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A B S T R A C T   

To assess the feasibility of recovering P from water by combining batch adsorption enrichment with struvite 
crystallization, we prepared four ternary layered double hydroxides (LDHs) with P-preferring elements (i.e., 
zirconium (Zr) or lanthanum (La)) via a facile coprecipitation method, and evaluated their performance in 
recovering P from water, particularly in enriching P from a low-level P solution. We find that all ternary LDHs 
demonstrate remarkably high P adsorption capacities, e.g., 1029.3 mg PO4

3− g− 1 for ZnAlLa, outperforming other 
LDHs reported so far. Microstructural analyses show that the P uptake mechanisms are attributable to anion 
exchange, surface complexation and electrostatic attraction. Results of recycling tests indicate that all LDHs 
present good enrichment for P. Besides, more than 96% of phosphorus in the P-enriched eluates can be efficiently 
reclaimed via struvite crystallization in a fluidized bed reactor. These findings demonstrate the feasibility of 
combining adsorption enrichment with struvite crystallization for P recovery.   

1. Introduction 

Phosphorus (P) is a crucial element for life on the earth, and 
particularly one of the three essential macronutrients for higher plants’ 
growth and development. Due to unsustainable resource exploitation, 
excessive application of phosphate fertilizers in croplands and inade
quate management of the human phosphorus cycle [9], humankind is 
facing two twinned problems: a diminishing supply of phosphate (i.e., 
‘rock phosphate’) as a resource and an excess of phosphate (i.e., ‘dis
solved phosphate’) in surface water streams causing eutrophication, 
which in turn degrades surface water quality [29,55]. Hence, removing 
and recovering P from various waste streams and converting it into 
P-containing products has been recognized as one of the most promising 
strategies to address both of the above issues simultaneously [12,34,44, 
46]. Indeed, numerous P recovery technologies have been developed 
successively, such as chemical precipitation, enhanced biological 
phosphorus removal (EBPR), crystallization, adsorption, etc. [15,48] In 
particular, some of these technologies have been practically imple
mented at a high industrial scale [15]. 

Of various P-recovery technologies from wastewater, adsorption has 
been gaining considerable attention due to its effectiveness, reliability, 

and environmental benignity [32,40,60]. In particular, adsorption is 
suitable for capturing phosphorus from low-P wastewaters, thus facili
tating the subsequent efficient recovery of the captured phosphorus 
from the P-enriched eluates (i.e., the desorption matrix), which other 
technologies cannot achieve [20]. A great number of adsorbents have 
already been documented and comprehensively evaluated for their P 
recovery performance [3,36,60]. Of these, layered double hydroxides 
(LDHs) are extensively studied due to their characteristics of ideal ad
sorbents such as high adsorption capacity, fast adsorption rate, easy 
regeneration, and high stability [1,21,42,64]. Cheng et al. reported that 
calcinated ZnAl-LDHs can efficiently recover P from sludge filtrate by 
adsorption [6]. A recent study shows that ultrathin MgAl-LDHs nano
particles adsorb up to ~ 55% more P than conventional MgAl-LDHs 
[38], but this will raise new challenges in recycling these P-loaded 
LDH nanoparticles. To prevent the loss of P-loaded adsorbent during the 
recycling process, such LDHs are usually either bound to porous carriers 
[33,49] or assembled with magnetic particles [35,37,41]. In general, P 
adsorption on LDHs is often subjected to competition from various 
co-occurring anions, e.g., nitrate, sulfate, chloride, and bicarbonate ions 
[42,52]. Interestingly, incorporation of a certain P-preferring element 
(e.g., La, Zr) into conventional LDHs can effectively enhance their P 
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Fig. 1. (A) Schematical illustration of preparation of ternary LDHs (M1 − 3 refer to different types of metal precursors); (B− D) Characterizations of the as-prepared 
ternary LDHs: (B) XRD patterns, (C) XRF, and (D) FT-IR spectra. 

Fig. 2. SEM images of (A) ZnFeLa, (B) ZnFeZr, (C) ZnAlLa, and (D) ZnAlZr. Note: the inset is a histogram of the particle size distribution corresponding to 
each image. 
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adsorption capacity and selectivity [30,32,37,67]. For instance, 
Drenkova-Tuhtan and co-workers thoroughly screened and evaluated a 
large group of ternary LDHs materials with different cation building 
blocks of such P-preferring elements [19,56], and assembled magnetic 
microparticles and LDHs into reusable adsorbents that have been 
implemented at a pilot scale [18,43]. 

As mentioned above, P recovery from waste streams aims at 
obtaining P-enriched products, usually in the form of solid precipitates 
that can be easily reused as feedstock in agriculture or industry, such as 
struvite, calcium phosphate, etc. [12,29] A recent report shows that 
struvite crystallization rather than desorption occurred when using 
ammonia solution as eluent for desorbing P from LDH adsorbent, and 
that the ammonia-treated P-loaded LDHs demonstrates improved P 
bioavailability in comparison to those of P-loaded LDHs, and pure 
struvite [62]. Undoubtedly, the P-loaded LDHs can be used directly as 
P-enriched products, e.g., slow-release fertilizers [16,21,31], but the 
cost-effectiveness of such a once-and-done strategy may be very high in 
comparison to a repeated-use scenario of LDHs adsorbents, and there
fore needs to be reevaluated carefully. Despite many literature reporting 
the use of LDHs as adsorbents in the recovery of phosphorus from 
wastewater [22], however, there are few further in-depth studies on the 
subsequent treatment of P-enriched eluates (i.e., the liquors from P 
desorption). Struvite crystallization in a fluidized bed platform has been 
recognized as a highly efficient, scalable and reliable protocol for 
gaining solid P-containing products directly from nutrient-rich streams 
[5,27,34]. However, no study has been reported so far on the integration 
of adsorption/desorption enrichment using ternary LDHs with struvite 
crystallization in a fluidized bed for high-efficient P recovery from low-P 

effluents. 
Inspired by the aforementioned studies, we herein systematically 

compared the adsorption/desorption enrichment performance of four 
promising ternary LDHs and then combined them with struvite crys
tallization in a fluidized bed for P recovery. First, four ternary LDHs with 
P-preferring elements were synthesized and systematically evaluated for 
their structural properties and P adsorption behaviors. Next, the P- 
enriched eluates from the desorption of P-loaded LDHs were fed into a 
fluidized bed reactor (FBR) along with other feedstocks for recovering P 
via struvite crystallization. The effect of the molar ratio of different feed 
sources on struvite quality was also investigated. This strategy of 
combining adsorption enrichment with crystallization is expected to be 
extended to the recovery of other valuable elements from waste streams. 

2. Materials and methods 

2.1. Chemicals 

Iron (III) chloride hexahydrate (FeCl3‧6 H2O, ≥ 97.0%), zirconium 
(IV) oxychloride octahydrate (ZrOCl2‧8 H2O, 99.9%), zinc chloride 
(ZnCl2, ≥ 98.0%), lanthanum nitrate hexahydrate (La(NO3)3‧6 H2O, 
99.0%), aluminum nitrate nonahydrate (Al(NO3)3‧9 H2O, ≥ 98.0%) 
were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, 
China) and used without further purification. All chemicals are of 
analytical grade or above unless otherwise specified. The stock solution 
of phosphorus (2000 mg L− 1) was prepared by dissolving 0.286 g of 
potassium dihydrogen phosphate (KH2PO4, 99.99%, Merck KGaA, 
Shanghai) in 100 mL of Milli-Q deionized water (18 MΩ-cm at 25 ◦C). 

Fig. 3. Effects of pH and ionic strength on phosphate adsorption on (A) ZnFeLa, (B) ZnFeZr, (C) ZnAlLa, and (D) ZnAlZr. Note: the speciation diagram of 7.35 × 10− 4 

mol L− 1 KH2PO4 solution at 25 ◦C is also included in each panel. 
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The pH of all solutions was adjusted using NaOH or HNO3 solutions. 

2.2. Preparation of the ternary LDHs 

By using a facile coprecipitation method based on a well-defined 
procedure [19], four ternary LDHs were synthesized with a constant 
M1:M2:M3 precursor ratio of 6:1:1 (M1 = Zn precursor; M2 = Fe or Al 
precursor, M3 = La or Zr precursor, see Fig. 1A). In brief, 8.18 g (0.06 
mol) of ZnCl2, 2.70 g (0.01 mol) of FeCl3‧6 H2O and 4.33 g (0.01 mol) of 
La(NO3)3‧6 H2O were dissolved in 100 mL deionized water. The ob
tained precursor solution was added dropwise to 400 mL of 0.15 M 
NaOH solution under stirring (300 rpm) within 10 min. The resulting 
turbid suspension was then stirred for 5 min, followed by adjusting its 
pH to 7 with hydrochloric acid. Next, the solid sample (denoted as 
ZnFeLa) was centrifuged, washed twice with deionized water, and 
freeze-dried for further use. By using the same procedure with different 
metal precursors, three other LDHs were also prepared and denoted as 
ZnFeZr, ZnAlLa, and ZnAlZr, respectively. 

2.3. Characterization 

Powder X-ray diffraction (XRD) analysis of the samples was con
ducted on an XRD-6100 diffractometer (Shimadzu, Japan) at a tube 
voltage of 40 kV and a tube current of 30 mA with Cu-Kα radiation (step 
size: 0.02◦, scanning rate: 5 ◦ min− 1). The morphological characteristics 
of all samples were obtained by a SU1510 scanning electron microscope 
(SEM, Hitachi, Japan) at an accelerating voltage of 1.5 kV. X-ray 

fluorescence spectroscopy (XRF) analysis was conducted on a handheld 
DELTA DC 4000 analyzer (Olympus, USA) with the soil mode. Fourier 
transform infrared spectroscopy (FT-IR) data were collected on an Is5 
infrared spectrometer (Thermo Nicolet, USA). A PHI-5000 Versa Probe 
X-ray photoelectron spectrometer (XPS, UIVAC-PHI, Japan) employing 
a monochromatized Al Kα radiation (hν = 1486.6 eV) was used to probe 
the surface properties of the samples. The adventitious C 1 s peak 
(284.8 eV) was used for calibrating the binding energy. 

2.4. Batch adsorption and desorption experiments 

All batch adsorption and desorption experiments were performed in 
triplicate at room temperature (T, ca. 25 ◦C). For the effects of pH and 
ionic strength (I) experiments, the adsorption slurries were prepared in 
10 mL polyethylene vessels by mixing 0.01 g adsorbents with a certain 
amount of phosphate stock solution and the background electrolyte 
solution, i.e., NaNO3 (I = 1 mM, 10 mM, and 100 mM). The pH was then 
adjusted to 3 − 12 with diluted HNO3 or NaOH solution, yielding a 
suspension with a constant adsorbent dose of 1 g L− 1 and an initial 
phosphate (PO4

3− , denoted as P) concentration of 20 mg L− 1. After 
rotating for 24 h on a Labquake tube rotator mixer (Thermo Scientific, 
USA) at 60 rpm, the suspensions were centrifuged at 8000 rpm for 
15 min followed by filtrating with 45 µm mixed cellulose esters (MCE) 
membrane (Navigator, Tianjin) to reclaim the supernatants. The P 
concentration in the supernatants was determined by a UV–vis spec
trophotometer (UV-9200, Beijing Rayleigh Instrument Co., China) at 
700 nm following the standard ascorbic acid method as described 

Fig. 4. Adsorption plots of phosphate on the four ternary LDHs: (A) adsorption kinetics with the Pseudo-first-order kinetic fitting plot, (B) adsorption kinetics with 
the Pseudo second-order kinetic fitting plot (adsorbent dosage =1 g L− 1, initial PO4

3−
= 200 mg L− 1, pH = 5, T = 25 ◦C), (C) adsorption isotherms with the Langmuir 

fitting plots, and (D) adsorption isotherms with the Freundlich fitting plots (adsorbent dosage =1 g L− 1, pH = 5, T = 25 ◦C). 
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previously [36]. 
Likewise, the adsorption kinetics experiments were carried out with 

an initial P concentration of 200 mg L− 1 and the same adsorbent dose of 
1 g L− 1 at pH 5.0, where P adsorption was most efficient over the four 
ternary LDHs and the monovalent the dihydrogen phosphate ions were 
the dominant P species (see Fig. 3). At different time intervals, the 
adsorption reaction was terminated, and three vessels were unmounted 
for supernatant sampling. The adsorption isotherms tests were also 
performed with increasing initial P concentrations from 10 to 
500 mg L− 1 (pH = 5.0). All the suspensions were rotated for 24 h to 
ensure the attainment of an equilibrium state. Subsequent centrifugation 
and filtration were also conducted, followed by measuring the P con
centration in the supernatants. The P adsorption kinetic data were 
analyzed using both the Pseudo-first order (Eq. (1)) and the Pseudo- 
second order (Eq. (2)) kinetic models, whereas the adsorption 
isotherm data were fitted by the Langmuir (Eq. (3)) and the Freundlich 
(Eq. (4)) models. All the models are formulated as follows, 

ln(Qe − Qt)

Qe
= − k1t (1)  

t
Qt

=
1

k2Qe
2 +

t
Qe

(2)  

Qe =
kLQmCe

1 + kLCe
(3)  

Qe = kFC1/n
e (4)  

where Qe and Qt are the P adsorption capacity at equilibrium and at time 

t (mg PO4
3− g− 1), respectively; k1 is the Pseudo-first order rate constant 

(min− 1); k2 is the Pseudo-second order rate constant (g mg− 1 min− 1); Qm 
is the theoretical maximum adsorption capacity (mg PO4

3− g− 1), Ce is the 
concentration of the target adsorbate at equilibrium (mg L− 1), kL is the 
Langmuir constant related to the free energy of adsorption (L mg− 1), kF 
(mg1− n Ln g− 1) and n are empirical constants of the Freundlich model. 

By using a mixture of NaOH and Na2CO3 solution (1.0 M:1.0 M, pH =
13) as the desorbing eluent [19], desorption tests were conducted with 
an adsorbent dose of 10.0 g L− 1 in 50 mL of the above eluent solution 
within 3 h. Based on kinetic experiments, a contact time of 3 h can 
enable adsorption efficiency as high as > 95% for all four ternary LDHs, 
and therefore was adopted in the recycling performance tests. With 
respect to recycling tests, a sequential adsorption-desorption test was 
performed in a consecutive manner of 3-h adsorption (adsorbent dose =
1.0 g L− 1, 500 mL of P-containing solution, initial PO4

3− = 20 mg L− 1, 
pH = 5, 25 ◦C) followed by 3-h desorption (adsorbent dose = 10.0 g L− 1, 
50 mL of eluent solution, pH = 13, 25 ◦C). Briefly, the spent adsorbents 
were recovered by centrifuging at 8 000 rpm, followed by solid-liquid 
separation in a handily pouring manner. The supernatant was then 
filtered through a 45 µm membrane for P analysis, while the spent ad
sorbents sticked to tube bottom were resuspended by adding a certain 
volume of the desorption matrix and rotated at 60 rpm for 3 h. After
wards, the regenerated adsorbents were recovered in the same manner 
and further used for the next batch adsorption cycle. The P-containing 
solution is prepared to simulate the sludge dewatering liquid of a local 
sewage treatment plant with PO4

3− concentration in the range of 15 – 
40 mg L− 1. To obtain a P-enriched eluate, a fresh P solution was used in 
each adsorption test, whereas the same eluent (i.e., 50 mL of NaOH-
Na2CO3 mixture) was repeatedly employed in the desorption operations. 
The phosphate concentration in supernatants and/or eluates from each 
adsorption/desorption cycle were measured accordingly. 

2.5. Struvite crystallization in a fluidized-bed reactor 

To further reclaim P from eluates of the desorption experiments, 
struvite crystallization experiments were performed in a homemade FBR 
(Φ = 4 cm, l = 36 cm) as shown in Fig. S1 (Supplementary materials). 
The P-enriched eluates were collected and analyzed. Then, the solution 
pH was adjusted to about 11, because a drop in pH value to 9 − 9.5 was 
often observed, which is the optimal pH value for struvite precipitation 
[39]. Next, the P solution along with the magnesium source (2.0 mM, 
solution prepared with MgCl2‧6 H2O), ammonium source (2.0 mM, so
lution prepared with NH4Cl), were fed into the FBR by three peristaltic 
pumps (BT-100, Longer Pump Co., China) at varying feed rates. The 
fourth pump linking the bottom and the upper top of the reactor was 
used to circulate the mixture for attaining a fluidization state. The effect 
of the molar ratio of Mg2+:NH4

+:PO4
3− (denoted as Mg:N:P ratio) on the 

property of synthetic struvite was also explored by regulating the flow 
rate of the above peristaltic pumps. 

The struvite crystals were harvested from the bottom of the reactor 
after the feed, and recycle feed flows were terminated within 30 min, 
and the crystals were allowed to settle down and deposited in a conical 
settling tank, from which they are subsequently separated and 
reclaimed. The harvested struvite crystals were then washed with 
deionized water for three times, followed by air drying for 12 h before 
further characterizations. 

3. Results and discussions 

3.1. Characterization of the ternary LDHs 

The XRD patterns of ZnFeZr, ZnFeLa, ZnAlLa and ZnAlZr are shown 
in Fig. 1B. The patterns of both Al-containing LDHs, i.e., ZnAlLa and 
ZnAlZr, exhibit a group of well-defined reflections such as (003), (006), 
(009), (015), etc., which are assignable to the characteristic peaks of 
conventional LDHs [19,28]. In the case of Fe-bearing LDHs, however, 

Table 1 
Comparison of the theoretical adsorption capacities of various La/Zr-modified 
LDHs calculated by the Langmuir equation for phosphate removal.  

Adsorbent Experimental 
conditions 
(pH, T, dosage, 
initial/maximum 
content) 

Type of 
wastewater 

Qm 

(mg 
PO4

3−

g− 1) 

Reference 

3Mg(AlZr)-LDH 
(CO3) 

8.7, 25 ◦C, 
1.0 g L− 1, 
2 mg P L− 1 

model 
wastewater  

91.9 [8] 

ZnAlZr4-HT 5.5, 30 ◦C, 
1.0 g L− 1, 
250 mg P L− 1 

synthetic 
solution  

303.4 [30] 

MgFeZr- 
LDH@Fe3O4 

4.5, 20 ◦C, 
1.0 g L− 1, 
10 mg P L− 1 

effluent 
wastewater  

107.3 [17] 

ZnFeZr- 
LDH@Fe3O4 

7.0, 24 ◦C, 
1.0 g L− 1, 
10 mg P L− 1 

effluent 
wastewater  

589.3 [18] 

Fe3O4 @MgAl- 
LDH@La 
(OH)3 

7.0, 25 ◦C, 
0.1 g L− 1, 
12 mg P L− 1 

synthetic 
solution  

203.8 [37] 

La-loaded 
MgFe-LDH 

7.0, 25 ◦C, 
0.5 g L− 1, 
60 mg P L− 1 

synthetic 
solution  

33.4 [67] 

ZnAlFeLa- 
LDH@Fe3O4 

4.0, 30 ◦C, 
1.2 g L− 1, 400 mg 
PO4

3− L− 1 

synthetic 
solution  

165.9 [53] 

ZnAlLa LDH 5.0, 25 ◦C, 
1.0 g L− 1, 500 mg 
PO4

3− L− 1 

synthetic 
solution  

1029.3 This 
study 

ZnAlZr LDH 5.0, 25 ◦C, 
1.0 g L− 1, 500 mg 
PO4

3− L− 1 

synthetic 
solution  

499.6 This 
study 

ZnFeLa LDH 5.0, 25 ◦C, 
1.0 g L− 1, 500 mg 
PO4

3− L− 1 

synthetic 
solution  

958.8 This 
study 

ZnFeZr LDH 5.0, 25 ◦C, 
1.0 g L− 1, 500 mg 
PO4

3− L− 1 

synthetic 
solution  

842.2 This 
study  
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their patterns show various additional reflections besides those of 
typical LDHs with the same miller indices as both ZnAlLa and ZnAlZr. 
These reflections are sharp, and along with a low and stable baseline, 
suggesting that the samples are well-crystallized. Besides, these re
flections match well with standard XRD patterns of zinc oxide (ZnO, 
JCPDS #65–2880, labeled with Z1), sweetite (Zn(OH)2, JCPDS 
#38–0356, labeled with Z2), iron oxide (Fe2O3, JCPDS #39–0238, 
labeled with H), and zirconia (ZrO2, JCPDS #89–9066, labeled with Z3), 
respectively [19,54]. As the position of the basal reflection (003) usually 
depends on the distance between two adjacent metal hydroxide sheets in 
LDHs [59], the d spacing of (003) reflection was calculated to be 7.66, 
7.87, 7.86, and 7.88 Å for ZnFeLa, ZnFeZr, ZnAlLa, and ZnAlZr, 
respectively. All of these d spacing values far outstrip the size of phos
phate ion (4.76 Å) [8], offering channels wide enough for the diffusion 
and migration of P. 

XRF analyses of four ternary LDHs confirm the existence of major 
elements, i.e., Fe, Zn, Zr, etc. (Fig. 1C). Note that no peaks for the 
principal K-shell lines of both Al and La element were observed in the 
relevant XRF spectra, because both elements are undetectable or below 
the limits of detection of the handheld XRF analyzer especially in the soil 
mode [51]. The FT-IR spectra of all ternary LDHs are presented in 
Fig. 1D. The hydroxyl vibrational band at 3474 cm− 1 and the intense 
band at 1617 cm− 1 are attributable to O-H stretching and H-O-H 
bending vibration of the adsorbed water molecules, respectively [56]. 
The band at 1382 cm− 1 refers to the antisymmetric stretching vibration 
of nitrate (NO3

− ) intercalated in the interlayer space [28]. It is worth 
noting that no IR band assignable to chloride (Cl− ) was observed even 
though both nitrate and chloride salts were employed as parent mate
rials. This can be well explained by the fact that nitrate is more prefer
entially intercalated into LDHs than chloride ions [7]. Besides, a series of 
bands is present in the range of 800–400 cm− 1, which are attributed to 
M-O stretching or M-O-M bending vibrations (i.e., M = Zn, Al, La, Fe and 

Zr) [30,33,56]. The morphology of four ternary LDHs is characterized by 
irregular grit-shaped particulates with average sizes of 5.15, 7.12, 33.74, 
and 8.03 µm for ZnFeLa, ZnFeZr, ZnAlLa, and ZnAlZr, respectively 
(Fig. 2), which is comparable with other ternary LDHs reported else
where [17,18]. 

3.2. Effects of pH and ionic strength on phosphate adsorption 

The effect of solution pH is a regular paradigm for adsorption studies 
since pH not only affects the speciation of adsorbate but also has a 
defining impact on the surface charge of the adsorbent [23]. As shown in 
Fig. 3, P adsorption on all ternary LDHs is pH-dependent and I-inde
pendent. It is obvious that P adsorption increases and then decreases 
slightly as the solution pH increases from 2 to 7, attaining a maximum at 
pH ~ 5, where nearly all P is present as H2PO4

− . This observation is in 
good agreement with previous reports [52], and indicates that the anion 
exchange reaction between P from bulk solution and nitrate from 
ternary LDHs dominates at this stage [13,26]. This reaction can be 
further verified by the FT-IR spectra in the following section. As pH 
continually increases beyond 7.2 (pKa2 of phosphate), P adsorption 
proceeds to decrease rapidly. Because the ternary LDHs are likely to be 
negatively charged due to the surface enrichment of free hydroxyl ions 
at a higher pH [28], and the dominant P species turns from negative 
monovalent H2PO4

− to negative divalent HPO4
2− , and even trivalent PO4

3−

as pH increases beyond 7.2, it is therefore not surprising to observe the 
sharp decrease in P adsorption due to the strong electrostatic repulsion 
between the negatively charged LDHs and the higher negative P species. 
Nevertheless, the optimal pH favoring P adsorption was selected to be 5 
with respect to the maximum adsorption capacities for all ternary LDHs. 

In addition, ions exhibiting little or no ionic strength dependence of 
adsorption were considered to form strong inner-sphere surface com
plexes; ions showing significant ionic strength dependence were 

Fig. 5. Microscopic structure comparison of the ternary LDHs before and after P adsorption: (A) XRD patterns, (B) FT-IR spectra, (C) XPS survey spectra of ZnFeLa, 
and (D) Zn 3 s and P 2p XPS regions of ZnFeLa, (E) Proposed adsorption mechanism for P uptake on the ternary LDHs. 
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supposed to be weakly adsorbed as outer-sphere surface complexes [45]. 
However, we cannot simply attribute inner-sphere surface complexation 
to the main adsorption mechanism responsible for P uptake since con
ventional LDHs often show a higher preference for P over nitrate [7,47]. 
Nonetheless, although anion exchange is usually recognized as the 
principal adsorption mechanism of LDHs adsorbents [13,62], there is 
also much spectroscopic evidence suggesting that surface complexation 
at the edges of LDHs can also play a significant contribution to P 
adsorption [38,47,67]. 

3.3. Adsorption kinetics 

Adsorption kinetic data and the fitting curves of P on four ternary 
LDHs are depicted in Fig. 4 A and 4B. As observed, P ions were rapidly 
adsorbed within the initial 1 h, achieving up to 99.7%, 95.0%, 89.8%, 
and 88.5% of the calculated maximum adsorption capacity by the end of 
1 h for ZnFeZr, ZnFeLa, ZnAlLa and ZnAlZr, respectively. It is interesting 
to notice that the adsorption equilibrium state of P on ZnFeZr and 
ZnFeLa was attained at 2 h and 6 h, respectively, whereas both ZnAlLa 
and ZnAlZr, composed of pure LDHs phase, required 20 h at least to 
achieve an adsorption equilibrium (Fig. 4 A), which is also comparable 
to the data in previous studies [17,64]. This observation suggests that P 
adsorption on both ZnAlLa and ZnAlZr is likely to be governed by the 
diffusion of P into the LDHs interlayers and the subsequent anion ex
change between P and the intercalated nitrate ions. For ZnFeZr and 
ZnFeLa, initial rapid adsorption on several co-occurring metal oxide
s/hydroxides (e.g., ZnO, Zn(OH)2, Fe2O3, and ZrO2) followed by anion 

exchange with the intercalated nitrate appears to be the actual adsorp
tion processes occurring as inferred from the kinetic curves and the XRD 
data. This interpretation also well explains why ZnFeZr demonstrated 
the fastest adsorption rate with the smallest d spacing of (003) reflection 
(i.e., 7.66 Å) and many metal oxides/hydroxides, in particular the 
P-preferring zirconium dioxide [24,56]. 

The best-fit kinetic parameters and the corresponding correlation 
coefficients (R2) were calculated using the nonlinear curve fit tool in 
Origin 9.0 (64-bit version, OriginLab Co.) and are tabulated in Table S1. 
The correlation coefficients calculated by the Pseudo-first order kinetic 
model (R2 = 0.449 – 0.976) are lower than those from the Pseudo- 
second order model (R2 = 0.862 – 0.991), indicating that the P 
adsorption on these ternary LDHs appears to follow the Pseudo-second 
order model. This implies that P adsorption on these ternary LDHs in
volves in chemisorption, which is most likely the rate-limiting step of the 
adsorption process [36,63]. Similar trends were also observed for P 
adsorption on LDHs with different elements [6,25,66]. Considering that 
P adsorption on the ternary LDHs, e.g., ZnAlLa and ZnAlZr, required 
20 h at least to achieve an equilibrium state, subsequent adsorption 
experiments were performed with a constant period of 24 h. 

3.4. Adsorption isotherms 

Fig. 4C and 4D present the adsorption isotherm data and the fitting 
curves of P on the ternary LDHs. Both the Langmuir and the Freundlich 
models were employed for fitting the experimental data and the best-fit 
parameters calculated by Origin 9.0 are given in Table S2. According to 

Fig. 6. Characterization of the reclaimed struvite derived from systems with varying Mg:N:P ratios: (A) XRD patterns, (B) Comparison of the FWHM data of the (111) 
reflections in the XRD patterns, (C) FT-IR spectra, and (D) SEM image of the struvite with an Mg:N:P ratio of 2:4:1. 
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the change in slope of the isotherm curve, the P adsorption isotherms 
may be classified as an L-type isotherm [57], which is characterized by a 
decreasing slope as the adsorbate concentration increases. Such 
adsorption behavior was often observed for P adsorption on LDHs-type 
adsorbents [11,25,59], and could be explained by the high affinity of the 
adsorbent for the adsorbate. As shown in Table S2, the correlation co
efficients calculated by the two models are relatively high (R2 = 0.816 – 
0.991) and comparable to each other, implying that both the Langmuir 
and the Freundlich models can highly match the experimental data of P 
on these ternary LDHs. In addition, we can note that all the n values, 
determined by the Freundlich equation, are greater than 1 (Table S2). 
This indicates that P adsorption on these ternary LDHs appears to be a 
favorable process [8,18]. 

The maximum adsorption capacities, defined by the Langmuir 
model, are 842.2, 958.8, 499.6 and 1029.3 mg PO4

3− g− 1 for ZnFeZr, 
ZnFeLa, ZnAlZr and ZnAlLa, respectively. Their adsorption maxima 
outperform those of other La/Zr-modified LDHs-type adsorbents re
ported so far for P removal (Table 1), such as ternary 3Mg(AlZr)- LDH 
(CO3) [8], ZnAlZr4-HT [30], La-loaded MgFe-LDH [67], and quaternary 
ZnAlFeLa-LDH@Fe3O4 [53], and are comparable to that of 
ZnFeZr-LDH@Fe3O4 (589.3 mg PO4

3− g− 1) [18]. Therefore, it can be 
expected that such a large adsorption capacity of LDHs towards P could 
highly facilitate the subsequent P enrichment. 

3.5. Adsorption mechanisms 

To explore the underlying mechanisms of P uptake, a portion of the 
ternary LDHs before and after P adsorption were collected and charac
terized microstructurally (Fig. 5A − 5D, and S2). As observed in Fig. 5A, 
all the (003) reflections shifted slightly to the left, i.e., higher d spacing 
value. Given the fact that the size of phosphate ion (4.76 Å) is greater 
than nitrate ion (3.58 Å), and that a complete exchange of the interca
lated nitrate with P would lead to fundamental changes in the XRD 
pattern [21], the above observation of slight increasing d spacings thus 
indicates the partial occurrence of anion exchange between P and the 
nitrate ions intercalated in LDHs [21]. In addition, all reflections in XRD 
patterns remained and their intensities were enhanced to some extent 
after P adsorption, indicating that all ternary LDHs have high stability 
and that P adsorption could improve the crystallinity of LDHs somewhat 
as reported earlier for P adsorption on MgFe-LDHs [61]. Besides, the 
presence of P on the P-loaded LDHs can also be verified by their FT-IR 
spectra (Fig. 5B), which are characterized by the arising of a new 
band (1013 cm− 1) attributable to ν3 vibration (antisymmetric stretch
ing) of phosphate [58], and the recession or disappearance of the nitrate 
band (1384 cm− 1) as compared to the pristine ones. This spectral evi
dence further demonstrates the exchange reaction between the phos
phate in solution and the nitrate intercalated in the ternary LDHs. Note 
that a weak shoulder band (labeled with red arrows) at 1421 cm− 1 

assignable to ν3 vibration of carbonate [4] was also detected, suggesting 
that anion exchange between the intercalated nitrate and the carbonate 
from dissolved air is likely to occur along with P adsorption. 

Moreover, XPS spectra of ZnFeLa also verify the capture of P by such 
LDHs (Figs. 5C, 5D). It is worth noting that all the Zn 3 s, Zn 2p, O 1 s, Fe 
2p, and La 3d XPS regions shifted toward a higher energy direction 
slightly upon P adsorption (Fig. 5D and S2), indicating that all these 
elements are chemically involved in P adsorption [49,61]. Note that the 
energy difference of two peaks of the La 3d5/2 spin-orbit splitting 
component is 3.4 eV (Fig. S2D), implying the existence of trace 
La2(CO3)3 compound in ZnFeLa. The O 1 s XPS regions deconvoluted by 
Thermo Avantage (version 5.979) demonstrate that the surface oxygen 
species in the pristine ZnFeLa is composed of metal carbonate (denoted 
as O2− , 13.8%), metal hydroxide (denoted as OH− , 81.3%) and water 
(H2O, 4.9%) (Fig. S2A). After P adsorption, the percentage of metal 
hydroxide was increased by 8.8% due to the surface complexation of 
phosphate. Given the above microstructural evidence and analyses, we 
can therefore attribute the primary mechanism of P uptake to i) anion 

exchange between the intercalated nitrate and P, ii) surface complexa
tion at the edge of LDHs, iii) surface complexation at the 
water/co-occurring metal (hydr)oxides interface due to ligand exchange 
reactions between the metal (hydr)oxides and the phosphate ions, and 
iv) electrostatic attraction by the positively charged surface of the ad
sorbents in particular at lower pH (Fig. 5E). 

3.6. Desorption and recycling of P-loaded LDHs 

It is one of the essential criteria for a given adsorbent to be easily 
reclaimed from the exhausted one with the aim of multiple reuses. 
Meanwhile, the adsorption-desorption cycling performance of a certain 
adsorbent is crucial for the enrichment and recovery of specific valuable 
elements from wastewater streams. A mixture of NaOH and Na2CO3 
(1.0 M:1.0 M) was selected as the eluent given its relatively high 
desorption efficiency for releasing P from the exhausted ternary LDHs 
[19]. The sequential adsorption-desorption tests of four ternary LDHs 
were conducted for 5 cycles and the results are present in Fig. S3. 
Obviously, the adsorption efficiencies (defined as the percentage of P 
loaded on LDHs in each adsorption test cycle) of all ternary LDHs exhibit 
an identical degressive trend, decreasing by 24.1%, 29.7%, 28.0%, and 
29.3% after 5 cycles for ZnFeZr, ZnFeLa, ZnAlZr and ZnAlLa, respec
tively. Likewise, the desorption efficiencies (defined as the ratio of the 
desorbed to the previously loaded P) also show a similar overall 
degressive pattern, even though there are occasional increases in effi
ciency in some desorption cycles (Figs. S3B, S3C). Such trends in 
adsorption and desorption efficiencies have been frequently observed 
for other LDHs-type adsorbents towards P uptake [6,17,50]. This might 
be attributed to the loss of active adsorption sites due to partial disso
lution of surface metals or insufficient desorption of phosphate from 
specific sites during the sequential adsorption-desorption operations. 

Moreover, P concentrations in the eluates after 5 adsorption- 
desorption cycles were determined to be 58.71, 61.04, 53.32, and 
52.09 mg L− 1 for ZnFeZr, ZnFeLa, ZnAlZr and ZnAlLa, respectively. The 
corresponding enrichment factors (defined as the ratio of P concentra
tions in the final eluate and the initial P-containing solution) are 2.9, 3.1, 
2.7, and 2.6, respectively, which are comparable to the data reported 
earlier for other ternary LDHs [18]. It is expected that more cycles will 
be required to achieve a sufficient enrichment of P if a solution with 
lower levels of P is used. Given that a P concentration of ~ 60 mg L− 1 is 
sufficient for recovery of P via struvite crystallization [14,34], and that 
more cycles would be time-consuming and increase operational costs, 
the recycling test was thus terminated after five cycles in the present 
study. Nevertheless, the potential drawbacks of using ternary LDHs as 
adsorbents for P recovery might the high operating costs in pilot-scale 
applications, which would be addressed in future research by immobi
lizing such ternary LDHs on porous matrix followed by column 
adsorption-desorption. 

3.7. P recovery via struvite crystallization 

Using the above P-enriched eluate from 5 adsorption-desorption 
cycles of ZnFeLa as the feed solution, P recovery tests via struvite 
crystallization in an FBR were conducted by employing magnesium 
chloride solution (2.0 mM) and ammonium chloride solution (2.0 mM) 
as the companion feeds. In general, an over-stoichiometric ratio of Mg: 
N:P rather than the theoretical ratio of 1:1:1 is favorable for improving P 
recovery efficiency [18]. Therefore, reaction systems with Mg:N:P ratios 
of 1.5:2:1, 2:3:1, 2:4:1, and 2:5:1 were evaluated with regard to their 
impact on the quality of the resultant struvite precipitate, and the results 
are shown in Fig. 6 and S4. Note that all the reflections in XRD patterns 
of the reclaimed precipitates with varying Mg:N:P ratios match well to 
that in the standard XRD pattern of struvite (JCPDS #77–2303) 
(Fig. 6A). This observation confirms that a high purity struvite was 
obtained for all reaction systems, which can also be verified by the FT-IR 
spectra (Fig. 6C) and the SEM images (Fig. 6D and S4), demonstrating a 
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set of fingerprint infrared bands attributable to struvite [58], and the 
characteristic rod-like morphology [18], respectively. Further compar
ison in the full width at half maximum (FWHM) data of the (111) 
reflection indicates that the precipitate from the system with an Mg:N:P 
ratio of 1.5:2:1 has the smallest FWHM value (i.e., 10.3◦) (Fig. 6B), 
demonstrating the largest grain size among these precipitates [65]. 

Interestingly, an attempt using an Mg:N:P ratio of 2:2:1 yielded 
newberyite (MgHPO4⋅3 H2O, JCPDS #72–0023) rather than struvite, 
which has been confirmed by the corresponding XRD and FT-IR results 
(Fig. S5). Given the fact that newberyite appears mostly in the system 
with excess magnesium [2], it is, therefore, most likely to form new
beryite in the system with the richest magnesium (i.e., Mg:N:P ratio =
2:2:1). The reclaimed newberyite is featured by a diverse morphology of 
irregular particles (Fig. S5C, D), completely different from the rod-like 
struvite. Moreover, the newberyite also shows a different color from 
struvite, buff versus white (Fig. S6). Nevertheless, the P-recovery effi
ciency, defined as the percent of P reclaimed as the precipitate, exceeded 
90% for all systems of varying Mg:N:P ratios (Fig. S7), with the highest 
efficiency of 96.3% for the system with an Mg:N:P ratio of 2:5:1. This is 
very comparable to that obtained for the Mg:N:P ratio of 1.5:1.5:1 re
ported elsewhere [18]. Therefore, such high P recovery efficiency 
together with the high purity of reclaimed struvite demonstrate the 
feasibility of the proposed strategy of combining adsorption enrichment 
with struvite crystallization for P recovery. Nonetheless, real wastewa
ters (e.g., sludge dewatering liquids) are often rich in both P and 
ammonium, which can be simultaneously recovered by struvite crys
tallization in an FBR [10]. Further studies on enrichment of both P and 
ammonium from a real sludge dewatering liquid by the ternary LDHs, 
therefore, is necessary and indeed an ongoing project by our group to 
facilitate the application of this technology in a real-life scenario for P 
and ammonium recovery. 

4. Conclusions 

In summary, we propose and validate a P-recovery strategy of 
combining adsorption enrichment using ternary LDHs as adsorbents 
with struvite crystallization in a fluidized bed reactor employing the P- 
enriched eluates as feed streams. The ternary LDHs (i.e., ZnFeZr, 
ZnFeLa, ZnAlZr and ZnAlLa) are rich in P-preferring elements, i.e., Zr or 
La, leading to extremely high adsorption capacities towards P (e.g., 
958.8 and 1029.3 PO4

3− g− 1 for ternary ZnFeLa and ZnAlLa, respec
tively) compared to conventional LDHs materials. Adsorption- 
desorption cycling tests and microstructural characterizations show 
that the underlying mechanisms for P uptake by the four ternary LDHs 
are involved in anion exchange, surface complexation via ligand ex
change reactions, as well as electrostatic attraction. The results of stru
vite crystallization tests indicate that a highly pure struvite can be 
obtained from reaction systems with varying Mg:N:P ratios except for 
the system with an Mg:N:P ratio of 2:2:1 yielding newberyite instead of 
struvite. Our findings advance the development of multielement LDHs 
adsorbents incorporated with P-preferring elements and provide 
important insights for future innovation of novel strategies for P re
covery from waste streams. 
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