
ARTICLE OPEN

Advanced natural hydrated iron-alum oxides cation exchange
resin for simultaneous phosphate and hardness removal
Le Ba Tran 1,2,3,4, Trung Thanh Nguyen1,2✉, Surapol Padungthon5, Tri Thich Le1,2, Quynh Anh Nguyen Thi1,2 and
Nhat Huy Nguyen 2,4✉

In this study, a hydrated iron-alum oxides-contained cation exchange resin (HIAO/225H) was synthesized for the first time from
natural alum-ferric water of acid sulfate soil to improve the water quality. The HIAO/225H material was then characterized by FTIR,
XRD, SEM, and EDX-mapping techniques and applied for phosphate and hardness removal tests. The phosphate removal by the
HIAO/225H material reached equilibrium after 50 h with the highest adsorption capacity of 2.075mg P g−1 (e.g., 69.16 mg P g−1 Fe)
at pH 6, which was 1.12, 11.15, and 2.11 times higher than by hydrated ferric oxide/225H material, anion exchange resin (Akualite
A420), and amphoteric ion exchange resin (MB6SR), respectively, under the same experimental conditions. The reason for the
higher phosphate adsorption efficiency of HIAO/225H than the hydrated ferric oxide/225H material may be that HIAO contains Ca,
Mg, and Al elements, leading to an easy formation of FeOOH on the surface. Particularly, HIAO/225H material was also effective for
both hardness and phosphate removal with an adsorption capacity of 15.6 mg Ca g−1, 9.4 mgMg g−1, and 1.825 mg P g−1, which is
higher 1.2 times than the phosphate removal only. This may be due to co-precipitation to form Ca3(PO4)2 and Mg3(PO4)2 with the
support of cation exchange resins. These results showed that the HIAO/225H material has a good performance in removing both
phosphate and hardness, which could be applied in practical water and advanced wastewater treatment.
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INTRODUCTION
The high concentration of phosphate is one of the main causes of
serious impacts on the ecological environment such as eutrophi-
cation and algal bloom which reduces the oxygen concentration
in the water, harming the living environment of aquatic species1,2.
Phosphate is released in inorganic or organic forms when entering
water sources from activities such as mining, industrial agriculture,
or wastewater from urban areas. Phosphate control is an essential
step to maintaining ecological sustainability in the country3,4.
According to the National technical regulation on domestic
wastewater in Vietnam (QCVN 14:2008/BTNMT) with discharging
water quality for water resources that are used for domestic
supply purposes (Column A), the concentration of phosphate in
domestic wastewater is less than or equal to 6 mg P L−1. Most
wastewater treatment plants have primary and secondary
treatment processes that only partially remove the biodegradable
organic matter through the activated sludge process. To meet the
more and more strict standard requirements, modern plants have
applied a tertiary treatment process with a combination of
anaerobic-aerobic-anoxic processes, which increases the efficiency
of phosphate removal in wastewater. However, it is difficult to
control the quality of the output water due to the fluctuation in
the quality of the input water, making it easy to be shocked by the
sudden rise of the organic load and the need of adding a carbon
source when there is a shortage. Thus, both installation and
operation costs, as well as energy consumption, are high because
of the large footprints of the system with many unit operations
and the large amount of waste sludge generated2,5–10. In addition,
physical and chemical processes are also applied to removing

phosphate in water; however, these processes are also costly, non-
selective, and more importantly, ineffective at low phosphate
concentrations of less than 10mg L−1. Among the method,
adsorption is usually considered a low-cost, small-footprint, and
effective process for phosphate at low (or trace) concentra-
tions2,9,11–15. Therefore, developing a cheap, effective, and natural
nanomaterial is a very potential research interest for phosphate
removal in water.
In addition, water hardness is determined mainly by the Ca2+

and Mg2+ contents, which are determined equivalently by the
amount of calcium carbonate. Several studies suggest a relation-
ship between Mg and Ca with cardiovascular disease and cancer
in humans16,17. Therefore, several methods have been applied to
remove hardness in water such as boiling, nanofiltration, reverse
osmosis, ion exchange, combined ultrasonic-ion exchange, and
chemical treatment with the soda-lime method18–22. Among
them, ion exchange resins are being widely applied to the water
hardness treatment process, reducing costs and bringing good
treatment efficiency and adsorption is one of the most suitable
methods for phosphate removal at low concentrations23. Recent
studies on phosphate adsorption have focused on some materials
such as aluminum/iron oxide-hydroxide24, inorganic adsor-
bent25,26, anion exchange resin27,28, fly ash and activated carbon29,
and magnetic chitosan composites30. In addition, recent reports
have shown that transition metals such as Zr(IV)31, Fe(III)32, and
Cu(II)2 immobilized or dispersed on resins14,33 with strong Lewis
acidity2 and strong ligand adsorption (e.g., HPO4

2− and H2PO4
−

with the oxides of polyvalent metals) exhibits phosphate
adsorption selectivity with the formation of complexes via Lewis
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acid-base interactions34. The oxides of polyvalent metals such as
HFeO, HZrO, and HCuO form ligands with phosphate, so these
oxides can selectively adsorb phosphate from the solution
containing other commonly existing anions such as Cl−, SO4

2−,
and NO3

− since these anions are only capable of complexing on
the outer sphere through Coulombic interactions with the surface
of metal oxides14,33. In recent years, the combination of
mechanical strength of ion exchange resins and selectivity of
iron (hydrogen)oxide for phosphate removal has been investi-
gated to improve the strength and applicability of the materi-
als35,36. The hydrated iron oxide (HFO) is harmless, readily
available, inexpensive, and chemically stable over a wide range
of pH conditions, which exists in the amorphous state with a size
of 20–100 nm37–39. This HFO was reported in previous studies with
high adsorption affinity for phosphate or similar oxyanions
(arsenide/arsenate) in water37,38. In addition, our research group
found that the addition of alkaline earth metal ions into the
structure of iron (hydro)oxide on the cationic resin framework
enhances the nitrate adsorption capacity when compared with
single iron (hydo)oxide materials on cationic resin frame40.
On the other hand, natural water from the acid sulfate soil

region (called “alum-ferric water”) usually contains high levels of
iron, aluminum, and other compounds such as Ca, Mg, and Si due
to the dissolution process when the water sources with low pH
value flow through the alkaline soil41. The composition of alum-
ferric water depends on the soil composition of the area through
which the water source flows. It is commonly found in Vietnam
and Southeast Asia, which usually has high concentrations of iron
and aluminum and low pH values. Because alum-ferric water
harms the environment, daily life, agricultural activities, and
production, this water source needs to be treated to a certain level
before being used for drinking, domestic, or industrial purposes42.
Recently, our research group has proposed a way to utilize this
natural alum-ferric water to synthesize iron oxide-based catalysts
for heterogeneous Fenton processes41. In practical, the most
popular and practical technique for removing aluminum, iron, and
other metal cations from water is ion exchange. However, the
saturated ion exchange resins contain many metals, which are
usually regenerated by salts or acid. After using, the exhausted
resins are usually considered hazardous waste since it contains
many metals, which require intensive and costly management and
treatment techniques. However, since the resin after ion exchange
contains a high content of iron and other metals, it could be a very
potential material source for preparing nanomaterials which is
capable of removing phosphate in water.
Therefore, it is a great idea to utilize the cations from the alum-

ferric water treatment for fabricating a novel hydrated iron-alum
oxide/cation exchange resin material (HIAO/225H) and apply it for
simultaneous removal of hardness and phosphate in water. In fact,
this is a new solution to supplement the treatment (anion
adsorption) capacity of cation exchange resin materials to save the
space inside the pores of the ion exchange resin and reduce the
volume of the resin tank. When the solution contains Ca2+ and
Mg2+ ions along with phosphate ions, the material should show
higher efficiency. The ion exchange adds Ca2+ and Mg2+ ions to
the 225H, where these cations are partially adsorbed and
precipitated on the material surface. Since both Ca3(PO4)2 and
Mg3(PO4)2 particles can be produced during the precipitation
process, the simultaneous adsorption of phosphate and hardness
ions will help to increase the efficiency of the adsorption process
more than the single adsorption process. In this study, HIAO/225H
nanomaterial was synthesized by accumulating ions (i.e., iron and
maybe others) from natural alum-ferric water of acid sulfate soil on
the cation exchange resin and then applied for simultaneous
removal of phosphate and hardness cations such as Ca2+ and
Mg2+. This study shows a vision in practical applicability of the
material, in which cation exchange resins after treating natural
alum-ferric water at individual houses could be collected and

fabricated into a novel and valuable HIAO/225H adsorbent for
treatment of phosphate at low concentrations and water with
high hardness. Meanwhile, the process of synthesizing materials
can treat the alum-ferric water so that the output water can reach
surface water quality for further use. Therefore, the objective of
this study is to find a suitable method for the synthesis of HIAO/
225H materials from the alum-ferric water. The synthesized
materials were then analyzed to explore their characteristics.
The adsorption tests were then conducted to evaluate the
phosphate and hardness removal of these materials in synthetic
wastewater and compare with some materials of previous studies.

RESULTS AND DISCUSSION
Material synthesis and characterizations
The synthesis of HIAO/CER material was designed with a
continuous flow condition with two types of strong acid cation
exchange resin (Supplementary Table 1). In this study, both 225H
and 220Na were used as cationic ion exchange resins. With a
better phosphate adsorption capacity of 50.67 mg P g−1, the 225H
was chosen for the synthesis of HIAO/225H material and tested
with different alum-ferric water flow rates. The results in
Supplementary Tables 2 and 3 show that HIAO/225H provides a
high ability for the treatment of alum-ferric water as well as the
phosphate adsorption capacity of the synthesized material. Thus
the 225H resin and the flow rate of 3 L h−1 were chosen as the
suitable material and condition, respectively, for further
experiments.
As seen in Fig. 1a, the characteristic peaks of Fourier-transform

infrared spectroscopy (FTIR) spectrum for styrene-divinylbenzene
bonds in Indion 225H cation exchange resin (225H) structure were
noted. In particular, C–H bonds in benzene ring and -CH2 in cross-
linked polystyrene matrix are found at 3063 and 2923 cm−1,
respectively43. Bands of stretching vibrations at 3424 and
3385 cm−1 are representative of O–H bonds while the peak at
1632 cm−1 is characteristic of C–C bonds in the styrene ring44. In
addition, the peak band from 843 to 1177 cm−1 might be assigned
to the stretching vibrations of the benzene ring due to the
styrene-divinylbenzene bonding matrix of the resin45.
On the other hand, the surface chemical structure of HIAO/225H

before and after adsorption was examined to clarify the adsorption
mechanism occurring on the surface of the material while the FTIR
spectra of fresh cation exchange resin and FeOOH (i.e., goethite and
lepidocrocite) were also provided for reference purposes. As can be
observed in Fig. 1a, all samples (lines 1, 2, and 3) have a peak at a
wavenumber of 3390 cm−1, which is assigned to the H–O–H
vibration of the water of hydration. The peaks in the region of 789
and 880 cm−1 are characteristic of Fe–OH–Fe46–48 while the peaks
at 466 and 746 cm−1 are attributed to Fe–O–H46,48. The absorption
bands at 3133 and 3384 cm−1 are related to the stretching
vibrations of the OH groups. These results are similar to those
reported in the previous studies46,48. In addition, the characteristic
peaks in the FTIR spectrum of the phosphate-adsorbed HIAO/225H
sample did not change significantly compared to the original HIAO/
225H sample, except for a new peak appeared at 494.7 cm−1 of
phosphate49. In addition, the FTIR spectrum of MB6SR material also
shows peaks located at 1008 and 1037 cm−1 attributed to the
–SO3H group in the resin and a strong peak at 1485 cm−1 of
–(CH3)3N+Cl group, which could exchange both anions and cations
in the solution (Supplementary Fig. 1 of Supplementary Data)50,51.
Besides, the FTIR spectrum of A420 resins has a peak at 1485 cm−1

of –(CH3)3N+Cl, which could only exchange with anions in the
solution (Supplementary Fig. 1)51.
As shown in Fig. 1b, there is a clear difference between the

X-Ray Diffraction (XRD) patterns of the 225H and HIAO/225H,
signifying the existence of HIAO particles in the 225H structure.
XRD patterns of HIAO/225H materials show the nature of iron
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hydrated oxide nanomaterial (FeOOH). The observed characteristic
peaks at 2θ of 31.06, 33.10, 38.99, 41.93, 46.19, 48.21, 54.66, and
57.55° indicate the orthorhombic iron oxide-hydroxide structure of
the HIAO/225H material (JCPDS card no. 18-0639, Fig. 1b)52.
However, the peaks are of low intensity and therefore suffer
interference from the background noise, implying that HIAO
materials synthesized by this method have a low crystallinity. This
is possibly due to the low-temperature synthesis of this material
without any calcination for the crystallization of iron oxide-
hydroxide, which is commonly observed for ferric (hydrogen)oxide
materials on ion-exchange resin substrates9. Other materials such
as Fe/225H, Fe-Mg/225H, and Fe-Ca/225H also give similar results
as HIAO/225H material (Supplementary Fig. 2). In addition, the
XRD spectrum of the HIAO/225H sample after phosphate
adsorption is similar to that of the fresh HIAO/225H sample,
demonstrating that phosphate adsorption does not change the
structure of the material of the HIAO/225H sample, which is very
similar to those observed in the FTIR results. In addition, the
existence of Ca3(PO4)2 and Mg3(PO4)2 in HIAO/225H after
phosphate adsorption was determined according to JCPDS Card
No. 861585 and 01-0941 as shown in Line 2 of Fig. 1b.
The morphology and surface elemental composition of the

materials were examined by scanning electron microscope (SEM)
and energy-dispersive X-ray spectroscopy mapping (EDX-map-
ping), respectively. The 225H has a spherical morphology
(Supplementary Fig. 3) with a basic chemical composition of
organic structure (Supplementary Table 6 and Table 1). For the
HIAO/225H material, the composition of the elements on the
surface of the materials is summarized in Table 2 with the main
components of C, O, Fe, Ca, Mg, and Al. Phosphate was only
detected in the structure of the HIAO/225H material after

phosphate adsorption (Supplementary Fig. 4), but not in those of
the resin (Supplementary Fig. 3) and fresh HIAO/225H material
(Supplementary Fig. 5). In general, the shape of all materials is
spherical, which is similar to the shape of the original 225H material.
Interestingly, HIAO/225H materials have a higher Fe composition
than Ca, Mg, and Al elements, and the composition of this material
is very similar to the composition of elements in alum-ferric water,
which is the raw material for synthesizing HIAO/225H material. In
addition, the SEM-mapping results (Supplementary Fig. 5) show
that the HIAO particles are located inside the pores and evenly
coated on the surface of the 225H resin. Besides, the (hydrogen)
oxide components of Fe, Al, Ca, and Mg are also evenly distributed
on the surface of the resin. However, the composition of elements
such as Al, Ca, and Mg is difficult to be determined by the XRD

Table 1. Elemental composition (wt%) of material as determined
by EDX.

Material/
elements

Resin (wt%) Fresh HIAO/
225H (wt%)

HIAO/225H after
adsorption (wt%)

C 45.22 ± 0.08 31.62 ± 0.06 31.37 ± 0.05

O 54.78 ± 0.19 34.63 ± 0.11 34.97 ± 0.09

Fe 33.14 ± 0.27 32.18 ± 0.22

Al 0.30 ± 0.01 0.36 ± 0.01

Ca 0.11 ± 0.01 0.12 ± 0.01

Mg 0.20 ± 0.01 0.25 ± 0.01

P 0.75 ± 0.02

Table 2. The kinetic models for phosphate adsorption using HIAO/
225H.

Model Parameter Parameters

Pseudo-first-order Kad (gmg−1 h−1) 0.0756

R2 0.9802

Qe, cal:

(mg P g−1 Fe) 66.47

(mg P g−1) 1.9941

Qe, exp:

(mg P g−1 Fe) 69.15

(mg P g−1) 2.075

Pseudo-second-order Kad (gmg−1 h−1) 0.001494

R2 0.9906

Qe, cal:

(mg P g−1 Fe) 79.37

(mg P g−1) 2.3811

Intraparticle diffusion K (gmg−1 h−0.5) 0.2618

C 0.2939

D (cm2 s−1) 7.4405 × 10−10

R2 0.9527

Film diffusion D (cm2 s−1) 2.9439 × 10−5

R2 0.9724

Pore diffusion D (cm2 s−1) 8.7516 × 10−6

R2 0.8176
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Fig. 1 FTIR spectra and XRD patterns of materials. a FTIR spectra of (1) 225H, (2) HIAO/225H after phosphate adsorption, (3) fresh HIAO/
225H, (4) lepidocrocite and goethite references48,49. b XRD patterns of (1) 225H, (2) HIAO/225H after phosphate adsorption, (3) fresh HIAO/
225H, and (4) iron oxide-hydroxide reference (JCPDS card no. 18-0639)54).
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technique, which may be due to the relatively low contents of
these elements as compared to other elements.
The results obtained in the physicochemical analysis of HIAO/

225H materials reveal that the simple but effective method
proposed in this study can be applied to the synthesis of natural
HIAO/225H materials. A generalization for the synthesis of
materials can be suggested by the following reaction equations
(Reactions 1–9):
Step 1. Adsorption of metal ions onto 225H surface via ion

exchange

3R SO�
3

� �
Hþ þ Fe3þ ! ½R SO�

3

� ��3Fe3þ þ 3Hþ (1)

Other reactions also simultaneously occur on the surface of the
material:

3R SO�
3

� �
Hþ þ Al3þ ! ½R SO�

3

� ��3Al3þ þ 3Hþ (2)

2R SO�
3

� �
Hþ þ Ca2þ ! ½R SO�

3

� ��2Ca2þ þ 2Hþ (3)

2R SO�
3

� �
Hþ þMg2þ ! ½R SO�

3

� ��2Mg2þ þ 2Hþ (4)

Step 2. Generation of iron-alum hydroxide

RðSO�
3 Þ

� �
3Fe

3þ þ 3NH4OH ! 3R SO�
3

� �
NHþ

4 � FeðOHÞ3 (5)

Other reactions also occur at the same time:

RðSO�
3 Þ

� �
3Al

3þ þ 3NH4OH ! 3R SO�
3

� �
NHþ

4 � AlðOHÞ3 (6)

RðSO�
3 Þ

� �
2Ca

2þ þ 2NH4OH ! 2R SO�
3

� �
NHþ

4 � CaðOHÞ2 (7)

RðSO�
3 Þ

� �
2Mg2þ þ 2NH4OH ! 2R SO�

3

� �
NHþ

4 �MgðOHÞ2 (8)

And at this stage, iron-alum hydroxide is defined as a mixture of
metal hydroxides. Thus, iron-alum hydroxide has the molecular
formula FexMy(OH)z (where M= Al, Ca, Mg,…). In summary, the
general formula of iron-alum hydroxide particles located in the
pores of 225H is represented as: nR SO�

3

� �
NHþ

4 � FexMyðOHÞz
Step 3. Formation of hydrated iron-alum oxide

nR SO�
3

� �
NHþ

4 � FexMyðOHÞz ! nR SO�
3

� �
NHþ

4 � FexMyðOOHÞz
(9)

Noticeably, the quality of iron-alum contaminated water from
the natural acid sulfate soil after passing through the cationic
exchange resin column reached the surface water standard of
QCVN 08-MT:2015/BTNMT—Column A (Supplementary Table 3).

This is a very meaningful method to improve the quality of natural
surface water under the impact of natural pollution (e.g., alum-
ferric contamination). In addition, the 225H material can be used
with multifunction as (1) a filter material to remove ions in
contaminated water and (2) a substrate that provides pores (e.g.,
in the resin matrix) for the formation of HIAO particles
(Supplementary Fig. 5). The phosphate adsorption experiment
was then designed to better understand the performance of HIAO
material while the simultaneous adsorption of phosphate and
removal of hardness was for evaluating the practical applicability
of this material.

Adsorption of phosphate onto HIAO/225H
Figure 2a shows that the adsorption capacity of HIAO/225H
increased with increasing adsorption time during 60 h of investiga-
tion. Basically, there are 3 basic stages in phosphate adsorption
using HIAO/225H material, including the first stage of the fast
adsorption process in the first 10 h, the second stage of slow
adsorption in the next 40 h, and the last stage of equilibrium after
50 h of adsorption with an adsorption capacity of 2.075mg P g−1.
Therefore, it shows that the HIAO/225H material has the same
adsorption time as the previous studies53. This may indicate that
the adsorption process based on FeOOH material plays a major role
as compared to other oxides presented in the structure of HIAO
material, which is also compatible with the results of composition
analysis of HIAO/225H materials. The kinetics for the adsorption of
phosphate onto HIAO/225H were then studied by using three
kinetic models of pseudo-first-order, pseudo-second-order, and
intraparticle diffusion models53–56, as presented in Table 2. Based
on the correlation coefficient (R2 > 0.9), all three models can be
used for describing the adsorption of phosphate. However, the
pseudo-second-order model is the most suitable adsorption model
for phosphate adsorption using HIAO/225H since it has the highest
R2 value of 0.9906 (Supplementary Fig. 6) with similar values of
calculated and experimented adsorption capacity. Besides, the K
adsorption rate constant was also determined to be 0.001494
(gmg−1 h−1) at a phosphate concentration of 20mg L−1.
As also observed in Fig. 2a, after 10 h of rapid adsorption, the

adsorption capacity increased slowly to 50 h. After 50 h, the
adsorption capacity did not change much during the treatment
process. Meanwhile, the concentration of the adsorbent decreases
with time, and after 50 h, the concentration has almost no change.
The most reasonable time for the phosphate adsorption is 50 h,
which was then chosen for all further experiments in this study. The
diffusion models are also provided in Table 2, including intraparticle
diffusion, film diffusion, and pore diffusion. Among them, the
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Fig. 2 Effect of time and pH on the adsorption of phosphate. a Effect of time on the adsorption of phosphate with condition: 5 g (HIAO/
225H)/L, 20mg P L−1, pH 6.0, room temperature of ∼30 °C). b Effect of pH on the adsorption of phosphate with condition: 50 h, 5 g (HIAO/
225H)/L, 20mg P L−1, and room temperature of ∼30 °C; and experimental condition (n= 3 ±standard deviation [s.d.]).
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intraparticle diffusion model shows a diffusion coefficient of
7.4405 × 10−10 (cm2 s), which is much lower than those in the
other models. This suggests that intraparticle diffusion is a
controlling step in the adsorption of phosphate and the adsorption
of phosphate has several stages as illustrated in Fig. 2a.
Previous studies have shown that solution pH is an important

parameter that affects the adsorption capacity of the materi-
als9,34,56. In this study, the phosphate adsorption capacity of the
materials from pH 2 to 12 is shown in Fig. 2b. The adsorption
capacity increased gradually from pH 2 to 6, where it reached the
highest value of 2.067mg P g−1. In addition, the point of zero
charge (pHpzc) of the material was determined at 6 (Supplementary
Fig. 7). When the pH is <6.5, the surface of the material has a
positive charge that favors the adsorption of phosphates, which are
negatively charged in the forms of HPO4

2− and H2PO4
− (Reactions

10–12) and retained by iron oxyhydroxide through the formation of
a complex inside the pores of 225H. Since HPO4

2− tends to form
stronger amphoteric complexes than H2PO4

− (Reactions 15, 16),
lowering the pH causes more phosphate to remain in the form of
H2PO4

− with a less negative charge, resulting in an unfavorable
condition for the adsorption process. Besides, too low pH values
decrease the negative charge of phosphate from divalent to
monovalent, thus reducing the electrostatic attraction between the
positively charged iron oxyhydroxide groups and the phosphate
ions. The adsorption capacity then decreased gradually when the
pH exceeded 6 and reached only 22.45mg P g−1 Fe at pH 12. At
these high pH conditions, HIAO is deionized and negatively
charged (Reactions 13, 14); therefore, the electrostatic repulsion
and Donnan co-ion exclusion inhibit phosphate adsorption8,9.

H3PO4 #Hþ þ H2PO
�
4 pKa1 ¼ 2:15 (10)

H2PO
�
4 #Hþ þ HPO2�

4 pKa2 ¼ 7:20 (11)

HPO2�
4 #Hþ þ PO3�

4 pKa3 ¼ 12:35 (12)

FeOH
þ
2 # FeOHþ Hþ pKa1 ¼ 6:5 (13)

FeOH# FeO� þ Hþ pKa2 ¼ 8:5 (14)

FeOH
þ
2 ðCl�Þ þ H2PO

�
4 # FeOH

þ
2 :H2PO

�
4 þ Cl� (15)
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As illustrated in Fig. 3a, the adsorption capacity of phosphate is
affected by the dose of HIAO/225H adsorbent. As the adsorbent
dose increased, the adsorption capacity decreases while the

adsorption efficiency increased gradually and the output water
quality was improved. For example, the phosphate adsorption
capacity decreased rapidly when the adsorbent dosage increased
in the range of 2 to 10 g L−1 and then decreased slowly in the
adsorbent dosage range of 10–30 g L−1. This can be explained
that the number of ions in the solution being constant, but the
adsorption capacity is the amount of ions per amount of
adsorbent material, so when increasing the amount of adsorbent,
the capacity decreases. To meet the standard of QCVN 14:2008/
BTNMT (Column A) with an output phosphate concentration of
lower than 6mg P L−1, the appropriate adsorbent dosage should
be selected as 10 g L−1 for the next experiments.
Figure 3b demonstrates the influence of phosphate concentra-

tion and temperature on the adsorption capacity of the HIAO/
225H material. As the concentration increases, the adsorption
capacity also increases gradually. This is because increasing the
concentration will lead to an increase in the concentration
gradient between the contact solution and the pores of the ion
exchange resin, leading to an increase in the adsorption of ions on
the adsorbent. Similarly, the increase in temperature causes an
increase in the mobility of phosphate ions, thus favoring
phosphate adsorption. This can be seen clearly in solutions with
an initial concentration from 5 to 50mg P L−1 at different
temperatures of 5, 20, 30, and 40 °C, which is similar to previously
published studies15,57.
In addition, in the study of adsorption process characteristics, it

has been shown that determining the adsorption isotherms is an
important step. Usually, Langmuir and Freundlich isotherm models
were used to describe the relationship between the phosphate on
the surface of the material and its equilibrium concentration in the
solution at a constant temperature58,59. The adsorption isotherm
parameters of the processes are presented in Supplementary Table
7. Although both Langmuir and Freundlich models are suitable to
describe phosphate adsorption at 30 and 40 °C, the Langmuir
model is more suitable because of its higher correlation coefficient
with R2 of 0.9788. In addition, the KL value, which is the Langmuir
constant representing the affinity of the adsorbent and the surface
of the adsorbent55,56,60, was calculated from the equations (i.e.,
y= 0.0082x+ 0.0296 and y= 0.0084x+ 0.0223) to be 0.277 and
0.377 Lmg−1 at 30 and 40 °C, respectively. The comparison of the
suitability of the two adsorption models is seen more clearly
through the χ2 value. The χ2 values of the Langmuir model for
phosphate (5.009–12.452) are much lower than those of the
Freundlich model for phosphate (11.309–26.686). The χ2 value of
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Intercept 1.91064 ± 0.39452 2.57336 ± 0.25262 3.21824 ± 0.14219 3.40252 ± 0.12689
Slope 0.642107 ± 0.1569 0.751168 ± 0.1300 0.557381 ± 0.0795 0.504166 ± 0.0721

Residual Sum of Squares 0.533048 0.361463 0.224595 0.224221

Pearson's r 0.898437 0.944969 0.961564 0.961359
R-Square (COD) 0.807189 0.892966 0.924605 0.92421
Adj. R-Square 0.758986 0.866207 0.905756 0.905263

a) b)

Fig. 3 Effect of dosage and the isotherm plot of Freundlich for the adsorption of phosphate. a Effect of dosage on the adsorption of
phosphate with experimental conditions: 50 h, 20mg P L−1, pH 6.0, and room temperature of ∼30 °C; b the isotherm plot of Freundlich for the
adsorption of phosphate with experimental conditions: 50 h, 10 g (HIAO/225H)/L, pH 6.0 room temperature of ∼30 °C; and experimental
condition (n= 3 ±standard deviation [s.d.]).
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the Langmuir model at 30 °C is the lowest one (5.009) since its
modeled data are similar to the experimental data.
On the other hand, the thermodynamic property of the

adsorption process is expressed through parameters such as
Gibbs free energy (ΔG), entropy (ΔS), and enthalpy (ΔH) using
equilibrium constants at different temperatures (e.g., 5, 20, 30, and
40 °C) are summarized in Supplementary Table 4. ΔG is a value
that can indicate whether a material is physically or chemically
adsorbed. The ΔG values from −20 to 0 kJ mol−1 suggest a
physical adsorption process and those from −80 to −400 kJ mol−1

suggest chemisorption61. The ΔG in this study was estimated to be
−3.416, −5.372, −6.677, and −7.981 kJ mol−1 at 5, 20, 30, and
40 °C, respectively, indicating that the adsorption process was
spontaneous at all experimented temperatures56, which can be
classified as a physical adsorption process. Regarding the
interaction between phosphate ions and HIAO/225H surface
during the adsorption process, van der Waals forces, hydrogen
bonds, ionic pairs, and other polar and nonpolar interactions
should play an important role56,61,62. The ΔH value calculated from
the equation is 32.849 kJ mol−1, and this positive value shows that
this is an endothermic adsorption process. The value of ΔS is
greater than 0, implying that there are increases in affinity and
contact between the adsorbate and adsorbent in the adsorption
process62.

Effect of coexisting ions, durability, and real wastewaters
In water and wastewater, the Cl−, SO4

2−, NO3
−, and HCO3

− anions
are usually co-existed with PO4

3− anion. Thus, it is necessary to
study the influence of these ions on the efficiency of the
phosphate adsorption process. Figure 4 shows the effect of
anions on the adsorption capacity of phosphate using HIAO/225H
material. Among the anions, HCO3

− (with a concentration of
100mg L−1) had the most influence on the phosphate adsorption
capacity of the material. Meanwhile, other anions such as Cl−,
NO3

−, and SO4
2− had no obvious effect on the adsorption process,

proving the selective interaction and adsorption of the HIAO/225H
material with HCO3

− and PO4
3− anions14,33. In general, the HIAO/

225H material has low selectivity and this is a common feature of
materials with physical adsorption characteristics. On the other
hand, the presence of HCO3

− ion showed great competition for
the phosphate adsorption process of the material. This may be
because the HCO3

− ion present in the solution could be adsorbed
on the surface of the HIAO/225H material, which can form
unexpected products such as MgCO3 and CaCO3. Therefore, this
changed the environment inside the resin pores which affects the
presence of FeOOH, which can be further seen via the

enhancement mechanism of phosphate adsorption efficiency in
the later section. Thus, when researching and applying this
material to water and wastewater treatment, it is necessary to pay
attention to the selectivity of anion adsorption in the aqueous
environment.
Regarding cations in solution, the presence of calcium and

magnesium in the solution increases the phosphate adsorption, as
evidenced in Supplementary Fig. 8. At the same time, the material
was also capable of removing Ca from 224 to 68mg L−1 and Mg
from 185 to 91mg L−1. The phosphate adsorption capacity was
enhanced 1.2 times under the presence of Ca and Mg, up to
1.825mg P g−1 resin. This can be explained by the integration of Ca
and Mg onto the surface of CER by ion exchange (Reactions 3, 4), as
illustrated in Fig. 5A, which then adsorb phosphate to form
Ca3(PO4)2 and Mg3(PO4)2 (Reactions 17, 18), as evidenced by XRD
and FTIR (Fig. 1a, b). Ca3(PO4)2 and Mg3(PO4)2 detach from the
surface of resin and accumulate on the surface of HIAO (Fig. 5B). In
comparison, the solution consisting of phosphate, Ca2+, and Mg2+

maintained at atmospheric conditions for 50 h (Supplementary Fig.
9) without adding material shows that the content of these ions
was still stable without any homogenous reactions, proving that the
changes in the contents of phosphate, Ca2+, and Mg2+ ions when
adding materials are all due to adsorption or ion exchange. Thus, it
can be said that the presence of Ca2+ and Mg2+ ions in the solution
can increase the phosphate removal efficiency of HIAO/225H
materials thanks to the precipitation of Ca3(PO4)2 and Mg3(PO4)2 on
the solid surface or with the support of the solid surface. This is
similar to the process of crystallization of precipitates on the surface
of the nuclei in the synthesis of nanomaterials by wet chemistry. In
addition, in the presence of Ca and Mg in solution, the HIAO/225H
material showed a total capacity of 26.825mg g−1 resin as
compared to 12.7mg g−1 when using MB6SR amphoteric ion
exchange material. Furthermore, the removal ability of Ca2+ and
Mg2+ in the solution of HIAO/225H material (25mg g−1) is also
about 5 times higher than that of MB6SR material (5.1 mg g−1)
(Supplementary Table 8).

RðSO�
3 Þ

� �
2Ca

2þ þ PO3�
4 ! 2R SO�

3

� �
Me� Ca3ðPO4Þ2 (17)

RðSO�
3 Þ

� �
2Mg2þ þ PO3�

4 ! 2R SO�
3

� �
Me�Mg3ðPO4Þ2 (18)

The adsorption capacity of HIAO/225H materials was compared
with similar and/or commercial materials such as Ca-Fe/225H, Mg-
Fe/225H, Al-Fe/225H, Fe/225H (i.e., HFO/225H), 225H, and Akualite
A420 (Supplementary Fig. 10). The 225H material is completely
incapable of phosphate adsorption while HIAO/225H materials
gave 1.126 times higher adsorption capacity than HFO/225H. To
better understand this process of improving adsorption efficiency,
the evaluation of Ca-Fe/225H, Mg-Fe/225H, and Al-Fe/225H
composites was carried out to investigate the phosphate
adsorption process. The order of phosphate adsorption capacity
of the materials is Ca-Fe/225H >Mg-Fe/225H > HIAO/225H > Al-Fe/
225H > HFO/225H. It can be concluded that the existence of
alkaline earth metal ions and amphoteric metal ions in the HFO
structure enhances the phosphate adsorption capacity of the
material. In addition, the FTIR spectrum in Supplementary Fig. 11
shows that the intensity of the peak at wavenumber 3184 cm−1

(characteristic for vibrations of the -OH group) is corresponding to
the above order of adsorption capacity. Therefore, it can be said
that the presence of alkaline and amphoteric ions increase the
possibility of Fe–OOH formation, thus their presence is likely to
increase the phosphate adsorption efficiency of the HFO. In this
case, thanks to the existence of Ca, Mg, and Al elements in the
structure of HFO, HIAO/225H material shows superior phosphate
adsorption capacity as compared to HFO/225H materials, as
demonstrated in Fig. 6.
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Fig. 4 Effect of other anions on the adsorption of phosphate.
Experimental conditions: 50 h, 10 g (HIAO/225H)/L, 20mg P/L, pH
6.0, room temperature of ∼30 °C; and experimental condition
(n= 3 ±standard deviation [s.d.]).
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It is demonstrated that HIAO/225H materials can simultaneously
adsorb anions and cations. This is a novel method to add a new
capability (e.g., anion adsorption) of 225H material and saves the
empty volume inside the pores of the resin and the total volume
of required ion exchange resin. In the simultaneous presence of
Ca2+, Mg2+, and phosphate ions, HIAO/225H showed higher
adsorption capacity than in the solution of phosphate only or
higher than the primitive 225H. This can be explained previously,
which is more detailedly demonstrated via a mechanism in Figs. 5,
6, as follows. The neighboring Ca2+ and Mg2+ ions are attached to
the 225H resin through ion exchange and also adsorbed and
partially precipitated on the surface of HIAO particles to form
Ca3(PO4)2 and Mg3(PO4)3 particles. Therefore, the simultaneous
adsorption of phosphate and hardness ions helps to increase the
efficiency of the adsorption process as compared to the single
phosphate adsorption process.
The HIAO/225H material was then applied to domestic waste-

water treatment. As exhibited in Supplementary Fig. 12, the
phosphate concentration reduced from 20 to 4.76 mg P L−1 for
synthetic wastewater and from 12.4 to 1.53 mg P L−1 for domestic
wastewater, both met the standards of QCVN 14: 2008/BTNMT
(Column A). Although there may be competing ions in domestic
wastewater, the competition does not greatly affect the phos-
phate adsorption process, showing the high selectivity of the
material for phosphate adsorption.
The durability, stability, and reusability of the material were

evaluated via cycle tests (Supplementary Fig. 13) and the
regeneration mechanism is proposed in Fig. 7. When using only
NH4OH solution for regeneration (Supplementary Fig. 13), the
adsorption capacity after five times reuse was only 0.5 mg P g−1,
equivalent to 25–30% capacity as compared to the fresh material.
Thus, the regeneration ability of NH4OH is not acceptable and

needs further study to find out a more effective regeneration way.
Results from FTIR and XRD analysis (Fig. 1a, b) showed that the
phosphate-saturated adsorbent materials are determined to have
the presence of products such as Ca3(PO4)2 and Mg3(PO4)2.
Therefore, it is difficult to recover the materials with NH4OH only.
Hence, a new regeneration method was tested, which has two
steps: (i) cleaning the surface of HIAO material with HCl solution
(3 vol.%) and (ii) reverting the functional group on the HIAO
surface with NH4OH solution (Fig. 7). With HCl and NH4OH
regeneration, the adsorption capacity after 10 cycles is about 80%
compared to the initial adsorption (Supplementary Fig. 13).
Therefore, HCl washing step significantly improves the regenera-
tion of HIAO/225H materials although more intensive work is
needed to obtain an optimal method for the regeneration of
HIAO/225H after simultaneous removal of phosphate and
hardness.

Comparison with other studies
The phosphate adsorption capacity of the materials in the study
was also compared with the results of previous publications, as
can be seen in Supplementary Table 5. Although the phosphate
adsorption capacity of HIAO/225H was not high, it is still very
potential as a cheap material since it is a waste from water
treatment. The most possible use of the HIAO/225H could be in
rural areas, where it can be used for simultaneously removing
phosphate and hardness in water.

Environmental implication
This study successfully synthesized HIAO/225H material capable of
removing phosphate and hardness in water. This material was
synthesized from natural polluted alum-ferric water of acid sulfate

Fig. 5 Illustrations of simultaneous adsorption and precipitation of HIAO/225H material. a Simultaneous adsorption of phosphate and
hardness; b precipitation of Ca3(PO4)2 và Mg3(PO4)2 on HIAO surface of HIAO/225H material.
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soil. This provides a simple ion exchange method for treatment of
naturally contaminated alum-ferric water from acid sulfate soil. After
that, the saturated ion exchange material was effectively applied for
the treatment of phosphate and hardness in wastewater.

Conclusions and discussion
The HIAO/225H material was successfully synthesized from natural
alum-ferric and applied for phosphate and hardness removal in
water. The equilibrium adsorption time was determined to be 50 h

Fig. 6 Mechanism for the enhanced formation of FeOOH on the surface of HIAO. a The surface of the material without the presence of ions:
Ca2+, Mg2+, and Al3+. b The surface of the material has the presence of ions: Ca2+, Mg2+, and Al3+.

Fig. 7 Mechanism for the regeneration of HIAO/225H material. a The material after the adsorption process was regenerated with NH4OH
solution. b The material after the adsorption process was regenerated with HCl and NH4OH solution.
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while the suitable pH was around 6. The HIAO/225H showed the
adsorption capacity increased with the increase of phosphate
concentration and adsorption temperature. In addition, HIAO/
225H material showed that the phosphate adsorption efficiency
was 1.126 times higher than that of material HFO/225H. This
would be due to the existence of Ca, Mg, and Al elements in the
structure of HIAO material, which facilitates the formation of
FeOOH and thus the efficiency of phosphate adsorption is
improved. On the other hand, in the simultaneous phosphate
and hardness adsorption by HIAO/225H material, the presence of
Ca and Mg cations in the solution enhanced the phosphate
adsorption up to 1.2 times compared with a solution without
phosphate, possibly due to the support of the solid surface for
enhanced precipitation. Therefore, this is a potential material with
a large source of natural materials (alum-ferric water). In both
synthetic and domestic wastewater, the HIAO/225H was effective
for removing phosphate to meet the discharging standards,
indicating the practicability of the material in wastewater
treatment. This research is not only to synthesize materials to
treat phosphate and hardness but also to treat alum-ferric water in
nature.

METHODS
Chemicals
Chemicals used in the study such as NH4Cl, NH3 solution
(28–34 vol%), and NaCl were from China, and HCl, KH2PO4, KCl,
K2SO4, MgCl2, KNO3, and CaCl2 were from Merck. Supplementary
Table 6 of Supplementary Data shows the properties of ion
exchange resin used in this work, including cation exchange resin
H+ (225H) and Na+ (220Na) from India, anion change resin of
Akualite (A420) from China, and cation-anion resin of Indion
(MB6SR) from India. Deionized water was taken from a local
machine in the laboratory. The phosphate solution was prepared
by dissolving KH2PO4 into deionized water.

Material synthesis and characterizations
The HIAO/225H materials were synthesized based on the principle
of ion exchange between ions in cation exchange resin (225H) and
ions in alum-ferric water using a continuous flow reactor.
Interestingly, the quality of alum-ferric water after flowing through

the ion exchange resin column meets the National technical
regulation on surface water quality (QCVN 08-MT:2015/BTNMT) for
domestic water supply purposes in Column A (Supplementary
Table 3).
As depicted in Fig. 8, 5 g of 225H cation exchange resin was first

placed in a plastic column with a diameter of 1 cm. The water
sample was then prepared by adding HCl into the natural alum-
ferric water with a dose of 1 mL L−1. This natural alum-ferric water
was subsequently passed through the cation exchange column
from bottom to top with a flow rate of 3 L h−1 until the column
turned red and the color of outlet water was similar to the inlet
(brown-red color). After that, the ion exchange resin was removed
from the column and washed several times to remove the external
residues. The resin was then added to 100mL of deionized water
containing 1mL of ammonia solution (28–34 vol%) and stirred at
500 rpm for 10min. Next, the resin was separated from the
solution and washed several times with deionized water. Finally,
the material was naturally dried in the air, where it turned to a
yellow-orange or red color.
The morphology of the material was observed by scanning

electron microscopy (SEM, JCM-7000, JEOL, Japan). The elemental
compositions were determined by energy-dispersive X-ray analy-
sis (EDX) and EDX-mapping. The surface chemistry was character-
ized by Fourier-transform infrared spectroscopy (FTIR, Alpha,
Bruker, Germany). The crystal phase and crystalline structure of
the materials were examined by X-ray diffraction (XRD, AERIS,
Malvern Panalytical, Netherlands).

Adsorption tests
The application of the material was evaluated via its adsorption
ability for phosphate and other cations (i.e., Mg and Ca) using
batch adsorption experiments. For the single phosphate adsorp-
tion test, 0.25 g of material was added to 50mL of phosphate
solution (20 mg P L−1) and let adsorption for 60 h. The material
was then removed and the solution was sent for analyzing
phosphate concentration by using UV-Visible spectroscopy (V-730
UV, JASCO, Japan). The investigated parameters include contact
time (0–60 h), adsorbent dosage (2–30 g L−1), solution pH (2–12),
and competing ions in solution (i.e., sulfate, bicarbonate, chloride,
and nitrate), initial phosphate concentration (5–50mg L−1), and
temperature (5–40 °C). The phosphate adsorption efficiency (H, %)

Fig. 8 Process of HIAO/225H material synthesis. A plastic column with a diameter of 1 cm, cation exchange resin: 5 g, adding HCl into the
natural alum-ferric water with a dose of 1 mL L−1, a flow rate of 3 L h−1, ammonia solution: 100mL of deionized water containing 1mL of
ammonia solution (28–34 vol%), NaOH solution (0.1 M).
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and adsorption capacity (Qe, mg P g−1) are calculated by the
following equations.

H ¼ 1� Ct
Co

� �
´ 100% (19)

Qe ¼ Co � Ceð Þ ´m
V

(20)

Where Co, Ct, and Ce are phosphate concentrations at the initial
time, certain time t, and equilibrium point in terms of
phosphorous (mg P L−1). V is the volume of solution (L) and m is
the mass of the material (g).
In the simultaneous adsorption of phosphate, Mg, and Ca,

0.25 g of resin was added into 50 mL of a solution containing
20mg P L−1 for phosphate, 224mg L−1 of calcium, and
185mg L−1 of magnesium. Other conditions were kept the same
as in the previous phosphate adsorption experiment. After that,
the solution was taken for analyzing phosphate by UV-Vis while
calcium, magnesium, and iron were analyzed by atomic absorp-
tion spectroscopy (AAS, AAnalyst 400, PerkinElmer, USA). The
concentration of phosphate in the experimental process was
determined according to “Standard Methods for the Examination
of Water and Wastewater - 4500-P E. Ascorbic Acid Method
(SMEWW 4500-P-E 2012)” and the concentrations of calcium and
magnesium in the solution were determined by “Standard
Methods for the Examination of Water and Wastewater - 3111 B.
Direct Air-Acetylene Flame Method - Metals By Flame Atomic
Absorption Spectrometry (SMEWW 3111 B 2017)”.
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