), the pH of the suspension was adjusted to 7 with 
HCl, and the suspension was stirred for 12 h at room temperature. Then, 
the BC was washed and filtered until the pH of the filtrate was natural. 
Finally, the BC was dried at 60 ◦C. 

2.2.2. Preparation of adsorbents 
First, BC (1.5 g), ZnCl2 (14.061 g), and AlCl3⋅6H2O (12.45 g) were 

added to a beaker containing ultrapure water (300mL), and the mixture 
was stirred for 12 h at 25 ◦C (named A1 solution). Second, PMDA (11.25 
g) was added to another beaker containing ultrapure water (90 mL), the 
pH of the solution was adjusted to 12 using the NaOH solution (2 M), 
and the mixture was stirred until PMDA was completely dissolved 
(named A2 solution). Third, the A1 solution was poured into the beaker 
containing the A2 solution, and the pH of the mixed solution (A1 + A2) 
was adjusted to 10 with the NaOH solution (2 M). 

Then, the mixture was stirred for 1 h at 25 ◦C. The beaker containing 
the mixture was placed in an oven set to 65 ◦C [2]. Fourth, after 12 h, the 
beaker was removed from the oven and cooled to room temperature. 
Then, the suspension in the beaker was filtered and washed until the pH 
of the filtrate was 7. Finally, the solid sample was dried at 70 ◦C for 24 h 
and grounded for standby. The sample with the layered double hydroxyl 
structure was named LDH/PMA/BC. As the control sample, LDH and 
LDH/PMA were synthesised using the above method. The reason why 
the sample was so named is that PMDA is first hydrolysed into phthalic 
acid (PMA) in the aqueous solution, and then PMA is intercalated be
tween the LDH layers through anion exchange with LDH. Therefore, the 
LDH modified by PMDA was named LDH/PMA, and the BC modified 
with LDH/PMA was named LDH/PMA/BC. In addition, to study the 
influence of the weight proportion of BC in LDH/PMA/BC on the 
adsorption effect of LDH/PMA/BC, LDH/PMA/BC containing with 
different weights ratios of biochar were synthesised. For BC:PMDA 
weight ratios (g:g) of 0.5:1, 0.33:1, 0.17:1, 0.125:1, and 0.1:1, the 
synthesised samples were named LDH/PMA/BC1, LDH/PMA/BC2, LDH/ 
PMA/BC3, LDH/PMA/BC, and LDH/PMA/BC4, respectively (Fig. 1). 

2.3. Adsorbent characterisation 

The surface characteristics, surface functional groups, surface 
element composition, and pore diameter and specific surface area of the 
adsorbent were analysed using scanning electron microscopy (SEM; 
Zeiss Sigma300, Germany), Fourier-transform infrared (FTIR) spec
troscopy (Bruker MPA and Tensor 27, Germany), X-ray photoelectron 
spectroscopy (XPS; Thermo Fisher K-Alpha+, USA), and a specific sur
face area and porosity analyser (Brunauer–Emmett–Teller (BET); TriStar 
II 3Flex, USA), respectively. In addition, the X-ray diffraction (XRD) 
patterns of the samples were collected using an X-ray diffractometer 
(Rigaku Ultima IV, Japan). 

2.4. Adsorption experiments 

For all the adsorption experiments performed in this study, the 
conditions were set as follows: the ratio of adsorbent to P solution was 
0.4:1 (g:L), the reaction temperature was 25 ◦C, and the pH of the so
lution was 7. Each experiment was performed three times. The differ
ences in the experimental conditions from those above are described in 
the following scheme. 

Adsorption experiments without competitive ions: 1) The effect of 
the solution pH on the adsorption capacities of different adsorbents was 
investigated. The specific experimental conditions were as follows: the 
pH of the P solution with an initial concentration of 100 mg/L was 
adjusted to 3.0, 4.0, 5.0, 6.0, 7.0, and 8.0 using NaOH and HCl with a 
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concentration of 0.1 M. 2) Isothermal adsorption curves were investi
gated at three temperatures (10, 25, and 40 ◦C), and the initial con
centration of the P solution was 10, 20, 50, 100, and 200 mg/L. 3) The 
adsorption kinetics were also studied. Specifically, the adsorption ca
pacity of the adsorbent at different adsorption times for P with initial 
concentrations of 20 and 100 mg/L was evaluated. 

Adsorption experiments with competitive ions: 1) six experiments 
were conducted, and the initial P concentration of the solution was 
0.0004 mol/L. The initial concentration of competitive ions (Cl-, SO4

2-, 
and NO3

–) in each experiment was the same, and the concentrations of 
competitive ions in the six experiments were 0.0004, 0.002, 0.004, 0.02, 
and 0.04 mol/L. 2) Three experiments were conducted; the initial P 
concentration of the solution was 0.0004 mol/L, and the concentrations 
of competitive ions (HCO3

–) in the three experiments were 0.0004, 0.002, 
and 0.004 mol/L. 

After the adsorption reached equilibrium, a 0.45-μm microporous 
membrane was used to filter the suspension. An ultraviolet spectro
photometer was used to determine the content of P in the filtrate; anion 
chromatography was used to determine the contents of Cl-, SO4

2-, and 
NO3

– in the filtrate; and the CO3
2– and HCO3

– in the filtrate were titrated 
using double-indicator titration. 

The adsorption capacity of the adsorbent for various anions is 
calculated as equation S1[7]. The capacity of the adsorbent to selec
tively adsorb P is calculated as equation S2. The dynamic parameters are 
fitted by the pseudo-first- and pseudo-second-order models (equation S3 
and S4) [18]. The isothermal adsorption data fitted by the Langmuir 
equation[19] and the Freundlich equation[20] (equation S5 and S6). 
The separation factor (RL) is calculated as equation S7 [21]. 

2.5. Desorption experiment 

After the adsorption experiment, the sample was transferred to a 
centrifuge tube. It was centrifuged, and the supernatant was removed 
from the centrifuge tube. Then, an NaOH desorption solution with a 
concentration of 0.1 mol/L (20 mL) was injected into the centrifuge 
tube, and the tube was shaken for 4 h. Finally, the sample was centri
fuged again, and the supernatant was extracted and filtered to measure 
the concentration of P. 

3. Results and discussion 

3.1. Sample characterisation 

3.1.1. SEM and BET analysis 
The surface characteristics of LDH, LDH/PMA, and LDH/PMA/BC 

were compared (Fig. S1). SEM analysis of three adsorbents in support 
materials. SEM images indicated that the addition of BC resulted in the 
appearance of abundant pores on the surface of LDH/PMA. Therefore, 
we compared the specific surface area and pore volume of BC, LDH, 
LDH/PMA, and LDH/PMA/BC (Fig. 2b). BC had a large specific surface 
area (458.7 m2/g) and abundant pores (pore volume of 0.25 cm3 g− 1). 
The specific surface area and pore volume of LDH were small (1.8 m2/g, 
0.002 cm3 g− 1). The specific surface area of LDH modified by PMA was 
only 2.1 m2/g, and its pore volume was only 0.004 cm3 g− 1. When BC 
was doped onto LDH/PMA, its specific surface area increased by a factor 
of 20 to 47.3 m2/g, and its pore volume increased to 0.02 cm3 g− 1. The 
abundant pores on the surface of LDH/PMA/BC increased the number of 
surface functional groups exposed, slightly increasing its adsorption 
capacity for P. 

3.1.2. XRD analysis 
The XRD analysis results of LDH, LDH/PMA, and LDH/PMA/BC were 

compared (Fig. 2a). For LDH, a characteristic peak representing the 
(003) reflection of the LDHs appeared at 11.59◦, confirming that the 
synthesised LDH had a layered structure. In addition, the peaks at 2θ 
values of approximately 21◦, 34◦, 39◦, 46◦, and 61◦ corresponded to the 
(006), (012), (015), (018), and (110) reflections of the LDHs (Fig. 2a). 
These peaks indicated the formation of crystalline phases of LDHs [22]. 

With the insertion of PMA, the (003) characteristic peak shifted from 
11.234◦ to 10.124◦, and the basal spacing expanded from 0.787 to 
0.873 nm (Fig. 2a). The basal-spacing value of PMA-LDH (0.873 nm) 
minus the thickness of the main layer of LDH (0.48 nm) [2] is the gallery 
height value of PMA-LDH (0.393 nm). The gallery height value of PMA- 
LDH determines how PMA is inserted into LDH. Considering that the size 
of PMA is 0.70 nm × 0.53 nm × 0.21 nm [23], this result confirms that 
PMA is intercalated into the LDHs with a horizontal orientation. After BC 
was loaded onto PMA-LDH (named PMA/LDH/BC), the position of the 
characteristic peak (003) did not shift, indicating that biochar does not 

Fig. 1. Flowchart of LDH/PMA/BC preparation.  
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affect the intercalation of PMA into LDH. 

3.1.3. FTIR analysis 
To compare the functional groups of BC, LDH, LDH/PMA, and LDH/ 

PMA/BC, we compared and analysed their FTIR spectra (Fig. 3a). For the 
surface of BC, there were three peaks at 3450.2, 1572.4, and 1128.1 
cm− 1, which corresponded to –OH, C/C = O, and C-O, respectively [24]. 
LDH exhibited a broad band at 3458.1 cm− 1 representing the metal-OH 

Fig. 2. (a) XRD analysis results for LDH, LDH/PMA, and LDH/PMA/BC. (b) Pore size and pore volume distributions of LDH, LDH/PMA, and LDH/PMA/BC.  

Fig. 3. (a) FTIR spectra of BC, LDH, LDH/PMA, and LDH/PMA/BC. (b) FTIR spectra of LDH before and after adsorption. (c) FTIR spectra of LDH/PMA before and 
after adsorption. (d) FTIR spectra of LDH/PMA/BC before and after adsorption. (Curves A, B, and C represent the spectra before adsorption, after adsorption of P, and 
after adsorption of P and coexisting ions, respectively.). 
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stretching, indicating the abundance of –OH in the LDH structure. 
Another weak peak for LDH at 1618.1 cm− 1 corresponded to the 
bending vibration of adsorbed H2O [22]. When PMA was inserted into 
LDH (named LDH/PMA), the peak of LDH at 3458.1 cm− 1 shifted to 
3448.3 cm− 1, and the width of the peak increased. This is because the 
PMA introduced rich –COOH, and the wide peak at 3448.3 cm− 1 rep
resented the –OH of carboxylic acid. In addition, LDH/PMA exhibited 
antisymmetric and symmetric stretching peaks attributed to –COO– at 
1578.1 and 1419.6 cm− 1, respectively. The changes in these peaks 
confirmed that PMA was successfully inserted into LDH. Notably, the 
characteristic peak of LDH/PMA/BC was consistent with the charac
teristic peak of LDH/PMA, indicating that the BC did not change the 
functional groups of LDH/PMA. The reason why the BC did not affect the 
functional groups of LDH was that the biochar carbonised at 800 ◦C 
mainly had a C structure, and it had few O-containing functional groups; 
thus, the influence of BC on the functional groups of LDH/PMA was 
small. 

To explore the adsorption mechanisms of LDH, LDH/PMA, and LDH/ 
PMA/BC, we analysed the FTIR spectra of LDH, LDH/PMA, and LDH/ 
PMA/BC before P adsorption (curve A in Fig. 3b, 3c, and 3e), after P 
adsorption (curve B Fig. 3b, 3c, and 3e), and after the adsorption of P 
and coexisting ions (curve C in Fig. 3b, 3c, and 3e). As shown in Fig. 3b, 
for LDH, when the solution only contained P, a peak representing P = O 
appeared at 1032.4 cm− 1 [25], confirming that P was successfully 
adsorbed on the surface of LDH. Meanwhile, the peak corresponding to 
the stretching vibration of the –OH group in LDH was shifted from 
3458.1 to 3448.9 cm− 1, suggesting that the –OH group participated in 
the P adsorption, which indicated that LDH mainly adsorbed P through 
the mechanism of ligand exchange. When the solution contained P and 
coexisting ions, the peak of LDH representing P = O at 1032.4 cm− 1 was 
shifted to 1022.2 cm− 1, and a new peak representing adsorbed coex
isting anions appeared at 1109.5 cm− 1, indicating that LDH can adsorb 
not only P but also coexisting ions, with low selectivity for P. This is 
consistent with the results of the adsorption experiment presented in 
Section 3.2 (see Fig. 5c). 

For LDH/PMA (Fig. 3c), when the solution only contained P, a sig
nificant peak representing P = O appeared at 1033.7 cm− 1. Meanwhile, 
the peak of –OH from carboxylic acid and the antisymmetric and sym
metric stretching peaks of –COO- were shifted to 3376, 1578, and 1418 
cm− 1, respectively. This proves that P was successfully adsorbed on 
LDH/PMA and that the carboxyl group on LDH/PMA was the main 
functional group for adsorbing P through the formation of hydrogen 
bonds. Therefore, the main mechanism of LDH/PMA adsorption of P is 
hydrogen bonding. When the solution contained P and coexisting ions, a 
peak representing P = O was observed for the surface of LDH/PMA at 
1033.5 cm− 1, but no new peak representing adsorbed coexisting ions 
appeared for the surface of LDH/PMA, in contrast to the results for LDH. 
This phenomenon indicated that even when P exists together with 
coexisting ions, LDH/PMA only selectively adsorbs P via hydrogen 
bonding. 

For LDH/PMA/BC (Fig. 3d), when the solution only contained P, a 
significant peak representing P = O also appeared at 1037.6 cm− 1. 
Meanwhile, the peaks representing carboxyl groups at 3448.3, 1578.0, 
and 1419.7 cm− 1 were shifted to 3452.9, 1583.6, and 1421.5 cm− 1, 
respectively. This phenomenon is consistent with the phenomenon after 
LDH/PMA adsorbs P and also proves that LDH/PMA/BC adsorbs P 
through the formation of hydrogen bonds between carboxyl groups and 
P. When the solution contained P and coexisting ions, LDH/PMA only 
exhibited a peak representing P = O (1033.5 cm− 1); there was no new 
peak representing the adsorbed coexisting ions as in the case of LDH, 
indicating that even when P is combined with coexisting ions, PMA only 
selectively adsorbs P through hydrogen bonding. 

3.1.4. XPS analysis 
To further investigate the P adsorption mechanism of LDH, LSH/ 

PMA, and LDH/PMA/BC, XPS was conducted (Fig. 4). First, we analysed 

the XPS spectra of LDH before adsorption of P, after adsorption of P, and 
after adsorption of P and coexisting anions (Fig. 4a, 4d, 4 g, and 4 m). 
After adsorption of P (the solution only contained P), a peak corre
sponding to P 2p appeared for the surface of LDH (Fig. 4m), indicating 
that P was successfully adsorbed. The P 2p peak was deconvoluted into 
three peaks at 131.3 and 132.1 eV, corresponding to HPO4

2- and H2PO4
- , 

respectively [26]. Meanwhile, the peaks representing Zn 2p, Al 2p, and 
O 1 s in LDH exhibited significant shifts. Specifically, the Zn 2p peaks 
shifted from 1044.4 and 1021.3 eV to 1043.6 and 1020.6 eV (Fig. 4a), 
the Al 2p peak shifted from 74.6 to 73.1 eV (Fig. 4d), and the O 1 s peak 
shifted from 531.4 to 530.4 eV (Fig. 4g). One of the reason for the sig
nificant shifts of these three peaks was the ligand exchange between P 
and –OH on LDH, which resulted in the formation of an inner sphere 
complex between P and Zn/Al on LDH, as reported by Zhang [26]. 
Another reason is that the interlayer anions in LDH exchange with P. 
When there were P and coexisting ions in the solution, the shifts of the 
Zn 2p, Al 2p, and O 1 s peaks of LDH after adsorption were insignificant, 
indicating that the presence of coexisting ions did not affect the 
adsorption mechanism of LDH for P. Therefore, the main adsorption 
mechanism of LDH for P/coexisting ions is the ligand exchange between 
P/coexisting ions and –OH, as well as the ion exchange between inter
layer ions of LDH and P/coexisting ions. 

Compared with LDH, the Al 2p peak of LDH/PMA was not changed 
after P adsorption, although the Zn 2p and O 1 s peaks exhibited slight 
shifts (Fig. 4b, 4e, 4 h, 4j, and 4n). Specifically, the peaks of Zn 2p shifted 
from 1043.5 and 1020.5 eV to 1043.6 and 1020.6 eV (Fig. 4b), and the 
peak of O 1 s shifted from 530.3 to 530.4 eV (Fig. 4h). The significant 
differences in the peaks between LDH/PMA and LDH after P adsorption 
indicated that the LDH/PMA and LDH had different P adsorption 
mechanisms. To further investigate the adsorption mechanism of LDH/ 
PMA for P, we analysed the changes in the C1s peak of LDH/PMA after P 
adsorption (Fig. 4j). The C 1 s XPS spectrum of LDH/PMA can be 
deconvoluted into two peaks at 286.7 and 282.9 eV, corresponding to 
–COO– [26], C–C, and C–H in the aromatic ring of PMA [2]. After the 
adsorption of P, the binding energy of the COO– peak was reduced from 
286.7 to 286.4 eV because the -C = O and –OH on carboxylic acid 
formed one or two hydrogen bonds with the -P-OH and -P-O on phos
phate [26]. Therefore, hydrogen bonding is the main adsorption 
mechanism of LDH/PMA for P. When P coexisted with ions in the so
lution, the binding energies of the Zn 2p, Al 2p, O 1 s, and C 1 s peaks for 
LDH/PMA were almost identical to those when LDH/PMA only adsor
bed P, with only slight shifts of the Zn 2p and Al 2p peaks. This result 
indicated that LDH/PMA mainly adsorbs P through hydrogen bonding 
and only adsorbs a small amount of coexisting ions by forming the inner 
sphere complex with Zn/Al on LDH/PMA/BC; thus, LDH/PMA has high 
selectivity for P. 

For LDH/PMA/BC, after the adsorption of P or P and coexisting ions 
(the solution contained either P alone or P and coexisting ions), the shifts 
of the Zn 2p, Al 2p, O 1 s, and C 1 s peaks for LDH/PMA/BC were 
consistent with the shifts of the Zn 2p, Al 2p, O 1 s, and C 1 s peaks for 
LDH/PMA (Fig. 4c, 4f, 4i, 4 k, 4 l and 4o), indicating that the addition of 
BC did not alter the adsorption mechanism of LDH/PMA for P. Thus, 
LDH/PMA/BC still adsorbed P through hydrogen bonding, LDH/PMA/ 
BC still adsorbed P through hydrogen bonding, and high selectivity for P 
was maintained, which was consistent with the results of the adsorption 
experiment presented in Section 3.2 (Fig. 5c). 

3.2. Comparison of adsorption capacities of different adsorbents 

To investigate the roles of Zn/Al (LDH), PMA, and BC in the P 
adsorption process of LDH/PMA/BC, the influence of the proportion of 
BC in LDH/PMA/BC on the P adsorption capacity of LDH/PMA/BC was 
first investigated (Fig. 5b). The reason is that BC cannot adsorb P; 
however, the doping concentration of BC affects the proportion of LDH/ 
PMA in LDH/PMA/BC and thus, leads to a change in the P adsorption 
properties of LDF/PMA/BC. In this study, the proportions (g:g) of BC and 
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Fig. 4. XPS analysis results for LDH, LDH/PMA, and LDH/PMA/BC. (a) Zn 2p spectra of LDH before and after adsorption; (b) Zn 2p spectra of LDH/PMA before and 
after adsorption; (c) Zn 2p spectra of LDH/PMA/BC before and after adsorption. (d) Al 2p spectra of LDH before and after adsorption; (e) Al 2p spectra of LDH/PMA 
before and after adsorption; (f) Al 2p spectra of LDH/PMA/BC before and after adsorption. (g) O 1 s spectra of LDH before and after adsorption; (h) O 1 s spectra of 
LDH/PMA before and after adsorption; (i) O 1 s spectra of LDH/PMA/BC before and after adsorption. (j) C 1 s spectrum of LDH/PMA; C 1 s spectra of LDH/PMA/BC 
(k) before and (l) after adsorption. (m) P 2p spectrum of P-adsorbed LDH/PMA/BC. (n) P 2p spectrum of P-adsorbed LDH/PMA/BC. (o) P 2p spectrum of P-adsorbed 
LDH/PMA/BC. (Curves A, B, and C represent the spectra before adsorption, after adsorption of P, and after adsorption of P and coexisting ions, respectively.). 
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PMDA in LDH/PMA/BC4, LDH/PMA/BC, LDH/PMA/BC3, LDH/PMA/ 
BC2, and LDH/PMA/BC1 were 0.1:1, 0.125:1, 0.17:1, 0.33:1, and 0.5:1, 
respectively. When the amount of BC added increased from 0.1 to 0.125 
g, the adsorption capacity of LDH/PMA/BC increased. However, when 
the amount of BC increased from 0.125 to 0.5 g, the adsorption capacity 
of LDH/PMA/BC decreased. Therefore, the optimal amount of BC was 
0.125 g. The effect of the amount of BC added on the adsorption capacity 
of LDH/PMA/BC was analysed. When the amount of BC added increased 
from 0.1 to 0.125 g, the specific surface area and porosity of LDH/PMA/ 
BC increased, resulting in an increase in the number of exposed 

functional groups (such as carboxyl groups) in LDH/PMA/BC, which 
increased the adsorption capacity of LDH/PMA/BC. However, when the 
amount of BC increased from 0.125 to 0.5 g, the proportion of PMA in 
LDH/PMA/BC decreased, reducing the content of carboxyl groups in 
LDH/PMA/BC and thus reducing the adsorption capacity of LDH/PMA/ 
BC. 

The adsorption capacities of LDH, LDH/PMA, and LDH/PMA/BC at 
different pH values also studied (Fig. 5a). As shown in Fig. 5a, in the 
range of pH 3–8, the adsorption capacity of LDH/PMA was approxi
mately twice that of LDH, indicating that PMA significantly improves 

Fig. 5. (a) Effect of the pH on the adsorption capacities of LDH, LDH/PMA, and LDH/PMA/BC. (b) Effect of the proportion of BC in LDH/PMA/BC on the adsorption 
capacity of LDH/PMA/BC. (c) Effects of the concentration of competitive ions to the P removal abilities of LDH, LDH/PMA, and LDH/PMA/BC. (d) Changes in the P- 
adsorption capacity of LDH/PMA/BC with respect to the adsorption time. (e) Changes in the adsorption capacity of LDH/PMA/BC with respect to the initial con
centration of P and the temperature. (f) Changes in the zeta potentials of LDH, LDH/PMA, and LDH/PMA/BC with respect to the pH. 
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the ability of LDH to adsorb P. Notably, when the pH of the solution was 
7, the adsorption capacity of LDH/PMA still reached 69.3 mg g− 1, 
confirming that LDH/PMA is effective for adsorbing P in wastewater. 
When LDH/PMA was doped with BC, the maximum adsorption capacity 
of LDH/PMA increased from 76 to 86 mg g− 1. This confirmed that BC 
can slightly improve the adsorption capacity of LDH/PMA for P. How
ever, our control experiments indicated that BC does not have the ability 
to adsorb P. We examined the BET, FTIR, and XPS results to determine 
why BC slightly improved the adsorption capacity of LDH/PMA. We 
found that the addition of BC did not significantly alter the functional 
groups of LDH/PMA but significantly increased the specific surface area 
and pore volume of LDH/PMA. Therefore, BC increased the number of 
functional groups exposed on LDH/PMA that could adsorb P, slightly 
increasing the adsorption capacity of LDH/PMA. 

To investigate the role of PMA in improving the selectivity of LDH to 
P, the abilities of LDH, LDH/PMA, LDH/PMA/BC to remove P in solu
tions containing low concentrations of P and high concentrations of 
competitive ions were evaluated. As shown in Fig. 5c, when the molar 
ratio of P to coexisting ions increased from 1:0 (0.0002 mol/L:0) to 
1:100 (0.0002 mol/L:0.02 mol/L), the rate of P removal by LDH 
decreased from the initial 100 % to 44 %. However, in the case where 
PMA was intercalated into LDH, even when the molar concentration 
ratio of P to coexisting ions increased from 1:0 (0.0002 mol/L:0) to 
1:100 (0.0002 mol/L:0.02 mol/L), the rate of P removal by LDH/PMA 
remained unchanged. The P removal rate was not affected by high 
concentrations of coexisting ions, indicating high selectivity towards P. 
Similar to LDH/PMA, LDH/PMA/BC exhibited high selectivity for P. 
Therefore, PMA plays an important role in improving the P selectivity of 
LDH/PMA/BC. 

3.3. Effect of pH on adsorption capacity of LDH/PMA/BC 

The effect of the pH of the solution on the adsorption capacity of 
LDH/PMA/BC is shown in Fig. 5a. LDH/PMA/BC maintained a signifi
cant P adsorption capacity in the range of pH 4–6 (85.5 ± 0.6 mg g− 1, 
84.6 ± 1.0 mg g− 1, and 84.1 ± 0.9 mg g− 1). Furthermore, even when the 
pH of the solution decreased to 3 or increased to 7, the capacity of LDH/ 
PMA/BC to adsorb P only slightly decreased to 72.7 ± 1.0 mg g− 1 and 
74.5 ± 1.0 mg g− 1, respectively, indicating that LDH/PMA/BC can 
effectively adsorb P in a wide pH range (pH 3–7). 

To investigate the reason for the effect of the solution pH on the 
ability of LDH/PMA/BC to adsorb P, we measured the point of zero 
charge of the adsorbent (Fig. 5f). The point of zero charge (pHpzc) values 
of LDH, LDH/PMA, and LDH/PMA/BC were 3.2, 3.5, and 3.5, respec
tively, indicating that LDH, LDH/PMA, and LDH/PMA/BC can adsorb P 
through electrostatic action only at a pH of < 3. When the pH is > 4, its 
surface charges are negative, and electrostatic adsorption is not the 
adsorption mechanism. Although electrostatic adsorption decreased and 
disappeared with an increase in pH of the solution (pH ≥ 3), the amount 
of P adsorbed by LDH/PMA/BC exhibited an increasing trend (pH 3–5). 
This is because PMA contains four carboxyl functional groups (–COOH), 
and the acidity coefficients of the four carboxyl functional groups are 
1.92, 2.87, 4.49, and 5.63. With an increase in the pH of the solution, the 
four carboxyl groups (–COOH) can deprotonate and become negatively 
charged esters (–COO-), which can remove P by forming hydrogen bonds 
with it (H2PO4

- and HPO4
2-). However, when the pH of the solution 

increased from 6, the adsorption capacity of LDH/PMA/BC for P 
decreased. The reason for this decrease was that the pka2 of phosphoric 
acid is 7.2 [27]. Therefore, after the pH increases from 6 to 7.2, the 
primary form of P changes from H2PO4

- to HPO4
2- [28]. H2PO4

- has two 
hydrogen-bond donor groups and one hydrogen-bond acceptor group, 
whereas HPO4

2- has only one hydrogen-bond donor group and two 
hydrogen-bond acceptor groups [17]. Therefore, an increase in the 
number of hydrogen-bond receptor groups on HPO4

2- increases the 
repulsion between HPO4

2- and the hydrogen-bond receptor groups on 
LDH/PMA/BC, reducing the amount of P adsorbed by LDH/PMA/BC. 

3.4. Kinetic study on adsorption of P by LDH/PMA/BC 

We investigated the relationship between the adsorption rate of 
LDH/PMA/BC and the initial concentration of the P solution (Fig. 5d). 
For an initial P concentration of 100 mg/L, the adsorption capacity of 
LDH/PMA/BC for P reached 56 % of its maximum adsorption capacity in 
the initial 5 min. When the adsorption time was 2 h, the amount of P 
adsorbed by LDH/PMA/BC reached 85 % of its maximum adsorption 
capacity. The final adsorption equilibrium was reached in 22 h. For an 
initial P concentration of 20 mg/L, the adsorption rate of LDH/PMA/BC 
on P was relatively low. During the initial 5 min and 2 h of contact with 
the P solution, the adsorption capacity of LDH/PMA/BC only reached 
18 % and 55 %, respectively, of its maximum adsorption capacity; 
however, the final adsorption equilibrium of LDH/PMA/BC for P was 
reached in 22 h. To further investigate the adsorption mechanism of P on 
LDH/PMA/BC, the experimental data were fit by pseudo-first- and 
pseudo-second-order models (Equations 3 and 4). 

The parameters fitted by the kinetic model are presented in Table 1. 
The equilibrium adsorption capacity fitted by the pseudo-first-order 
model differed from that obtained in the experiment. However, the 
equilibrium adsorption capacity fitted by the pseudo-second-order 
model was close to the experimental value, and the R2 was higher, 
indicating that chemical adsorption controls the adsorption of P on 
LDH/PMA/BC [29,30]. 

3.5. Adsorption isothermal study 

The effects of the temperature and initial concentration of the P so
lution on the adsorption capacity of LDH were investigated. As shown in 
Fig. 5e, the adsorption capacity of LDH/PMA/BC for P increased with 
the temperature and initial P concentration. The maximum adsorption 
capacity of LDH/PMA/BC for P at 10, 25, and 40 ◦C was 76.9, 97.1, and 
108.0 mg g− 1, respectively; thus, LDH/PMA/BC had a remarkable 
adsorption capacity. 

To further study the adsorption mechanism of LDH/PMA/BC for P, 
we examined the isotherm adsorption curve (Fig. 5a) and fitted the 
adsorption data with the Langmuir equation (Equation 5) [19] and the 
Freundlich equation (Equation 6). The parameters fitted through the 
Langmuir and Freundlich isotherm models are presented in Table 2. The 
R2 values obtained by the two models were > 0.98; however, the R2 

obtained by the Langmuir isotherm model was slightly higher than that 
obtained by the Freundlich isotherm model, indicating that monolayer 
adsorption dominates the process of P adsorption [31,32]. Moreover, the 
value of 1/n obtained by the Freundlich isotherm model was < 1, 
indicating that the adsorption of P by LDH/PMA/BC is mainly chemical 
adsorption [33]. According to the Langmuir isotherm model, the 
maximum adsorption capacities of LDH/PMA/BC for P at 10, 25, and 
40 ◦C are 80, 99, and 109.9 mg P/g, respectively. Compared with the 
maximum adsorption capacities of P on lanthanum hydroxide and 
lanthanum carbonate adsorbent previously reported by us (71.9 mg g− 1) 
[7], La-based porous polyacrylonitrile nanofibers (50.4 mg g− 1) [34], an 
MgO-functionalised cellulose sponge (28.3 mg g− 1) [35], and calcium 
aluminate decahydrate (89.6 mg g− 1) [10], LDH/PMA/BC based on 
hydrogen bonding is advantageous for P adsorption. In addition, 

Table 1 
Kinetics of P adsorption on LDH/PMA/BC.   

qe
exp 

(mg/ 
g) 

Pseudo-first order model Pseudo-second order model 

Cinitial 

(mg/ 
L) 

k1 

(min− 1) 
qe

cal 

(mg/ 
g) 

R2 k2 

(g mg- 

1min− 1) 

qe
cal 

(mg/ 
g) 

R2 

20  36.7 2.1 × 10- 

3  
25.7  0.95 2.5 × 10-4  38.2  0.99 

100  66.4 2.8 × 10- 

3  
20.5  0.80 6.3 × 10-4  67.6  0.99  
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compared with previously reported LDHs [36], the most significant 
advantage of LDH/PMA/BC is its high selectivity for P, and even when 
the concentration of competitive ions is 100 times that of P, the removal 
efficiency of LDH/PMA/BC for P is not affected by competitive ions. 

3.6. Effect of coexisting ions on selectivity of LDH/PMA/BC to P 

The anions that often coexist with P in wastewater are Cl-, NO3
–, SO4

2-, 
and HCO3

–. These competitive ions are classified as hydrogen-bond ac
ceptors (Cl-, NO3

–, and SO4
2-) and hydrogen-bond donors (HCO3

–). The 
effects of the concentration of coexisting ions on the removal rate and 
selectivity of LDH/PMA/BC for P were investigated (Fig. 7). 

3.6.1. Effect of competitive ions of hydrogen-bond acceptor 
Because wastewater containing P is generally weakly acidic or 

weakly alkaline, we investigated the effects of hydrogen-bond acceptor 
competitive ions (Cl-, NO3

–, and SO4
2-) on the removal rate and selectivity 

of LDH/PMA/BC for P at pH values of 6 and 8 (Fig. 6a and 6b, respec
tively). As shown in Fig. 6a and 6b, regardless of whether the pH of the 

solution was 6 or 8, even when the molar concentration of hydrogen- 
bond acceptor competitive ions (Cl-, NO3

–, and SO4
2-) was 10 times that 

of P, the removal rate of P by LDH/PMA/BC was not affected. This 
confirms that LDH/PMA/BC has a strong anti-interference ability based 
on hydrogen bonding for removing P. 

However, the concentration of hydrogen-bond acceptor competitive 
ions can affect the selectivity of LDH/PMA/BC to P. Specifically, when 
the pH was 6 and the molar ratios of P to competitive ions were 1:1 and 
1:5 (mol:mol), the selectivity of LDH/PMA/BC to P was 97.3 % and 94.1 
%, respectively. When the molar concentration ratio of LDH/PMA/BC 
increased to 1:10 (mol:mol), the selectivity of LDH/PMA/BC to P 
decreased to 73 %. The reduction in the selectivity is attributed to LDH/ 
PMA/BC adsorbing P and SO4

2-. Although the presence of a high con
centration of SO4

2- reduce the selectivity of LDH/PMA/BC to P, according 
to the calculation of the initial molar amounts of P and SO4

2- in the so
lution, the adsorbed P accounted for 89 % of its initial molar amount, 
whereas the adsorbed SO4

2- accounted for only 3.3 % of its initial molar 
amount. This indicates that LDH/PMA/BC has a highly selective 
adsorption capacity for P. When the pH of the solution was 8 and the 
molar ratios of P to competitive ions were 1:1 and 1:5, the selectivity of 
LDH/PMA/BC to P was 100 %. When the molar ratio of P to competitive 
ions increased to 1:10, the selectivity to P decreased to 78 %. 

When a high concentration of hydrogen-bond acceptor-type 
competitive ions coexists with P (1:10, mol:mol), the removal rate of P 
by LDH/PMA/BC is unaffected by the competitive ions; however, the 
selectivity of LDH/PMA/BC to P is slightly reduced. The reasons for this 
phenomenon are explained below. LDH/PMA/BC adsorbs P by forming 
hydrogen bonds with the carboxyl groups on its surface. The hydrogen- 
bond acceptor-type competitive ions cannot form hydrogen bonds with 

Table 2 
P adsorption data of LDH/PMA/BC at different temperatures.   

Langmuir isotherm model Freundlich isotherm model 

T qm KL R2 KF 1/n R2 

(◦C) (mg g− 1) (L mg− 1)  (L mg− 1)   

10  80.0 9.1 × 10-2  0.99  3.7  0.25  0.99 
25  99.0 9.6 × 10-2  0.98  4.0  0.27  0.97 
40  109.9 10.2 × 10-2  0.98  4.3  0.46  0.97  

Fig. 6. (a) Effects of the hydrogen-bond acceptor ion concentration on the selectivity and removal rate of LDH/PMA/BC for P at a pH of 6. (b) Effects of the 
hydrogen-bond acceptor ion concentration on the selectivity and removal rate of LDH/PMA/BC for P at a pH of 8. (c) Effects of the HCO3

– concentration on the 
selectivity and removal rate of LDH/PMA/BC for P (the bar chart represents the selectivity for P, and the line represents the removal rate of P). (The red and green bar 
charts respectively represent the selectivity of LDH/PMA/BC towards P and towards all competing ions. The dotted line represents the remove rate of LDH/PMA/BC 
to P). (d) Ability of LDH/PMA/BC to adsorb and desorb P in 10 adsorption–desorption cycles. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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the carboxyl groups on LDH/PMA/BC, because they do not contain H. 
Therefore, regardless of the concentration of the hydrogen-bond 
acceptor-type competitive ions, they cannot compete with P for 
hydrogen-bonding sites; thus, they do not affect the P removal ability of 
LDH/PMA/BC. However, in this study, the selectivity of LDH/PMA/BC 
to P was calculated according to the ratio of the molar amount of P 
adsorbed on LDH/PMA/BC to the total molar amount of anions adsorbed 
on LDH/PMA/BC, i.e. R = n1/(n1 + n2) × 100 %, where n1 represents the 
molar amount of P adsorbed, and n2 represents the molar amount of 
competitive ions adsorbed. The hydrogen-bond acceptor-type competi
tive ions cannot compete with P for the hydrogen-bonding adsorption 
sites on LDH; therefore, they do not affect the value of n1. However, 
when the concentration of competing ions is high, a small portion of 
competing ions form the inner sphere complex with Zn/Al on LDH/ 
PMA/BC through ligand exchange, increasing n2, which reduces the 
selectivity of LDH to P. 

3.6.2. Effect of competitive ions of hydrogen-bond donor type 
HCO3

– is a competitive ion that often coexists with P and functions as 
a hydrogen-bond donor in wastewater. Theoretically, HCO3

– and P 
(H2PO4

- and HPO4
2-) can react as hydrogen-bond donors with hydrogen- 

bond acceptor groups on LDH/PMA/BC to form hydrogen bonds; how
ever, the competitive relationship between HCO3

– and P remains unclear. 
Nonetheless, this competitive relationship determines the selectivity of 
the adsorbent to P based on hydrogen bonding. Therefore, we analysed 
the selective adsorption capacity of LDH/PMA/BC for P (H2PO4

- and 
HPO4

2-) and HCO3
– under different concentrations and clarified the 

competitive relationship between them. HCO3
– can ionise to form CO3

2– 

ions in an aqueous solution; therefore, its existing forms in an aqueous 
solution depend on the pH of the solution. At a pH of 8, it primarily exists 
in the form of HCO3

–. Therefore, to study the competition between HCO3
– 

and P, we conducted the adsorption experiment at a pH of 8 (Fig. 6c). 
The results of the adsorption experiment indicated that the presence 

of HCO3
– did not affect the adsorption capacity of LDH/PMA/BC for P. 

Even when the molar concentration of HCO3
– was 10 times that of P, the 

adsorption capacity of LDH/PMA/BC for P was not affected. However, 
the selectivity of LDH/PMA/BC to P was affected by HCO3

–. When the 
molar ratios of P to HCO3

– were 1:1 and 1:5, the selectivity of LDH/PMA/ 
BC to P was still as high as 99.3 % and 99.6 %, respectively. However, 
when the molar ratio of P to HCO3

– increased to 1:10, the selectivity of 
LDH/PMA/BC to P decreased to 66 %. Although the selectivity to P 
decreased, LDH/PMA/BC adsorbed 89 % of the initial molar amount of P 
and only 4.6 % of the initial molar amount of HCO3

–. In conclusion, LDH/ 
PMA/BC has a strong anti-interference and selective adsorption ability 
for P in a specific concentration range of competitive ions. 

A high concentration of HCO3
– did not affect the rate of P removal by 

LDH/PMA/BC but affected the selectivity of LDH/PMA/BC to P, possibly 
because the carboxyl groups on LDH/PMA/BC, as hydrogen-bond ac
ceptors, preferentially formed hydrogen bonds with P. When LDH/ 
PMA/BC reached its maximum adsorption capacity for P, its carboxyl 

groups, as adsorption sites, still had not reached saturation, and the 
unsaturated carboxyl groups (adsorption sites) reacted with a small 
amount of HCO3

– to form hydrogen bonds. Therefore, the P removal rate 
of LDH/PMA/BC was not affected by high concentrations of HCO3

–, but 
its selectivity to P decreased owing to the high concentrations of HCO3

–. 

3.7. Regeneration ability of LDH/PMA/BC and ability to recover P 

The world is facing the double dilemma of the eutrophication of 
water bodies and the imminent depletion of phosphate rock resources. 
Using a highly selective adsorbent to remove and recover P from 
wastewater is an effective way to resolve this dilemma. The regeneration 
capacity of the adsorbent determines the cost of its application, and its P 
recovery capacity determines its application potential for the recovery 
of P resources. 

In this study, we conducted 10 adsorption–desorption cycles 
(Fig. 6d). The results indicated that although there was a slight down
ward trend in the adsorption capacity of LDH/PMA/BC, the adsorption 
capacity remained stable after the fifth adsorption cycle. At the 10th 
cycle, LDH/PMA/BC retained 85 % of its initial P adsorption capacity. 
The results of the regeneration experiment indicated that LDH/PMA/BC 
has an excellent regeneration adsorption capacity and is economically 
feasible for practical applications. In addition, we studied the ability of 
LDH/PMA/BC to recover P by calculating the P content in the desorption 
solution. LDH/PMA/BC recovered > 95 % of adsorbed P in 10 cycles, 
confirming its potential to remove and recover P. 

3.8. Adsorption mechanism of LDH, LDH/PMA and LDH/PMA/BC for P 

The zeta potential, XPS, and FTIR results were analysed to investi
gate the mechanism of P adsorption by LDH, LDH/PMA, and LDH/PMA/ 
BC (Fig. 7). The points of zero charge value for LDH, LDH/PMA, and 
LDH/PMA/BC are 3.2, 3.5 and 3.5, respectively. Therefore, when the pH 
of the P solution is 6 or 8, the LDH, LDH/PMA, and LDH/PMA/BC 
surfaces are negatively charged, which indicates that P adsorption by 
LDH, LDH/PMA, and LDH/PMA/BC does not occur via physical elec
trostatic adsorption. 

The FTIR results indicated that LDH exhibits a peak corresponding to 
P = O at 1032.4 cm− 1 after adsorbing P. After LDH adsorbs P and 
coexisting ions, the peak corresponding to P = O at 1032.4 cm− 1 shifts to 
1022.2 cm− 1, and a new peak corresponding to adsorbed coexisting 
anions appears at 1109.5 cm− 1, indicating that LDH can not only adsorb 
P but also coexisting ions, with low selectivity for P. In addition, the 
peak corresponding to the stretching vibration of the –OH group in LDH 
shifted from 3458.1 cm− 1 to 3448.9 cm− 1. This shows that the –OH 
group participated in the adsorption of P, indicating that LDH mainly 
adsorbed P through ligand exchanges, which is consistent with the XPS 
results. The XPS results indicated that after the adsorption of P/coex
isting ions, the peaks corresponding to Zn 2p, Al 2p, and O 1 s on LDH 
show significant shifts. The significant shift of these three peaks is due to 

Fig. 7. Selective adsorption mechanism of LDH/PMA/BC for P.  
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ligand exchange between P and –OH on LDH, which leads to the for
mation of inner spherical complexes of P and Zn/Al on LDH [26]. In 
addition, another adsorption mechanism of LDH is that the ion exchange 
between interlayer ions of LDH and P/coexisting ions. 

For LDH/PMA and LDH/PMA/BC, the FTIR results show that 
whether it is only adsorbing P or adsorbing P and competing ions, peaks 
corresponding to P = O were observed at 1033.5 cm− 1 on the surfaces of 
LDH/PMA and LDH/PMA/BC, and no new peaks corresponding to 
adsorbed coexisting ions were observed. This phenomenon indicates 
that LDH/PMA and LDH/PMA/BC selectively adsorb P, even in the 
presence of coexisting ions. This result confirms that the mechanism of 
adsorption by LDH/PMA and LDH/PMA/BC is different from that of 
LDH. The mechanism of adsorption by LDH/PMA and LDH/PMA/BC 
was confirmed by the FTIR and XPS results. The FTIR results showed 
that after the adsorption of P/coexisting ions, the peaks corresponding 
to carboxyl groups in LDH/PMA and LDH/PMA/BC shifted significantly, 
indicating that carboxyl groups participated in the adsorption of P 
through hydrogen bonding. This FTIR result is consistent with the XPS 
result. The XPS results for LDH/PMA and LDH/PMA/BC showed the 
shift in the peaks corresponding to Zn 2p, Al 2p was not significant, 
which indicates that the ligand exchange between –OH and P was 
minimal. Therefore, the above results demonstrate that LDH adsorbs P 
primarily through ligand exchange between –OH and P, whereas LDH/ 
PMA and LDH/PMA/BC adsorb P primarily through hydrogen bonding 
between COO– and P. 

4. Conclusions 

We synthesised carboxylated biochar to selectively adsorb P from 
water for solving the problem of P removal and recovery from sewage. 
LDH/PMA/BC, which is based on hydrogen bonds, can distinguish the P 
and competing ions of the hydrogen-bond acceptors (Cl-, NO3

–, and SO4
2-) 

and the P and competing ions of the hydrogen-bond donor (HCO3
–). In 

addition, it has an excellent regenerative adsorption capacity and the 
potential to recover high-purity P. This study provides a useful technical 
method for the selective removal and recovery of P. 
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