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ABSTRACT

Excessive nitrogen and phosphorus discharge into natural water from wastewater treatment
plants still have the potential of causing eutrophication. How to remove those excessive
nitrogen and phosphorus in an appropriate way is welcome in practice. This study
co-removed nitrate and phosphorus via the operation of commercial 201 x 7 exchange resin
column, and recovered phosphate simultaneously. Experimental results demonstrated that
the adsorption of PO} -P onto the 201 x 7 resin satisfactorily fitted to Freundlich isotherm,
while NO;-N followed Langmuir model, with a maximum adsorption capacity of 12.47
mg/g for PO, -P and 107.59 mg/g for NO; -N, respectively. Up to 92% of PO; -P and 90%
of NO;-N in the secondary effluent were recovered by 201 x7 resin column under the
optimal flow rate of 50 BV/h. The exhausted 201 x 7 resin could be regenerated by 5% NaCl
within 1h at a flow rate of 15BV/h. Moreover, this regeneration would guarantee the
effluent PO, -P and NO;-N are lower than the breakthrough points even when 1175 BV
wastewater passed the resin column. These findings are of great significance for ensuring
stricter effluent phosphorus and total nitrogen discharge criteria.
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1. Introduction

Phosphorus and nitrogen are indispensable raw
materials used in industry; however, their uncon-
trolled discharging along with wastewater caused seri-
ous eutrophication of aqueous ecosystems [1,2]. For
example, the presence of 1mg/L phosphorus will be
sufficient to stimulate algal bloom in lakes, rivers, and
reservoirs; thus, the US-EPA has established a maxi-
mum contaminant proxy of 0.02mg/L phosphorus for
the enclosed and anoxic lakes [3,4]. Although majority
of pollutants in wastewater could be simultaneously
removed during biological wastewater treatments
[5-7], the nitrogen (mostly as nitrate) and phosphorus
(mostly as orthophosphate) from WWTPs effluent are
believed to be the main sources of nutrient release into
the aquatic environment [8,9]. Meanwhile, nitrate in
the secondary effluent is also highly concerned for its
potential health threat (e.g. leading to methemoglobi-
nemia of infant) [10,11]. As a result, many countries
intend to set the discharge levels of phosphate and
total nitrogen to 0.1 and 10mg/L, or even lower
[12-14], and further removal and recovery of nitrogen
and phosphorus from the secondary effluent of
WWTPs attract many attentions [15,16].

Considering the resource depleting characteristics
of phosphorus [5] and the stricter effluent N/P dis-
charge criteria for conventional wastewater treatment
plant, how to efficiently and economically remove/
recover those phosphorus and nitrate in WWTPs efflu-
ent is practically urgent. One of the feasible treatment
for reducing nitrogen and phosphorus from wastewa-
ter before discharge to aqueous water bodies is to
remove their mass flow from the drainage basin [12].
Traditionally, phosphate in wastewater exists as stable
state, which has to be removed as solid phosphate
materials even after biological wastewater treatment,
and accordingly the efficient reduction of phosphate is
the rate-limiting step of the co-removal process.

The traditional precipitation-sorption [17-19], crys-
tallization [20], and biological nutrient removal pro-
cesses [21] are unable to reduce phosphate to a
desired low concentration [12,22]. Recently, the usage
of ion exchanger is expanding because some poly-
meric anion exchangers have specific selectivity for
phosphate [23,24]. This process has been identified as
a feasible alternative for its operational simplicity and
adaptability to various wastewater characteristics
[25,26]. In addition, the adsorbed phosphate onto the
exchange resins can be collected by backwashing, and
further precipitated and recovered as calcium phos-
phate (Cas(PO4);0H) [17,27]. In order to further
enhance the specific selectivity of the resin, polymeric
ligand exchanger [28], hybrid anion exchanger (HAIX)
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[29], chelating resins [10], iron oxide nanoparticles-
embedded anion exchange resin [25] have been
applied in recent studies. Although the above-men-
tioned selective resins are new and highly efficient in
removing phosphate [30], the existence of nitrogen
within the treated effluent makes it difficult to meet
the stricter permissible discharge levels of WWTPs.
Moreover, the recent exploring of selective resins has
mainly focused on the phosphorus removal rather
than nitrate, and seldom mentioned the co-removal of
these two pollutants. The commercial macromolecule
anion exchange resin could be a better choice for
coremoval of phosphorus and nitrate from the
secondary effluent of WWTPs, with such advantages
as low cost and local availability.

The objective of this work was to realize the
co-removal of phosphorus and nitrate present in the
secondary effluent of WWTP with the commercial
201 x7 anion exchange resin. The main scopes of the
study were: (1) to investigate the adsorption capacity
and kinetic characteristics of phosphorus and nitrate;
(2) to identify the optimal operational conditions of
the resin column; (3) to determine the regeneration
mode of the resins; and (4) to examine the impacts of
regeneration on the recovery of phosphorus and
removal of nitrate.

2. Materials and methods
2.1. Commercial anion resin

The strong basic anion exchange resin 201 x7 of
gel-type (an equivalent to Amberlite IRA-400 in

Table 1
Physical and chemical properties of 201 x 7 resin

Items Properties

Unit molecular structure
Type

Function group

Total exchange capacity

Styrene-DVB

Strong-base, gel

-N*(CHs);

>3.6 mmol/g (dry mass);
>1.10 mmol/mL (wet mass)
Pale yellow to golden yellow
spherical particles

Physical aspect

Granulometry (mm) 0.315-1.25
Humidity (%) 42-48

True density (g/mL) 1.06-1.11
Apparent density (g/mL) 0.66-0.75
Limit of temperature (°C) OH:40 CI1:100
Limits of pH 1-14

Tonic form Cl
Referred resins products Amberlite IRA-400; AB-17;
Diaion SA-10A
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America), which was an ideal material to adsorb polar
compounds in wastewater, was obtained from the
Chemical Plant of Nankai University (Tianjin, China).
This type of resin was widely used in the adsorption
of PO, -P [31], SO3~, and NO;-N [32-34]. Prior to
experiments, the 201 x7 resin was firstly pretreated
following the standard procedure of cyclic rinse with
HCI/NaOH solutions (0.1 M) for two cycles. After air-
drying, the resin was dried in vacuum at 40°C for the
subsequent tests. Its physical and chemical properties
are shown in Table 1.

2.2. Experimental resin column setup and operation

A lab-scale ion exchange column with an effective
height of 100mm was made of Plexiglas (¢#24 x 180
mm). Both synthetic wastewater and the secondary
effluent obtained from a local WWTP were served as
the influent of the ion exchange column, with the
water quality being summarized in Table 2 (triplicate
analysis). The synthetic wastewater was prepared for
studying optimal parameters and the actual secondary
effluent was for validating the 201 x7 resin column
efficiencies. Wastewater was pumped upward through
the column at a desired velocity controlled by a peri-
staltic pump during the tests, the effluents at the out-
let of resin column were collected at regular time
intervals and the PO, -P, NH,-N, NO;-N, CI~, SO; ",
and other ions were measured using ion chromato-
graph (Thermo ICS-5000, USA) in triplicate. In order
to further study the breakthrough behaviors and
regeneration characteristics of 201 x7 resin, different
flow rates and varied concentration of NaCl (as regen-
eration solution) were used in the experiment [10,26]
to evaluate the recovery rate of PO} -P and removal
efficiency of NOj-N.

2.3. Adsorption tests

The effect of experimental parameters including
adsorption time (5min-24h), initial adsorbent doses

Table 2
Water quality of synthetic wastewater and secondary efflu-
ent fed into the ion exchange column

Parameters Unit Synthetic ~ Secondary
wastewater effluent

pH - 7.83 8.23

PO; -P mg/L 1.2 1.2

COD mg/L 30.0 30.1
NH;-N mg/L 4.5 4.2
NO;-N mg/L 20.0 20.4

Cl” mg/L 80.0 80.5

SO3~ mg/L 30.0 30.4
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(1-30 g/L), initial PO; -P (0.3-5.0mg/L), and NO;-N
(2.5-50.0mg/L) concentrations were investigated in
batch tests. The initial pH of the solutions was
adjusted to 7.0 by adding proper amount of NaOH or
HC1 before each adsorption. Specifically, the impact of
adsorption time on PO, -P removal was studied at
pH 7.0 and 298 K (stirred at 150 r/min), and the resin
dosage was 100 mg/L. For the adsorbent dosage stud-
ies, the adsorption was performed by adding different
resin into an aqueous solution containing 1.2 mg/L of
PO; -P or 20.0 mg/L of NO;-N, shaken (150 r/min) at
298 K for 3 h. Correspondingly, the adsorption kinetics
was studied by dosing 200 mg/L of 201 x 7 resin into
an aqueous solution containing different concentra-
tions of PO; -P and NO;-N, shaken (150r/min) at
298 K for varied reaction times.

2.4. Adsorption isotherm and kinetic models

Langmuir and Freundlich isotherms are tradition-
ally employed to describe the thermodynamic adsorp-
tive behavior of different adsorbents. Specifically,
Langmuir isotherm assumes that adsorption takes
place at specific homogenous sites within the adsor-
bent, where the sorption of each sorbate molecule onto
the surface has equal sorption activation energy, while
Freundlich model can apply to multilayer adsorption
[35]. A complete discussion on Langmuir and Freund-
lich models has been described elsewhere and the
adsorption isotherms can be described by Egs. (1) and
(2), respectively [36].

1 1 1
- (1)
Qe Qo bQoCe
1
log Q. = logKr + - log C. )

where Q. is the amount adsorbed (mg/g), C. is the
equilibrium concentration of the adsorbate (mg/L),
and Qp and b are Langmuir constants related to the
maximum adsorption capacity and the energy of
adsorption, respectively. Correspondingly, K (mg/g)
and n are Freundlich constants related to the adsorp-
tion capacity and adsorption intensity.

To evaluate the kinetic characteristics of 201 x7
resin for PO} -P and NO;-N removal, the adsorption
kinetics is also described by pseudo-first-order Lager-
gren equation (Eq. (3)), pseudo-second-order rate
equation (Eq. (4)), and the intraparticle diffusion
model (Eq. (5)) [37], which can be expressed in their
linear forms:
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In(ge — q1) = Inge — kqt 3)
t 1 t

f_ 1.t )
q k2 ge
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where k; (min™"), k; (gmg ' min™"), and k; (mgg™
min %) are the rate constants of pseudo-first-order
adsorption, pseudo-second-order adsorption, and the
intraparticle diffusion, respectively. C is the intercept
(mg/g), g; and g, are the amount of PO} -P or NO; -N
adsorbed on adsorbent (mg/g) at equilibrium and at
time £, respectively.

2.5. Competitive adsorption between PO, -P , CI”, NO3,
and SO3~

The synthetic wastewater with different levels of
Cl7, NO; and SO (Table 2) was firstly prepared, fol-
lowed by adding 12mg/L of PO; -P (0.010M
Na,HPQO,) into the above-mentioned solutions, then
shaken (150r/min) at 298K under 200mg/L resin
dosage for 3h. The selectivity adsorption characteris-
tics of 201 x7 resin in the presence of anion ions
(PO} -P, CI", NO; and SO;") were calculated by com-
paring the removal efficiency of PO} -P during each
adsorption [33].

2.6. Selectivity coefficients

Selectivity coefficient is a dimensionless measure
of the relative selectivity between two competing sol-
utes. It is equal to the ratio of the distribution coeffi-
cients between the exchanger phase and the aqueous
phase [38,39]. According to the Gaines-Thomas con-
vention [40], the selectivity coefficient k],- can be
expressed as:

PO}~ +3NO; = PO; ™ + 3NO; 6)
3.1 rmoA—3
KNO; B [PO4 ] ) [NOS] @)
o [poy |- Nos
4 3
2PO; +3S0;” =2P0; +3S0;" ®)
312 o_
o _ PO [0 ©)
PO -2 213
PO| " [s0]
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2NO; + SO7” =2NO; + SO;~ (10)
S0~ [NOQ ]2 : {Soii}

Koy = ——7 5 an
* [NO;J - [s07 ]

where the barred symbol represents resin-phase anion
ions concentrations.

The selectivity of 201x7 resin for PO; -P over
other anions was determined by shaking 20 mg resin
sample with 100 mL solution at pH 7.0 and 298K,
which contained binary mixture of PO; -P and
another anion with equal concentrations of 0.05M
[38]. After equilibrium, the concentration of each anion
in the supernatant was measured, and equilibrium
concentrations of anions in the 201 x7 resin phase
were calculated. Then, the k/i for each of the binary
system was calculated according to Egs. (7), (9) and
(11).

2.7. Procedure for phosphorus and NaCl recovery from the
regenerated eluate

The concentrated NaCl and phosphate in the back-
washed eluate from the 201 x7 resin column were
recovered via crystallization and precipitation, respec-
tively [41]. In our experiments, the eluate was firstly
evaporated to a 10% volume, and then the crystallized
NaCl particles in the concentrated solution were
recovered by filtration and drying process. Those
recovered NaCl particles were reused for further resin
regeneration. Because the solubility of calcium
phosphate compounds, such as calcium hydrogen
phosphate (Eq. (12)) or hydroxylapatite (Eq. (13)), was
limited at a high pH solution, phosphate in the evapo-
rated eluate was directly precipitated and recovered

| Regenerated wastewater

Crystallization

Evaporation

A

(na )

Extraction filtration
and drying

| Condensed wastewater

pH adjustment and
CaCl, addition

( E}?(i;l;?; ) | Residual wastewater

Fig. 1. Phosphorus and NaCl recovery processes during
the 201 x 7 resin operation.
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as calcium phosphate (Eqgs. (12) and (13)) with the
addition of 0.1mol/L CaCl, solution at pH 10.5
(adjusted by proper amount of 0.1 M NaOH) [9]. The
procedure for phosphorus and NaCl recovery is
shown in Fig. 1.

Ca*t + HPO?™ = CaHPO; | (12)

10Ca*" + 6PO;~ +20H— = Cayo(POy),(OH), |  (13)

2.8. Chemical analysis

All chemical parameters (NO;-N, PO} -P, SO;~,
Cl, COD, etc.) of the pre- and post-treated wastewa-
ter were analyzed according to the Standard Methods
[42], and pH was measured by PHS-3C type pH
meter (Shanghai Weiye Instrument Plant, China). All
measurements were performed in triplicate.

3. Results and discussion
3.1. Phosphate and nitrate adsorption isotherms

The extension of adsorption time (5 min—24h) and
increasing of 201x7 resin dosage (10-750mg/L)
enhanced the removal of PO; -P and NO;-N signifi-
cantly (Fig. 2(a)), demonstrating that the adsorption
would be gradually involved to higher energy sites

—_—
Q
~

Qe (mg P/g resin)

—_
()
~

10

Qe (mg P/g resin)

o [SS I o)}
T T T

0 0.6 1.2 1.8
Ce (mg P/L)

2.4
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once the primary sites were occupied [43]. An adsorp-
tion time of 3h was enough to realize higher PO; -P
removal efficiency, and thus chosen as the optimal
parameter for the subsequent study (Fig. 2(a)). Simi-
larly, a dosage of 200 mg/L resin was optimal because
there was a plateau both in PO} -P and NO;-N sorp-
tion isotherms when the dosage exceeded 200 mg/L
(Fig. 2(b)).

The equilibrium data for PO} -P and NO; -N sorp-
tion onto 201 x7 resin (Fig. 2(c) and (d)) showed a
nonlinear relationship between resin-phase (Q.) and
solution-phase equilibrium concentrations (C.), indi-
cating a preferential accumulation of those two pollu-
tant onto 201 x 7 resin [25]. The values of Qq, b, K, n,
and the linear regression coefficients for the Langmuir
and Freundlich isotherms are summarized in Table 3.
Because the Langmuir regression coefficients of
NO;-N (R*=0.9626) were much higher than the corre-
sponding R> of Freundlich isotherm (0.8822), it
appeared that the monolayer adsorption process of
Langmuir model yielded a much better fit than the
Freundlich model in simulating the adsorption of
NO;-N. For comparison, the Freundlich isotherm was
slightly fitter than Langmuir model in PO} -P adsorp-
tion (0.9665 vs. 0.9700), implying a multilayer adsorp-
tion of PO?[—P on the surface of 201 x 7 resin, similar
to the previous observation of Sendrowski and Boyer
[44] and Tang et al. (R*=0.9510) [31]. Based on the Q,
value obtained from Langmuir isotherm, it might be

(b)
§ 120
> 100 f
2
5 80
=
S 60 —o—P
% 40 —— NO3--N
g 20
o~
0 . . .
0 200 400 600 800
Resin dose (mg/L)
(d), 00
g
g
Lo
Z
o}
Z
on
E
o)
o

0 5 0 15 20 25 30
Ce (mg NO;-N/L)

Fig. 2. Experimental data and equilibrium isotherms of 201 x7 resin adsorption: (a) POZf-P removal as a function of
adsorption time at 100mg/L resin dosage, (b) PO; -P and NO;-N removal as a function of resin dosage, (c) PO} -P
removal as a function of concentration, and (d) NO; -N removal as a function of concentration.
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Table 3

Parameters of Langmuir and Freundlich isotherms for the 201 x 7 resin adsorption (calculated from Egs. (1) and (2)
Langmuir Freundlich

Adsorbent Qo (mg/g) b n Kg (mg/g) R?

PO; - 12.469 1.265 0.9665 0.663 10.031 0.9700

NO;-N 107.590 0.172 0.9626 0.643 90.015 0.8822

concluded that the maximum adsorption capacities (in
mg/g) for the 201 x 7 resin were 12.47 for PO, -P and
107.59 for NO;-N (Table 3). It should be pointed out
that the 201 x 7 resin showed a relatively lower phos-
phate adsorption capacity than the modified selective
resins of HFeO-IRA-400, HZrO-IRA-400, HCuO-IRA-
400 [45], FVA fibrous anion exchanger resin [46], and
DOW-HFO resin [14], but it was higher than that of
the commercial resins of HAIX [26,44], Duolite A-7
[13], D201 x4, D296, D301R [33], and Purolite A500P
[47] resin. In addition, the adsorption of nitrate on the
201 x 7 resin led to similar results with a comparable
adsorption capacity of 161.4mg/g on Amberlite IRA
400 resin [48]. A summary of previously published
literatures with the latest important results on the
adsorption properties of some resins used for PO,
and NO; removal were presented in Table 4.

The pseudo-first-order and pseudo-second-order
models were evaluated because of their widespread
application to different contaminants, sorbent materi-
als, and water matrices [51]. As shown in Table 5, the
second-order kinetic model yielded a much better fit
than the first-order adsorption and the intraparticle
diffusion in simulating the adsorption processes of
PO; -P and NOj;-N (R*>0.9638). Generally, the 201 x
7 resin was more efficient in adsorbing NO;-N in
comparison with POZ*-P, as evidenced by the much
lower k, value of NO;-N (0.009 gmg ' min™') than
PO, -P (0.085 g mg ' min~!). Moreover, the adsorption
of NO;-N reached equilibrium slowly (>180min),
which could also be described by the intraparticle dif-
fusion model (R*=0.8460). Above results were similar
to the observation of Malika et al. [52], who found that
the late adsorption stage of NO3-N by Amberlite IRA
400 resin was well fit to intraparticle diffusion models.

3.2. Effect of competition ions on PO; -P adsorption

The main anions in the secondary effluent of
WWTPs are chloride, nitrate, phosphate, and sulfate
(Ref. Table 2), and the adsorption capacities of PO; -P
in the presence of the competing anions of Cl,
NO; -N and SO3™ are shown in Fig. 3. The adsorption

of PO; -P onto the 201 x 7 resin was strongly affected
by the presence of NO;-N and SO; , while less
affected by Cl . Specifically, the adsorption efficiency
of PO} -P was 52.4% at 80mg/L Cl  condition in
comparison with the synthetic solution without CI™
addition. On the other hand, in the presence of 20
mg/L NO;-N and 30mg/L SO , the removal effi-
ciency of PO4 -P was decreased by 53.7% and 69.5%,
respectively. This implied that a preferential substitu-
tion of PO; -P for SO~ over NO;-N and Cl~ during
the resin adsorption. The above results were similar to
the observation that the conventional anion exchange
resins had a higher selectivity for sulfate over PO} -P
[24,53], and the electrostatic or Coulombic interaction
was the underlying mechanism of anion adsorption.

The selectivity coefficients of the 201 x7 resin for
each binary system make the determination of the
resin exchanging affinity order possible, and the corre-
sponding binary exchange coefficients of _the 201 X7
resin are given in Table 6. The higher K 03, and KNO’
than unity indicated that the 201 x 7 resin ‘had greater
SO;™ affinity than PO -P, and SO~ than NO;. On
the contrary, the 201 x7 resin was proved to be a
selective adsorbent for PO; -P over NO;. These
results were consistent to the observation of the
competition adsorption.

3.3. Factors influencing the performance of ion exchange
process

In order to investigate the effect of operational fac-
tors on PO, -P and NO;-N removal during the 201 x
7 ion exchange column operation, synthetic wastewa-
ter was used and such factors as flow rates, concentra-
tion of regenerated NaCl solutions, and recycle times
were, respectively, examined.

3.3.1. Effect of flow rate on phosphorus and nitrate
removal

The effect of flow rates (15, 50, and 80BV/h) on
PO, P and NO;-N removal during resin column
operation is shown in Fig. 4. The performance of
the 201x7 resin column was assessed based on
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Table 4

Comparison of different resins on the adsorption of PO;~ and NO; in wastewater and synthetic solutions

Adsorption  Initial
Experimental capacity concentration  Fitted

Resin type Modification Contaminants conditions (mg/g) (mg/L) model Reference

Amberlite IRA  No NO; 26°C, pH 6.8, 50.76 2-30 Langmuir  [49]
400 resin dose (R*=0.977)

25g/L

No NO; 22°C, pH 6.8, 161.4 1-26 Langmuir  [48]
resin dose (R*=0.982)
25g/L

Amberlite IRA-  No PO;~ 21+1°C, pH 14.05 10 Freundlich  [31]
400 (OH) 1.5-11, resin (R*=0.951)

dose
0.254.0g/L

Macroporous No PO;~ 30°C, pH 6.5~ 17.8 10 Pseudo- [50]
anion 8.0, resin dose first-order
exchanger 05g/L (R*=0.997)
(HFO-201)

Chloride-form No PO}~ pH 5.0-7.0, resin  4.93 10-300 Langmuir  [13]
anion dose 2g/L (R*=0.996)
exchanger
Duolite A-7

D201x4 No PO;~ pH 6.0-8.5 0.472 (0496 1.23,525and / [33]

mg P/mL) 10.24

D296 No PO;~ pH 6.0-8.5 0.266 (0279 1.23,525and / [33]

mg P/mL)  10.24

D301R No PO;~ pH 6.0-8.5 0.177 (0.186 1.23,5.25and / [33]

mg P/mL) 10.24
HAIX No PO;™ in pH 6.7, resin 0.130 1.8 Freundlich [26]
WWTP dosage 0-20 mmol/g
effluent mL/L
HAIX No PO; ™ in pH 9.3, resin 0.164 457 Freundlich [26]
hydrolyzed dosage 0-450 mmol/g
urine mL/L
HAIX No PO; ™ in pH 7.8, resin 0.126 517 Freundlich [26]
Greywater dosage 0-20 mmol/g
mL/L

HAIX hybrid No PO} in fresh 23°C, pH 6.0, 9.54 712 / [44]
anion urine resin dose
exchange 50-200 mg/L
resin

HAIX hybrid No PO; ™ in 23°C, pH 9.0, 7.17 180 Freundlich  [44]
anion hydrolyzed resin dose
exchange urine 50-200 mg/L
resin

Purolite AS00P  No PO;~ Resin dose 7.0 15 / [47]
anion 0.5-10g/L, 115
exchange
resin

Purolite FerrIX No POif 24°C, pH 7.2- 48 10 / [9]
A33E resin 7.6, resin dose

0.1-1000A0g/L

(Continued)
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Table 4 (Continued)
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Adsorption  Initial
Experimental capacity concentration  Fitted
Resin type Modification Contaminants conditions (mg/g) (mg/L) model Reference
HFeO-IRA-400  Yes PO;~ 22°C 111.1 5 Langmuir  [45]
(R*=0.973)
HZrO-IRA-400  Yes PO;~ 22°C 91.7 5 Langmuir  [45]
(R*=0.993)
HCuO-IRA-400  Yes PO;~ 22°C 74.1 5 Langmuir  [45]
(R*=0.977)
FVA fibrous Yes PO;~ 30°C, 32.8-77.2 0.65-50 / [46]
anion pH7.0+0.1
exchanger
DOW-HFO Yes PO;~ 20+2°C, pH 8.0, 23.0 4.25 / [14]
(OWEX resin dose
M4195 resin) 0.5-2.0g/L
DOW-HFO-Cu  Yes PO;~ 20+2°C, pH 8.0, 23.0 4.25 / [14]
(OWEX resin dose
M4195 resin) 0.5-2.0g/L
201 x 7 resin No POif 25°C, pH 7.0, 12.47 0.3-5.0 Freundlich This
resin dose (R*= study
0.01-0.75mg/L 0.9700)
201 x 7 resin No NOj 25°C, pH 7.0, 107.59 2.5-50.0 Langmuir  This
resin dose (R*= study
0.01-0.75mg/L 0.9626)
Table 5

Kinetic parameters of PO} -P and NO; -N during the 201 x 7 resin adsorption (calculated from Egs. 3 to 5)

First-order kinetic

Second-order kinetic

Intraparticle diffusion

de ka e ka ki
Adsorbent CoymgL™' mgg' min' R? mgg ' gmg 'min' R? mg g ' min ?° R?
PO; -P 12 11.87 0.389 0.6504  12.195 0.085 0.9638  4.522 0.8178
NO;-N 20 1124 0.299 0.7395  117.647  0.009 0.9792  39.458 0.8460

Removal efficiency of P (%)

0 40 80 120 160 200
Ions concentration (mg/L)

Fig. 3. Effect of competing anions (Cl~, NO; and SO}") on
phosphate adsorption with 201 x 7 ion exchange resin.

breakthrough curves, and the breakthrough point was
defined as the bed volumes (BV) of feed provided
to the resin column when the effluent PO, -P was

0.3mg/L and NO;-N reached 5.0mg/L, respectively
[26]. Under this definition, the observed breakthrough
point was 450 BV at a flow rate of 15BV/h and 500 BV
at 50 BV/h, respectively. As shown in Fig. 4, the flow
rate of 15BV/h would lead to a lower effluent concen-
tration of PO} -P and NO;-N, and the concentration
of PO -P still approximated to 0 mg/L when 300 BV
synthetic wastewater passed through the resin col-
umn. Such a steady removal suggested that the solute
diffusion rate of PO, -P onto 201x7 resin was a
rather rapid process. The initial concentration of
PO -P was 0.40 mg/L under 80 BV/h condition and
0.25mg/L at 50 BV/h flow rate, much higher than that
of 15BV/h (<0.05mg/L). Similarly, the initial concen-
tration of NO;-N was 1.0, 3.0, and 6.0mg/L at the
condition of 15, 50, and 80BV/h, respectively. From
above, it could be concluded that a larger flow rate
led to a higher BV. Generally, the adsorption capacity
of 201 x7 anion exchange resin mainly depended on
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Table 6
Selectivity coefficients for the 201 x 7 resin

201 x 7 resin Standard deviation (%)

NO3y
KPOi’ 0.87 4.02
Ny
KP - 22.27 4.98
5
Koy 30.26 3.26
3.5
3.0 —o—15BV/h
5 251 —O— 50BV/h
£
Z 90t —A— 80BV/h
2
S 15¢
o
S 10t
[aW
0.5
0.0 : .
0 200 400 600 800
Bed volumes
(a) Phosphorus
40
3 3 —o— 15BV/h
g" 301 —0— 50BV/h
5 257 —A— 80BV/h
g 20¢
; 15
R
Z
5 L
0 < 1 1
0 200 400 600 800

Bed volumes
(b) Nitrate nitrogen

Fig. 4. Effect of flow rate on the PO} -P recovery and
NO; -N removal under different BV.

the content of monofunctional active site of N-alkyl
[54,55], and the resin columns applied under different
conditions had a certain ion exchange capacity [24,33],
which might be the main reason for the higher break-
through BV at a larger flow rate condition (Fig. 4).
Considering the operational cost and the effluent qual-
ity, a flow rate of 50 BV/h was chosen in this study.
Under this case, more than 0.40mg PO; -P/g resin
and 7.07mgNO;-N/g resin were adsorbed at the
breakthrough point. The adsorbed PO; -P/g and
NO;-N on the resin were much lower than the results
obtained from the adsorption tests (Ref. Fig. 2), ascrib-
ing to the lack of specific selectivity of the 201 x 7 resin
for PO} ™-P and NO;-N in the presence of other com-
peting ions in synthetic wastewater, especially for the
existence of SO~ [33].
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3.3.2. Effect of BV on the removals of ions and COD

Effect of influent BV (50, 100, 150, 200, 250, 300,
350, 400, 450, and 500BV) on ions removal during
resin column operation at a flow rate 50BV/h is
shown in Fig. 5, indicating the removals of PO?[-P,
NO;-N, SO3~, and NH;-N, and COD varies widely
when the penetrated BV of resin column increased.
Briefly, the effluent concentration of NH;-N changed
insignificantly when the flow rate increased, with its
value almost being equal to that of influent. On the
contrary, the breakthrough points of PO; -P and
NO;-N were 450BV and 550 BV, respectively. It is
noteworthy that the concentration of SO~ remained
below 0.6mg/L even when the influent BV reached
600, implying that the 201 x 7 resin showed a remark-
able SO~ removal. Overall, the following removal
sequence was eventually obtained for the 201 x 7 resin:
SO; >PO; -P>NO;-N >> NH;, which was similar
to the findings demonstrated in previous works
[12,25] and the results of the effect of competition
anions on PO; -P adsorption.

—_—
) o
—
=Y
L=

——-NO;"-N
| ——NH

——COD

Nitrate/COD/Ammonia (mg/L

400 600
Bed Volumes

(a) NO;-N, NH,'-N and COD

0 200

—
o
—
s

12
M
T

[+

——PO,-P
—0— 80,

Phosphorus/Sulfate (mg/L)
in

0 A e e e A A A 1 Il

0 150 300 450 600

Bed Volumes

(b) PO,"-P and SO*

Fig. 5. Effluent concentrations of NO;-N, NH/-N, COD,
PO; -P, and SO; under different BV.
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Fig. 6. Regenerated concentration of PO} -P, NO;-N, CI,
and SO~ under different regeneration BV.

3.3.3. Effect of resin regeneration on ions removal

Regeneration of the exhausted 201x7 resin is a
key process for phosphorus and nitrate removal dur-
ing resin column operation [25]. Fig. 6 shows the con-
centration of anions (CI~, SOF~, PO} -P and NO;-N)
in the eluate of the exhausted resin backwashed with
3% NaCl (volume of 1, 2, 3, 4, 5, 7.5, 10, 15, and
20BV). As the regeneration BV of NaCl solution
increased, effluent concentrations of SOﬁ’, PO?[—P,
and NO;-N exhibited a plateau at approximate 3.5-
5.0BV, and the maximum concentrations of effluent
PO; -P and NO;-N were 2,676 and 652 mg/L, respec-
tively. The levels of SO, PO; -P, and NO;-N in the
backwashing solution dropped sharply when the
regenerated NaCl solution increased from 5 to 20 BV.
For example, the effluent concentration of PO; -P was
9.7mg/L at 15BV condition and was 4.2 mg/L under
20BV. Above results also implied that an increase of
regeneration BV from 15 to 20 was less efficient for
NO;-N and POE’—P removal; thus, 15 BV was chosen
as the optimal BV for the regenerated NaCl solution.

3.3.4. Effect of NaCl concentration for regeneration on
ion exchange process

An optimal concentration of the regeneration solu-
tion is essential for both phosphate recovery and con-
trolling operational cost; thus, different concentrations
of NaCl solution (1, 3, and 5%) were examined for
resin column regeneration (Fig. 7). The concentration
of NaCl solution would significantly affect (1) the
maximum effluent concentration of PO, -P and
NO;-N in eluates [25], (2) the consumed NaCl volume
at maximum effluent POi_—P and NO;5-N, and (3) the
trend of the effluent concentration of PO; -P and
NO;-N [12]. As shown in Fig. 7, only 2BV of 5%
NaCl solution was sufficient for PO} -P to reach its
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Fig. 7. Effect of NaCl concentration on PO} -P recovery (a)
and NO; -N removal (b) under different BV.

maximum effluent concentration during the regenera-
tion of resin column, while 5BV and 3.25BV for the
3% and 1% NaCl solutions, respectively. Moreover, a
higher concentration of NaCl would lead to higher
values of the maximal effluent PO; -P and NO;-N.
Specifically, the maximal PO -P and NO;-N was 910
and 2,819mg/L when 5% NaCl solution was used,
and 652 mg/L PO; -P and 2,676 mg/L NO;-N under
the condition of 3% NaCl, while only 241 and 2037
mg/L for the 1% NaCl, respectively.

The PO} -P concentration in the eluate after 1h
backwashing by 5% NaCl solution (15BV/h) was
much lower than those of 3% and 1% NaCl solution,
with a decreased trend of 3.2mg/L (5%) < 9.7mg/L
(3%) <21.0mg/L (1%), indicating that higher NaCl
concentration would lead to a better regeneration effi-
ciency. These results were consistent to the previous
studies of Nur et al. [9] and Srivastava et al. [56], who
found the faster breakthrough of adsorbates and stee-
per breakthrough at higher filtration velocity. In addi-
tion, the concentration profile of PO; -P and NO;-N
during the elution both exhibited a long tailing, indi-
cating that a relative slower kinetics of the 201 x7
resin limited its regeneration efficiency [12].
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Table 7
Effect of regenerated NaCl solution on the recovery rate of PO} -P and NO; -N

PO; -P NO;-N

Concentration POi’—P breakthrough point  regeneration rate NO; -N breakthrough point regeneration rate
of NaCl (>0.3 mg/L) (%) (>5.0 mg/L) (%)
1% 375 75 385 70
3% 450 91 475 87
5% 470 96 495 90

3.3.5. Effect of recycle times of NaCl solution on resin
regeneration

Because of the higher selectivity of a monovalent
negative anion (CI™ in this case) toward 201 x 7 resin
than those ions of higher valences (PO -P or SO3")
and identical valence (NOj) in aqueous-phase electro-
lyte [33,57], NaCl solution could be recycled for the
regeneration of resin column. Meanwhile, the PO; -P
and NO;-N in the resin column were concentrated
within the eluate. The recovery rates of PO, -P and
NO;3-N during the regeneration (15BV NaCl solution
recycled for 1h) are shown in Table 7. Based on the
calculation of eluate PO; -P concentration and
the PO} -P retained on the 201 x7 resin, a recovery
rate of 96% for PO} -P was obtained using 5% NaCl,
while those of the 3% NaCl and 1% NaCl were
decreased to 91 and 75%, respectively. A similar
declining trend of NO;-N removal was observed and
exhibited a general relationship with respect to differ-
ent NaCl solutions: 5% (90%) >3% (87%) >1% (70%).
Obviously, with the increase in NaCl concentration,
the exchange capacities of 201 x 7 resin at equilibrium
were promoted, ascribing to the generation of ligand
strength (or Lewis basicity) at a higher NaCl condition
[12,58].

Since a lower breakthrough point of 450 BV was
observed for PO} -P in comparison with that of
NO;-N (550BV), only the PO, -P regeneration rate

~ 100
S
§ 80 | ]
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2
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0 . . .
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Regeneration frequency

Fig. 8. Regeneration rate of PO, -P vs. cyclic use of NaCl
solution.

was analyzed (Fig. 8). The adsorption—desorption
process by 3% NaCl solution provided a poor regener-
ation capacity of the adsorbed PO} -P with larger loss
(60%) in its adsorption capacity after three cycles. For
comparison, PO} -P recovery rate for the 5% NaCl
solution only decreased 22% in the third cycle.
Furthermore, the increasing of NaCl concentration to
10% would significantly enhance the recovery process,
with more than 75% of PO -P being recovered even
after fifth times of recycling. Considering both regen-
eration efficiency and operational cost, a solution of
5% NaCl was chosen as an inexpensive regenerant for
the exhausted 201 x7 resin. In addition, no loss of
201 x 7 resin occurred during the adsorption/desorp-
tion cycles, indicating its suitability for the recovery of
PO; -P and removal of NO;-N.

3.4. Efficiency of 201 x 7 resin exchange for secondary
effluent treatment

In order to evaluate the practical PO} -P removal/
recovery and NO;-N removal efficiencies of 201 x7
resin column, the secondary effluent (Ref. Table 2)
was fed into the column with the experimental results
being shown in Table 8.

As shown in Table 8, near 1,175 BV volume of ter-
tiary-treated effluent could be produced in the pres-
ence of relatively high organic carbon (COD =30.1
mg/L) after three times regeneration by 5% NaCl
solution, achieving an adsorption capacity of 1.04 mg
P/g and 18.53mg N/g [59]. Despite a lower break-
through adsorption capacity than that of Nur et al. [9],
who observed a 4.1 mg P/g breakthrough adsorption
capacity during the iron oxide-impregnated strong
base anion exchange resin column operation under
5mg/L phosphate concentration, the characteristics of
synchronous removal of NO;-N and a low production
cost (about 2 dollar/kg) were still meaningful for
201 x 7 resin in practice. Moreover, only 15BV NaCl
was consumed for the regeneration of the resin col-
umn. It is worth mentioning that the 201 x7 resin
exchange system is not only highly efficient, but also
produce less waste in comparison with the previous
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Table 8

The simulated operational process for secondary effluent
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treatment by 201 x 7 resin exchange

Values or
Processes Parameters description
Exchange Flow rate (BV/h) 50
Process 1 Operational time (h) 8
Volume of wastewater (BV) 400
Regeneration Regenerated NaCl (%) and 5%, 15
flow rate (BV/h)
Process 1 Operational time (h) 1
Volume of NaCl (BV) 15
Exchange Flow rate (BV/h) 50
Process 2 Operational time (h) 7
Volume of wastewater (BV) 350
Regeneration Regenerated NaCl and flow Regenerated
rate NaCl from
process 1
Process 2 Operational time (h) 1
Volume of NaCl (BV) 15
Exchange Flow rate (BV/h) 15
Process 3 Operational time (h) 5.5
Volume of wastewater (BV) 275
Regeneration Regenerated NaCl and flow Regenerated
rate NaCl from
process 2
Process 3 Operational time (h) 1
Volume of NaCl (BV) 15
Exchange Flow rate (BV/h) 50
Process 4 Operational time (h) 3
Volume of wastewater (BV) 150

studies [9,10]. For example, Nur et al. [9] found that
only 70% of the phosphate which adsorbed on the
iron oxide-impregnated Type II hybrid anion exchange
resin could be desorbed by 14 BV NaOH (1.0M), and
90-95% of the phosphate was recovered by 42 BV
NaOH.

Although the anion exchange resins with N-alkyl
groups might be degraded in alkaline solution under
long time operation, however, the exhausted 201 x7
resin regenerated by 5% NaCl and 1M NaOH solution
showed no noticeable loss in capacity. Thus, the using
of 201x7 resin could efficiently remove the PO; -P
and NO;-N from the secondary effluent with high
flow rate and economical regeneration.

Table 9

3.5. Phosphate and NaCl recovery from the regenerated
solution

The quality of the eluate produced during regener-
ation is summarized in Table 9. The concentrations of
PO, -P, NO;-N and SO;  in the recycled NaCl solu-
tion were 72.5mg/L, 1160.2mg/L, and 2110.5mg/L,
respectively, indicating a characteristic of high salt and
low organics. Since the concentrations of PO -P,
NO;-N were relatively lower than that of CI", the col-
lected NaCl solution could be evaporated to a 10%
volume for NaCl crystallization and separation with
0.45 um membrane filtration. After evaporation, the
concentration of PO; -P and NO;-N in the condensed
solution reached 710.5mg/L and 11345.4mg/L, and
the PO} -P could be extracted via calcium phosphate
precipitation (optimal condition was pH of 10.5 and
Ca/P ratio of 1.67). Under these conditions, more than
92% of the phosphate in the condensed solution could
be recovered. Furthermore, the anion ratio of
CI:NOj;:SO3™ in the regenerated NaCl solution after
the recovery of NaCl and PO -P was 100:4:2, imply-
ing it could be reused in the subsequent resin column
regeneration.

3.6. Perspectives of co-removal phosphorus and nitrogen
with 201 X 7 resin

Based on the above experimental results, a major-
ity of phosphorus and nitrogen in the secondary efflu-
ent was removed by commercial 201 x7 resin, and
92% of phosphate was further recovered as calcium
phosphate.

Assuming a wastewater treatment plant with a
design capacity of 10,000 m*/d, with an effluent PO, -P
and NO;-N of 0.9mg/L and 15.0mg/L, the greatest
potential for PO, -P recovery is 6 kg/d and for NO;-N
removal is 100 kg/d using the 201 x 7 ion exchange resin.
Only 85m® commercial 201 x7 ion exchange resin is
needed for constructing the ion exchange system with a
130 m® volume of 5% NaCl regeneration solution. It is
known to all that more than 80% of the soluble phospho-
rus in the sewage wastewater was converted to solid
phase minerals by spontaneous precipitation throughout
the biological treatment process [60,61]. Based on this,
the using of 201x7 jon exchange resin will decrease
about another 14% discharge of the phosphorus and

Water quality of the recycle used NaCl solution during 201 x 7 resin exchange process

pH COD (mg/L)

PO; -P (mg/L)

NO;-N (mg/L) CI” (mg/L) SO?~ (mg/L)

15BV 7.54 100.12 72.5

1,160.2 20,650.9 21,10.5
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nitrogen in secondary effluent from WWTP. Moreover,
this process shows a much lower operational cost as
compared to the nanofiltration and reverse osmosis [62],
and the exhausted 201 x 7 resin can be regenerated with
no remarkable loss in ion exchange capacity.

4. Conclusion

The following conclusions are drawn based on the
above experimental results:

(1) The adsorption of PO; -P onto the 201x7
resin satisfactorily fitted to Freundlich iso-
therm, while NO;-N followed Langmuir
model, with maximum adsorption capacities
of 12.47 mg/g for PO, -P and 107.59 mg/g for
NO; -N, respectively.

(2) The 201 x7 resin exchange column could be
applied to remove PO} -P and NO;-N from
the secondary effluent simultaneously, the
removal of ions showed a decreased trend of
SO2~ > PO -P>NO;-N >> NH;.

(3) Optimal operational parameters of the 201 x7
resin exchange column was 50 BV/h of flow
rate, 5% NaCl solution for regeneration under
15 BV /h of flow rate (15 BV). After three times
of regenerations, 1,175 BV of secondary effluent
was totally treated, with the final effluent
concentration of PO, -P and NO;-N lower
than 0.3 mg/L and 5.0 mg/L, respectively.

(4) The condensed NaCl within the regeneration
solution could be crystallized and recovered,
and 92% of the condensed PO; -P was recov-
ered via calcium phosphate precipitation. The
optimal condition of the calcium phosphate
precipitation was pH of 10.5, and Ca/P ration
of 1.67.
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