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Mechanisms of phosphorus removal from wastewater by ion exchange resin
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ABSTRACT

This study investigated the mechanisms of phosphorus removal from both synthetic wastewater and efflu-
ent of an anaerobic membrane bioreactor (AnMBR) treating sewage by ion exchange resin. The results
showed that 88.6% of phosphorous could be removed from the effluent of AnMBR with dosage of 10.0 g/L
Amberlite IRA-958 resin, suggesting that ion exchange is a promising method for removing phosphorus
from real wastewater. The maximal equilibrium sorption capacity of phosphate (Q,) was obtained at pH 10
for both synthetic wastewater and real wastewater. However, the isothermal sorption model and sorption
kinetics of phosphate from synthetic wastewater were different from those of real wastewater due to the
complexity of real wastewater. The phosphate sorption capacity and sorption equilibrium time of Amber-
lite IRA-958 resin in real wastewater were lower than that in synthetic wastewater. Furthermore, the sorp-
tion behaviors of synthetic wastewater fitted well with Langmuir isothermal sorption, while those of real
wastewater were in agreement with Freundlich isothermal sorption. The results also show that the kinetics
of phosphate sorption onto Amberlite IRA-958 resin from both real wastewater and synthetic wastewater
corresponded well with the pseudo-first order kinetics model. The regeneration experimental results show
that 0.4 mol/L NaCl could be used as the effective regeneration solution to recover the resin.

Keywords: Phosphorus removal; Ion exchange; Isothermal sorption models; Anaerobic membrane

bioreactor; Wastewater treatment

1. Introduction

Phosphorus (P) is well known as a nutrient that induces
eutrophication of aqueous ecosystems, and is considered
to be one of the key pollutants released from wastewater
treatment plants (WWTPs). Studies [1,2] have reported
that eutrophication is accelerated when the concentration
of phosphorus in lake water exceeds 0.02 mg/L. However,
the influent concentration of total phosphorus in WWTPs

*Corresponding author.

is generally in the range of 4-9 mg/L [3,4], which is much
higher than the natural assimilation capacity of rivers and
lakes. Therefore, removing phosphorus from wastewaters
is of great urgency for protecting the aquatic environment.
On the other hand, phosphorus is an important resource
used in agriculture and many other industries [5,6], while
phosphate ore, the world’s dominant source of phosphorus,
is very limited. It has been reported that with current world
reserves, phosphate ores will last an estimated 30-300
years [7,8]. Globally, about 1.3x10° kg phosphorus per year
is treated in WWTDPs, which could be considered as the
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major alternative source of phosphorus [9]. Yuan et al. [10]
reported that approximately 15-20% of total phosphorus
demand could be satisfied by recovering the phosphorus
from real domestic sewage. Previous reports have verified
the feasibility of producing ammonium magnesium phos-
phate from recovered phosphorus as a valuable agricultural
fertilizer [11,12]. Thus, considering the resource-depleting
effects of phosphorus, establishing how to efficiently and
economically recover phosphorus from effluent of WWTPs
is a pressing matter.

Several biological, physical and chemical processes
have been widely studied to remove pollutants in water
and wastewaters. Compared with chemical technolo-
gies, phosphate removal via biological methods is more
economical and environmentally friendly. The activated
sludge (AS) system has been used as the preferred bio-
logical technology to remove phosphorus from munici-
pal wastewater for the last 40 years. Currently, biological
processes, such as anaerobic/anoxic/oxic (A/A/O), oxi-
dation ditch, sequencing batch reactor (SBR), and mem-
brane bioreactor (MBR) have been extensively employed
for domestic wastewaters treatment in WWTPs [4].
Among these, anaerobic membrane bioreactor (AnMBR)
has successfully established itself as a robust treatment
technology for domestic wastewater, which thanks to
their advantages of low energy consumption, high load,
and recyclable energy [13,14]. However, under anaero-
bic conditions, ammonification and phosphorus released
by microorganisms results in increased nutrient concen-
trations in the effluent of AnMBRs [15]. To obtain higher
phosphorus removal efficiencies, an advanced treatment
process or physicochemical approach needs to be com-
bined with the AnMBR process [16,17].

Among all the physicochemical approaches, the ion
exchange method has been identified as a feasible alter-
native due to its operational simplicity and adaptability
to various wastewater characteristics [18,19]. It has been
reported that some polymeric anion exchange resins have
specific selectivity for phosphate, and the process is revers-
ible [20,21]. The adsorbed phosphate can be collected and
recycled by backwashing, and the ion exchange resin can
be regenerated [22,23]. The high selective capacity of ion
exchange method is one of their major superiority over
other techniques, which could obtain the recovered prod-
ucts with high purity to avoid the toxicity of contaminants.
Thus, the ion exchange method is considered to be an envi-
ronmentally friendly method, and benefits the sustainable
management of phosphorus resources [24]. Efforts are
made to study the phosphorus removal mechanisms by
ion exchange method and test the feasibility of practical
application of ion exchange method in WWTPs. Nowadays,
a variety of sorbents have been reported for selectively
removing nitrate, such as macro-reticulated Amberlite IRA-
900 [25], Dowex SBRP [26], Purolite A520E [27], Purolite
A100 [28], and Purolite A300 [29]. However, investigation
into an ion exchange resin for phosphorus removal from
wastewater are relatively limited [11,30].

In this study, an anion exchange resin, Amberlite IRA-
958, was adopted to remove phosphorus from both AnMBR
effluent and synthetic wastewater. The influences of dosage,
contact time, pH, and competing anions on the removal effi-
ciency of phosphorus were investigated. Sorption kinetics

models, isotherms sorption models, and the rate-limiting
steps of phosphorus on the ion exchange resin were also
determined. Finally, the optimal concentration of regenera-
tion solution for the resin was selected. The results obtained
in this study are expected to provide a sound understand-
ing of the removal of phosphorus using the ion exchange
method.

2. Materials and methods
2.1. Materials and analysis methods

The strong-base ion exchange resin named Amberlite
IRA-958 (Rohm and Haas, United States) was used in this
study, and its properties are shown in Table 1. The resin
was activated before all the experiments using the Chi-
nese standard method (GB/T 5476-1996). The resin was
firstly washed with deionized (DI) water until there were
no impurities in the eluent. The resin was then put into an
ion exchange column and flushed with the following in the
stated order: 1 M NaOH, DI water, 1 M HCI, and DI water,
with each solution made up to 400 mL. The flushing proce-
dure was repeated until the final elusion was yellow when
methyl orange was added.

To analyze the sorption kinetics of phosphate by ion
exchange resin, AnMBR effluent (real wastewater) and
synthetic wastewater with the same concentration of
phosphate were prepared. AnMBR effluent was obtained
from a pilot-scale anaerobic MBR setup, and filtered using
a 50 pm mesh strainer to remove large particles. The
POJ-P concentration in the AnMBR effluent was adjusted
to 9.0 mg/L with Na,HPO, before all the experiments.
Na,HPO, was used to prepare synthetic wastewater and
maintain the same PO}-P concentration (9.0 mg/L) as that
of AnMBR effluent.

Measurements of PO>-P, total nitrogen (TN), ammo-
nia (NH;-N), nitrite (NO;-N), and nitrate (NO;-N) in the
AnMBR effluent were performed according to Standard
Methods [31]. The total organic carbon (TOC) concentration
of the AnMBR effluent was determined in order to represent
the soluble organic constituents (TOC-VCPN, Shimadzu,
Japan). The concentration ranges of TOC, TN, NH;-N,
NO;-N, NO;-N, and total phosphorus (TP) were 6.0-10.1,
27.4-52.4, 20.7-44.6, 0.1-14, 0-4.5, and 8.2-104 mg/L,
respectively. Detailed information is provided in our pre-
vious study [32].

Table 1
Physicochemical properties of the Amberlite IRA-958 resin

Amberlite IRA-958

Appearance White, opaque

Product type Macroporous, strong-base
Ionic form Clr

Functional group -N*(CH,),

Size (mm) 0.63-0.85

Moisture (%) 66-72
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2.2. Batch experiments
2.2.1. Effects of resin dosage on phosphate removal

To investigate the effects of resin dosage on phosphate
removal in AnMBR effluent, different dosages of Amberlite
IRA-958 were added to conical flasks with 100 mL AnMBR
effluent to form suspensions with 1.0, 2.0, 4.0, 6.0, 8.0, and
10 g/L Amberlite IRA-958, respectively. Since the phos-
phate sorption capacity of resin in synthetic wastewater
was expected to be higher than that in real wastewater, the
concentrations of Amberlite IRA-958 in synthetic wastewa-
ter were set as 0.1, 0.2, 0.4, 0.6, 0.8, and 1.0 g/L to remove
phosphate in synthetic wastewater. All samples were col-
lected after oscillation in a vibrator at 298 K and 120 rpm
for 24 h at pH 10, which was measured using a pH meter
(Starter 3100, OHAUS, America).

The phosphate sorption capacity of resin in real waste-
water and synthetic wastewater was calculated according
to the following equations:

Qe =V(C0T:1CL) (1)
_ Qe/ wet resin
Qe, dry resin — (1 _ 77) (2)

where Q is the equilibrium sorption capacity of the resin
(mg/g); Vis the solution volume (L); C and C, are the initial
and equilibrium phosphate concentrations in the solution
(mg/L), respectively; m is the mass of resin (g); and n is the
moisture (%), which was detected according to the Chinese
standard method (GB/T 5757-2008).

2.2.2. Effects of pH and competing anions on phosphate
removal

To investigate the effects of pH and anions on phos-
phate removal by ion exchange resin, three different types
of synthetic wastewater contained 290 mM of CI, NO;,
and SO;- was prepared with NaCl, NaNO,, and Na,SO,,
respectively, which was the equivalent molar concentration
of PO?". The concentration of anions was measured with a
total dissolved solid meter (SC-2300, SUNTEX, China). The
synthetic wastewater was divided into five conical flasks.
Each contained 100 mL of solution, and the pH of the solu-
tions was adjusted with NaOH and HCI to measure 4, 6,
8, 10 and 12 respectively. All the conical flasks were set in
a vibrator to oscillate at 120 rpm and 298 K with a dose of
1.0 g/Lresin. The phosphate concentration was determined
after 24 h, and the equilibrium sorption capacity of phos-
phate was calculated according to Egs. (1) and (2).

2.2.3. Effects of contact time on phosphate removal

A fixed amount of AnMBR effluent and synthetic waste-
water with same phosphate concentrations was added to
two respective beakers, then 1.0 g/L resin was added to
each. The beakers were oscillated in a vibrator at 120 rpm
and 298 K. The phosphate concentration was determined
after specific time intervals, and the equilibrium sorption
capacity of phosphate was calculated using Egs. (1) and (2).

2.2.4. Regeneration experiments

AnMBR effluent (100 mL) was injected to five conical
flasks, respectively, and Amberlite IRA-958 with a dose of
10 g/L was added in to each flask. The flasks were put in a
vibrator at 298 K and 120 rpm for 24 h, and Q  was calculated
after the sorption procedure. The five identical exhausted
resin was then washed with deionized water, and regener-
ated with 25 mL of regeneration solution containing 0.2, 0.4,
0.6, 0.8 and 1.0 mol/L NaCl for 15 min, respectively. The
regenerated resins were then washed with deionized water
to conduct the same sorption procedure, and the sorption
capacity of the regenerated resin was calculated to obtain
the recovery rate of Q. The sorption and regeneration pro-
cedure of the same resin was repeated three times to obtain
the variation of the recovery rate of Q, of each cycle. The
whole regeneration experiments were repeated twice to get
the reduplicative data.

3. Results and discussion
3.1. Effects of resin dosage on phosphorus removal

The removal rate and phosphate Q, of Amberlite IRA-
958 from both AnMBR effluent and synthetic wastewater are
shown in Fig. 1. The removal rate of phosphate increased
with increasing resin dosage, and Q, decreased with increas-
ing resin dosage for both AnMBR effluent and synthetic
wastewater. However, the sorption capacity in synthetic
wastewater was much higher than that in AnMBR effluent.
In synthetic wastewater, the sorption capacity was 24.6 mg/g
(resin), and the removal rate by 1.0 g/L Amberlite IRA-958
reached 88.6%. In AnMBR effluent, these figures were 10.0
mg/g (resin) and 33.6%, respectively, with the same amount
of resin. To achieve the same removal rate in the case of
AnMBR effluent as with the synthetic solution (88.6%), a
resin dose of 10 g/L had to be used to treat AnMBR effluent.
This result indicates that the complex composition of real
wastewater, and the existence of inorganic ions and organic
compounds, could impact the ion exchange efficiency of
phosphate with the resin and reduce the removal rate. The
results were consistent with previous report [33,34].

3.2. Effects of pH and competing anions on phosphorous removal

Fig. 2 shows the variations of Q_ of phosphate with the
co-existence of Cl-, NO;, and SO}~ at different pH. For all
kinds of anions, Q_ initially increased with increasing pH,
and then decreased once the pH rose above 10. The max-
imal Q, was obtained at pH 10. It was observed that with
the existence of competing anions, Q, of phosphate was
reduced, and the effect of SOf was most significant, which
is consistent with Helfferich’s electrosensitivity concept
[35]. The higher ionic valence facilitated the sorption of ions
onto ion exchange resins, and thus selectivity of the resin
was higher.

The ion exchange process between resin and phosphate
could be expressed as following:

[Rn*-Cl -]+ HPO,©—

[Rn‘~ H, PO, ®1] 4 nCl +jH' (i=0,1,2,3) )



350
901 —=—Q, (mglg) e 1%
80 || —e— Removal rate (%) " 180
70 1703
5 60 160 ©
2 1 ©
Esor 150 5
>0 3
S a0} {40 €
[0)
I (4
30 430
20} 120
0.0 02 04 06 08 1.0
Dosage (g/L)
16 : ; ; — 100
14| Q. (mg/g) 190
| —e— Removal rate (%) e ]
12 F o 180 =
I o/ 1 X
- 10} 170 %
2 8 160 =
€ o |, 3
O‘” 6 - [ _- 50 g
]
4r / {40
L ]
2r 130
0 : , : ' 120
0 2 4 6 8 10

Dosage (g/L)

Fig. 1. Variations of Q, and removal rate of phosphate by res-
in as functions of resin dosage in (a) synthetic wastewater
and (b) real wastewater. All samples were collected after os-
cillation in a vibrator at 298 K and 120 rpm for 24 h at pH 10.

where R™ is the cation group of ion exchange resin; 7 is the
number of ionic valence; and j is the number of released
H*. Since the acid dissociation constants of phosphoric
acid in aqueous solution are pKal = 2.16, pKa2 = 7.21, and
pKa3 =12.32 [36]. Phosphorus mainly exists as H PO; in the
range of pH 2-7, and switches to HPO?} when pH increases
to 7-12 [37]. In this study, with increasing pH, phosphorus
was gradually transformed from H,PO; to HPOf, and the
Eq. (3) could be read as following;:

[R™—Cl “]+H,PO, —

n+ — - + 1 (3_1)

[R™— HPO>] + nCl-+ H* (pH =2-7,j = 1)
[Rr—Cl ]+ H,PO, —» 30
[R™~ PO} +nCl+ 2H* (pH = 2-7, j = 2) G2
[R-Cl 7] + HPO> — 33
[R**-POX] +nCl+ H* (pH="7-12,j = 1) (3-3)

According to Helfferich’s electrosensitivity concept,
the selectivity of resin with HPOZ" was higher than that of
H,PO;, which could accelerate the reaction rate from left to
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Fig. 2. Effects of pH and competing anions on Q, of the Am-
berlite IRA-958 resin. The initial concentration of competing
anions is 290 mM, which was the equivalent molar concen-
tration of PO}~ All the conical flasks were set in a vibrator
to oscillate at 120 rpm and 298 K after the addition of 1.0 g/L
resin for 24 h.

right of Eq. (3). Moreover, with the increase of pH, the con-
centration of dissociative H* became lower, promoting the
right-shift of Eq. (3), and thus enhanced the removal effi-
ciency of phosphate. However, with the further increase of
pH (pH > 10), the acid dissociation constants of phosphoric
acid was too low to delay the ion exchange process. There-
fore, the ion exchange capability of resin was reduced when
the pH was higher than 10.

According to Eq. (3), the existence of CI" in the solution
could induce a left-shift of the equilibrium of the equation,
which resulted in a reduction of the amount of phosphate
sorbed. SO} and NO; could compete with phosphate to
the ion exchange sites and reduce the removal rate of phos-
phate. Q of phosphate in all the solution was reduced when
pH reached 12, suggesting that the increased OH- competed
with phosphate and reduced its removal rate.

3.3. Mechanisms of phosphate removal by ion exchange resin

The variation of sorption capacity of phosphate onto
Amberlite IRA-958 resin with contact time is displayed in
Fig. 3. With dosage of 1.0 g/L resin, the sorption capacity of
phosphate in synthetic wastewater was 23.1 mg/g (resin),
while that in real wastewater (AnMBR effluent) was 8.5 mg/g
(resin). For both synthetic and real wastewater, the sorption
capacity increased with extension of contact time during the
initial sorption, and the increasing rate of sorption capacity in
synthetic wastewater was higher than that in real wastewater.
For synthetic wastewater, the sorption capacity was almost
stable after 360 min of contact, which was considered to have
reached the sorption equilibrium. However, with real waste-
water, the increase in the sorption capacity reached a plateau
after 150 min of reaction time, and then the sorption equilib-
rium was reached. The results indicate that the ion exchange
resin exhibited greater phosphate removal capacity in syn-
thetic wastewater than in real wastewater, which was proba-
bly mainly due to the complex composition of real wastewater.
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On the basis of results of this study, the competing anions
existent in the real wastewater and solution chemistry (pH)
showed significant effects on the removal efficiency of phos-
phorus by ion exchange resin. Therefore, the pretreatment of
real wastewater, such as the removal of high valent anions via
precipitation method and adjustment of pH condition, is nec-
essary to improve the ion exchange efficiency of phosphorus.

3.3.1. Sorption kinetics model

The following pseudo-first order model equation (Eq. 4)
and pseudo-second order model equation (Eq. 5) were used
to simulate phosphate sorption kinetics on the resin [38].

241 A Synthetic wastewater

m Real wastewater

16 |-

12 |

Q, (mg/g)

0 1
0 50

100 150 200 250 300 350 400
Adsorption time (min)

Fig. 3. Effects of contact time on phosphate adsorption onto
Amberlite IRA-958 resin. The dosage of resin was 1.0 g/L,
and the beakers were oscillated in a vibrator at 120 rpm
and 298 K.
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Qr Kth Qe Qt Kth Qe

©)

where, Q, is the phosphate sorption capacity of resin at the
time of t (mg/g); Q, is the phosphate sorption capacity of
resin at the moment of sorption equilibrium (mg/g); K , is
the constant of the first-order model sorption (min™); and K,
is the diffusion constant in particles (min™).

The simulated results are demonstrated in Fig. 4 and
Table 2. They show that R? values of fitting the data to the
pseudo-first order equation were higher than that of the
pseudo-second order equation. Therefore, the phosphate
sorption kinetics on the resin corresponded more to the
pseudo-first order model. Moreover, the Q  values calcu-
lated by the pseudo-first order model were 26.6 mg/g and
7.7 mg/g in synthetic wastewater and real wastewater,
which was similar to the experimental results of 23.1 mg/g
and 8.5 mg/g in synthetic wastewater and real wastewa-
ter, respectively. The results indicate that the equilibrium
sorption capacity calculated by simulating the pseudo-first
order model exhibited greater accordance with the exper-
imental data (Table 2). Thus, phosphate sorption onto
Amberlite IRA-958 resin from both real wastewater and
synthetic wastewater corresponded with the pseudo-first
order model.

3.3.2. Determination of the rate-limiting step

The boundary model has been widely applied to
describe the sorption behavior of porous materials [39,40].
The phosphate removal process by ion exchange resin from
wastewater can be divided into three steps: 1) diffusion
of phosphate from the solution through liquid film to the

45
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R2=0.965
0 1 1 1 1 1

0 60 120 180 240 300 360
Adsorption time (min)

Fig. 4. Linear simulation of (a) pseudo-first order model and (b) pseudo-second order model
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Table 2
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Kinetic model parameters of phosphate adsorption on Amberlite IRA-958 resin*

Samples Q,.,,/ (mgg™) First-order adsorption rate model Second-order adsorption rate model
Q,cal/(mg-g™) K ,/(min™) Q,.,/(mg-g™) K,/ (min™)
Synthetic waste- 23.1 26.5 1.1E-02 33.8 1.9E-04
water
Real wastewater 8.5 7.7 6.9E-03 12.9 4.3E-04
4 — — 35 — S
o Liquid membrane diffusion (@ = Liquid membrane diffusion (b)
——R=0.9914 o 30F ——R=0.9938 .
3F & Chemical reaction 4 Chemical reaction
--------- R’=0.9518 251 e R'=0.9476 s
7 . . . L A
o Particle diffusion o 20 ¢ Particle diffusion j o
2 N R2=08225 N A . R RZ:O7642 A
< O 9,0 o A 2 15 0.‘ — " :
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Fig. 5. Simulation of boundary model of (a) synthetic wastewater and (b) real wastewater.

surface of ion exchange resin; 2) diffusion of phosphate
from the surface of ion exchange resin to the interior; 3)
reaction between phosphate and the active groups in the
ion exchange resin. Therefore, the ion exchange process of
phosphate can be affected by the speed of these three steps,
ie. liquid film diffusion, particle diffusion, and chemical
reaction, among which the slowest step will be the rate-lim-
iting step.

The equations of membrane diffusion (Eq. 6), particle
diffusion (Eq. 7) and chemical reaction (Eq. 8) from the
boundary model can be expressed as follows [41]:

~In(1-F) =kt ©)
1-3(1-F)% +2(1-F) =kt ?)
1-(1-F)% =kt ®)

where F (Q/Q) is the degree of ion exchange and indicates
the sorption fraction at the moment of ¢, and k is the velocity
constant.

The experimental data shown in Fig. 5 was adopted to
simulate the sorption kinetics using these boundary model
equations. The data indicates that the goodness of fit of
liquid film diffusion (0.9914, 0.9938) was higher than that
of particle diffusion (0.8225, 0.7642) and chemical reaction
(0.9518, 0.9476). Thus, liquid film diffusion was considered

to be the limiting step for phosphate sorption from both real
wastewater and synthetic wastewater. The effects of speed
on the ion exchange efficiency can be found in our previous
report [32].

3.3.3. Isothermal sorption model

The isothermal sorption simulation results shown in
Fig. 2 was carried out using the Langmuir equation (Eq. 9)
and Freundlich equation (Eq. 10) as follows [38]:

c, C 1
+_
Qfﬂ

SeoTe gy
Q00 )

InQ, = (%)lnce +InK, (10)

where Q is the maximum sorption capacity, b is the Lang-
muir constant, and # and K, are the Freundlich constant. A
Freundlich constant (1) in the range of 2 to 10 implies that
the sorption is apt to happen, while if n is less than 0.5, the
sorption process is difficult.

The simulated results (Table 3) indicate that phos-
phate in synthetic wastewater was more easily sorbed
onto Amberlite IRA-958 resin than that of real wastewa-
ter. The phosphate sorption of Amberlite IRA-958 resin in
real wastewater was situated between the favorable and
unfavorable sorption. By comparing the linear correlation
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Table 3
Simulating results of Langmuir model and Freundlich model*

353

Langmuir model

Freundlich model

Samples Q, (mg-g) b (L-mg™) R? n K R?
Synthetic 66.7 0.694 0.9920 2.52 27.74 0.91
wastewater

Real waste- 25.6 0.101 0.9127 1.29 2.46 0.990
water

*Q,, is the saturated sorption amount, b is the Langmuir constant, and » and K, are the Freundlich constant.
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Fig. 6. Effects of regeneration solution on the Q, (sorption/re-
generation cycles = 3).

coefficients of the two fitted models, phosphate sorption
in synthetic wastewater aligned with Langmuir isother-
mal sorption, and was considered as monolayer sorption.
With real wastewater, the sorption of phosphate aligned
better with Freundlich isothermal sorption, and the fit-
ting goodness was more than 0.99. Due to the complicated
composition of real wastewater, the sorption behavior of
resin in real wastewater was different from that in syn-
thetic wastewater.

3.4. Regeneration experiments

The effects of NaCl concentration on the recovery rate of
Q, of phosphate are shown in Fig. 6. For the first cycle, the
recovery rate at all the NaCl concentrations showed similar
values (ca. 85%). However, when 0.2 mol/L NaCl was used
as regeneration solution, the recovery rate of phosphate
gradually reduced as time progressed, indicated that phos-
phate was not completely removed by the regeneration
operation. When the NaCl concentration was higher than
0.2mol/L, the sorption capacity of phosphate was generally
stable for all the regeneration cycles. The average amount of
phosphate in the eluant and residual on the resin of three
cycles regenerated with different NaCl concentration were
calculated basis on the mass balance. The average amount
of phosphate residual on the resin was 0.36, 0.31, 0.30, 0.30
and 0.29 mg by using the regeneration solution containing
0.2, 0.4, 0.6, 0.8 and 1.0 mol/L NaCl, respectively. To mini-
mize the cost of regeneration during practical application
of ion exchange resin, 0.4 mol/L NaCl was considered as

the optimal concentration of regeneration solution, based
on the results of current study.

4. Conclusions

In this study, the mechanisms of phosphorus removal
from both synthetic wastewater and real wastewater using
ion exchange resin were investigated. The results showed
that the sorption capacity of phosphate by Amberlite IR-958
in synthetic wastewater was much higher than that in real
wastewater (i.e. effluent of AnNMBR). The phosphate sorp-
tion capacity of Amberlite IRA-958 resin used in this study
was compared with the previous study [42]. Martin et al.
[42] compared the sorption capacity for phosphate of a
hybrid anion exchanger (HAIX) with ferric oxide nanopar-
ticles and Amberlite IRA-410 resin. The sorption capacity
of HAIX was 23.55 mg/g from a solution with an initial
concentration of 15.2 mg/L. In contrast, Amberlite IRA-410
removed only 0.99 mg PO? per gram resin from a solution
with an initial concentration of 16.2 mg/L. Compared to
their results, the phosphate sorption capacity of Amberlite
IRA-958 resin in this study was relatively high, which sup-
ports its use as a robust ion exchange material for phospho-
rous removal.

The existence of competing anions could reduce the
removal rate of phosphorus, and the effects of SO}~ were
most significant. The kinetics of the ion exchange process
between phosphate and the ion exchange resin (Amberlite
IRA-958) in both real wastewater and synthetic wastewa-
ter were in accordance with the pseudo-first order kinetic
model. Liquid film diffusion was the rate-limiting step for
phosphate sorption. The sorption behavior of the resin in
synthetic wastewater fit better with Langmuir isothermal
sorption, while the sorption behavior in real wastewa-
ter was consistent with Freundlich isothermal sorption.
Because of the complicated composition of real wastewa-
ter, the sorption behavior of resin was different from that
in synthetic wastewater. The solution with 0.4 mol/L NaCl
could be used as the regeneration solution of the Amberlite
IRA-958 resin.

On the basis of the results of this study, the utilization of
ion exchange method for phosphorus recovery is feasible,
even though the some pretreatment of real wastewater was
needed to improve the sorption efficiency. Furthermore, the
phosphorus recovered from ion exchange process is highly
purity due to the selectivity of ion exchange resin. There-
fore, it is a future perspective to produce the highly purified
struvite as agricultural fertilizer for achieving sustainable
development of phosphorus.
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