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a b s t r a c t

The existence of many anions in wastewater reduces the removal efficiency of phosphate by adsorbents

under realistic conditions. Facing this challenge, the study reports on an insistent and stable composite

adsorbent of molybdate complexes Fe-(MoOx) embedded in a macroporous anion exchange resin (D-201).

[Fe(MoOx)]-D-201 shows 93.7% adsorption capacity (28.3 mg/g) for phosphate even when the molar con-

centration of coexisting ions is 5 times higher than phosphate. The capacity of adsorbent is maintained

more than 84.2% after five regeneration cycles to remove phosphate in the wastewater containing coexist-

ing ions. The ability of highly selective removal of phosphate is maintained during the regeneration cycles

explained by the change of the binding of molybdate clusters with phosphate, which is due to the differ-

ent structures of molybdate clusters depending on various pH. In general, this work puts forward a new

idea for the development of phosphorus removal adsorbents for the treatment of wastewater containing

coexisting ions.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Phosphorus (P) is an essential nutrient for plant growth, but its

excessive phosphorous release into run-off from human activities

is considered as one major cause of eutrophication, which imposes

great risk to the ecosystem [1–3]. Until now, numerous methods

have been developed for phosphorus removal from contaminated

waters [4,5]. The adsorption technique is regarded as the most

promising approach because of its simplicity, effective-ness and

relatively low-cost [6–8]. A wide range of inorganic pollutants (e.g.,

SO4
2−, NO3

− or HCO3
−) are usually present in the water at much

higher levels than phosphate, the preference and capacity of the

concerned adsorbent is great importance to its feasibility in the

real application [9,10]. Nowadays, many kinds of new generation

adsorbents have been developed for selective phosphate removal,

such as metal oxide-based composite adsorbent because they ex-

hibit strong ligand sorption through the formation of inner-sphere

complexes via Lewis acid-base interactions [11–14]. But under the

same condition, various coexisting anions are easily adsorbed onto

adsorbents. So, the adsorption selectivity of the material decreased

a lot. To tackle this problem, it necessitates the development of

phosphate adsorbents with high selectivity.
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The reaction between molybdate and phosphate is often used

to detect trace phosphorus in water [15,16]. Therefore, molybdate

materials are expected to exhibit good adsorption and selective

separation towards phosphate. As for the practical application of

molybdate complexes, their poor mechanic strength greatly limits

the prolonged use in water treatment. The molybdate complex par-

ticles inside solid hosts of large-sized porous structure with bet-

ter mechanical strength is an effective approach to overcome the

above technical challenge. Though numerous hosts have been re-

ported for this purpose [17,18], polymeric exchanger of crosslink-

ing structure is one of the most promising choices because of its

durability [19,20], reliable mechanic strength, and sufficient pore

spaces to accommodate and disperse molybdate complex particles,

such as the famous commercial anion exchanger D-201 [21,22].

In recent reports, the macroporous strong base anion exchange

resin D-201 with polystyrene matrix and quaternary amine func-

tional groups, have been successfully used for the host of various

composite adsorbents. Besides, quaternary amine groups on D-201

backbones provide loaded sites for anionic molybdate clusters. The

covalently bound positively charged groups of D-201 favour the

dispersion of molybdate complex particles as well as sorption en-

hancement of the anionic pollutants based on Donnan principle

[23–25].

Relevant literature has been reported a new method of loading

polyoxometalates on resins for the removal of phosphate [26], it
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Fig. 1. (a) Synthetic method of FM-201. (b-d) TEM images of (b) original D-201, (c) M-201 and (d) FM-201.

inspired us to create the new molybdate composite adsorbent for

highly efficient phosphate removal from wastewater. We proposed

a new idea that pH can be controlled to change the binding abil-

ity of molybdate complexes toward phosphate via MoOx structural

transformation, and studied the change of molecular behaviour of

materials in the process of adsorption-regeneration. In this study,

we report the very valuable finding that molybdate-composite ad-

sorbent FM-201 maintain its selective phosphorus removal ability

after acid solution regeneration.

Reactant chemical sources and purities are described in Section

S1 (Supporting information). Here, we employed D-201 as the host

for the molybdate complexes. According to the synthesis method

in Fig. 1a, [Fe(MoOx)]-D-201 (FM-201) is prepared (Section S2

in Supporting information). Another similar composite adsorbent

[Zr(MoOx)]-D-201 (ZM-201)) is also synthesized with ZrOCl2•8H2O

as a comparison. The detailed material characterization for FM-201

are provided in Table S1 and Fig. S1 (Supporting information). The

experimental procedures for the kinetic, effect of pH, isotherm, ef-

fect of coexisting competitive ions, regeneration tests and fixed-

bed column experiments are in Sections S4-S7 (Supporting infor-

mation).

TEM images (Figs. 1b–d) indicate the changes of surface mor-

phology of resin during synthesis of FM-201. As shown in the

Fig. S2 (Supporting information), Fe-(MoOx) particles with differ-

ent sizes are loaded on the inner and outer surface of D-201,

whereas the pristine D-201 has a relatively smooth surface. Before

the formation of complexes with Fe3+, the molybdate particles on

the surface of D-201 are very small. The particles of Fe-molybdate

complexes on the surface of D-201 is beneficial for the stability of

FM-201.

The FT-IR spectras of the new adsorbents compared to the pris-

tine resin show the characteristic peaks of the molybdate com-

plexes embedded in the resin (Fig. S1a). The peaks at 912, 914 and

947 cm−1, indicate the presence of the molybdate group (Mo = O).

Similarly, the peaks at 833 and 845 cm−1 indicate the presence of

metal coordination bonds (Mo-O-Fe and Mo-O-Zr) [27]. Addition-

ally, the FT-IR spectras of the adsorbents is distinguishable from

the pristine resin by the peaks in the range of 409–523 cm−1 and

413–523 cm−1, indicating the stretching vibration of the metal-

oxygen (Fe-O, Zr-O). By comparison with the Raman spectras of

D-201 (Fig. S1b), those of the prepared adsorbent suggest the pres-

ence of a molybdena species to the MoOx clusters because of the

presence of Mo=O stretching modes (940 and 991 cm−1 in FM-

201; 963 and 991 cm−1 in ZM-201). In addition, the Raman bands

from 200 to 370 cm−1 reflect bending mode of the bridging Mo-

O-Mo bonds. The physiochemical properties and characterization

results of adsorbents are summarized in Table S1. The BET surface

area increased from 15.93 m2/g of the host D-201 to 23.73 m2/g

of FM-201, while its average pore diameter decreased from 26.47

to 18.74 nm as a result of pore blockage caused by the loaded

Fe-(MoOx) complexes. The higher specific surface area compared

to D-201 is presumed to be favourable for adsorption. The loading

amount of Mo in FM-201 is 15.74 wt%, it is larger than 13.67 wt%

in ZM-201 although the content of Fe in the FM-201 is lower than

Zr in ZM-201.

As the adsorbent, its stability in water is important. Molybde-

num leaching from the materials at different pHs is then measured

(Fig. S3 in Supporting information), as it determines the perfor-

mance and reusability of the adsorbents. Mo in M-201 is easy to

escape, while FM-201 and ZM-201 remain stable with Mo loss less

than 1 wt% when pH is less than 7. Therefore, the complexation of

Fe3+ and Zr2+ improve the stability of molybdate adsorbents.

Effects of pH on the adsorption performance are investigated

at first, the adsorbents have pH-responsiveness because of the ex-

istence of quaternary ammonium and molybdate. The adsorption

ability of different adsorbents for the removal of phosphate from

water is evaluated in a wide pH range. As shown in Fig. 2a, the

phosphate adsorption capacity appears to be quite dependent upon

the pH. The composite adsorbents exhibit the highest adsorption

capacities at pH 5. The order of maximum adsorption capacities is

FM-201 (30.2 mg/g) > ZM-201 (26.1 mg/g) > M-201 (21.7 mg/g) >

D-201 (17.8 mg/g). Compared with M-201, adsorbents loaded with

other metals (Fe or Zr) possessed significant better performance.

Moreover, with more Mo contents, FM-201 has higher adsorption

capacity than ZM-201. The concentration of phosphorus in natu-

ral sewage is generally lower than 10 mg/L, the maximum removal

rate of phosphate is 97.6% by FM-201 in 10 mg P/L solution (Fig.

S4 in Supporting information).

The kinetics of phosphate adsorption is important in assess-

ing the adsorbent’s performance. Fig. S5 (Supporting information)

shows the adsorption kinetics of phosphate on FM-201. Pseudo-

second-order kinetic model better fits the kinetic data (Table S2 in

Supporting information), it reveals chemisorption between adsor-

bents and adsorbates, which is in accordance with previous deduc-
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Fig. 2. (a) Effect of pH on phosphate uptake (adsorbent dose: 0.5 g/L; initial phosphate concentration: 30 mg/L; 25 °C; 24 h). (b) Effect of competitive anions on phosphate

uptake (adsorbent dose: 0.5 g/L; initial phosphate concentration: 30 mg P/L; 25 °C; 24 h; coexisting anion concentration: 150 mg/L); Reusability of the FM-201 in 5 con-

secutive adsorption-regeneration cycles in (c) solution without coexisting ions (Initial phosphate concentration: 30 mg P/L; pH 5; adsorbent dosage: 0.5 g/L; regeneration

solution: 2 mL of HCl (0.1 mol/L) or NaOH (0.1 mol/L); regeneration time: 2 h) and (d) with coexisting competitive SO4
2− concentration: 150 mg/L.

tion that complexing actions between the phosphate and molyb-

date clusters. Another critical parameter for evaluating the perfor-

mance of an adsorbent is the isotherms. The adsorption behaviour

is well fitted by Langmuir isotherm models (Fig. S6 and Table S3 in

Supporting information), indicating a monolayer coverage of phos-

phate adsorbed onto FM-201. We suggest that qmax is originated

from the molybdate complexes, which is close to the experimental

results and evidenced the specific interaction of molybdate com-

plexes toward phosphate anions [28].

The structure of the composite adsorbents possess two dis-

tinct sites for phosphate adsorption, including the host ammonium

groups and the clusters of molybdate, which are interacted with

phosphate through the following equations Eqs. 1 and 2, respec-

tively:

nR − (CH3)3 + HmPO4
(3−m)− → [R − (CH3)3]n

[
HmPO4

(3−m)−]
(1)

HmPO4
(3−m)− + 12MoOx

(2x−6)− → [PO4 · MOx]
3− (2)

Effect of widely detected anions in water environment, such as

SO4
2−, Cl−, NO3

− and HCO3
−, on phosphate adsorption are tested

(Fig. 2b). Adsorption capacity of D-201 sharply decreased with the

increasing concentration of competing anions. By contrast, FM-201

maintained 93.7% adsorption capacity even when the molar con-

centration of SO4
2−, Cl−, NO3

− or HCO3
− is 5 times higher than

phosphate. Such results demonstrate the excellent adsorption se-

lectivity of FM-201 towards phosphate. While ammonium groups

of D-201 have no selectivity because they are interacted with an-

ions through Coulomb force [29], the results show that the load-

ing of molybdate generated selective adsorption ability of the new

adsorbents, and other anions can not compete with phosphate for

the active sites of molybdate clusters. As compared to several re-

ported metal oxide-based nanocomposite adsorbents for phosphate

removal, FM-201 exhibited great competiveness in terms of selec-

tivity.

The regeneration performance of adsorbents is important con-

siderations for practical applications. Figs. 2c and d show the re-

sults of the reusability of FM-201 in five cycles of adsorption-

regeneration. Adsorption performance of regenerated FM-201 after

acid solution treatment is significantly better than FM-201 regener-

ated by NaOH solution, despite whether the competitive anions ex-

ist or not. Without or with the coexistence of sulphate, the adsorp-

tion capacity maintained more than 94.0% or 82.4% of the original

value after the 5th cycle respectively. During any cycle, the HCl so-

lution can remove more than 90% of the phosphate captured in the

adsorbents (Fig. S7a in Supporting information). After two hours,

the desorption process is completed (Fig. S7b in Supporting infor-

mation). Mo loss from FM-201 is also examined (Table S4 in Sup-

porting information). Mo in FM-201 regenerated by HCl reduced

very slightly from 15.74 wt% to 12.69 wt% after 5 cycles, which

should be the reason for maintaining the selective adsorption ca-

pacity.

To explore the mechanism of phosphate adsorption by FM-201,

we performed XPS on FM-201 before and after phosphate adsorp-

tion. O 1s spectra of adsorbents are fitted with three speaks, in-

cluding oxide oxygen (-O-), hydroxyl group bonded to metal (-OH)

and adsorbed water (H2O) (Fig. 3a) [30]. The fitting parameters are

reported in Table S5 (Supporting information), it shows that the

-OH percentage of initial adsorbent is 65.02%, and great numbers

of -OH on the FM-201 surface. And the -OH percentage is remark-

ably decreased to 31.79% and the -O- percentage is increased to

45.15% after adsorption process due to the phosphate and MoOx

clusters formed the molybdate-phosphate complexes (PO4•MoOx)

with Mo-O-P bonds.

To figure out the change of interactions between molybdate and

phosphate during regeneration, FT-IR (Fig. 3b and Fig. S8 in Sup-

porting information) and Raman spectroscopy (Fig. 3c) are per-

formed. It has been reported MoOx structures change by the pH

of the solution. The used adsorbent is regenerated with HCl so-

lution and NaOH solution respectively, and the IR of regenerated

adsorbents are compared with each other. In Fig. 3b, there is no

peak at 900–950 cm−1 after the adsorbent is desorbed by NaOH

solution, the stretching vibration of the molybdate component dis-

appeared.Moreover, The remaining peak at 824 cm−1 (Fe-O) in

the solid beads indicate that Fe(OH)3 appeared and the clusters

of Fe-(MoOx) disappear in alkaline solution. In Fig. S8 (Support-

ing information), the adsorption of phosphate produced a neg-

ative shift in the stretching vibration of the molybdate compo-

nent (Mo = O) from 914 and 947 cm−1 to 899 and 923 cm−1

respectively, resulting from the molybdate-phosphate complexes

(PO4�MoOx). After desorption, the stretching vibration peaks of

3384



W. Zhu, X. Huang, Y. Zhang et al. Chinese Chemical Letters 32 (2021) 3382–3386

Fig. 3. (a) O 1s XPS spectra of FM-201 before and after phosphate adsorption (adsorbent dose: 0.5 g/L; initial phosphate concentration: 30 mg/L; pH 5; 25 °C; 24 h). (b)

FT-IR of FM-201 and FM-201 regenerated by HCl or NaOH solution. (c) Raman spectra of FM-201, FM-201 after adsorption of phosphate and regenerated by HCl solution.

Fig. 4. Schematic illustration of desorption mechanism.

molybdate moved back to the original position. Those prove that

the structure of molybdate clusters after regeneration by acid so-

lution are the same as that of the original molybdate clusters. The

peak at 833 cm−1 indicate the presence of the molybdate group

(Mo-O-Fe) for FM-201 (Fig. S8), which did not shift during the

adsorption-regeneration cycles.

Raman spectras of molybdate at various pH values and the cor-

responding ionic species are presented in the report previously

(Table S7 in Supporting information) [31]. As the solution pH

value is low, the corresponding species of molybdate clusters are

[Mo8O26]
4−. The support resin D-201 can still firmly fix the clus-

ters [Mo8O26]
4− in the acid solution. However, as the solution pH

value is high, the corresponding species of molybdate are [MoO4]
−.

After regeneration of alkaline solution, molybdate [MoO4]
− in D-

201 channels is rapidly lost, which led to a significant decrease in

the selective adsorption capacity of the regenerated adsorbent for

phosphate. When FM-201 is obtained in ferric nitrate solution, the

Raman band of molybdate is 963 cm−1. New Raman band appear-

ing at 934 cm−1 after adsorption suggest the presence of a new

complexes (PO4•MoOx). After regenerated by HCl solution, the Ra-

man band of molybdate moved back to 966 cm−1, this also shows

that adsorbent can be well regenerated in acid solution and can be

recycled effectively.

As shown in Fig. 4, the interaction mode between molyb-

date complexes and phosphate in the process of adsorption -

regeneration is briefly described. Firstly, due to the chemisorption,

only phosphate in the solution (pH 4–8) can be complexed with

molybdate Fe-(MoOx), and the new complexes Fe-(PO4•MoOx) ap-

peard. Then FM-201 is desorbed by alkaline solution, [MoO4]
− al-

most completely escaped, Fe3+ is transformed to Fe(OH)3, and the

adsorbent is completely damaged. Therefore, FM-201 is only regen-

erated in acid solution, it is stable and MoOx is firmly fixed. Fe-

(PO4•MoOx) is transformed to Fe-(MoOx). The XPS, FT-IR, and Ra-

man methods are in agreement and reveal their structures trans-

formation.

Combined above research, the simulated wastewater solution

is used to test the applicability of FM-201 in a more widely

used operation mode (the fixed-bed adsorption runs) [32]. Fig.

S9 (Supporting information) illustrates an effluent history of

a separate fixed-bed column packed with FM-201 for a solu-

tion containing phosphate and other commonly occurring an-

ions (Cl−, SO4
2−, NO3

−, HCO3
−). When the breakthrough point

is set as 0.5 mg P/L (the national wastewater discharge stan-

dard of China), the effective treatment volume of FM-201 is 4600

BV, whereas that of D-201 is only 300 BV. In addition, FM-201

can even bring down phosphate concentration from 2.5 mg/L to

0.01 mg/L, which further demonstrates the preferable removal of

phosphate by the composite adsorbent. The exhausted FM-201

column is then subjected to in situ regeneration by 0.1 mol/L

HCl (1BV) and 50 g/L (NH4)6Mo7O24 (1BV) solution successively

at room temperature. Prior to the next run, the FM-201 col-

umn is rinsed with deionized water until the effluent pH is

neutral.

In this study, we employed a new adsorbent FM-201, which has

excellent selective and durable phosphate removal ability. Molyb-

date complexes act as the core active species because of the con-

trolled complexation with phosphate. We put forward the new

method which related to regeneration of adsorbent by molybdate
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complexes structures transformation in acid solution. This work

may provide new insight into the design of the promising adsor-

bents for highly selective removal of phosphate.
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