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Abstract Removing excessive nitrate from water is

essential because it causes eutrophication which in turn has

a harmful effect on aquatic life, resulting in a reduction in

biodiversity and posing a danger to people’s health when

the water is used for drinking. In this study, nitrate removal

from aqueous solutions was studied using an ion exchange

resin (Purolite A520E) in batch and fixed-bed column

experiments. Batch adsorption kinetics was very well

described by pseudo-first-order, pseudo-second-order and

homogeneous surface diffusion models for resin doses

1.5 and 3.0 g/L at a nitrate concentration 20 mg N/L.

Column kinetic data satisfactorily fitted to the empirical

Thomas model and a numerical model based on advection–

dispersion equation for filtration velocities 2.5 and 5.0 m/h

at a column height of 12 cm and inlet concentration

20 mg N/L. The experimental and Thomas model pre-

dicted breakthrough adsorption capacity ranges for the two

filtration rates were 12.0–13.5 and 8.2–9.7 mg N/g,

respectively, whereas the maximum adsorption capacity

determined using Langmuir adsorption isotherm model in

the batch study was 32.2 mg N/g.

Keywords Adsorption models � Ion exchange resin �
Fixed-bed column � Breakthrough curve � Advection–

dispersion equation � Purolite A520E

Introduction

Nitrate is an essential nutrient for the growth of plants

and microorganisms. However, excessive concentration

of nitrate in water affects aquatic environment and cau-

ses health hazards for people. Nitrate contamination of

water is one of the most serious environmental and

health problems worldwide. High nitrate concentration in

water can cause eutrophication which is a serious envi-

ronmental problem as it can lead to abundant develop-

ment of aquatic plants, growth of algae, have harmful

effects on fish and other aquatic life and disturb the

ecological balance of organisms present in water. Fur-

thermore, the presence of excessive nitrate ions in

drinking water is a potential public health hazard as it

can cause infant methemoglobinemia, otherwise known

as ‘‘blue baby’’ syndrome (Fewtrell 2004). Moreover, the

formation of nitrate compounds in the stomach has been

shown to be carcinogenic (Chiu et al. 2007). Owing to

these adverse effects of nitrate, the World Health Orga-

nization (WHO 2006) accepted the maximum allowable

nitrate concentration in drinking water as 50 mg NO3
-/L

(11.3 mg N/L) (WHO 2006). Therefore, nitrate is a water

pollutant under regulation, and it is necessary to reduce

its concentration prior to discharge or being used for

drinking.

Nitrate is a stable and highly soluble ion which makes

it difficult to remove using conventional water treatment

methods such as precipitation and adsorption. Of the

various techniques available for removing nitrate, the ion

exchange/adsorption process is the most suitable for

small water suppliers contaminated by nitrate (Bhatnagar

and Sillanpää 2011). This is due to its simplicity, effec-

tiveness and relatively low cost (Bhatnagar and Sillanpää

2011). Ion exchange/adsorption methods also have the
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ability to handle shock loadings and can operate over a

wide range of temperatures.

Several materials such as fly ash, cement, surfactant-

modified zeolite, alunite, polymeric ion exchangers and

agricultural residues have been investigated as adsor-

bents for the removal of nitrate anions (Orlando et al.

2002; Bhatnagar and Sillanpää 2011). Of these, strong

base anion exchange resins have been generally found

to have high adsorption capacity for nitrate (Kapoor and

Viraraghavan 1997). However, the selectivity of

adsorption of nitrate by these resins in the presence of

other anions varied depending on the length of carbon

chain in the resin. The higher the carbon chain length of

the functional group in the resin, higher the selectivity

of nitrate adsorption. This is explained as due to longer

carbon chain making the resin more hydrophobic, and

thus, the resin become more selective in adsorbing

anions such as nitrate with lower hydration energies

(Valincius et al. 2004). Gu et al. (2004) using Purolite

A520E resin having triethylamine functional group

showed that the selectivity of adsorption of anions fol-

lowed the order NO3
- [ Cl- [ SO4

2-, which is the

reverse order of their hydration energies (Valincius

et al. 2004). Kapoor and Viraraghavan (1997) reported

that the nitrate to sulphate selectivity increased from a

factor of 100–1,000 when the ammonium nitrogen in the

resin was surrounded by ethyl groups in place of methyl

groups.

A variety of anion exchange resins have been used

for selectively removing nitrate, such as Purolite A520E

(Samatya et al. 2006; Primo et al. 2009), Purolite A100

(Bulgariu et al. 2010), Purolite A300 (Primo et al. 2009)

and macro-reticuled Amberlite IRA900 (Pintar et al.

2001). Nur et al. (2012) used two anion exchange resins,

Purolite A520E and Purolite A500PS, for the simulta-

neous removal of nitrate and phosphate from synthetic

water using batch studies and found that both the Pur-

olites preferentially removed nitrate over phosphate

from solutions containing these two ions at various

concentration ratios, and hence, they considered that

these resins to be nitrate selective. However, the nitrate

selectivity for adsorption was higher for Purolite A520E

than Purolite A500PS. Johir et al. (2011) also obtained

similar results for these two Purolites using column

adsorption experiments on MBR effluents from natural

wastewater.

The characteristics of adsorption behaviour on resins

are generally inferred in terms of both adsorption

kinetics and equilibrium isotherms. Samatya et al.

(2006) used the ion exchange resin Purolite A520E to

remove nitrate from water and found that this resin

elicited promising results for batch and column-mode

removal of nitrate from ground water. By fitting their

data to the Langmuir adsorption isotherm, they reported

the maximum adsorption value of 18.5 mg N/g dry

resin. Most studies on nitrate removal by ion exchange

resins have been performed in batch experiments, and

only a few have been reported in fixed-bed systems

(Hoek et al. 1988; Hekmatzadeh et al. 2012). Although

batch experiments are useful in comparing adsorption

capacities among adsorbents within a short period of

time and obtaining information on the effects of many

solution variables on adsorption, they have a disadvan-

tage in that they do not provide information about the

hydrodynamic parameters of fixed-bed columns such as

the dispersion coefficient (Loganathan et al. 2014).

Another drawback is their discontinuity and the need to

perform complicated phase separation operations (Zag-

orodni 2007). Fixed-bed column experiments, on the

other hand, do not have the above drawbacks, and the

results of such experiments can be directly applied to:

firstly, obtain reliable solutions to design optimization;

and secondly, predict the breakthrough curves of fixed-

bed columns in real water treatment processes.

In this paper, the removal efficiency of nitrate through

the use of a selective ion exchange resin, Purolite A520E,

in both batch and fixed-bed systems was investigated. The

effects of filtration velocity on nitrate removal were also

analysed. The objectives of this study were divided into

four parts: (1) analysis of the kinetic and equilibrium

adsorption isotherms of nitrate on four ion exchange resins

and justify the selection of Purolite A520E for a detailed

study; (2) model batch adsorption data by pseudo-first-

order, pseudo-second-order and homogeneous surface dif-

fusion models; (3) examine the breakthrough curves for the

adsorption of nitrate using Thomas model; and (4) develop

a numerical model based on advection–dispersion equation

and simulating the equilibrium and model parameters to

describe the column adsorption data. This is the first study

on modelling nitrate adsorption in both batch and fixed-bed

column trials using Purolite A520E. The study was con-

ducted in the Environmental Research laboratory of the

University of Technology, Sydney, during the years 2011

and 2012.

Materials and methods

Ion exchange resins

Four ion exchange resins, namely Purolite A520E,

Purolite A500P, Purolite FerrIX A33E and Dowex 21k,
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were used as adsorbents. Purolite A520E is a macro-

porous strong base anion exchange resin consisting of

macroporous polystyrene cross-linked divinylbenzene

with a triethylamine functional group and specially

designed to remove nitrates from water for potable

purposes (Gu et al. 2004; Purolite 2013). Purolite

A500PS is also a macroporous strong base anion

exchanger but consists of styrene–divinylbenzene with a

trimethylamine functional group and designed for use as

an organic scavenger, e.g., for the removal of tannins,

fulvic and humic acids, from domestic effluents (Ahmad

et al. 2012; Purolite 2013). From previous study, it was

found that this resin also had a good phosphate as well

as nitrate ion exchange capacity (Johir et al. 2011).

Purolite FerrIX A33E resin, previously called Arsen-

Xnp, is a hybrid strong base anion exchange resin with

quaternary ammonium functional groups blended with

hydrous iron oxide nanoparticles that have a very high

attraction for arsenic (Zagorodni 2007). Recently Nur

et al. (2014) observed that this resin had a high capacity

to remove phosphate from water. However, its capacity

to remove nitrate is not known. If this resin has also the

capacity to remove nitrate, it will be a potential adsor-

bent to remove multianions contaminants. Dowex 21K

XLT is another strong base anion exchange resin com-

posed of Styrene–DVB with trimethylamine functional

groups (Sigmaaldrich 2013). This resin has been used to

effectively remove uranium from groundwater at low

nitrate concentration but not at high nitrate concentra-

tion (Phillips et al. 2008). This may be due to the resin

having high affinity towards nitrate, but no study has

been conducted on the nitrate removal effectiveness of

this resin. All four resins had Cl- as the exchangeable

anion in the as-received form.

Feed solution

The feed solution used was distilled water spiked with

predetermined amounts of nitrate. Solutions with different

concentrations of nitrate (10–50 mg N/L) were prepared

using Analar grade KNO3.

Chemical analysis

The analysis of nitrate ion was carried out using a Metrohm

ion chromatograph (model 790 Personal IC) equipped with

an autosampler and conductivity cell detector. The sepa-

ration was achieved using an A SUPP column 3

(150 mm 9 4 mm). Na2CO3 (3.2 mmol/L) and NaHCO3

(1.0 mmol/L) were used as mobile phase with a flow rate of

0.9 mL/min.

Batch adsorption studies

Adsorption kinetics

Batch adsorption kinetic experiments were conducted with

two concentrations of ion exchange resins (1.5 and 3 g/L)

at a nitrate concentration of 20 mg N/L in a set of glass

flasks containing 100 mL of nitrate solution. The suspen-

sions were agitated in a flat shaker at a shaking speed of

120 rpm for 6 h at room temperature (24 ± 1 �C). The

aqueous samples were taken at different time intervals, and

the concentrations of nitrate were measured. The amount of

nitrate adsorption at time t, qt (mg N/g), was calculated

using Eq. (1):

qt ¼
C0 � Ctð ÞV

M
ð1Þ

where C0 = initial concentration of nitrate(mg N/L);

Ct = concentration of nitrate at time t (mg N/L); V = vol-

ume of the solution (L); and M = mass of dry adsorbent (g).

Removal efficiency was calculated using Eq. (2):

Removal efficiency %ð Þ ¼ ðC0 � CtÞ
C0

� 100 ð2Þ

Equilibrium adsorption isotherm

Equilibrium adsorption experiments were conducted in a

set of glass flasks with 100 mL solutions spiked with

nitrate (20 mg N/L) and different ion exchange resin con-

centrations of 0.1–10 g/L at room temperature

(24 ± 1 �C). The suspensions were agitated in a flat shaker

at a shaking speed of 120 rpm for 72 h to ensure that the

adsorption equilibrium is reached. The experiments were

duplicated, and the average values were taken. The dif-

ference between duplicate values was within ±2 %. The

amount of nitrate adsorption at equilibrium, qe (mg N/g),

was calculated using Eq. (3),

qe ¼
C0 � Ceð ÞV

M
ð3Þ

where C0 = initial concentration of nitrate (mg N/L);

Ce = equilibrium concentration of nitrate (mg N/L);

V = volume of the solution (L); and M = mass of adsor-

bent (g).

The Langmuir adsorption model (Eq. 4) was used to

describe the equilibrium adsorption data:

Qe ¼
qmaxKLCe

1þ KLCe

ð4Þ

where qmax = the maximum amount of the nitrate–N

concentration per unit weight of the adsorbent (mg N/g),

KL = Langmuir adsorption constant (L/mg).
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A plot of Ce/Qe versus Ce was used to calculate qmax

according to Eq. (5) (Fatima et al. 2013)

Ce=Qe ¼ 1=qmaxKL þ Ce=qmax: ð5Þ

Fixed-bed column studies

A fixed-bed column was prepared by a method similar

to that of Awual et al. (2008, 2013) but without prior

leaching of column with HCl to convert the adsorbent to

a Cl- form. This was not done in the current study

because the Purolite A520E was supplied by the man-

ufacturer already in a Cl- form (Purolite 2013). The

column was made-up of a Pyrex glass tube with an inner

diameter of 2.0 cm. A sample of dried Purolite (38 g)

was carefully packed into the column by lightly pressing

with a glass rod to yield the desired bed height of

12 cm. The total volume of ion exchange resin was

37.7 mL, which was used as reference volume in the

conversion of volume of feeds to bed volumes (BV). At

the bottom of the filtration column (underneath the ion

exchange resin), glass beads with a height of 2 cm was

placed in order to provide a uniform flow of the solution

through the column. The experiments were conducted at

room temperature (24 ± 1 �C) by using an up-flow

mode of filtration at velocities of 2.5 and 5.0 m/h con-

trolled by a peristaltic pump. The concentration of

nitrate in synthetic feed solution was 20 mg N/L. The

effluent samples were collected at regular time intervals

and subjected to nitrate analysis.

The breakthrough curves in the fixed-bed column

show the loading behaviour of nitrate to be removed

from the solution and are usually expressed in terms of

adsorbed nitrate–N concentration (Cad), inlet nitrate–N

concentration (Co), outlet nitrate–N concentration (C) or

normalized concentration defined as the ratio of outlet

nitrate concentration to inlet nitrate concentration (C/

Co) as a function of time. The maximum column

capacity, qtotal (mg N), for a given feed concentration

and flow rate is equal to the area under the plot of the

adsorbed nitrate–N concentration, Cad Cad ¼ Co � Cð Þ
(mg/L) versus effluent time (t, min) and is calculated

from Eq. (6).

qtotal ¼
Q

1; 000

Zt¼total

t¼0

Caddt ð6Þ

Equilibrium uptake qeq (mg N/g) or maximum capacity

of the column is defined by Eq. (7) as the total amount of

adsorbed nitrate–N (qtotal) per gram of adsorbent (w) at the

end of the total flow time:

qeq ¼
qtotal

w
: ð7Þ

Batch kinetic modelling

Pseudo-first-order kinetics model

The equation for the pseudo-first-order kinetic model can

be expressed as below (Aliabadi et al. 2012):

dqt

dt
¼ k1 qe � qtð Þ ð8Þ

where qe = amount of nitrate adsorbed at equilibrium

(mg N/g) qt = amount of nitrate adsorbed at time, t (min)

(mg N/g) and k1 = equilibrium rate constant of pseudo-

first-order adsorption (1/min).

Pseudo-second-order kinetics model

The pseudo-second-order kinetic model (Ho and McKay

1999; Aliabadi et al. 2012) is described by the following

equation:

dqt

dt
¼ k2 qe � qtð Þ2 ð9Þ

where qe = amount of nitrate adsorbed at equilibrium

(mg N/g)qt = amount of nitrate adsorbed at time, t (min)

(mg N/g) and k2 = equilibrium rate constant of pseudo-

second-order adsorption (g/mg min).

HSDM adsorption kinetics model

The HSDM used to describe the kinetics of adsorption

of nitrate on Purolite A520E has three steps: (1) diffu-

sion of nitrate through a stagnant liquid film layer

covering the Purolite particle; (2) adsorption of nitrate

from the liquid phase onto the outer surface of the

Purolite particle; and (3) diffusion of nitrate along the

inner surface of the Purolite particles until it reaches its

adsorption site (Najm 1996). The equation used in the

model is:

oq

ot
¼ Ds

o2q

or2
þ 2

r

oq

or

� �
ð10Þ

Initial and boundary conditions are:

t ¼ 0; q ¼ 0 ð11Þ

r ¼ 0;
oq

or
¼ 0 ð12Þ

r ¼ rp; Dsqp

oq

or
¼ kf C � Csð Þ ð13Þ
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where q is surface concentration at any radial distance

(r) from the centre of the particle during adsorption, mg N/

g; D
s
, the surface diffusion coefficient (the rate of diffusion

of the nitrate along the surface of the adsorbent), m2/s; k
f
,

the external mass transfer coefficient, m/s; q
p
, the apparent

density of the adsorbent, kg/m3; C, the bulk phase con-

centration, mg N/L; C
s

is the concentration on the external

surface, mg N/L.

In this work, Freundlich equation was used as the

boundary condition in HSDM calculations. The fit of the

equilibrium data to Freundlich adsorption isotherm and the

isotherm parameters obtained were presented in our pre-

vious study (Nur et al. 2012). Using the isotherm param-

eters and Eqs. (10–13), kf and Ds were calculated.

An orthogonal collocation method (OCM) and a

variable coefficient ordinary differential equation solver

(VODE) were used to solve Eqs. (10–13) as described

for modelling of organic matter removal using Purolite

A500PS by Ahmad et al. (2012). The partial differential

equations of the batch system were first transformed

into ordinary differential equations. The resulting

equations were then integrated numerically in the time

domain. Nelder–Mead simplex algorithm technique

(Guo et al. 2005), which is based on minimizing the

differences between the experimental and predicted

adsorption values as a function of time, was used to

estimate the values of Ds and Kf. The minimization of

the differences was performed using the following

object function:

Minimum ¼
X

j

Cexp;j � Ccal;j

� �2 ð14Þ

where Cexp,j is the experimental nitrate concentration data

and Ccal,j is the calculated nitrate concentration. A detailed

explanation to this method is given elsewhere (Villadsen

and Stewart 1967; Brown et al. 1989; Guo et al. 2005).

Fixed-bed column modelling

Thomas model

Thomas model (Thomas 1944) assumes plug flow behav-

iour in the bed and uses the Langmuir isotherm for equi-

librium and second-order reversible reaction kinetics. This

model is suitable for adsorption processes, where the

external and internal diffusion limitations are absent. The

model is given by:

ln
Co

C
� 1

� �
¼ kTqomc

Q
� kTCot ð15Þ

where kT is the Thomas rate constant (L/min mg), q0 is the

maximum solid-phase concentration of the solute (mg/g),

mC is the mass of adsorbent in the column (g) and Q is the

volumetric flow rate (L/min). The values for kT and q0 were

determined from the slope and intercept, respectively, of a

linear plot of ln(C0/C - 1) versus t.
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Numerical model

The mass balance equations and the boundary conditions of

the fixed-bed system are given by the following equations,

which were previously described (Ruthven 1984; Guo et al.

2005; Ahmad et al. 2012).

�DL

o2C

oz2
þ v

oC

oz
þ oC

ot
þ 1� eB

eB

qs

oq

ot
¼ 0 ð16Þ

where DL = axial dispersion coefficient (m2/s), C = con-

centration in bulk solution (mg/L),v = velocity of the fluid

(m/s), z = bed depth (m), eb = bed porosity.

The above equation can be solved by using the initial

and boundary conditions, C = 0 and z = 0,

DL

oC

oz

����
z¼0

¼ �v Cjz¼0��Cjz¼0þ
� �

ð17Þ

and at z = L,

oC

oz

����
z¼L

¼ 0 ð18Þ

The Ds values depend only on the influent nitrate

concentration. Therefore, the Ds values derived from the

batch kinetic experiments were used in the fixed-bed

simulation (Eq. 10). On the other hand, in batch mode

adsorption experiments, kf depends on the agitation speed,

but in fixed-bed system, it is a function of Reynolds (Re)

and Schmidt (Sc) numbers. Hence, kf will not be the same

as that derived from batch kinetics data. Therefore, kf was

determined by matching the fixed-bed experimental data

with values derived from the theoretical equations. Axial

dispersion coefficient, DL, was also determined by this

procedure.

Results and discussion

Comparison of nitrate adsorption by different ion

exchange resins

Initially, batch kinetic and equilibrium experiments were

conducted with four ion exchange resins, namely Purolite

A500PS, Purolite A520E, Purolite FerrIX A33E and

Dowex 21K. Batch kinetic experiments at a resin con-

centration of 1.5 g/L showed that the adsorption capacity

increased with contact time up to 120 min and became

steady afterwards for all resins (Fig. 1a), except Purolite

FerrIX A33E. For Purolite FerrIX A33E, equilibrium was

0.0
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C
/C

0

Time (min)

Data-1.5 g resin/L

Data-3.0 g resin/L

HSDM

Pseudo second order

Pseudo first order

Fig. 3 HSDM, pseudo-first-order and pseudo-second-order kinetic

model predictions of the experimental data for the adsorption of

nitrate onto Purolite A520E (resin doses 1.5 and 3.0 g/L). Experi-

mental values are shown by data points, and model predictions are

represented by lines

Table 1 Batch study HSDM,

pseudo-first-order (PFO) and

pseudo-second-order (PSO)

kinetics model parameters for

the adsorption of nitrate onto

Purolite A520E

qe (mg/g) K1 (1/min) K2 (1/min) Kf (m/s) Ds (m2/s) R2

1.5 g Resin/L

Experimental 11.0

PFO 10.9 4.81 9 10-2 0.99

PSO 12.1 5.37 9 10-3 0.99

HSDM 1.40 9 10-5 9.37 9 10-9 0.99

3.0 g Resin/L

Experimental 5.7

PFO 5.6 13.0 9 10-2 0.99

PSO 5.8 4.86 9 10-2 0.99

HSDM 9.08 9 10-6 2.26 9 10-9 0.99
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reached only after 300 min. Purolite A520E demon-

strated maximum removal efficiency (about 84 %) within

2 h.

The results of equilibrium experiment for four resins

showed that the removal efficiency of nitrate improved

with increased resin dose due to increased availability of

surface area for adsorption (Fig. 1b). Of the four resins,

Purolite A520E and Dowex 21k had very high (around

75 and 70 %, respectively) removal efficiency at a low

resin dose of 1.0 g/L. These results imply that a very

low dose of ion exchange resin can easily remove high

amounts of nitrate from wastewater. As in the kinetic

study (Fig. 1a), Purolite A520E had the highest removal

efficiency. Of these four resins, the data for only Purolite

A520E and Purolite FerrIX A33E satisfactorily fitted to

the Langmuir Isotherm equation with the maximum

adsorption capacity of 32.2 and 8.77 mg N/g, respec-

tively (Fig. 2). Because Purolite A520E had the highest

removal efficiency of nitrate, it was chosen for further

testing and modelling.

The main mechanism of adsorption of nitrate on

Purolite A520E is electrostatic interaction or coulombic

forces between the positively charged quaternary

ammonium functional group in the resin and the nega-

tively charged NO3
- in solution (Helfferich 1995; Gu

et al. 2004). During adsorption, NO3
- exchanged with

Cl-, which was already adsorbed onto the resin by an

ion exchange process (Primo et al. 2009). The ethyla-

mine-based quaternary ammonium functional group in

Purolite A520E is more hydrophobic than the methyl-

amine-based quaternary ammonium functional group in

some of the other ion exchange resins, and therefore, it

selectively adsorbs anions having lower hydration ener-

gies (Gu et al. 2004). Because NO3
- has lower hydration

energy than SO4
2-, it is expected to be preferentially

adsorbed in the presence of SO4
2- on Purolite A520E,

despite the latter anion has a higher number of charges

(Kapoor and Viraraghavan 1997; Gu et al. 2004; Sam-

atya et al. 2006).

Batch adsorption kinetics modelling

In adsorption kinetics, mass transfer and diffusion of

adsorbate particles from bulk liquid phase to adsorbent

surface determine the rate of adsorption. Figure 3 shows

the kinetics of nitrate adsorption on Purolite A520E at

two resin concentrations using HSDM, pseudo-first-order

and pseudo-second-order models. All three models pre-

dicted the experimental data very well as seen from the

very high R2 values (Table 1). Furthermore, the values

of qe calculated from pseudo-first-order and pseudo-

second-order kinetic models were almost similar to the

experimental value of qe (Table 1). The results show that

any of the three models can be used in design

consideration.

Table 2 Coulmn study model parameters and statistical estimations

for two filtration rates (bed height = 12 cm and initial concentra-

tion = 20 mg N/L)

Model Parameter V = 2.5 m/h V = 5.0 m/h

Thomas kT (L/mg min) 0.098 0.193

q0 (mg/g) 9.69 8.22

R2 0.96 0.99

Numerical modelling Ds (m2/s) 6.50 9 10-8 6.60 9 10-8

kf (m/s) 9.25 9 10-7 1.85 9 10-6

DL (m2/s) 1.00 9 10-6 5.50 9 10-6

R2 0.98 0.99
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Fig. 4 Experimental breakthrough curves for the filtration velocities

a 2.5 m/h and b 5.0 m/h and model simulation curves for Purolite

A520E (bed height = 12 cm and initial nitrate concentra-

tion = 20 mg N/L). Experimental values are shown by data points,

and model predictions are represented by lines
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The HSDM results show that the surface diffusion Ds

was higher at lower resin concentration, which indicates

that the surface diffusion Ds is a function of the equilibrium

concentration Ce. This agreed with the findings of Ahmad

et al. (2012) where increase in equilibrium concentration,

Ce increased the value of Ds for organic matter adsorption

on Purolite A500PS.

Fixed-bed column studies

As expected, the breakthrough of nitrate in the column

generally occurred faster with higher filtration rate (Fig. 3).

When the inlet filtration rate was 5.0 m/h, the plateau of Ct/

C0 occurred within 23 h of operation (958 BV) and the

value of Ct/C0 was 0.92. The time to reach the plateau of

Ct/C0 increased significantly with a decrease in the filtra-

tion rate. The saturation time was increased to 52 h (1083

BV) for the inlet flow rate of 2.5 m/h, and the value of Ct/

C0 was 0.82. The faster breakthrough exhibited by the

higher flow rate is due to faster movement of the adsorbent

zone along the bed, reducing the contact time between

nitrate and the ion exchange resin. The gradual break-

through at the lower flow rate suggested longer residence

time of nitrate in the column. Similar trends have been

reported for nitrate removal by another ion exchange resin

(Hekmatzadeh et al. 2012) and an amine-cross-linked

wheat straw (Xu et al. 2010) and Cr(VI) removal by a

fungal biomass (Verma et al. 2014).

Fixed-bed column modelling

The Thomas model and numerical model fits to experi-

mental data were very good as seen from the very high R2

values (R2 C 0.96) (Table 2; Fig. 3).

Thomas model

The kT and qo values obtained from the Thomas model

are presented in Table 2. Increase in flow rate decreased

the adsorption capacity (qo), which has also been

reported elsewhere for other adsorbents (Aksu and

Gonen 2004; Ahmad and Hameed 2010). The values

obtained for nitrate adsorption capacity of 9.69 and

8.22 mg N/g for the lower and higher flow rates,

respectively, are approximately the same as those

determined by manual calculation (Eqs. 6, 7) from the

breakthrough curves (13.5 and 12.0 mg N/g for the

lower and higher flow rates, respectively). However,

these values are lower than the Langmuir adsorption

capacity of 32.2 mg N/g obtained in batch study. The

primary reason for lower adsorption capacity values in

the column experiment compared to the Langmuir

adsorption value is that flow through adsorption column

is not in equilibrium unlike in batch experiments.

Another reason is that column adsorption was deter-

mined at a lower solution nitrate concentration than the

nitrate concentration at which Langmuir adsorption

maximum was determined.

Numerical model

The effect of filtration velocity on the breakthrough

curves for the adsorption of nitrate on Purolite A520E

is depicted in Fig. 4, and the values of kinetic param-

eters (DL, kf and DS) for different conditions are pre-

sented in Table 2. The breakthrough time of nitrate was

higher at lower filtration velocity. However, the higher

the filtration velocity, the smaller is the external mass

transfer resistance, which leads to narrower mass

transfer zone and sharper breakthrough curves. The

model predicts reasonably well the experimental results

as shown in Fig. 4 and by the very high R2 values

(R2 = 0.98, 0.99; Table 2). Macroscopically, when the

filtration velocity increases, the residence time in the

bed decreases, and this leads to less bed utilization.

Therefore, the breakthrough time and the bed capacity

will decrease with increasing filtration velocity.

Microscopically, it is expected that the change of fil-

tration velocity will affect the film diffusion, but not the

intraparticle diffusion. The higher the filtration velocity,

the smaller the film resistance and a larger kf results

(Danny et al. 2001). The intraparticle diffusion coeffi-

cient (Ds) values for the two filtration velocities were

approximately the same (Table 2), showing that the

change in filtration velocity does not affect the rate of

intraparticle diffusion (Ds), which is similar to the

results reported by Danny et al. (Danny et al. 2001) for

copper and cadmium adsorption on bone char. In con-

trast to the intraparticle diffusion coefficient (Ds), the

axial dispersion coefficient, DL increased with filtration

velocity as also observed by Hekmatzadeh et al. (2012)

for nitrate adsorption on an ion exchange resin. Hek-

matzadeh et al. (2012) explained the increase in DL

with filtration velocity as being caused by the increase

in interstitial flow velocity.

Conclusion

Of the four anion exchange resins tested in the batch study,

Purolite A520E had the highest nitrate removal capacity.

The kinetics of nitrate adsorption by Purolite A520E in the

batch study was satisfactorily described by pseudo-first-
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order, pseudo-second-order and HSDM models. The

empirical Thomas model and a numerical model based on

advection–dispersion equation satisfactorily described

nitrate adsorption behaviour in a fixed-bed column con-

taining Purolite A520E at two filtration velocities. The

breakthrough curve was steeper and breakthrough occurred

faster for the higher filtration rate. The experimental and

Thomas model predicted breakthrough adsorption capaci-

ties (12.0–13.5 and 8.2-9.7 mg N/g, respectively) agreed

well. However, the Langmuir adsorption maximum calcu-

lated from the batch study (32.2 mg N/g) was much higher

than the column values.
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