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ABSTRACT

The effects of Phragmites australis anion exchanger (PHA-AE) with micrometer and nanome-
ter scales as adsorbents for nitrate removal were investigated. Also, the effects of operating
conditions including pH, contact time, adsorbent loading, initial anion concentrations, and
desorption experiments were examined. The results showed that the optimum pH was equal
to 6 as the equilibrium time were 3 and 2h for micrometer and nanometer PHA-AE, respec-
tively. With the increased nitrate concentrations (5, 15, 50, 80, and 120mg/L) for micrometer
and nanometer PHA-AE, qe (adsorption capacity) increased from 0.4 to 6.97mg/g and 0.45
to 7.7mg/g. With increase of adsorbents dose from 0.1 to 0.3 g, the percentage of nitrate
removal increased from 47 to 56% and 54 to 68% for microstructure and nanostructure adsor-
bent, respectively; however, the percentage of removal remained almost constant with the
adsorbent dosage ranging from 0.3 to 1 g. The adsorption of nitrate ions onto PHA-AE was
described successfully by pseudo-second-order adsorption kinetic and Langmuir–Freundlich
adsorption isotherm. The results of the present study indicated that PHA-AE may be used to
remove nitrate ions from water treatment process. PHA-AE nanometer showed greater
capability of nitrate adsorption, too, as compared to PHA-AE micrometer adsorbent.
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1. Introduction

Nitrate pollution in surface water and groundwa-
ter resources is becoming a troublesome issue to
address across the world. High concentrations of
nitrate usually lead to the formation of nitrosamine,
which causes cancer and increases the risks of
diseases to spread including blue baby in infants [1].

The removal of contaminants and recycling of the
purified water provide substantial reductions in cost,
time, and labor to the industry and result in an
improved environmental stewardship [2]. Sorbents are
widely used as separation media in water purification
processes to remove organic and inorganic pollutants
from contaminated water resources [3,4].

In wastewater treatment industries, various
techniques, including chemical and biological methods
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such as reverse osmosis [5]; biological de-nitrification
[6]; electrodialysis [3], and anion exchange [7], have
been successfully applied. Among these methods,
anion exchange is proven to be a feasible process for
in situ treatment of underground and surface water
primarily due to its ease of application [3]. Recently,
numerous efforts have been made to find effective
and economical anion exchangers obtained from agri-
cultural by-products. Therefore, several materials such
as sugarcane bagasse [8] and peanut hull [9] may be
modified to anion exchangers and used for this pur-
pose. However, there has been no report on the use of
processed Phragmites australis (PHA) as anionic sor-
bent in literature. Research is underway to use
advance nanotechnology in water purification for safe
drinking. Nanoparticles are expected to play a crucial
role in water purification [10]. They have much larger
surface area than bulk particles. It has also been found
that the unique properties of nanoparticles normally
develop high capacities and selective sorbents for
metal ions and anions [11]. In the present study, the
main goal is prepare an anionic sorbent from PHA
with scale micrometer and nanometer, and their char-
acterization for the adsorption of nitrate from aqueous
solution.

2. Materials and methods

2.1. Preparation of Phragmites Australis-Anion Exchanger

The synthesis process for Phragmites Australis-
Anion Exchanger (PHA-AE) was divided into two
steps; aminated intermediate was synthesized as the
first step. An aliquot of 78mL (1mol) of epichlorohy-
drin was reacted with 152mL (1.1mol) of triethyl-
amine in 150mL of 50/50 (v/v)% methanol solution
at 55˚C. After being stirred for 5 h, the produced inter-
mediate was used, as the second step. During the sec-
ond synthesis process, 5 g of PHA were reacted with
35mL of intermediate and 5ml of pyridine in a
250mL three-neck round bottom flask for 3 h at 55˚C
[12]. The product was washed with distilled water to
remove the residual chemicals, dried at 60˚C for 12 h
and sieved to obtain particles with microstructure and
nanostructure scales.

2.1.1. Characteristics of adsorbent

Surface morphology of the PHA and PHA-AE
adsorbent was investigated by scanning electron
microscope. The size of microparticles was examined
by sieving while the size of nanoparticles was deter-
mined by the use of particle size analyzer (PSA). Total
nitrogen content of the final product was determined

by Perker-Elmer Elemental analyzer CHNS/O. The
total exchange capacity (TEC) was calculated based on
the nitrogen content that was incorporated into the
final products as specified in equation below [13]:

TEC ðmeq g�1Þ ¼ N%

1:4
ð1Þ

where TEC is total exchange capacity and N is
nitrogen content in percent.

2.2. Chemicals

Fifteen mg/L of nitrate stock solution were
prepared by dissolving the required weighed quanti-
ties (24.46mg) of KNO3 in distilled water. All
solutions for the sorption and subsequent analysis
were prepared by an appropriate dilution of the
freshly prepared stock solution.

PHA-AE by-product is a potential alternative as an
anion exchanger because of its particular properties
including chemical stability and high reactivity result-
ing from the presence of reactive aminated groups in
polymer chains. For each 30mL centrifuge tube, 0.3 g
of PHA-AE and 30mL of working solution were
mixed together for 3 h at 120 rpm. Then the mixtures
were centrifuged and filtered by using filter paper to
separate water from the absorbent. NO�

3 was analyzed
by a UV-Vis spectrophotometer (Hach model,
DR5000). All the samples were prepared in triplicate
and NO�

3 exchanged on PHA-AE was determined by
equation below:

qe ¼
Ci � Cf

m
� V ð2Þ

where qe is NO�
3 exchanged on PHA-AE (mg/g), m is

the adsorbent mass (g), C0 and Ce is the initial and equi-
librium concentrations of NO�

3 in solution (mg/L) and

V is solution volume (L), respectively. The removal effi-
ciency was evaluated by the following equation:

R ¼ Ci � Cf

Ci

� 100 ð3Þ

where R is nitrate removal efficiency expressed in
percent.

2.2.1. pH studies

In order to investigate the effects of pH on nitrate
adsorption, pH values of KNO3 solutions (i.e. 15mg/L
NO�

3 ) were adjusted in the range from 2 to 10. The

initial pH value of solution was adjusted by using
H2SO4 or NaOH (0.1N). Then, 0.3 g dried PHA-AE was
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added to the solution. After adsorption, pH value with
maximum nitrate removal was determined.

Zero point charge (pHpzc) of the adsorbent is an
important parameter in the adsorption of anions. The
value of pHpzc is defined by the point at which the
curve pHfinal vs. pHinitial crosses the line pHfinal =
pHinitial. The procedure was repeated for all other
samples. Blank tests without adsorbent were also
conducted in order to eliminate the impact of CO2 from
air on pH [14].

2.2.2. Effect of contact time

In kinetic studies, 30mL KNO3 solution and 0.3 g
adsorbent were agitated. The mixtures were shaken at
120 rpm and the batch experiments were repeated for
different periods from 10 to 210min until the adsorp-
tion equilibrium was reached.

2.2.3. Effect of adsorbent dosage

The adsorption of 15mg/L of NO�
3 solution by

different adsorbent doses (0.1–1.0 g) for each adsor-
bent was carried out at the optimum value of pH and
contact time.

2.2.4. Effect of initial concentration

The effects of initial concentrations on the adsorp-
tion of NO�

3 ions by PHA-AE were evaluated with
varying nitrate concentrations (5, 15, 50, 80, and
120mg/L) at the optimum value of pH, time, and
adsorbent dosages.

2.3. Equilibrium adsorption isotherm

The equilibrium adsorption data were analyzed by
using different isotherm models to understand the
adsorbate–adsorbent interactions. In order to charac-
terize the exchange equilibrium of NO�

3 ions by
PHA-AE, the Freundlich, Langmuir, Redlich–Peterson,
and Langmuir–Freundlich models were used as
follows [15]:

Freundlich equation:

qe ¼ KC1=n
e ð4Þ

Langmuir equation:

qe ¼ bqmCe

ð1þ bCeÞ ð5Þ

Redlich–Peterson equation:

qe ¼ aCe

ð1þ bCn
eÞ

ð6Þ

Langmuir–Freundlich equation:

qe ¼ bqmC1=n
e

ð1þ bC1=n
e Þ

ð7Þ

where qe is the amount of nitrate exchanged at equi-
librium (mgNO�

3 /g) and Ce is the nitrate equilibrium
concentration in solution (mg NO�

3 /L). The other

parameters represent different isotherm constants that
may be determined by regression of the experimental
isotherm data. According to the literature, the nonlin-
ear regression analysis method is a more efficient
method in obtaining parameters involved in three
parameter isotherms than other known methods [16].
Hence, the ion exchange isotherms were examined by
the nonlinear curve fitting analysis method using
Data-fit software [17].

The dimensionless parameter or separation factor,
RL, based on the more analysis of the Langmuir equa-
tion, may be determined in the following equation [18]:

RL ¼ 1

1þ bC0

ð8Þ

where C0 (mg/L) is the initial concentration of
exchangeable ion and b is the Langmuir constant. The
parameter of RL is considered as a more valid indica-
tor of ion exchange. The value of RL may be deter-
mined for four cases: [27]: (1) favorable exchange,
0 <RL < 1, (2) unfavorable exchange, RL > 1, (3) linear
exchange, RL = 1, and (4) finally, irreversible exchange,
RL = 0.

In the present work, the best fit between experi-
mental and model estimated data was evaluated by
R2 and the RMSE as follows:

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i¼1 ðqe � qcÞ2
n

s
ð9Þ

where qe and qc are the measured and model esti-
mated amounts of NO�

3 exchanged, respectively, and
n is the number of measurements. A lower RMSE
value and higher R2 value show the best fit of agree-
ment between the measured and estimated NO�

3

exchanged data.

2.4. Kinetic study

The adsorption rate of nitrate was studied at
different time intervals for 210min by using 120mg/L
initial concentrations at optimum value of pH. The
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modeling of the kinetics of NO�
3 adsorption on

PHA-AE was checked by three common models, Eqs.
(10)–(13), as described below [19]:

Pseudo-first-order equation:

qt ¼ qeð1� e�k1tÞ ð10Þ

Pseudo-second-order equation:

qt ¼ q2ek2t

1þ qek2t
ð11Þ

Power equation:

qt ¼ atb ð12Þ

Elovich equation:

qt ¼ 1

b

� �
lnðabÞ þ 1

b

� �
lnt ð13Þ

where qt is the amount of nitrate removed during time
t (mg NO�

3 /g), qe is the amount of nitrate removed at
equilibrium state, and k1, k2, a, b, a, and b are con-
stants. R2 and RMSE were determined for different
models, and lower RMSE value and higher R2 value
were considered to represent goodness of conformity
between the measured and estimated NO�

3 removed

data.

2.5. Desorption studies

After adsorption experiments were carried out and
the solution separates from the absorbent the desorp-
tion of the adsorbed nitrate was studied by shaking
the spent modified PHA-AE with 30mL of 0.1mol/L
HCl for an optimum contact time. After a specific per-
iod of time, the sorbent was filtered and desorbed
nitrate concentration was analyzed by UV-Vis spectro-
photometer. The percentage of desorbed (D) nitrate
anion was obtained by the following:

Desorption ð%Þ ¼ desorbed amount of solute

absorbed amount of solute
� 100 ð14Þ

2.6. Column experiment

The sorption in a continuous-flow system was car-
ried out in a fixed bed column reactor (2.8 cm i.d.,
35 cm column length). Filters of 40 lm diameter were
used at the top and the bottom of sorbent. Feed water
was made with KNO�

3 solution, having an initial
concentration of 15, 50 with 120mg/L nitrate. Once

the column was saturated with water, no visual evi-
dence of air pockets remaining inside the column was
observed. The water was pumped upwards into the
column by using a peristaltic pump at 0.98 and
2.27 L/hr flow rates. Samples were collected from the
exit of the column at 30-min intervals and were
further analyzed for nitrate.

3. Results and discussion

The characteristics of PHA-AE showed that a num-
ber of aminated groups were grafted in the structure
of PHA-AE which results in nitrate removal (Fig. 1).

Table 1 displays the elemental changes of carbon,
hydrogen, and nitrogen in PHA-AE as compared to
PHA. The significant increase in nitrogen content
(0.75–3.96%) of PHA-AE indicates the reactions
between phragmites australis and aminated intermedi-
ate. Also, a number of aminated groups have been
produced into PHA-AE. Identical results were pre-
sented in a work by Xing for the preparation of anion
exchangers from wheat straw as having nitrogen con-
tent in a range of 0.35–3.57% and Gao for the prepara-
tion of anion exchangers from coin, rice hull, pure
alkaline lignin, and sugarcane bagasse as having
nitrogen contents in a range of 3.6–5.8% [20,12].

The results of PSA analysis on PHA-AE nanometer
are shown in Fig. 2. They indicate that 81.5% of parti-
cles had a size below 406nm while 18.5% of them
were below 51.47 nm. The particle size distribution of
PHA-AE shows a satisfactory bell-shaped distribution
curve (Fig. 2). The size of micrometer adsorbent
obtained by sieving 50 mesh number was 330lm.

3.1. Adsorption studies

3.1.1. Effect of initial pH

Fig. 3 shows variations in the amounts adsorbed
as a function of initial pH values for nitrate anion.
With pH values of the solution varying from 2 to 10,
R% and qe values of micrometer PHA-AE increased
up to the maximum of 43–73% and 0.85–1.46mg/g,
respectively. For nanometer-sized PHA-AE, R% and
qe values increased up to the maximum of 53–85%
and 1.05–1.69mg/g. The increase of nitrate adsorp-
tion by PHA-AE as a result of increased electrostatic
interactions between PHA negatively charged nitrate
groups and positively charged aminated groups.
Thus, the optimum pH value of nitrate removal was
obtained as 6.0. The adsorption dependence on pH
value shows ion exchange mechanism of nitrate
removal [21].
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3.1.2. Effect of contact time

Fig. 4 shows variations in the adsorbed amounts
as a function of time for nitrate anion with time
changing from 10 to 210min. The values of R% and qe
of micrometer-sized PHA-AE increased up to maxi-
mum of 31–78% and 0.465–1.095mg/g reached at 3 h,
respectively while for nanometer-sized PHA-AE, R%
and qe increased up to maximum of 46–86% and
0.69–1.29mg/g reached at 2 h, respectively.

3.1.3. Effect of adsorbent dosage

For PHA-AE micrometer and nanometer, and the
increase of the adsorbent dosages from 0.1 to 0.3 g, R
% increased from 41 to 71% and 56–83% reaching a
maximum of 71 and 83% in 0.3 g adsorbent, respec-
tively; however, it remained almost unchanged with
adsorbent dosage ranging from 0.3 to 1 g (Fig. 5). In
general, the increase of adsorbent dosage led to an
increased percentage of nitrate removal, which was
caused by an increase of adsorbent surface area and
more adsorption sites of the adsorbent. At adsorbent
dosage of > 0.3 g, the extra NO�

3 ion removal becomes
very low, hence, the increased adsorbent dosage did
not enhance the removal percentage of NO�

3 ion.

3.1.4. Effect of initial concentration

The effects of initial concentrations on the adsorp-
tion of NO�

3 ions by PHA-AE were investigated with
varying nitrate concentrations of 5, 15, 50, 80, and
120mg/L using 0.3 g adsorbent dose (Fig. 6). With the
increase of solution concentration for PHA-AE
micrometer and nanometer, the value of qe increased
from 0.4 to 6.97mg/g and 0.45 to 7.7mg/g while R%
from 80 to 61% and 90–67% decreased. At low initial
nitrate concentrations, the surface area and the avail-
ability of adsorption sites were relatively high, and
the NO�

3 ions were easily adsorbed and removed. The

initial high rate of nitrate uptakes were probably due
to greater availability of binding sites near the surface
of the PHA-AE adsorbent. At higher initial amounts
of nitrate concentrations, the total available adsorption
sites were limited, hence, it resulted in a decreased
removal percentage of NO�

3 ions. The increased qe at

Fig. 1. Synthetic reactions of PHA-AE.

Table 1
Elemental change in raw and modified PHA adsorbent

Adsorbent C% H% N% TEC

PHA 37.2 5.31 0.75 0.54

PHA-AE 38.2 5.77 3.96 2.83

Fig. 2. The particle size distribution of PHA-AE-
nanostructure.
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higher initial concentrations can be attributed to the
enhanced driving force.

3.2. Nitrate exchange isotherms

Ion-exchange isotherms characterize the equilib-
rium relationship between the amounts of exchanged
ions by PHA-AE and its equilibrium concentration in
the solution [22]. In the present study, the ion exchange
isotherms data obtained for micrometer- and nanome-
ter-sized PHA-AE were fitted to the Freundlich, Lang-
muir, Redlich–Peterson, and Langmuir–Freundlich

models. The estimated model parameters including R2

and RMSE for the different models are presented in
Table 2, indicating that the experimental data of NO�

3

exchange may be well fitted by all four models. Also, it
became clear that the three-parameter models (Lang-
muir–Freundlich) provided better fitting with respect
to R2 and RMSE for all treatments as compared to the
two-parameter isotherms (Freundlich and Langmuir).
This result is supported by the findings of Malekian
et al. (2011) [15]. However, the two-parameter equa-
tions are more extensively used in practice than the
three parameter equations since they are difficult to

Fig. 3. Effect of pH on the adsorption of NO�
3 ion by PHA-AE (a) micrometer-sized (b) nanometer-sized adsorbent (anion

initial concentration: 15mg/L, adsorbent loading: 0.3 g, adsorption time: 3 h).

Fig. 4. Effect of contact time on the adsorption of NO�
3 ion by PHA-AE adsorbent (a) micrometer-sized (b) nanometer-

sized (anion initial concentration: 15mg/L, adsorbent loading: 0.3 g, pH=6).

Fig. 5. Effect of adsorbent dosage on removal of nitrate by PHA-AE adsorbent (a) micrometer (b) nanometer (anion initial
concentration: 15mg/L, pH=6, t = 3 h, 2 h).
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analyze the three parameters isotherm. For the two-
parameter isotherms, Langmuir model provided more
conforming results to the experimental data in compar-
ison to Freundlich model. One of the important param-
eters in Langmuir equation is RL. Fig. 7 shows the
variations of RL with initial concentrations of the NO�

3

ion for all the treatments. As seen from this figure, RL

parameters were found to be between 0 and 1 indicat-
ing the suitability of NO�

3 ions removal by PHA-AE.

The RL value obtained also demonstrates that PHA-AE
was a potential ion exchanger for NO�

3 ion removal

from aqueous solution. This is supported by the results
of several studies in the literature [15,18]. Fig. 7 shows
that RL value approaches zero as C0 value increases
indicating that the exchange of NO�

3 ion onto PHA-AE

is less favorable at high concentrations of NO�
3 . There-

fore, Langmuir–Freundlich equation can describe
nitrate removal by ion [18] exchange better than Lang-
muir or Freundlich equation. The other parameter qm,
used in either Langmuir or Langmuir–Freundlich equa-
tions represents NO�

3 ion exchange capacity [23] and is

presented in Table 2 for micrometer- and nanometer-
sized PHA-AE. It is generally accepted that qm obtained
from Langmuir–Freundlich equation can be more rea-
sonable than that from Langmuir equation [23]. The
comparison of qm values for micrometer- and nanome-
ter-sized PHA-AE suggests that the maximum NO�

3

exchange increases with the reduction of particle size
(see Table 2). This is consistent with the results of Male-
kian et al., 2011 [15]. The maximum NO�

3 exchange

capacity by the PHA at equilibrium was 30 and 32mg
NO�

3 /g for micrometer- and nanometer-sized PHA-AE,

respectively (see Table 2). The constant of 1/n for the
Freundlich isotherm ranges from 0 to 1 and is a mea-
sure of exchange intensity or surface heterogeneity
with a value of 1/n smaller than 1 that indicates favor-
able removal conditions [24]. In this study, the value of
1/n (Freundlich constant) for PHA-AE ranged from
0.81 to 0.88 (Table 2) suggesting that the exchange
conditions were actually favorable.

3.3. Kinetic study

The estimated values of different parameters are
presented in Table 3. As to micrometer- and nanome-
ter-sized Phragmites australis, the R2 values for
pseudo-second-order model gives the best fit of 0.993
and 0.996 and RMSE values of 0.285 and 0.134, respec-
tively: however, It is predicted that qe values of 8.4
and 9.9mg/g are overestimated as compared to the

Fig. 6. Effect of initial concentration on the removal and adsorption of NO�
3 ions by PHA-AE (a) micrometer (b) nanome-

ter (pH=6, t = 3 h, 2 h, m=0.3 g).

Table 2
Isotherm constants and statistical comparison values for
NO�

3 exchange from solutions on micrometer- and nan-
ometer-sized PHA-AE

Model Micrometer-
sized

Nanometer-
sized

Fruendlich

k 0.54 0.82

1/n 0.7 0.75

R2 0.985 0.988

RMSE 0.296 0.253

Langmuir

qm(mg/g) 15.71 23.05

b(L/mg) 0.021 0.026

R2 0.994 0.999

RMSE 0.236 0.222

Redlich–Peterson

a 0.805 0.768

b 0.07 0.156

n 0.43 0.616

R2 0.996 0.999

RMSE 0.233 0.205

Langmuir–
Freundlich

qm(mg/ g) 30 35.573

b(Lm/g) 0.016 0.02

1/n 0.82 0.885

R2 0.997 0.999

RMSE 0.177 0.144
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experimentally observed values of 7.68 and 9.35mg/g.
In pseudo-first-order model, the predicted values of qe
of 5.87, 6.5mg/g was lower than the experimentally
observed values of 7.68, 9.35mg/g. Nonetheless, qe
values estimated from the pseudo-second-order model
are extrapolated outside the time period as experi-
mentally investigated. The fact still remains that
the pseudo-first-order model accurately predicts the
adsorption kinetics throughout the experiments. The
highest RMSE values obtained for the pseudo-first-
order model were 1.89 and 2.904. Therefore, this
model may be used to predict the kinetics of adsorp-
tion of NO�

3 on PHA-AE.
The power function model satisfactorily describes

NO�
3 removed by micrometer- and nanometer-sized

PHA-AE with RMSE: 0.75, 0.64, R2: 0.84, 0.89, respec-
tively (see Table 3).

The Elovich model determines the amount of NO�
3

removed by micrometer-sized and nanometer-sized
PHA-AE with RMSE of 0.551, 0.366 and R2: 0.901,
0.957, respectively (see Table 3). The results showed
that the pseudo-first-order rate expression was not
valid to be used in the studied systems (see Table 3).
The calculated and experimental equilibrium uptake
values fit well to pseudo-second-order rate model
indicating that the pseudo-second-order reaction
works more efficiently than pseudo-first-order reac-
tion. By comparing micrometer- and nanometer-sized
PHA-AE, one can infer that the nanometer particle-
sized PHA-AE was fine, spherical, with high surface
area while having high activity and adsorbing ions
quickly. The results are in agreement with those
obtained by Rahmani et al. [25]. It was also found that
the fitting to pseudo-second-order model gave the
highest determination coefficients (R2), lowest RMSE
and predicted qe more accurately than the other mod-
els under study Therefore; pseudo-second-order
model may be used to predict the kinetics of nitrate
adsorption.

3.4. Desorption

The results of NO�
3 desorption by HCl are shown

in Table 4 and one can observe that HCl demonstrates
high desorption capacities; this indicates that Cl� from
the HCl solution displacing NO�

3 ion onto PHA-AE

adsorbent.

4. Result of column experiment

4.1. Result of the change of equilibrium nitrate
concentration with time

Figs. 8 and 9 show the variations in the equilib-
rium nitrate concentration as a function of time on
micrometer- and nanometer-sized PHA-AE.

The results indicate that for micrometer-sized
PHA-AE with flow rate of 0.98 and 2.27 L/h, exhaus-
tion time was 270, 180, 120min with 120, 90, 60 for 15,
50, and 120mg/L of initial nitrate concentrations,
respectively. For micrometer-sized PHA-AE with flow

Table 3
Kinetic models parameters for the adsorption of NO�

3 on
PHA-AE and 120mg/L initial NO�

3 concentration (Co:
mg/L; qe: mg/g; k1: min�1; k2: g/mgmin, a: mg/gmin
and b: g/mg)

Model Micrometer-
sized

Nanometer-
sized

Pseudo-first-order
equation

qexp 7.68 9.35

k1 0.023 0.032

qe 5.87 6.5

R2 0.984 0.989

RMSE 2.904 1.89

Pseudo-second-order
equation

K2 0.006 0.01

qe 8.4 9.9

R2 0.996 0.993

RMSE 0.285 0.134

Power function

a 1.51 2.92

b 0.317 0.228

R2 0.84 0.89

RMSE 0.75 0.64

Elovich equation
1
b lnðabÞ -0.55 1.48

1
b

1.59 1.54

R2 0.901 0.957

RMSE 0.551 0.366

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

0 20 40 60 80 100 120 140

Initial NO3
- concentration

R
L

PHA-AE microstructure

PHA-AE nanostructure

Fig. 7. Variation of separation factor (RL) as a function of
initial NO�

3 concentration for PHA-AE of micrometer-sized
and nanometer-sized.
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rate of 0.98 and 2.27 L/h, the adsorption capacities (qe)
of 6.67, 14.63, 26.03mg/g and 5.48, 12.26, 20.01mg/g
for 15, 50 and 120mg/L of initial nitrate concentra-
tions were obtained, respectively. For nanometer-sized
PHA-AE with flow rate of 0.98 and 2.27 L/h, the
exhaustion times was 360, 300, 240min and 180, 120,
90min for 15, 50 and 120mg/L initial nitrate concen-
trations, respectively. For nanometer-sized PHA-AE
with flow rate of 0.98 and 2.27 L/h, adsorption capac-
ity (qe) of 9.6, 30.2, 54.63mg/g and 8.72, 20.86,
38.04mg/g for 15, 50 and 120mg/L of initial nitrate
concentrations were obtained, respectively. As shown

in Figs. 8 and 9, a relatively higher uptake value was
observed for nitrate sorption on PHA-AE at higher
initial concentrations of nitrate. A higher qe was
observed at higher concentrations in column test for
nitrate removals that may be attributed to the concen-
tration gradient. This will finally enhance the adsorp-
tion process. Similar results were reported in a work
by Xing for the nitrate and phosphate removals by
WS-AE and Han’s work for methylene blue adsorp-
tion onto natural zeolite in a fixed-bed column [26,12].
The exhaustion time decreased with the increase of
initial concentrations of nitrate. This behavior was due
to the increase of the initial concentrations and the
fact that the sites of adsorbent were filled quickly.
Also, the exhaustion time decreased with increase of
flow rate. Generally, for nitrate at higher flow rates,
sharper breakthrough curves were obtained. The
breakpoint time and total adsorbed nitrate quantity
decreased with the increase flow rate. This behavior
can be explained by the fact that nitrate sorption was
affected by insufficient residence time of the solute in
the column. The insufficient time decreases the bond-
ing capacity of the nitrate ions onto aminated group

Table 4
Desorption parameters of desorption solvent

Adsorbent Adsorbed
nitrate
(mg/L)

Desorbed
nitrate
(mg/L)

Desorption
efficiency (%)

Micrometer
PHA-AE

11.7 8.25 70.51

Nanometer
PHA-AE

12.88 10.02 77.8

Fig. 8. The change of equilibrium nitrate concentration with time on PHA-AE micrometer-sized (flow rate: 0.98L/h and
2.27L/h, initial concentration of nitrate: 15, 50, and 120mg/L, pH=6).

Fig. 9. The change of equilibrium nitrate concentration with time on PHA-AE nanometer-sized (flow rate: 0.98L/h and
2.27L/h, initial concentration of nitrate: 15, 50, and 120mg/L, pH=6).
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present in the sorbent. It was suggested that lower
flow rate would help nitrate sorption in the column
tests.

5. Conclusion

The results of this study showed that the nitrate
removal was optimal at pH 6. The equilibrium times
were obtained as 180 and 120min for micrometer and
nanometer adsorbents, respectively. Higher initial
nitrate concentrations led to lower removal percent-
ages; however, higher adsorption capacities were
obtained. As the adsorbent dose increased, the
removal of nitrate increased, while the adsorption
capacity decreased. Adsorption kinetics of nitrate ions
onto PHA-AE may be most successfully described by
the pseudo-second-order model. The adsorption
behavior of nitrate ions followed Langmuir–Fruend-
lich isotherm. The breakpoint time and total adsorbed
nitrate quantities also decreased with the increased
flow rate of the solute in the column. The results
allow us to conclude that PHA-AE represents promis-
ing adsorbent for the removal of nitrate anions from
aqueous solutions even at high concentrations. Since
PHA-AE-nanometer developed higher capacities of
nanoparticles for removal of nitrate, it showed a
higher capability of adsorbing nitrate as compared to
PHA-AE-micrometer adsorbent.
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